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Abstract  
 
Foams are formed of air trapped in a solid or liquid creating cell-like structures. They are 

attracting attention in the pharmaceutical industry as potential drug delivery systems. 

The Tungara frog, Engystomops pustulosus, constructs foam nests which act as 

incubation chambers protecting the developing eggs and tadpoles from predation and 

environmental damage. This foam is highly stable and does not harm the eggs, sperm or 

tadpoles. Amphibians produce a range of proteins and peptides that may have 

pharmaceutical utility, and this is a growing area of research.  

This work investigated the potential of the foam-nest produced by E. pustulosus as a 

novel drug release system. Bioinformatics were used to gain insight in to the six proteins 

that comprise the foam, the Ranaspumins (RSN), highlighting that many of the proteins 

have homology to uncharacterised amphibian proteins and that one protein, RSN-2, 

remains a unique surfactant protein. The foam was characterised as pharmaceutical 

foam revealing that it is low density, resistant to shear and is non-toxic to HaCaT cells. 

The foams drug release capabilities were tested by loading the foam with model 

hydrophilic and hydrophobic dyes and measuring their release profiles. The foam 

delivery potential was then tested with an antibiotic, rifampicin, demonstrating that the 

foam could successfully release an active drug with a release profile that shows promise 

for drug delivery. This work developed methodology to produce a synthetic foam using 

recombinant RSNs. A universal method was developed to clone each rsn gene into a 

plasmid vector which could be induced to overexpress each RSN in the bacterium 

Escherichia coli and subsequent purification. All six RSNs were cloned and overexpressed, 

but only RSN-2 could be purified successfully. The recombinant RSN-2 was investigated 

for its effect on mammalian and bacterial cells and was used to produce a stable foam, 

with release experiments showing that RSN-2 can be used to create a foam drug delivery 

system as the first step towards a completely synthetic foam. Overall, this work 

demonstrates that E. pustulosus foam has great potential as a drug release system.  
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1.0 Introduction 

 

Foams are defined as air trapped within a solid or a liquid forming a cell like structure 

(Weaire and Hutzler., 2001). They are useful in nature, food production, firefighting and the 

cosmetics industry (Hill et al., 2017). They have become integral to our everyday lives, 

appearing on the top of a beer, when cleaning dishes, as antiseptic for cleaning cuts and as 

shaving foam. Further, research into foams is rapidly growing in the cosmetics and 

pharmaceutical industry, where foams have been designed to aid makeup removal and 

foam drug formulations are used to deliver active agents like ibuprofen or antimicrobials 

through the skin. Over the last 10 years, hundreds of patents have been filed for novel 

foams and their potential uses (Zhao et al., 2009).  

Foam drug delivery is gaining traction within drug release research. Many drug delivery 

systems, including nanoparticles, hydrogels and loaded polymers have been investigated 

and produced as a novel way to deliver drugs. They are highly useful as they can directly 

deliver agents to a specific target or reduce toxicity of a drug to prevent unwanted side 

effects and provide prolonged drug release reducing the need for oral medication. 

However, many drug delivery systems are held back by issues with toxicity, expense or 

inadequate release. Many novel drug delivery systems, including foam-based systems, are 

being researched in order to gain the benefits of current release systems while reducing the 

negatives (Zhao et al., 2010).  
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Nature often provides solutions to problems in indirect ways. A small frog called 

Engystomops pustulosus or the Tungara frog produces foam nests in which it lays eggs 

during reproduction. These foam nests act as protective incubators for tadpoles during their 

development, prevent predation and environmental degradations. Interestingly, the foam 

produced is highly stable and appears to be non-toxic (Cooper et al., 2010). The foam can 

also take-up dyes or active agents and release them much like a drug release system.  

To investigate if the foam produced by E. pustulosus could be used as a novel drug delivery 

system an in-depth characterization of the foam including its toxicity, stability and drug 

release potential must be examined. To fully exploit the properties of the E. pustulosus foam 

a method to synthetically reproduce a viable foam must be produced and the properties of 

its protein components must be completely understood.  
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1.1 Foam Dynamics: 

Foams have important roles in the food industry, cosmetic industry, alcohol production and 

firefighting (Arzhavitina et al., 2010, Hill et al., 2017). Market reports indicate that the food 

foaming agent industry is worth $5.3 billion, global fire prevention is valued at $16 billion 

and the medical foam industry is predicted to be worth $30 billion by 2026. Research and 

patent filings for pharmaceutical foams have steadily increased, demonstrating a need for 

novel foams and foaming agents (Zhao et al 2010). However, foams have been the subject 

of in depth study for years with foams having been initially outlined in 1873 by Joseph 

Plateau (Plateau., 1873). As a result, their physical and chemical properties have been well 

defined (Weaire., 2002). Foams have vast variety in appearance and be transparent or 

opaque, solid-like, gel-like or liquid-like (Saint-Jalmes, 2006). Foams are highly variable, 

have large surface areas, are low density and often demonstrate both solid and liquid like 

behaviours making them interesting to study (Hill et al., 2017).  

 There are two main categories of foams, solid foams and liquid foams (Weaire and Hutzler., 

2001). Solid foams occur when gas is dispersed in a solid, such as a baked cake, foam 

insulation for buildings or foam mattresses. Liquid foams are gas encapsulated in liquid, 

such as coffee foam, foam made with laundry detergent and foams used in drug delivery. 

For the purpose of this research, only liquid foams will be focused on any further. Liquid 

foams are relatively unstable, usually collapsing within minutes or hours of production. 

They are often described as metastable as their stability and structure are heavily impacted 
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by pressure, gravity and external environmental factors. This results in bubble coalescence 

and foam coarsening, as well as structural collapse (Hill et al., 2017). 

The basic foam structure is described as a bubble of gas contained in a continuous film of 

liquid (Zhao et al., 2010). These bubbles are named cells and are generally between 0.1mm 

and 3mm in size (Wilson., 1989). Cells can vary in size, shape and heterogeneity. While some 

foams contain homogenous polyhedral shaped cells, others may contain heterogenous 

circular cells, or a mix of both (Zhao et al., 2010). Temperature, pressure and pH impact the 

shape of cells formed. The thin films of liquid separating cells are called lamella, and plateau 

borders are formed where three lamella merge (Fig 1.1) (Hansen and Derderian, 1976). 

Lamella can be between 10nm and 1um in thickness (Zhao et al., 2010). Foams can be 

described as wet or dry (Weaire., 2002), and this is determined by the volume fraction (ϕ) 

of the foam: 

ϕ = Vliquid / Vfoam 

ϕ is calculated by dividing the liquid fraction volume by the total volume of foam, and foams 

with a volume fraction of < 0.05 are considered dry foams (Hill et al., 2017), this often 

reflects that the liquid volume of the foam is less than 1% (Weaire and Hutzler, 2001). 

Further wet foams with high liquid volumes can undergo drainage and coarsening turning 

them into a dry foam (Hill et al., 2017). 

Foams do not occur spontaneously, they always require an energy input for foam formation. 

Further, a reduction in tension at the air-water interface is required for a foam to be made, 

and the resulting foam must be stabilized otherwise it will collapse almost immediately (Hill 
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et al., 2017). This reduction and stability is usually carried out by one of two agents; small 

molecule surfactants or proteins. Most foams are produced using a small molecule 

surfactant, such as sodium dodecyl sulfate (SDS). Surfactants or detergents are amphipathic 

molecules, and this feature is key. During foam formation the surfactant accumulates at the 

air-water interface, exposing its hydrophobic regions to the air, and the hydrophilic regions 

to the water. This allows the reduction of the interface, allowing the transformation of the 

liquids’ bulk state to a foam (Weaire and Hutzler, 2001). 

Foams stabilized with proteins most often occur when a high concentration of protein is 

degraded in some manner, usually through mechanical means, exposing hydrophobic 

regions in the protein structure. This exposure of hydrophobic regions acts similarly to a 

surfactant molecule and facilitates the change in air-water interface (Hill et al., 2017). An 

example of this type of foam formation is the beating of egg whites into a foam. In some 

much rarer examples, surfactant proteins allow for the change in surface tensions. These 

surfactants have evolved in functions specifically requiring a reduction in the tension of the 

air water interface. Bacteria such as Streptomyces coelicolor and Bacillus subtilis produce 

surfactant proteins like SapB (Willey et al., 1991) and Surfactin (Arima et al., 1968) which 

are required for aerial development but also have antagonistic properties against other 

bacteria providing a competitive advantage (Straight et al., 2006). Protein surfactants also 

occur in filamentous fungi to aid hyphae growth and are produced by many fish and frogs 

to produce foams during reproduction (Cooper et al., 2004).  
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Figure 1.1: Diagram of foam cell structure. Lamella form the outer boarders of vesicles, and 

plateau boarders are formed when three lamellae meet (Arzhavitina et al., 2010). 
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1.2 Dermal Drug Delivery Systems: 

Treatment of major diseases is often limited by the properties of the drugs approved to 

treat them. Many conventional “free” drugs have problems with solubility, toxicity, 

exceedingly rapid breakdown, poor pharmacokinetics or targeting issues (Torchilin., 2014). 

This can mean traditional drug treatments do not adequately reach their target organ or 

the high concentration needed for successful uptake results in unwanted effects. The 

properties and capabilities of these drugs can be improved by the use of drug release 

systems. Drug delivery systems cover a broad range of drug carriers with the number of 

systems available and being researched growing rapidly (Allen et al., 2004). Nanoparticles 

have been manufactured using liposomes, silica, gold, silver, solid lipids and many more 

(Torchulin, 2014). Other researched systems involve the use of nanotubes, polymer-drug 

conjugates, protein-drug conjugates and hydrogels (Zhao et al., 2010). Many of these drug 

release systems have been engineered to release anticancer drugs, antimicrobials and 

antivirals. Examples of these are listed in Table 1.1.  

An area of drug delivery being focused on is topical drug release. Generally, drugs delivered 

through the skin are delivered with creams or gels and are often require multiple 

applications over several days for appropriate treatment. These creams treat conditions 

such as eczema, acne, muscle pain. Delivering drugs through the skin is important for 

treating multiple conditions. These include delivering antiseptics such as Silver sulfadiazine 

to wounds (Barillo., 2014), Dithranol to treat Psoriasis (Rodgers et al., 2011) and Sodium 

hypochlorite to treat burns (Gallagher et al., 2012). Dermal delivery is often used as an 
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alternative to oral medicines instead treating the target area (Djekic et al., 2016). However, 

creams are often painful to apply and can have difficulty releasing adequate concentrations 

(Zhao et al., 2009). The skin has evolved as an effective barrier often limiting drug 

permeability (Alvarez-Roman et al., 2004), and the ultimate goal of any topical treatment is 

to safely deliver an appropriate concentration of drug through this barrier without causing 

any detrimental effects (Roberts et al., 2017). Due to these limitations many topical drug 

release systems have been investigated in search of novel ways of delivering drugs to the 

skin. These include topical nanoparticles loaded with zinc oxide to be used as sun cream 

(Silva et al., 2016), lipid vesicles as a treatment for fungal infections with hydrophobic 

antifungal Ketoconazole (Guo et al., 2015) and hydrogels that enhance ibuprofen uptake 

through epidermis (Djekic et al., 2016). However, the benefits of these systems may come 

with issues that have yet to be fully resolved. There is growing evidence that many 

nanoparticles cause damage to the skin and their toxicity may be a limiting factor (Yah et 

al., 2016). There is a high chance of skin irritation (Roberts et al.,2017), often caused by the 

high concentration of surfactants used during nanoparticle assembly (Silva et al, 2016). 

Hydrogels such as Nu-Gel and Purilon are frequently used to treat major wounds as a result 

of foot ulcers or surgery, and loaded hydrogels are being developed to help deliver drugs at 

the site of release. However, many of these have yet to reach clinical trials and no market 

impact data is available (Boateng et al., 2008).  Some hydrogel data demonstrates issues 

with low concentration release (Djekic et al., 2016), and these issues are also evident in 

nanoparticle and liposome concentration release (Zhao et al., 2010). Pharmaceutical foams 
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may provide a solution to some of the problems encountered with nanoparticle-based drug 

delivery systems, while still having more benefits than creams or oral dosage treatments 

(Zhao et al., 2010).  

Pharmaceutical foams are not a novel concept and have been researched for over 30 years 

(Zhao et al, 2010). They have been used to deliver a variety of drugs including antifungals, 

antimicrobials, steroids and painkillers to treat infections, psoriasis and muscle pain. Foams 

have also been used as antiseptic wound and skin cleaners (Purdon et al., 2003). A detailed 

list of foam delivery systems is displayed in Table 1.2. There are multiple benefits to using 

foam delivery for topical treatments. Studies have shown that consumers and patients 

prefer applying a foam comparted to gels or creams (Bureiko et al., 2015, Cutis et al., 2002). 

Foams are less dense, easier to apply as they do not require harsh rubbing and spread easily. 

This means when treating painful conditions, they’re often deemed more soothing (Purdon 

et al., 2003). Further, foams used to treat psoriasis with corticosteroids allowed for higher 

concentrations to be applied compared to available lotions without causing increased 

toxicity (Feldman et al., 2000, Feldman et al., 2001). Another foam containing Clobetasol 

propionate that is used to treat psoriasis also displayed improved treatment compared to 

the equivalent lotion (Purdon et al., 2003). Foams often come in pressurised canisters, this 

production is expensive and considered the biggest negative of their use (Purdon et al., 

2003). The current foam delivery systems are generally short-lived foams which coalesce 

and collapse quickly, delivering their drug load almost immediately. Many of these systems 

have aqueous bases and this can result in problems with drug solubility (Zhao et al, 2009).  
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As well as a range of problems with both current and novel drug release systems, the cost 

of many current skin treatments is expensive. The NHS spends £80 per Psoriasis patient 

every 6 months for Dithranol treatments alone, and there are over a million estimated 

sufferers in the UK (Rodgers et al., 2011). Minor burns have an average cost of £1,850 per 

patient (Griffiths et al., 2006), and major burns can cost around £75,000 to treat. Around 

£3,200 is the cost of dressings alone, and £1,400 is used on the medication required for 

treatment (Pellatt et al., 2010). Treatments involving IV antibiotics require hospital stays 

increasing their expense, constantly having to change wound dressings to prevent infection 

and reapply creams for wound treats further increase NHS cost, and ineffective drug release 

is not cost effective either. This has left an obvious gap in the research where highly stable 

foams which can facilitate long-term release of a variety of drugs molecules, that require 

reduced applications compared to creams or other skin treatments while would be a useful 

treatment approach and much more cost effective. The stable biologically compatible foam 

nests produced by the Tungara frog may provide a potential solution to this problem.  
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Table 1.1: Examples of commercially available nanoparticles: 

(Allen et al., 2004, Weissig et al., 2014) 

Name (Year approved) Active Agent  Application 

AmBisome (1997) Liposomal amphotericin B Leishmaniasis  

Fungal infections 

Bexxar (2003) Anti-CD-20 I-tositumomab  Non-Hodgkin’s lymphoma 

Doxil (1995) Liposomal doxorubicin Kaposi’s sarcoma  

Refractory breast and 

ovarian cancer 

Inflexal V (1997) Influenza virus antigens Influenza vaccine 

Kadcyla (2013) Monoclonal antibody Metastatic breast cancer 

Mircera (2012) PEGylated epoetine beta Anaemia in renal failure 

adult patients 

Peg-Intron (2001) PEG-Interferon α-2b Hepatitis C 
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Table 1.2: Examples of pharmaceutical foams commercially available:  

(Purdon et al., 2003, Tamarkin et al., 2016, Zhao et al., 2010) 

Name Active Agent Application 

Anestafoam 4% Lidocaine Temporary pain relief 

Bactoshield 4% Chlorohexidine gluconate Surgical and wound cleaner 

Delfen 12.5% Nonoxynol-9 Vaginal contraceptive 

Epifoam 1% Hydrocortisone acetate Reduces skin swelling and itching  

Fabior 0.1% Tazarolene  Acne treatment 

Ibuleve 5% Ibuprofen  Inflammation and pain relief for 

muscles or arthritic pain 

Luxiq 0.12% Betamethasone valerate Reduces irritation and swelling of 

the scalp 

Olux-E 0.05% Clobetasol propionate  Eczema treatment 

Septisol 0.23% Hexachlorophene Bacteriostatic wound cleanser  

Sorilux 0.005% Calcipotriene Psoriasis 

Verdeso 0.05% Desonide  Dermatitis  
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1.3 The Tungara Frog - Engystomops pustulosus 

Anuran amphibians (Frogs and Toads) exhibit a remarkable diversity of reproduction modes 

which is characterised by multiple examples of parallel evolution of similar strategies in 

phylogenetically diverse species (Duellman and Trueb., 1986). Modes of reproduction range 

from large numbers of unprotected eggs through to small numbers of eggs with remarkable 

degrees of parental care and even tadpole feeding strategies (Duellman and Trueb., 1986). 

Between these extremes, there is a huge diversity of intermediate forms of reproductive 

behaviour. Many frogs produce foam nests to protect their eggs during tadpole 

development, which may include cryptic behaviour (hiding nests between leaves or in 

burrows) or nests which are exposed and open (Cooper et al., 2010; Duellman and Trueb., 

1986). Foam-nesting behaviours is known in phylogenetically diverse anurans such as the 

Rhacophorine frogs Polypedates leucomystax (The common Asian tree frog) found in South 

Asia (Yorke., 1983) and Chiromantis rufescens (The African foam nest tree frog) found across 

central Africa (Coe., 1967), the leptodactylid, Leptodactylus fuscus (The whistling frog) 

found in South American and the Caribbean (Downie., 1984) and the microhylids 

Chiasmocleis leuciosticta (Haddad and Hodl 1997). The number of frog species which adopt 

this reproductive strategy is not currently understood. Despite belonging to 

phylogenetically diverse families (Fig 1.2), these frogs have all evolved similar mechanisms 

for protecting their tadpoles during development. One particularly well-studied member of 

the foam-nesting frogs is the neotropical leptodactylid Engystomops pustulosus, which is 
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commonly known as the Tungara frog (Fig 1.3). It has a wide distribution and can be found 

across Central and South America and on the Caribbean islands of Trinidad and Tobago. E. 

pustulosus is an adaptable species found in a variety of habitats including grasslands, 

savannas, forest and almost any pool of water (Leigh et al 1999). These pools could be ponds 

and natural puddles or temporary water collected in man-made holes such as drainage 

ditches and potholes (Cooper et al., 2010).  

E. pustulosus has an interesting call comprised of a whine combined with chucks which is 

used to attract female mates (Ryan et al., 1990). Some evidence suggests that their calls 

escalate depending on the number of other males present, and the presence of one of their 

main predators, fringe-lipped bats (Akre et al., 2010). The male frogs use their call to attract 

a female mate, and once they’re paired they build a foam nest during amplexus (Fig 1.3C). 

These foam nests are often produced in groups, with multiple mating pairs producing nests 

at the same time to create rafts of nests in one pool (Fig 1.4) (Fleming et al., 2009).  

After a female has selected a calling male for a mate, the female begins producing fluid from 

her cloaca that contains the foam precursors - a cocktail of carbohydrates and six proteins 

named Ranaspumins (Fleming et al., 2009) The male clings to the female’s back and uses 

his back legs to rapidly whip the liquid into a foam. At the same time the female will begin 

to release clutches of eggs (Heyer and Rand., 1997). A three-step nest building process then 

occurs. Firstly, an eggless raft layer is built as the base of the foam nest. Then the main 

building phase occurs, where fertilized eggs are incorporated into the foam and the majority 

of the nest is produced. Finally, the termination phase occurs where egg release is slowed 
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and eventually stops, while the foam whipping action becomes more sporadic and also 

stops (Dalgetty and Kennedy., 2010). The whole process takes around an hour (Heyer and 

Rand., 1997) and results in a small white spherical foam nest approximately 2-8cm in size 

(Fig 1.4). Tadpole development occurs over the next 2-3 days, and after this time the 

tadpoles will exit the nest facilitating its collapse (Downie et al., 1993). It is unknown if the 

tadpoles facilitate the nest collapse through the production of enzymes during the hatching 

process.  

The foam nests created in this process essentially acts as an incubation chamber for the 

eggs while they develop into tadpoles. It provides protection from predation, from micro-

organisms and insects which could damage, infect or eat the developing eggs. Further the 

foam prevents damage from environmental factors by preventing dehydration caused by 

water loss and aiding temperature regulation in a tropical environment (Cooper et al., 

2010). Stable natural foams are rare, and the foam produced by the Tungara frog has some 

interesting properties. The foam is highly stable, holding its structure for up to 10 days in 

tropical environments (Fleming et al., 2009). Most foams collapse within minutes to hours, 

so this length of stability is unusual. Further, the foam is biocompatible, it does not damage 

the eggs, sperm or tadpoles despite having significant surfactant properties (Mackenzie et 

al., 2009). Most surfactants damage cells walls, and this quality of surfactant non-toxicity 

could have great potential for exploitation in biotechnology and medicine.  



 16 

 

Figure 1.2: Phylogenetic tree of Anuran families (Pyron and Weins., 2011). Red arrows highlight families with foam-nesting 

species. 
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Figure 1.3: Photographs of the Tungara Frog. A: Engystomops pustulosus B: A calling E. 

pustulosus male. C: A foam nesting pair. 
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Images: Sarah Brozio.
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Figure 1.4: Engystomops pustulosus foam nests. A: Communally produced foam nest mass 

collected from a pond. B: Fresh nest produced under lab conditions over in fresh water. C: 

Fresh foam nest in a puddle.  
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Images: Sarah Brozio.
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1.4 Ranaspumins 

Proteins and peptides from anuran amphibians have been shown to have massive potential 

for a wide variety of applications. Most notably, peptides isolated from frogs have 

demonstrated all manner of medically important functions. This research field has grown 

rapidly with the number of peptides published increasing from 500 in 2002 (Rinaldi., 2002) 

to 2000 in 2013 (Xu et al., 2013). These peptides include the Dermaseptins isolated from 

Phyllomedusa species which have activity against Gram-positive bacteria, Gram-Negative 

bacteria, HIV and HPV (Zairi et al., 2009). Fallaxin discovered from Leptodactylus fallax has 

inhibitory activity against Escherichia coli, Klebsiella pneumoniae and Pseudomonas 

aeruginosa (Neilsen et al., 2007). Hylaerleasins produced by Hyla simplex aid wound healing 

(Wu et al., 2011), and a Temporin peptide from Rana chensinensis has antitumor effects 

(Wang et al., 2012). Very few proteins have been isolated and characterised from Frog foam 

nests, but these proteins display unusual properties. They include Lv- RSN-1 which exhibits 

rare protein surfactant activity (Cavalcante-Hissa et al., 2016) and Ranasmurfin from 

Polypedates leucomystax which is a rare blue coloured copper-protein (McMahon et al., 

2006). Amphibians are undoubtedly a source of unusual and useful proteins or peptides, 

and this area should be researched further. 

The Engystomops pustulosus nest is built using a protein-carbohydrate precursor liquid 

which contains 1-2mg/ml of protein (Fleming et al., 2009). The carbohydrate component of 

this mixture is yet to be elucidated. The protein component of the foam consists of six 

proteins called Ranaspumin (RSN) 1-6, which are all in the range of 10-40kDa (Cooper et al., 
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2005). Mass spectrometry data indicates that RSN-1 and RSN-6 are the dominant proteins 

in the foam, however the ratio of concentrations they are present in is unknown (Fleming 

et al., 2009).  

The RSN proteins were isolated by collecting foam samples, carrying out SDS-Page on the 

soluble foam liquid and excising the six prominent bands present. The bands were 

submitted for amino acid sequencing via Edman degradation. The resulting peptide 

sequences where used to design primers for DNA sequencing. Three female frogs where 

euthanised, their oviducts harvested and the RNA from the oviducts was isolated. The 

mRNA was then reverse transcribed into cDNA, and PCR carried out with the designed 

primers. The PCR products were sequenced elucidating the DNA sequence of each RSN 

(Fleming et al., 2009), the DNA sequences and accession numbers are displayed in Table 

1.3. The sequences collected allowed for bioinformatic comparisons to other proteins, and 

for function predictions to be carried out. Recombinant proteins for RSN-1, RSN-2, RSN-4 

and RSN-6 were produced by overexpression in E. coli and used for further protein 

characterisation (Fleming et al., 2009). RSN-1 demonstrated sequence similarities to 

cystatins but does not demonstrate any cystatin activity. RSN-3, RSN-4 and RSN-5 displayed 

similarities to fucose binding lectins which often display antimicrobial activity (Pistole., 

1981). RSN-6 is homologous to a C-Type lectin, associated with galactose binding, with 

recombinant RSN-4 exhibiting crosslinking activity when used to agglutinate blood cells. 

However, this was not inhibited by the addition of fucose, suggesting it is not be a fucose 

binding lectin. However, this activity could be inhibited by lactose and galactose. Despite 
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predictions of carbohydrate binding function, no erythrocyte agglutination occurred with 

recombinant RSN-3 or RSN-6.  

RSN-2 is the most well defined Ranaspumin. RSN-2 showed no homology to other known 

protein sequences in any database. The RSN-2 amino acid sequence is amphipathic 

indicating it had potential as a surfactant. This was proven correct, and RSN-2 is a protein 

surfactant (Fleming et al., 2009). RSN-2 is an 11kDa protein, whose structure was solved by 

NMR (Mackenzie et al., 2009). It has a mixed α/β structure, made up of a kinked α-helix and 

a four stranded antiparallel β-sheet (Fig 1.5). Despite appearing relatively polar when 

folded, RSN-2 absorbs well at the air-water interface. It is believed that RSN-2 undergoes a 

conformational change which causes the protein to unhinge exposing a hydrophobic 

pocket. This conformational change exposes RSN-2’s amphipathic nature, allowing it to 

behave as a surfactant and reduce surface tension required for foam formation (Mackenzie 

et al., 2009, Morris et al., 2016). RSN-2 has significant surfactant activity and appears to be 

the main surfactant protein in E. pustulosus foam (Cooper et al., 2010). Surfactant activity 

of proteins is rare in biology, as its can have damaging impacts on other proteins, and the 

structures of cell walls, membranes and viability (Mackenzie et al., 2009). RSN-2 does not 

appear to harm biological membranes, as its presence in the foam does not damage the 

sperm, eggs or tadpoles. Further, overexpression of recombinant RSN-2 in E. coli is not toxic 

to the cells (Cooper et al., 2010). Its role as a surfactant protein has been exploited in other 

processes including magnetic nanoparticle production. This research utilised RSN-2 to 

produce cost effective and potentially recyclable microemulsions for the synthesis of 8–10 
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nm super-paramagnetic iron oxide nanoparticles (Choi et al 2012). Further, RSN-2 was used 

in combination with Calvin cycle enzymes to produce a photosynthetic foam which could 

be utilised for carbon fixation and sugar synthesis (Wendell et al., 2010). This quality of 

surfactant activity combined with no clear toxicity is an unusual quality and may be highly 

useful in the pharmaceutical industry, but this has not been previously explored. 
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Figure 1.5: Structure of Ranaspumin-2 as solved using NMR. A: Demonstrating RSN-2 in its 

folded conformation. B: Folded conformation rotated 90°. Both highlight the single kinked 

α-helix and four β-sheet structures. 
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Table 1.3: Ranaspumin Summary 

(Fleming et al., 2009) 

Protein Accession Number Predicted Size (kDa) Sequence Similarity 

Ranaspumin-1 (RSN-1) AY226146 14 Cysteinyl proteinase inhibitors 

Ranaspumin-2 (RSN-2) AY226147 11 None 

Ranaspumin-3 (RSN-3) AY226148 18 Fucolectins from teleosts 

Ranaspumin-4 (RSN-4) AY226149 21 Fucolectins from teleosts 

Ranaspumin-5 (RSN-5) AY226150 18 Fucolectins from teleosts 

Ranaspumin-6 (RSN-6) AY226151 27 C-Type galactose binding lectin 



 25 

 

1.5 Project aims and objectives 

The foam produced by the Tungara frog has many interesting qualities which warrants 

further investigation. The foam’s stability, compatibility with eggs and antimicrobial 

characteristics indicates it may have value as a biocompatible material in medicine. Further, 

RSN-2’s ability to act as a surfactant protein while not harming biological membranes and 

its previous use in other industrial processes suggests it may itself have value in drug 

delivery. Many of the proteins required for producing the foam remain uncharacterised 

with no defined function, and elucidating these functions is important in understanding the 

foam’s qualities. To analyse E. pustulosus foam potential as a drug delivery system, four 

aims and objectives were defined for this research: 

1. Foam characterisation:  

The foam produced by E. pustulosus has potential in the context of a pharmaceutical foam. 

The structure, stability and toxicity need to be fully characterised to be better understand 

the overall properties of whole foam as produced by frogs. Techniques such as microscopy, 

rheology, circular dichroism, mammalian and bacterial cell assays will be used for foam 

characterisation. 

2. Defining the drug release potential of E. pustulosus foam: 

The ability of foam to be loaded and release drug molecules has not been previously 

investigated. A range of model dyes and authentic drug molecules will be tested, and their 
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release profiles assessed and defined. Understanding the basic release profile of the foam 

will allow its potential as a drug release system to be elucidated. 

3. Recombinant protein cloning and overexpression: 

To produce recombinant foam proteins and characterise them, a cloning strategy will be 

developed to insert codon optimised rsn genes into a plasmid vector system and 

overexpress each RSN in an efficient manner in E. coli and to develop a purification 

procedure.  

4. Synthetic foam production: 

The final goal of this research was to produce a synthetic version of the E. pustulosus foam 

from recombinant RSN proteins and evaluate if the synthetic foam could be used as a drug 

delivery system with the goal of utilising this as a treatment for burns and wound 

infections.  
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2.0  Materials and Methods 

2.1 Collection of Engystomops pustulosus foam:  

The E. pustulosus foam used throughout this research was collected from multiple sites and 

frogs in Northern Trinidad. Foam collections were carried out during the wet season (May-

August) in 2014, 2015, 2016 and 2017. The sites these samples were taken from are 

displayed in Figure 2.1. Foam samples were gathered using two methods.  

2.1.1 Foam collected directly from sites:  

When rain occurred, sites where checked between 6am-8am (to ensure freshness) to see if 

new foam nests had been laid the previous night. If a fresh nest was located, it was stored 

in a plastic container and taken to a laboratory to be processed. Each nest had as many eggs 

removed as possible using tweezers, ensuring that the eggs were not burst open, yielding 

egg proteins in to the foam. The egg free portion of the foam nest was then placed a storage 

tube and frozen at -20°C. All eggs removed from nests were placed in aerated dechlorinated 

water and allowed to develop into tadpoles. The tadpoles were returned to the original 

sites of collection. All foam samples were transported back to the UK on ice and 

immediately stored at -80°C.  

2.1.2 Foam collected in laboratory:  

Sites with a frequent E.s pustulosus population were checked each evening for amplexing 

pairs. Pairs were gathered and placed into a plastic container in clean aerated water. The 

couples were left overnight to allow them time to settle and nest. The nest produced was 
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taken, each egg was removed, and the foam samples stored in the same manner as above. 

All eggs removed from nests were placed in aerated dechlorinated water and allowed to 

develop into tadpoles. The tadpoles were returned to the original sites of collection. Any 

pairs of frogs collected were returned to their site of collection after nesting was complete.  
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 Figure 2.1: Map of foam collection sites in Northern Trinidad. Markers display the sites 

where foam and frogs were collected. 1: Caura Valley. 2: Lopinot Road. 3: Aripo Savanas. 4: 

Tunapuna Road, Arena Forest.  

 

  

Map Data: Google 2018.
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2.2 Foam Characterisation Techniques:  

2.2.3 Foam Density:  

The method for determining foam density was adapted from Arzhavitina et al., 2010. Foam 

samples were defrosted at room temperature. Three aliquots (5 ml) of foam were 

measured into 15 ml falcon tubes and each foam sample was weighed. Three falcon tubes 

were filled with 5ml of distilled water and each tube was weighed. The average weight of 

an empty falcon tube was subtracted from all the other measurements. The mean of water 

weights and the foam weights were determined. All measurements were determined in 

triplicate. The foam density was the calculated as below:  

Foam Density = Average Foam Weight/Average Water Weight 

2.2.4 Microscopy: 

Foam was defrosted to room temperature before use. Foam was unloaded or loaded with 

either Nile Red (Sigma) or Calcein (Sigma). All foam images were taken with brightfield 

settings under 4x magnification using NIS-Elements AR.3.2. software. Fiji software was used 

for image analysis.  

2.2.5 Rheology:  

To evaluate the viscosity, elasticity and plasticity of the foam rheology experiments were 

employed. Foam samples were defrosted to room temperature. Aliquots (400μg) of foam 

were weighed to ensure a constant sample size. All rheology measurements were 

determined using a Haake Mars Rotational Rheometer (Thermo Scientific). All experiments 
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were programmed and carried out using Thermo Scientific HAAKE RheoWin software. All 

experiments were carried out using P20 upper plate and TM20 lower plate. Protocols 

carried out were adapted from Kealy., 2008, Marze et al., 2009 and Piazza et al., 2008. 

2.2.6 Amplitude Sweep:  

An aliquot of defrosted foam was placed on the lower TM20 plate. The upper plate was 

then lowered onto the foam sample, until the gap between the upper and lower plates 

reached 1mm. Sheer stress (𝛕) was then applied to the foam. This occurs in a range from 

0.1–200Pa, over 20 increments, where the stress increases by around x1.5 each increment. 

Measurements representing the elastic (G’) and viscosity (G’’) responses were collected in 

triplicate and automatically averaged by the software. This data was then exported in XML 

format and further analysis carried out using Origin Software. 

2.2.7 Oscillation Time Sweep:  

An aliquot of foam was placed on the lower TM20 plate. The upper plate was lowered 

onto the foam sample until the gap was set at 0.5mm. The sheer stress was then applied 

at a constant 100Pa, with a frequency of 3Hz. The temperature of the lower plate was 

maintained at 37°C throughout the experiment. Viscoelasticity (G’ and G’’) were measured 

every 15 secs for 1h. Each time point was gathered in triplicate and automatically 

averaged. The data was then exported in XML format and the graphs produced using 

Origin software. 

Samples of foam were subjected to oscillation sweeps and time sweeps. The oscillation 

sweeps were completed with a 1mm gap, and a 0.1Pa to 200Pa range. Time sweep 
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experiments were run for 1h, at 100Pa and 3 Hz using a 0.5mm gap. Data points were 

collected in triplicate and averaged before graphs were plotted.  



 33 

2.3 Bacterial Strain Cultivation: 

2.3.1 Media:  

All bacterial strains in this study were grown on lysogny broth (LB) (Bertani, 1951) 

containing:  

10g/L Tryptone  

5g/L Yeast Extract 

10g/L NaCl  

20g/L Agar was added for solid medium 

All media components were dissolved in distilled water, and autoclaved at 121°C, 15psi 

for 15mins. If antibiotics were required, they were added to the media after autoclaving. 

2.3.2 Strains:  

All the strains used throughout this work are shown in Table 2.1. All microbiology work was 

carried out using aseptic techniques. Strains were grown by streaking on solid LB media, at 

37°C overnight, and a single colony picked from the plate to inoculate 5ml of liquid LB. All 

media contained the appropriate antibiotic for strain growth. Glycerol stocks were made 

for strain storage. These were produced by adding 500μl of 50% sterile glycerol to 500μl of 

overnight culture. All stocks were stored at -80°C.  

2.3.3 Plasmids:  

rsn genes were codon optimised using the Integrated DNA Technologies (IDT) codon 

optimization tool (https://www.idtdna.com/CodonOpt). Restriction enzyme sites were 
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added to the flanking regions. NdeI and NcoI sites were added to the 5’ flank. BamHI and 

XhoI sites were added to the 3’ using IDTs tools before plasmids containing codon optimised 

Ranaspumin (rsn) genes were synthesised by either Integrated DNA Technologies (IDT) or 

Eurofins (detailed in Table 2.2). All plasmids used in this research are displayed in Table 2.2. 

All plasmids were checked by sequencing following Eurofins requirements. 
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Table 2.1: Bacterial strains  
 

Strain Genotype Description Source 

Escherichia coli 

Escherichia coli 

 DH5a 

 F- Φ80lacZΔM15 
Δ(lacZYA-argF) U169 
recA1 endA1 hsdR17(rk

-, 
mk

+) phoA supE44 thi-
1 gyrA96 relA1 λ- 

Strain used for 

general plasmid 

propagation.   

Invitrogen 

Escherichia coli  

BL21 (DE3) 

fhuA2 [lon] ompT gal (λ 

DE3) [dcm] ∆hsdS λ DE3 = 

λ sBamHIo ∆EcoRI-B int:: 

(lacI::PlacUV5::T7 gene1) 

i21 ∆nin5 

Strain for routine T7 

promotor protein 

overexpression. 

New England 

Biolabs 

Escherichia coli  

One Shot BL21* 

F-ompT hsdSB (rB
-, mB

-) 

galdcmrne131 (DE3) 

Strain for over 

expression of low 

copy T7 promotor 

plasmids. 

Invitrogen 

Escherichia coli  

Rosetta (DE3) 

F- ompT hsdSB(rB
- mB

-) gal 

dcm (DE3) pRARE (CamR) 

Strain for over 

expression of 

proteins using rare 

E. coli codons. 

Novagen  

Escherichia coli  

ATCC 8739 

 Fecal strain used to 

test antimicrobial 

agents 

ThermoFisher 

Staphylococcus 

aureus ATCC  29213 

 Wound isolate used 

to test antimicrobial 

agents 

ThermoFisher 
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Table 2.2: Plasmids  
 

Plasmid Description  Antibiotic Resistance Source 

pET28a PT7 Expression 
vector, N-term and C-
term HisTags. N-term 
thrombin site. 

Kanamycin Novagen 

pUCIDT RSN-1 Contains synthesised 
Ranaspumin-1 gene 

Ampicillin Integrated DNA 
Technologies 

pEXA2 RSN-2 Contains synthesised 
Ranaspumin-2 gene 

Ampicillin Eurofins 

pEXA2 RSN-3 Contains synthesised 
Ranaspumin-3 gene 

Ampicillin Eurofins 

pUCIDT RSN-4 Contains synthesised 
Ranaspumin-4 gene 

Ampicillin Integrated DNA 
Technologies 

pUCIDT RSN-5 Contains synthesised 
Ranaspumin-5 gene 

Ampicillin Integrated DNA 
Technologies 

pUCIDT RSN-6 Contains synthesised 
Ranaspumin-6 gene 

Ampicillin Integrated DNA 
Technologies 

pRSN-1 Ranaspumin-1 
inserted into pET28a 
vector with N-term 
HisTag 

Kanamycin This work 

pRSN-2 Ranaspumin-2 
inserted into pET28a 
vector with N-term 
HisTag 

Kanamycin This work 

pRSN-3 Ranaspumin-3 
inserted into pET28a 
vector with N-term 
HisTag 

Kanamycin This work 

pRSN-4 Ranaspumin-4 
inserted into pET28a 

Kanamycin This work 



 37 

vector with N-term 
HisTag 

pRSN-5 Ranaspumin-5 
inserted into pET28a 
vector with N-term 
HisTag 

Kanamycin This work 

pRSN-6 Ranaspumin-6 
inserted into pET28a 
vector with N-term 
HisTag 

Kanamycin This work 

 

  



 38 

2.3.4 Bacterial Growth Curves:  

Bacterial growth curves were carried out in 96 well plates (Sigma) using a BioTek Synergy 

HT microplate reader. Single colonies of S. aureus or E. coli were used to inoculate 5ml of 

LB media which was gown overnight, shaking at 37oC. Overnight cultures were diluted 1 in 

100 to inoculate each well. Liquid foam proteins or purified RSN- 2 protein was added to 

treatment wells. Liquid foam was filtered with a Millex 33mm 0.22μm filter before use. All 

wells had a final volume of 100μl to fit the working volume of 96 well plates. Plates were 

incubated, shaking, at 37oC with OD600 measurements taken every 10 minutes for 10 

hours. Each treatment or control was conducted with 12 replicates. Positive control was 

treated with media alone. Negative control contained Kanamycin. 

2.3.5 Mammalian Cell Viability Assay:  

Mammalian cell viability was tested using the MTT Assay (Mosmann., 1983). HaCaT cells 

were grown in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/l glucose (SLS) 

supplemented with 10 % (v/v) fetal bovine serum, 2 mM L-glutamine and 50 units/ml 

penicillin/streptomycin. Foam proteins were prepared by centrifugation for 10 min at 

16,000xG. The supernatant was then filtered using a Millex 33mm 0.22μm filter and 

concentrated to 2mg/ml using Amicon 10kDa spin filter. The protein concentration was 

determined by Bradford assay (2.5.7). The cells were grown in 96 well plates and were 

treated with 200μl of DMEM media and 200μl of varying foam protein concentrations prior 

to incubation at 37°C for 24 hours. After 24 hours, the media was removed from the cells 
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and replaced with fresh media and 50μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT). This was incubated for 1 h at 37°C, followed by a 30 

min incubation in the dark. The absorption measured in a spectrophotometer at 570nm 

(Riss et al., 2013).   
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2.4 Molecular Biology:  

2.4.1 Transformation:  

Competent cells were thawed on ice, before adding 1-5μl of plasmid DNA. The cells were 

incubated for 30 mins on ice, then heat shocked at 42°C for 2 mins. 1ml of LB media was 

added to mix and incubated at 37°C for 1 hour. Cells were centrifuged, using a Beckman 

Coulter Microfuge 16, at 10,000 x G for 1 min. The LB media was removed, and the cell 

pellet re-suspended in 200μl of fresh LB. The 200μl was spread on LB agar plates containing 

the appropriate antibiotic and incubated at 37°C overnight.  

2.4.2 Plasmid Isolation:  

All plasmids were isolated using Bioline Isolate II Plasmid Mini Kit. 5ml overnight cultures 

were used, and plasmid DNA was isolated following the manufacturers protocol. A 

ThermoScientific NanoDrop 2000 Spectrophotometer was used to measure final DNA 

concentration. Purity was estimated by calculating the samples A260/A280 ratio. Samples 

with ratios of approximately 1.8 were used for further steps. 

2.4.3 Restriction Digests: 

All plasmids were digested with NdeI (NEB) and BamHI (Promega) in CutSmart buffer (NEB) 

unless stated otherwise following NEB recommended protocol. 5μl of buffer was mixed 

with 3μl of BSA, before adding 10μg of DNA. 1μl of each enzyme was added, and then 

nuclease free water was used to make the final volume to 30μl. Single temperature double 

digests were performed by incubating at 37°C for one hour.  
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2.4.4 Agarose Gel Electrophoresis: 

Gel electrophoresis was used to check plasmids and PCR products. 2% agarose was 

dissolved in 1 x TAE buffer (diluted from 50X stock solution) and was boiled in the 

microwave. 50X TAE stock solution contained 2M Tris acetate and 50mM EDTA. Samples 

were mixed and loaded with Bioline 5X Loading Buffer Blue. Bioline Hyperlader was used to 

estimate band sizes. 10μl of sample was added to each well. Gels were run in 1x TAE buffer 

at 100V for 30-45 mins depending on product sizes. These were then stained in Gel Red 

solution for 30 mins, shaking at room temperature before being visualised under UV light 

(300nm).   

2.4.5 Gel Extraction: 

Digested plasmid bands were extracted from gels to be utilised in ligation steps. Correct 

bands were located under UV transillumination (300nm). The required bands were cut out 

the gel using a sterile scalpel and extracted using Bioline Gel Extraction kit, following the 

manufacturers protocol.  

2.4.6 Ligation: 

Digested rsn gene fragments were ligated into pre-digested pET28a plasmid using T4 ligase 

(NEB). Reactions were mixed using 2μl of supplied buffer, a 1:5 vector: insert ratio of DNA, 

1μl of ligase and made up to the final volume of 20μl with nuclease free water. Ligations 

were carried out at 4°C overnight.  
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2.4.7 Polymerase Chain Reaction (PCR): 

Colony PCRs (cPCR) were carried out to check inserts had been ligated into vectors due to 

the small size of some of the fragments being difficult to visualise on gels. The primers used 

in this work were designed using GenScript and are detailed in Table 2.3. Bioline MyTaq 

DNA Polymerase kit was used for all cPCR experiments. Multiple single colonies from each 

transformation plate were selected for cPCR screening. Each colony was added to a PCR 

tube with a sterile pipette tip, and then used to inoculate 1ml of LB. Each reaction contained 

1μl of each 10μM primer (Forward and Reverse), 5μl of Bioline MyTaq reaction buffer which 

contains dNTPs, 1μl of DNA polyermase (Bioline MyTaq) and 11μl of nuclease free water to 

make a final volume of 20μl.  All products were checked with agarose gel electrophoresis. 
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Table 2.3: Primers  

Primer  Forward Primer (5’- 3’) Reverse Primer (5’- 3’) Product size 

(bp) 

RSN-1 GCTGTGATCAGCCAGCATT TCTGCTTGACGTGGCAATAC 262 

RSN-2 GCTGATTCTGGATGGAGACC CATCATCGTCTTTGCGACAC 275 

RSN-3 TGCAGTCATACCGGTGGTAA ACCTCAACCTCGCACAGACT 293 

RSN-4 GTGTTTCCACACCGGGTTAG ATATTGACGTAGCGGCCAAC 251 

RSN-5 TAACCCGACTTGGTGGAAAG CTGTTCTTTCCGAGGGACTG 247 

RSN-6 TTGTGGGGTGTCAACAAAGA AAGAGCCATATCCCCCACTT 238 
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2.5 Protein Techniques 

2.5.1 Polyacrylamide Gel Electrophoresis (PAGE):  

Native PAGE gels were run on precast Invitrogen Novex NativePAGE 4-16% Bis-Tris gels. 

Native samples were mixed with 6 X Purple loading dye (NEB) in a 1:1 ratio. Native gels were 

run at 120V for 45 mins. 

Sodium dodecyl sulfate (SDS) PAGE gels were run using either precast Invitrogen 

WedgeWell 4-20% Tris-Glycine Gels or NuPAGE 4-12% Bis-Tris Protein Gels. Samples were 

mixed with 6 X SDS loading dye and heated to 75°C for 7 mins before being loaded onto a 

gel. A 10-200kDa broad range protein ladder (NEB) was added to all SDS PAGE gels.  

All gels were stained in Instant Blue solution (Expedeon) for 30 mins and then stored in 

distilled water. Buffers used in these experiments are detailed in Table 2.4. 

2.5.2 Glycostain: 

Thermo Fisher Pierce glycostaining kit was used to identify glycosylated proteins. SDS-Page 

was carried out on precast 4-20% Tris Glycine WedgeWell gel and glycostain was performed 

according to the manufacturer’s instructions. 
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Table 2.4: Reagents for PAGE 

 

Buffer Contents  

20 X Native Running Buffer  Tris 50 mM,  
MOPS 50 mM, 
EDTA 1 Mm 
1L Dissolved in water 

10 Tris Glycine SDS Running Buffer 250 mM Tris  
1.9M Glycine  
1% SDS  
1L Dissolved in water 

10 X MES Running Buffer 500 mM MES  
500 mM Tris base 
1% SDS 

6 X SDS Loading Dye 0.5g Tris HCl  
1.2g SDS  
6ml Glycerol  
900μl β-Mercaptoethanol  
Make up to 10ml with distilled water 
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2.5.3 Circular Dichromism (CD):  

Circular Dichromism measurements were taken using Chirascan Plus (Applied 

Photophysics) with a 0.1mm quartz cuvette (Hellma), at 20°C. All samples were measured 

in the far-UV in a wavelength range of 180-280nm (Kelly et al., 2005). A step size of 1 nm, 

bandwidth of 1 nm and reading time of 1 s per point were chosen. Baseline and buffer 

spectra were measured and subtracted from the sample spectra before further analysis. 

Baseline measurements were taken with an empty cuvette. Buffer measurements were 

taken using PBS as samples were stored in PBS. All samples were measured in triplicate. All 

data analysis was performed using Global3 software and Excel. 

2.5.4 Fourier transform infrared spectroscopy (FTIR): 

Fourier transform infrared spectroscopy (FTIR) was carried out using a Nicolet iS10 Smart 

iTR spectrophotometer (Thermo Scientific). Solid and liquid foam spectra were recorded in 

the range on 4000cm¯¹ and 500cm¯¹, over 128 scans at a resolution of 4cm¯¹ and an interval 

of 1cm¯¹. This range provides suitable spectra for estimating protein secondary structure 

(Griffiths and Haseth., 2007). Background measurements were taken and removed from 

results before analysis using Excel. 

2.5.5 Protein Overexpression:  

Optimal conditions for protein overexpression were tested for all six Ranaspumin proteins. 

The conditions tested are detailed in Table 2.5. Growth temperature, IPTG concentration 

and expression cell type were assessed to identify the combination which produced the 
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highest protein concentration. Once ideal conditions had been picked, cultures were scaled 

up to 50ml or 1L. Media was inoculated with fresh overnight culture and cells were grown 

at 37°C to OD600 0.4-0.6. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was then added to 

the culture to induce protein overexpression to the appropriate final concentration. The 

temperature was dropped to 25°C and cultures incubated overnight. Cells were harvested 

by centrifugation at 4000xG for 30 mins.  
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Table 2.5: Overexpression Conditions  

Condition  

Cell Type BL21, BL21*, Rosetta 

IPTG Concentration 0.2mM, 0.5mM, 1mM 

Temperature 15°C, 25°C, 30°C, 37°C 
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2.3.1 Protein Purification:  

E. coli cells used for protein overexpression were lysed using BugBuster Master Mix 

(Millipore). Cultures were grown and induced according to each RSNs optimum conditions, 

then centrifuged for 30 mins at 15,000rpm to harvest the cells. Cell pellets were re-

suspended with 5ml BugBuster per g of cell pellet. Complete protease inhibitor cocktail 

(Roche) was also added to the suspension. This was incubated, shaking, at room 

temperature for 1 hour. Lysate was clarified by centrifugation at 15,000rmp for 30 mins at 

4°C.  

Proteins were purified with nickel affinity chromatography using an AKTA Purifier system 

using Unicorn 5.11 software (GE Healthcare). Protocols were programmed using the GE 

Healthcare AKTA manual. Lysate was loaded on to pre-equilibrated HisTrap columns (GE 

Healthcare). The unbound protein was washed away with 10 column volumes of buffer A 

(Table 2.6) before applying a gradient of buffer B (Table 2.6) to elute the bound protein. 

The buffers used for purification are detailed in Table 2.6. All protein fractions were 

checked for proper lysis, purified bands, contamination and purity with SDS Page before 

further use. 

2.3.2 Bradford Assay:  

Bradford assays were carried out using BioRad Bradford reagents, following the BioRad 

protocol. Standards were prepared by diluting 1mg/ml BSA to a range of concentrations in 

order to produce a standard curve. Samples were mixed with Bradford reagent and 
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incubated for 5mins at room temperature. Absorbance was measured at 595nm and 

protein concentrations calculated using the standard curve produced.   
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Table 2.6: Purification Buffers 

Buffer   

Tris HisTrap A 20 mM Tris-HCl at pH 7.5 

500 mM NaCl  

20 mM Imidazole 

10% glycerol 

Tris HisTrap B 20 mM Tris-HCl at pH 7.5 

500 mM NaCl 

1 M Imidazole  

10% Glycerol 

Sodium HisTrap A 20mM Sodium Phosphate 
0.5M Sodium Chloride 
20mM Imidazole  

Sodium HisTrap B 20mM Sodium Phosphate 

0.5M Sodium Chloride 

500mM Imidazole 
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2.4 Drug Release Techniques: 

2.4.1 Dye Molecules Release: 

Aliquots (400mg) of foam were prepared by mixing with either 400μl of 1mg/ml Nile Red 

(Sigma) or 1mg/ml Calcein (Sigma) solution in Ethanol (100%). This was then placed inside 

dialysis tubing and sealed by knotting each end before being submerged in 10 ml of 

Phosphate buffered saline (PBS) which was preheated to 37°C. For experiments carried out 

with Nile Red 50% ethanol was also added to the medium to ensure the Nile Red remained 

soluble. The release experiments were carried out at 37°C, over 168 hours. To maintain the 

volume of the assay, 1 ml of pre-heated PBS was added to the medium sink following 

sampling. The concentration of each sample was determined spectrophotometrically at 

495nm (Calcein) or 590nm (Nile Red) and the concentration calculated using calibration 

curves of the pure dyes (Litvinchuk et al., 2009, Dutta et al., 1996). All release experiments 

were carried out in triplicate. 

2.4.2 Antibiotic Release Dialysis Method: 

Aliquots (400mg) of foam were mixed with Rifampicin (25mg/ml). The loaded foam was 

placed into dialysis tubing (Sigma), sealed and submerged in 10 ml of PBS. This was 

incubated at 37°C for 48 h. Samples (1ml) were taken a various time points (e.g. 0hr, 1hr, 

2hrs, 4hrs, 6hrs,24hrs, 48hrs) and fresh media added to maintain sink conditions. Samples 

where measured spectrophotometrically at 475nm (Benetton et al., 1998). Concentration 

was the calculated using a calibration curve. All release experiments carried out in triplicate. 
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2.4.3 Antibiotic Release Transwell Method:  

Aliquots (100mg) of foam were loaded with Rifampicin (25 mg/ml). Loaded foam was the 

placed into a Transwell permeable support (Corning) containing a collagen coated 1μm 

polyester membrane. Each support was inserted into 24 well plate containing 600μl of PBS 

with the membrane sitting level with the PBS. The plate was then incubated for 48 hours at 

37°C. 600μl of PBS was collected from a well for each time point, and the absorbance 

measured at 475 nm. Each time point was taken in triplicate. 

2.5 Statistics: 

Standard Error bars for all data sets were produced by calculating the standard deviation 

of all points using Excel, and all points displayed on graphs represent the mean of the 

data. One-Way ANOVAs were applied to data sets using Excel to demonstrate statistical 

significance. P-Values were considered significant if their value was less than 0.05.  

 



 54 

3.0  Bioinformatic Analysis of Ranaspumins: 

 

The use of computers in the analysis of biological macromolecules has revolutionised 

how we carry-out and develop hypotheses in modern biology. A wide range of 

bioinformatics tools have been developed to analyse the sequences and structures of 

proteins. These exploit databases of hypothetical proteins, known protein domains, 

structures and functions to predict these qualities for unknown protein sequences 

derived from the burgeoning amounts of data from sequencing projects. Programs such 

as BLAST (Altschul et al., 1990), Jalview (Waterhouse et al., 2009) and I-TASSER (Roy et 

al., 2010) utilise databases including Protein Data Bank (Berman et al., 2000), UniProt 

(Uniprot Consortium., 2017) and Protein Information Resource (Barker et al., 2000) to 

provide functional predictions on input sequences. These examples are not an 

exhaustive list and a multitude of programs and scripts are available for protein analysis.  

Previous bioinformatic investigations of the Ranaspumin (RSN) amino acid (AA) 

sequences indicated no direct matches or very few close matches from BLAST. Moreover, 

apart from some limited sequence similarity between RSN-3 and RSN-5, the 

Ranaspumins do not have conserved sequence motifs when aligned against each other. 

The RSN-1 sequence exhibits some sequence similarity to potential cystatin-like proteins. 

Cystatins are a family of cysteine protease inhibitors; however, protease inhibitory 

activity was not observed when recombinant RSN-1 was assayed (Fleming et al., 2009). 

RSN-2 returns no hits in BlastP and only its amphipathic sequence provided any 
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indication of its function. The structure of RSN-2 was solved by NMR and its function as 

a surfactant elucidated (Mackenzie et al., 2009). 

RSN-3, RSN-4, RSN-5 and RSN-6 results all suggested they could have carbohydrate-

binding lectin-like function. RSN-3, RSN-4 and RSN-5 were all classed as fucolectins with 

predicted fucose binding. These RSNs where predicted to have structural similarities 

based on secondary structural predictions. RSN-6 also has lectin homology and was 

classed as a C-type lectin with potential galactose binding. Only RSN-4 was clearly shown 

to have any carbohydrate binding properties when tested with red blood cell 

agglutination. However, the predicted fucose binding activity was absent, but lactose 

and galactose binding could be demonstrated (Fleming et al., 2009). 

Most of the bioinformatic analysis carried out on the RSN sequences occurred 10 years 

ago. The emergence of cheap whole genome sequences has resulted in a massive 

increase in sequences available in the databases in the intervening time and many of the 

databases have been significantly expanded and updated. This includes the addition of 

genomes from multiple amphibian species such as several clawed frogs, Xenopus sp. 

(Buisine et al., 2015., Session et al., 2016), the Bullfrog, Rana catesbiana (Hammond et 

al., 2017), and the Axolotl, Ambystoma mexicanum (Nowoshilow et al., 2018). 

Furthermore, many new bioinformatics programs and algorithms are available for 

secondary structure prediction enhancing the utility of raw nucleotide sequence. Here 

bioinformatic analysis using BlastP and I-TASSER was carried out to provide an update on 

the phylogenomic distribution of RSNs amino acid sequences.   
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3.1 RSN-1 Analysis 

A protein-protein Blast query of the RSN-1 AA sequence returned 69 hits, the top five are 

displayed in Table 3.1 and the alignments are shown in Fig 3.1. The Blast query indicated 

no putative conserved domains, through the Blastp algorithm in the NCBI non-redundant 

blast server. Across the five sequences, there are 17 conserved residues, including a PATP 

motif. In line with previous results, many of the returned homology matches with 

cystatins, including a match with a cystatin protein from the Asian common toad 

(Duttaphrynus melanostictus). However, even with the highest-ranking matches, RSN-1 

only shared 37% identity with these proteins with relatively low E-values. The E-value 

indicates the likeliness of a match occurring by random chance.  

I-TASSER was used to generate a model for the structure of RSN-1 (Fig 3.2) The model C 

score was calculated at -1.22. This C score is on a range of -2 – 5, where the higher the 

score the more confidence assigned to the structural model. The C score assigned to the 

RSN-1 model indicates that its most likely inaccurate. I-TASSER uses COFACTOR to predict 

any potential ligand binding sites and the possible ligand from the model produced. 

COFACTOR predicted a Ca2+ binding site at the K52 and L55 residues (Fig 3.2) with a C 

score of 0.07. The COFACTOR C score is reported on a scale of 0-1, where the closer to 1 

indicates higher confidence in the prediction. As well as a low structural confidence, the 

results also indicate a low confidence in the ligand binding prediction. I-TASSER also 

provides structural analogues of the predicted structure, the first five analogues are 

listed in Table 3.2. All five results are cystatins, but they all share 20% or less identity 
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with the predicted RSN-1 structure. The bioinformatic analysis of RSN-1 suggests that the 

protein may have cystatin activity, however previous research has demonstrated that 

this is not the case. This indicates that the updated bioinformatic analysis offers no new 

insight into RSN-1’s potential function.   
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Table 3.1: Top 5 RSN-1 Blast Hits 

Name Organism  Identity  E-value Accession 

Cysteine protease 

inhibitor 

Asian Common Toad 

(Duttaphrynus 

melanostictus) 

31% 0.004 AGX85322.1 

Cystatin-A Baiji (Lipotes vexillifer) 33% 3x10-4 XP_007449770.1 

Cystatin-A Sperm Whale (Physeter 

catodon) 

33% 9x10-4 XP_007112234.1 

Cystatin-A Mongolian Gerbil 

(Meriones unguiculatus) 

37% 0.002 XP_021490320.1 

Cystatin-A Common Bottle Nose 

Dolphin (Tursiops 

truncates) 

32% 0.011 XP_019778427.1 
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Figure 3.1: BlastP alignments for top five results against RSN-1 AA sequence produced in 

Clustal Omega. Conserved residues are marked with a *. 
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Figure 3.2: A: Structural prediction of RSN-1 produced using I-TASSER. C score = -1.22. B: 

Predicted ligand binding site of RSN-1 constructed using COFACTOR through I-TASSER.  

  

A B 
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Table 3.2: I-TASSER RSN-1 Structural analogues 

PBD Hit Description TM-Score Identity  

1stfI Structure of recombinant human stefin b in 

complex with the cysteine proteinase Papain 

0.674 0.206 

3k9mc Cathepsin B in complex with stefin A 0.659 0.278 

4lziA Solanum tuberosum Multicystatin 0.570 0.093 

1iv9A Crystal Structure of Single Chain Monellin 0.538 0.083 

3lh4A Crystal Structure of Sialostatin L2 0.531 0.103 
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3.2 RSN-2 Analysis  

A Blast query of the RSN-2 AA sequence returned no hits and indicated no conserved 

putative domains. These results are the same as previous investigations. RSN-2 is the 

main surfactant protein in the foam, and its structure (Fig 3.4) and mechanism of action 

has previously been solved (Mackenzie et al., 2009). There is only one other frog foam 

protein surfactant identified, Lv-RSN-1, and the two proteins have less than 15% 

sequence similarity (Fig. 3.3) indicating these proteins evolved similar functions 

seperately. I-TASSER compared RSN-2’s known structure to other protein structures, and 

the top five analogues are highlighted in Table 3.3. The structural analogues listed 

include a variety of proteins such as cystatins, lipoproteins and uncharacterised 

functions. However, all these structures only shared around 10% identity with RSN-2. 

These results highlight that RSN-2 remains a unique protein. Protein surfactants are rare 

in nature and RSN-2 doesn’t appear to share sequence similarity with any known 

proteins or have any true protein analogues. It is unlikely that no protein similar to RSN-

2 exists and much more probable that any protein analogues have not been isolated yet. 

mRNA coding for RSN-2 can be found in multiple organs of the Tungara frog (Ref) 

indicating it may have functions out with foam formations. This may mean RSN-2 has 

functions that have not been identified yet, belong to a novel class of proteins which has 

not been identified yet. 
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Figure 3.3: Alignment of RSN-2 AA sequence with Lv-RSN-1, created using EMBOSS. 
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Figure 3.4: Structure of Ranaspumin-2 as solved using NMR. A: Demonstrating RSN-2 in 

its folded conformation. B: Folded conformation rotated 90°. Both highlight the single 

kinked α-helix and four β-sheet structures (Mackenzie et al., 2009). 
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Table 3.3: I-TASSER RSN-2 Structural analogues 

PBD Hit Description TM-Score Identity  

2mzvA Secondary structure of a Phytocystatin 0.609 0.124 

3k9mC Cathepsin B in complex with stefin A 0.580 0.191 

2y3aA Crystal structure of p110beta in complex with 

icSH2 of p85beta 

0.574 0.069 

4qa8A Crystal structure of LprF from Mycobacterium 

bovis 

0.570 0.101 

4z48A Crystal structure of a DUF1329 family protein 

(DESPIG_00262) 

0.564 0.132 
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3.3 RSN-3 Analysis 

A Blast query of the RSN-3 AA sequence returned 315 hits, the top five are displayed in 

Table 3.4 and the alignments are shown in Fig 3.5. The results showed that RSN-3 shared 

approximately 50% similarity with matches of unknown or uncharacterised proteins 

(Table 3.4) from a variety of amphibians from multiple continents, indicating that other 

frogs may produce similar proteins. The alignments of the top results have 33 conserved 

residues. mRNA analysis has highlighted the RSN-3 is transcribed in other organs of E. 

pustulosus and not just during foam production suggesting it may have other roles out 

with the foam nest (Fleming et al., 2009). These functions may potentially be comparable 

to similar proteins produced in other frogs. It is also notable that RSN-3 and RSN-5 share 

sequence similarity. A pair-wise alignment using EMBOSS shows that RSN-3 and RSN-5 

share 60% amino acid similarity, indicating that they may have complementary 

functions. Blast also predicts a fucolectin domain or a F5/8 C Type domain which both 

suggest carbohydrate binding functionality. Further, most of the conserved residues are 

in this predicted domain. Both RSN-3 and RSN-5 share sequence similarities with proteins 

from Xenopus and Rana sp that are all currently uncharacterised and the conserved 

residues across these unknown proteins indicate they may be part of a wider multi-

protein family within the anuran amphibians.  

The RSN-3 AA sequence was submitted to I-TASSER and a structure model created (Fig 

3.6). The model C score was calculated as -1.28, indicating that confidence in the model 

is low. COFACTOR also predicted ligand binding of Ca2+ with a C score of 0.58. Despite 
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the Blast results indicating fucose binding, this model returned low predictions of fucose 

binding. However, the structural analogues identified using the structure model (Fig 3.6) 

were fucose binding lectins (Table 3.5). Previous research has highlighted that RSN-3 

does not have fucose binding properties (Fleming et al., 2009), so the predicted 

structures do not provide any new information on RSN-3s function but the similarity to 

other amphibian proteins is a novel insight.  
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Table 3.4: Top five RSN-3 Blast Hits 

Name Organism Identity  E-value Accession 

Hypothetical 

protein 

AB205_0100950 

American Bull Frog 

(Rana catesbeiana) 

51% 1x10-46 PIO27843.1 

Ranaspumin-5 Tungara Frog 

(Engystomops 

pustulosus) 

51% 3x10-43 AAP48834.1 

Uncharacterized 

protein 

LOC100144955 

Western Clawed Frog 

(Xenopus tropicalis) 

49% 5x10-42 NP_001119999.1 

Hypothetical 

protein 

XENTR_v9001725

6mg 

Western Clawed Frog 

(Xenopus tropicalis) 

49% 5x10-42 OCA32771.1 

Hypothetical 

protein 

AB205_0024640 

American Bull Frog 

(Rana catesbeiana) 

51% 8x10-41 PIO40589.1 
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Figure 3.5: BlastP alignments for top five results against RSN-3 AA sequence produced in 

Clustal Omega. Conserved residues are marked with a *. Predicted C5/8 F Type domain 

highlighted with red brackets.  
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Figure 3.5: A: Structural prediction of RSN-3 produced using I-TASSER. C score = -1.28. 

B: Predicted ligand binding site of RSN-3 constructed using COFACTOR through I-

TASSER.  

 

 

  

A B 
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Table 3.6: I-TASSER RSN-3 Structural analogues 

PBD Hit Description TM-Score Identity  

2j1rA Structure of a Streptococcus pneumoniae 

fucose binding module 

0.787 0.298 

3le0A Lectin Domain of Lectinolysin 0.767 0.250 

2j22A Structure of a Streptococcus pneumoniae 

fucose binding module, SpX-3 

0.765 0.285 

3cqoA Crystal structure of a f-lectin 0.763 0.360 

1k12A Fucose Binding lectin 0.763 0.382 
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3.4 RSN-4 Analysis 

A Blast query of the RSN-4 AA sequence returned 180 Blast hits, and the first five are 

displayed in Table 3.6 and the alignments are shown in Fig 3.7. Similar to RSN-3, many 

of the Blast matches were proteins from a variety of amphibian species and a number of  

matches were fucolectin like proteins. The alignments indicated that there are 57 

conserved residues in the top hits, spread across the entire protein sequence. The Blast 

query also identified a putative F5/8 C Type domain, which is found on coagulation 

factors. RSN-4 has previously demonstrated blood agglutination properties, which can 

be inhibited with galactose and lactose. Previous work has shown that RSN-4 does not 

bind fucose, so the fucolectin predictions are likely incorrect. The Blast search indicates 

that RSN-4 has over 50% identity with multiple proteins from other amphibians, which 

suggests RSN-4 like proteins exist in other frog species. mRNA experiments have shown 

that RSN-4 is transcribed in multiple organs in E. pustulosus, demonstrating that it may 

have multiple functions unrelated to foam nest formations (Fleming et al., 2009).  

I-TASSER was used to produce a structural model for RSN-4 (Fig 3.8), which was assigned 

a C score of -0.150. A potential Ca2+ ligand binding site was also predicted with a C score 

of 0.56 (Fig 3.8). The model produced shared structural similarities with fucose binding 

lectins (Table 3.7). The C scores calculated indicate the model predicated is not accurate, 

and previous work has clarified that RSN-4 is not a fucolectin (Fleming et al., 2009). 
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Table 3.6: Top five Blast Hits for RSN-4 

Name Organism Identity  E-value Accession 

Fucolectin-like 

protein 

High Himalaya 

Frog (Nanorana 

parkeri ) 

57% 3x10-57 XP_018431282.1 

Fucolectin-1-like 

protein 

High Himalaya 

Frog (Nanorana 

parkeri ) 

61% 1x10-54 XP_018429794.1 

Hypothetical protein 

AB205_0063510 

American Bull 

Frog (Rana 

catesbeiana) 

56% 2x10-53 PIO23490.1 

Fucolectin-1-like 

protein 

High Himalaya 

Frog (Nanorana 

parkeri ) 

55% 2x10-52 XP_018429925.1 

Hypothetical protein 

XELAEV_18028365mg 

African Clawed 

Frog (Xenopus 

laevis) 

50% 41x10-51 OCT81542.1 
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Figure 3.7: BlastP alignments for top five results against RSN-4 AA sequence produced in 

Clustal Omega. Conserved residues are marked with a *. Predicted C5/8 F Type domain 

highlighted with red brackets. 
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Figure 3.8: A: Structural prediction of RSN-4 produced using I-TASSER. C score = -0.158. 

B: Predicted ligand binding site of RSN-4 constructed using COFACTOR through I-

TASSER.  

 

  

A B 



 76 

Table 3.7: I-TASSER RSN-4 Structural analogues 

PBD Hit Description TM-Score Identity  

3cqoA Crystal structure of a f-lectin 0.799 0.506 

1k12A Fucose Binding lectin 0.751 0.455 

4bxsV Crystal Structure of the Prothrombinase 

Complex from the Venom of Pseudonaja 

textilis 

0.670 0.110 

3leiA Lectin Domain of Lectinolysin complexed 

with Fucose 

0.665 0.271 

4plmA Crystal Structure of Chicken Netrin-1 0.662 0.084 
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3.5 RSN-5 Analysis 

A Blast query of the RSN-5 AA sequence returned 286 hits, and the highest five are 

displayed in Table 3.8 and the alignments are shown in Fig 3.9. Similar to RSN-3, the 

results display approximately 50% identity of RSN-5 with uncharacterised amphibian 

proteins from multiple species and these sequences have 42 conserved amino acids. 

These results along with RSN-5s transcription in other E. pustulosus organs may indicate 

that these proteins have other functions out with the foam and that proteins similar to 

RSN-5 may be present in other frog species.  

Further, the results highlight the sequence similarity of RSN-3 and RSN-5 (Table 3.4). The 

Blast results also suggest a putative F5/8 C Type domain, similar to both RSN-4 and RSN-

5. Previous work has suggested that RSN-3, RSN-4 and RSN-5 may bind the carbohydrates 

present in the foam mixture and the resulting crosslinking stabilises the foam structure.  

ITASSER was used to predict the structure of RSN-5 from its AA sequence (Fig 3.10). The 

model was given a low C score of -0.86. The structure predicted for RSN-5 is similar to 

the structure generated for RSN-3, however the low confidence scores for both models 

make it difficult to draw any real comparisons. A fucose ligand binding site was predicted 

with a C score of 0.32 (Fig 3.10). I-TASSER identified analogues of the predicted structure, 

Table 3.9, and found that the structure shared similarities with fucose binding lectins. 

Previous work indicated that RSN-5 may be a fucose binding lectin, but no recombinant 

protein has been produced to test its carbohydrate binding properties (Fleming et al., 

2009).  
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Table 3.8: Top five Blast Hits for RSN-5 

Name Organism Identity  E-value Accession 

Ranaspumin-3 Tungara Frog 

(Engystomops 

pustulosus) 

51% 4x10-43 AAP48832. 

Hypothetical protein 

AB205_0100950 

American Bull 

Frog (Rana 

catesbeiana) 

48% 1x10-43 PIO27843.1 

Hypothetical protein 

XENTR_v90017256mg 

Western Clawed 

Frog (Xenopus 

tropicalis) 

46% 5x10-38 OCA32771.1 

Uncharacterized 

protein 

LOC100144955 

Western Clawed 

Frog (Xenopus 

tropicalis) 

46% 6X10-38 NP_001119999.1 

Uncharacterized 

protein LOC379107 

African Clawed 

Frog (Xenopus 

laevis) 

46% 1x10-36 NP_001079420.1 
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Figure 3.9: BlastP alignments for top five results against RSN-5 AA sequence produced in 

Clustal Omega. Conserved residues are marked with a *. Predicted C5/8 F Type domain 

highlighted with red brackets.  
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Figure 3.10: A: Structural prediction of RSN-5 produced using I-TASSER. C score = -0.86 

B: Predicted ligand binding site of RSN-5 constructed using COFACTOR through I-

TASSER.  
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Table 3.9: I-TASSER RSN-5 Structural analogues 

PBD Hit Description TM-Score Identity  

1k12A Fucose Binding lectin 0.788 0.382 

3cqoA Crystal structure of a f-lectin 0.759 0.372 

2j1rA Structure of a Streptococcus pneumoniae 

fucose binding module 

0.750 0.286 

3leiA Lectin Domain of Lectinolysin complexed 

with Fucose 

0.740 0.293 

2j22A Structure of a Streptococcus pneumoniae 

fucose binding module, SpX-3 

0.728 0.265 

 

  



 82 

3.6 RSN-6 Analysis 

A BlastP query of the RSN-6 AA sequence returned 102 hits and the top five are displayed 

in Table 3.10 and the alignments are shown in Fig 3.11. The results show that RSN-6 

shares over 50% sequence similarity with a range of amphibian proteins, and the 

alignments display 101 conserved residues. The proteins are either uncharacterised or 

fish egg-like lectins, which have been shown to bind lipopolysaccharides and interact 

with Gram-positive and Gram-negative bacteria (Pistole., 1981). RSN-6 has previously 

been predicted to have different lectin function to RSN-3, RSN-4 and RSN-5 (Fleming et 

al., 2009). The Blast results support this theory, and lectin activity may indicate RSN-6 

has a role in foam stabilisation. Similar to some of the other RSNs, RSN-6 is present in a 

variety of E. pustulosus organs, suggesting it has functions not associated solely with 

foam nesting. The Blast query also predicted a β-propeller domain within the AA 

sequence, which indicates the structure should be dominated by β-sheet formation that 

is arranged around a central cleft which often forms an active site (Murzin et al., 1992). 

A large number of the conserved amino acids fall within this potential β-propeller 

domain, indicating that this type of characterised protein may be present in multiple frog 

species as part of a larger protein family. 

I-TASSER analysis calculated a model of the RSN-6 structure with a C score of 0.39 (Fig 

3.12). This was the most confidently produced model of all the RSN proteins. The model 

supports the β-propeller domain prediction from the Blast results.  A Ca2+ ligand binding 

site was predicted within the cleft but with a low C score of 0.11, providing little 
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information on the function of RSN-6. I-TASSER also identified multiple structural 

analogues (Table 3.11) which display lectin like functions. However, no lectin activity has 

currently been elucidated for RSN-6 (Fleming et al., 2009). 
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Table 3.10: Top 5 Blast Hits for RSN-6 

Name Organism Identity  E-value Accession 

hypothetical protein 

AB205_0174880 

American Bull 

Frog (Rana 

catesbeiana) 

53% 5x10-91 PIO15068.1 

fish-egg lectin-like High Himalaya 

Frog (Nanorana 

parkeri ) 

51% 1x10-89 XP_018430883.1 

fish-egg lectin-like African Clawed 

Frog (Xenopus 

laevis) 

52% 6x10-88 XP_018098061.1 

LOC100126637 

protein 

African Clawed 

Frog (Xenopus 

laevis) 

52% 2x10-87 AAI53784.1 

hypothetical protein 

XELAEV_18003428mg 

African Clawed 

Frog (Xenopus 

laevis) 

54% 3x10-85 OCT56019.1 
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Figure 3.11: BlastP alignments for top five results against RSN-6 AA sequence produced 
in Clustal Omega. Conserved residues are marked with a *. Predicted β-propeller 
domain highlighted with red brackets. 
 
  



 86 

 

 

Figure 3.12: A: Structural prediction of RSN-6 produced using I-TASSER. C score =0.39. 

B: Predicted ligand binding site of RSN-6 constructed using COFACTOR through I-

TASSER.  
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Table 3.11: I-TASSER RSN-6 Structural analogues 

PBD Hit Description TM-Score Identity  

4ruqA Carp Fishelectin 0.934 0.429 

5fsbA Structure of tectonin 2 0.803 0.285 

1vcuB Structure of the human cytosolic sialidase Neu2 0.794 0.047 

2vk7A1 The structure of Clostridium perfringens nani 

sialidase and its catalytic intermediates 

0.792 0.086 

2vk6A The structure of Clostridium perfringens nani 

sialidase and its catalytic intermediates 

0.790 0.086 
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3.7 Summary: 

The amino acid sequences for each of the RSN proteins were queried in BlastP to identify 

proteins with sequence similarities. I-TASSER was used to generate a structural model 

for all six of the RSNs and to find potential structural analogues in comparison to the 

models created. The models generated in I-TASSER all received low confidence scores, 

with the exception of RSN-6. RSN-1 returned multiple Blast hits for Cystatins, however 

no cystatin activity has been observed with recombinant RSN-1. RSN-2 returned no Blast 

hits, highlighting its uniqueness as a surfactant protein which has no amphibian 

analogues. RSN-3, RSN-4 and RSN-5 all returned Blast hits matching amphibian 

fucolectins or uncharacterised proteins and were all predicted to have F5/8 C type 

domains. Blast hits querying RSN-6 displayed matches for fish-egg like lectins or 

uncharacterised proteins from multiple amphibian species. RSN-6 was predicted to have 

a putative β-propeller domain. These data make it difficult to formulate hypotheses 

relating to functionality to test with any potential recombinant proteins produced during 

the work. 
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4.0  Characterisation of Engystomops pustulosus foam 

The foam nests of E. pustulosus have been partially characterised in terms of their wider 

biological role, however the biophysical properties of whole nests are poorly understood. 

The foam nests are highly stable, maintaining structure for up to 10 days in tropical 

conditions of around 30°C and 90% humidity, in the absence of tadpoles. The foam resists 

compression well, demonstrates elasticity and withstands shear. Under a microscope it 

displays classic wet-dry foam characteristics of a liquid foam and is estimated to be 90% air. 

The foam does not damage the eggs, sperm or tadpoles despite having significant surfactant 

activity (Cooper et al., 2005). The foam nests are made from a protein rich fluid which also 

contains a mixture of unidentified carbohydrates. There is around 1-2mg/ml of protein 

within a foam nest and SDS-PAGE analysis revealed the presence of six proteins, called 

Ranaspumins (RSN 1-6). The Ranaspumins range from 10-40kDa in size and include a 

surfactant protein (RSN-2), as well as multiple predicted lectin like proteins (RSN 3-6; 

Fleming et al., 2009). Research conducted with human erythrocytes showed that RSN-4 can 

be used to cause blood cell agglutination, however no analysis of the foam protein mixture’s 

impact on mammalian cells had been carried out. Further, the foam prevents predation 

from insects and protects the developing eggs from microbial degradation (Cooper et al., 

2010), but the mechanism of this antimicrobial activity remains unclear. Its potential as a 

pharmaceutical foam has not been previously investigated. A variety of experiments were 

carried out to elucidate the foam’s structure, stability, impact on bacterial and mammalian 

cells within the context of a pharmaceutical foam.   
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4.1 Gel Electrophoresis:  

Previous work using SDS-PAGE identified six proteins, called Ranaspumins, in the E. 

pustulosus foam nest. These Ranaspumins were in the range of 10-40kDa (Fleming et al., 

2009). The RSN proteins sizes have been predicted by amino acid sequence as the following; 

RSN-1: 14kDa, RSN-2: 11kDa, RSN-3: 18kDa, RSN-4: 21kDa, RSN-5: 18kDa and RSN-6: 27kDa. 

However, these predictions do not match published SDS-Page results (Fleming et al., 2009). 

A range of electrophoresis methods were carried out to confirm that the foam samples 

collected displayed similar properties to previous work. Gel electrophoresis utilises an 

electrical current to separate molecules, such as proteins, by size. SDS-PAGE utilises a 

surfactant, sodium dodecyl sulphate (SDS), to denature the secondary structure of the 

proteins and coats them in a negative charge allowing them to be separated by size in a 

linear form. The gel is then stained with Coomassie blue to visualise the bands. SDS-PAGE 

carried out using solubilised foam proteins highlighted the six RSN proteins in the 10 – 

30kDa range as previously highlighted by Fleming et al., 2009. (Fig 4.1). Some contamination 

from the frog eggs was unavoidable, but the Ranaspumin bands match previously produced 

data (Fleming et al., 2009). However, to completely understand which bands are RSN 

proteins an egg protein control should be added in future to aid in eliminating 

contamination bands. 

Native gel electrophoresis separates proteins by their native charge and folded molecular 

weight, as no surfactant is used to denature the proteins. Similar to SDS-PAGE, the native 

gel was also stained with Coomassie blue. Native-PAGE was carried out to identify how the 
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Ranaspumin proteins behave under non-denaturing conditions (Fig 4.2). The native gel 

displays multiple large bands, with a few faint bands in the 10-30kDa range that denatured 

RSNs occur in. It is difficult to speculate on the clearer larger sized bands which occur. These 

bands are likely complexes formed by multiple RSN proteins, but they may also display egg 

proteins which have contaminated the foam. A egg protein control could be added to 

understand any contamination, by eliminating bands caused by these proteins. Further, this 

would allow the Native-PAGE to be used to identify complexes that may be formed by the 

RSN proteins.   

Glyco-staining can be utilised to identify any glycosylated proteins in a sample. SDS-PAGE is 

carried out and instead of staining with Coomassie blue, a colorimetric assay can be carried 

out to elucidate any glycosylated proteins. Identifying glycosylated proteins is important for 

planning protein overexpression, as E. coli cannot glycosylate proteins making protein 

overexpression of glycosylated proteins in this organism inappropriate. SDS-PAGE was 

conducted using solubilised foam proteins and stained with a glycosylation staining kit 

(Pierce). This highlighted that none of the six RSN proteins in the E. pustulosus foam were 

glycosylated (Fig 4.3), meaning that the RSN proteins could later be overexpressed and 

purified using E. coli. 
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Figure 4.1: SDS Page of E. pustulosus foam, carried out using 4-20% Tris-Glycine NuPage 

precast gel, run in 1 X SDS running buffer. Marker: NEB 10-200kDa Broad Range marker. 

RSN proteins are highlighted in red. Bands align with previous data produced by Fleming et 

al., 2009. Only RSN-2 molecular weight has previously been published at 11kDa. 
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Figure 4.2: Native-PAGE of E. pustulosus foam, carried out with NativePAGE Bis-Tris Gel run 

in 1x Native buffer. Marker: NativeMark Unstained Protein Standard (Thermo-Fisher). Red 

box highlights the size range RSNs appear on SDS-PAGE. 
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Figure 4.3: Glycosylation-stain of E. pustulosus foam, carried out using 4-20% Tris-Glycine 

NuPage precast gel, run in 1 X SDS running buffer. Gel was stained using Pierce Glycostain 

kit. Positive: Horseradish Peroxidase which is glycosylated Negative: Soybean Trypsin 

Inhibitor is not glycosylated. Controls were provided with the Glycostain kit. 
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4.2 Secondary Structure: 

Understanding the overall secondary structure of E. pustulosus foam was required as there 

remains limited information available on the structures of the Ranaspumins present in the 

foam mixture. Only the structure of one RSN protein, RSN-2, has been solved and 

information on the structures of the other RSN proteins is purely from predicted secondary 

structures. Further, analysis of any difference between the whole foam and solubilised 

foam were necessary to understand if soluble foam could reasonably be utilised in other 

experiments and still be representative of the Ranaspumin protein mixture.  

Fourier transform infrared spectroscopy (FTIR) and Circular Dichroism (CD) were carried out 

to identify the gross secondary structure of the foam protein mixture. No FTIR spectra have 

previously been presented for the foam samples.  

FTIR involves using a laser to measure the infrared absorbance of a protein sample, which 

is then processed through the Fourier transform algorithm to produce spectra for analysis 

(Girffiths et al., 2007). The spectra produced can be compared to well understood protein 

spectra as peptide groups give characteristic bands which can be used to provide insight 

into the protein secondary structure (Girffiths et al., 2007). The method is non-destructive, 

simple and can be carried out in a wide variety of conditions. This allows for secondary 

structure to be assessed across a range of states, temperatures and pH (Kong et al., 2007). 

FTIR has been employed to identify secondary protein structure in a dried state and in 

aqueous solution, allowing for secondary structure to be studied regardless of whether the 

protein is in solution or not and compare any differences which may be caused by drying 
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(Susi et al., 1986). CD is a well-established method for rapid detection of protein secondary 

structure. CD is the measurement of unequal absorption of left handed and right handed 

circularly polarised light. Asymmetric molecules absorb polarised light differently, so 

different secondary structures have distinct CD spectra (Greenfield., 2006). Spectra 

collected can be run through a multitude of algorithms which cross compare known protein 

CD spectra and compute the predicted percentage of key secondary structures present 

(Sreerama and Woody., 2000).  

 FTIR allowed for the protein secondary structure of the foam to be compared in both a 

natural foam state and the solubilised foam protein solution. A buffer baseline (PBS) was 

calculated and subtracted from the overall spectra eliminating any impact the buffer may 

have had on the overall absorbance. FTIR spectra indicates two peaks in the 500cm¯¹ and 

4000cm¯¹ range (Fig 4.4) and can be compared to model protein spectra for secondary 

structure predictions. The peak calculated at 3300cm¯¹ indicates an Amide A Band which is 

the result of N-H stretch due to the secondary structure. The peak at approximately 

1600cm¯¹ implies an Amide I Band which is caused by C=O vibrations of the peptide bond 

mediated by secondary structure. As these peaks are highest at 1630cm¯¹ it can be 

concluded that there is β-sheet structure present in the foam proteins (Kong et al 2007). 

The peaks produced for whole foam and the soluble foam solution are identical, indicating 

that centrifuging the foam into a liquid solution does not impact the overall secondary 

structure.  
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CD has previously been carried out on E. pustulosus foam in 2005 indicating the following 

structures: 8.5% α -helix, 42.7% antiparallel β -sheet, 2.7% parallel β-sheet, 19.7% β-turn, 

and 23.4% other (Cooper et at., 2005). However, the protein datasets used for running CD 

algorithms have been updated, providing reasoning for a revision of the CD spectra analysis. 

The CD spectra collected using solubilised foam displays a positive band at 195nm and a 

negative band at 218nm (Fig 4.5). A buffer (PBS) baseline measurement was collected and 

subtracted from protein spectra to eliminate any impact of the buffer on absorbance. These 

bands strongly indicate the presence of β secondary structures when compared to model 

protein CD spectra (Kelly et al., 2005). Further, calculations carried out by using protein CD 

algorithm SELCON 3 (Sreerama and Woody., 2000) estimated the structure as: α-helix 9.2%, 

β-sheet 46%, β-turn 10.9% and unordered 34%. These results are similar to previous CD 

analysis (Cooper et al., 2005), and the small differences can be explained by the use of an 

updated protein reference set. The CD data confirms the FTIR results, showing β-sheet 

structures dominating overall secondary structure. Both data sets reinforce previously 

presented CD data on E. pustulosus, and the FTIR data indicated that the process of 

producing a soluble foam solution does not affect the overall protein secondary structure. 

This indicated that experiments carried out using soluble foam can still be representative 

of the Ranaspumin’s collective secondary structures. Unfortunately, the results of both FTIR 

and CD are limited by the foams multiple protein mixture. As there are multiple proteins 

present in the samples used, the secondary structure predictions cannot be assigned to a 

single protein but to the protein mixture as a whole. While this is useful for understanding 
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more about the foam, and aids understanding of the effect of centrifuging on the foam 

proteins’ secondary structure, it would be useful to carry out both CD and FTIR on each RSN 

protein to elucidate their secondary structures and how this may play a role in the over 

foam mixture. 
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Figure 4.4: FTIR spectra comparing soluble foam (top) and whole foam (bottom). Spectra 

was collected in the 500 cm¯¹ to 4000 cm¯¹ range. Soluble foam was centrifuged before 

measurement, whole foam was tested in its natural state. All measurements were carried 

out in triplicate, and the baseline reading subtracted before processing data. Bands which 

are indicative of structure produced at 1600 cm¯¹ and 3300cm¯¹ are highlighted with red 

arrows. 
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Figure 4.5: CD spectra of soluble foam in PBS buffer in 180 – 280nm range. All 

measurements were taken in triplicate. Baseline (No sample) and buffer (PBS) readings 

were subtracted using GlobalX software. Positive and negative bands which are indicative 

of secondary structure are highlighted with red arrows. 
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4.3 Whole foam analysis:  

E. pustulosus foam has not previously been characterised in the context of a pharmaceutical 

foam. There are a variety of ways to characterise foams for pharmaceutical use. 

Macroscopic analysis is used to define a foams appearance and stability. The foam’s density 

must be calculated, as it has implications for firmness and comfort (Arzhavitina et al., 2009, 

Zhao et al., 2010) The foam vesicle structure can be defined under a microscope, to analyse 

cell size, shape and heterogeneity. These characterisations were carried out, in order to 

understand the foam in a pharmaceutical context. E. pustulosus foam can be described as 

viscous and finely porous when observed macroscopically. Previous research has shown 

that the foam remains stable for 10 days in tropical conditions in the absence of tadpoles 

(Cooper et al., 2010), indicating that the foam is highly stable compared to most 

pharmaceutical foams which collapse within minutes (Zhao et al., 2010). 

Lower density foams are considered better for topical treatment, as they are more 

comfortable than heavier foams (Zhao et al., 2010). The foam density was calculated by 

dividing the average weight of 5ml of foam, by the weight of 5ml of water. The density of 

the foam was estimated to be approximately 0.25g/ml. In comparison shaving foam 

(Gilette) has a density of 0.98g/ml. The combination of low density and high stability is 

unusual and could be useful in topical delivery.  

A single foam cell or vesicle is defined as a bubble of gas enclosed in a liquid film. Cells can 

be polyhedral or circular, heterogeneous or homogeneous and usually range between 0.1 

and 3mm in size (Wilson., 2013). Foam cell structure was evaluated microscopically, and 
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the foam vesicle sizes analysed (Fig 4.6). In order to evaluate if loading the foam with dyes 

would impact the foam vesicle structure, microscope analysis was carried out using 

unloaded foam, and foam loaded with either Nile Red or Calcein. The foam bubbles in all 

the samples area mixture of spherical and polyhedral, uneven and heterogeneous in size. 

Foam cell sizes were measured by calculating the ferret diameter of each individual bubble 

and these revealed that vesicle diameters range from 10-800um (Fig 4.7), falling in the 

normal range of foam vesicle size (Arzhavitina et al., 2009). One-way ANOVAs were used to 

compare the loaded vesicle sizes to the unloaded vesicle sizes. This calculated P values of 

0.715 and 0.811 for Nile Red and Calcein respectively, showing there was no significant 

difference between average bubble sizes in loaded and unloaded foam images. This 

indicates that loading dye or potentially a drug does not have an impact on foam vesicle 

structure. 
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Figure 4.6: Microscope images of foam taken using 4X lens. 1-3: Unloaded foam. 4-6: Foam 

loaded with 1mg/ml Nile Red. 7-9: Foam loaded with 1mg/ml Calcein. All images were taken 

using freshly defrosted foam. 
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Figure 4.7: Foam cell diameter measurements scatter plot. Ferret diameter of each cell was 

measured using Fiji software, with a scale set at 1.613pixels/um. Bars on the scatter display 

10-90% of data, with centre line representing the mean cell size.  
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4.4 Rheology: 

Rheological properties of foam are usually difficult to measure due to the unstable nature 

of foams (Arzhavitina et al., 2009). However, E. pustulosus foam is highly stable allowing for 

the collection of rheological data. Rheology is used to investigate elastic and viscous 

properties of a substance, particularly under shear stress. Previous observations on stability 

have indicated that the foam displays elasticity and resists shear (Cooper et al., 2005). The 

elasticity modulus can be used to understand substance structure, while the viscosity 

modulus shows resistance to flow. Two experiments were carried out, a stress sweep and 

a time sweep. A foam used for a potential drug delivery system should be able to undergo 

deformation before breaking. 

During the stress sweep the shear stress (τ) was gradually increased. The viscoelasticity 

moduli and shear strain responses were measured, which allows the linear viscoelastic 

region (LVR) to be identified. The LVR of a substance determines a range of stress it can 

withstand before breaking. The LVR was calculated from the stress sweep data (Fig 4.8) as 

0.0 – 0.5 rads (γ). The E. pustulosus foam has a higher LVR than most pharmaceutical foams 

which usually lies between 0.0 – 0.05 rads (Kealy et al., 2008), indicating that it can 

withstand a higher amount of stress than common topical foams. The yield stress point was 

calculated as 147Pa. This is the point at which a substance “breaks”. Strong pharmaceutical 

foams have yield stresses below 60Pa (Kealy et al., 2008). The LVR and yield stress indicate 

the foam is highly stable under stress, withstanding more strain than topical foams and 

handling more shear stress before breaking.  
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Time sweep experiments were carried out to measure the foam’s response to constant 

stress over time at 37°C (Fig 4.9). Foam elasticity (G’) increases over time, indicating it 

undergoes coarsening and fluid drainage in response to prolonged stress. An increase in 

elasticity shows that as water is drained the foam structure does not break, reinforcing 

evidence that it is highly stable.  
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Figure 4.8: Foam stress sweep response. Shear stress was gradually increased from 0.1 – 

225Pa. Each measurement taken in triplicate and averaged data is presented. Yield stress 

point is marked with red arrow. LVR was calculated as the strain range before yield stress 

point is reached.  
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Figure 4.9: Time sweep data for E. pustulosus foam. Displaying results for elastic (G’) and 

viscous (G”) moduli. G’ increased notably at 2500 seconds by stress, but less of an impact 

can be seen on G’’ throughout the experiment. Shear stress was set at 100Pa and 

measurements were taken every 15 seconds. Each measurement was taken in triplicate, 

and average data points are displayed. 
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4.5 Impact on bacterial growth: 

A major function of the E. pustulosus foam nest is the prevention of microbial predation 

(Cooper et al., 2004). Previous research has shown the foam nests are contaminated with 

bacteria and fungus, but that there is no evidence of tadpole degradation indicating that 

the foam has some antimicrobial properties (Cooper et al., 2010). It was hypothesised that 

the foam has inhibitory properties that prevent extensive microbial degradation of the 

nests, however the source of this is unclear. It may be the result of the foams surfactant 

activity, potentially mediated by the surfactant protein RSN-2 present in the foam 

(MacKenzie et al., 2009). RSN-3, RSN-4, RSN-5 and RSN-6, have some sequence similarity to 

lectins, indicating these proteins are potentially carbohydrate binding (Fleming et al., 2009) 

which may be responsible for the antimicrobial effect. The foams antimicrobial activity 

could also be a consequence of its macro structure, instead of the function of any individual 

protein. 

To investigate the impact of the foam proteins on bacteria, growth curves were conducted 

using solubilised foam proteins. This was conducted in a similar way to performing 

minimum inhibitory concentration assays that are performed for antimicrobial drugs. The 

protein concentration was determined with a Bradford assay, and a concentration of 

1mg/ml was used to test the foam protein mixtures antimicrobial properties. This 

concentration was chosen as it falls within the normal 1-2mg/ml protein concentration 

present in an E. pustulosus foam nest. To measure the impact on both Gram-positive and 

Gram-negative bacteria, the growth of Escherichia. coli and Staphylococcus. aureus was 
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measured over 12 hours (Figs 4.10 and 4.11). Growth curves were calculated by collecting 

optical density at 600nm (OD) every 10 minutes over 12 hours. Data collected on every hour 

mark was averaged, and the standard deviation calculated to display any variability in 

results. The E. coli 8739 strain used was a faecal isolated strain used to test antimicrobial 

agents, and the S. aureus 29213 strain was a wound isolated strain used to test 

antimicrobial agents (ATCC) making them suitable for elucidating any antimicrobial effect 

of the foam protein mix. The growth of E. coli and S. aureus were not reduced by the 

presence of 1mg/ml of foam proteins (Table 4.1). The E. coli positive control had an average 

growth rate of 0.153h-1 and the foam protein treated cells had an average growth rate of 

0.148h-1. A one-way ANOVA was carried out and calculated no significant difference of the 

treated growth rates to the positive control. The S. aureus positive control had an average 

growth rate of 0.160h-1, while the foam protein treated S. aureus had an average growth 

rate of 0.189h-1 and a one-way ANOVA between these samples showed no significant 

difference in growth rates. However, no tests were performed to calculate if the data was 

within a normal distribution so very little can be assumed from the statistical results. The 

growth curve results indicate that the solubilised foam proteins do not have an 

antimicrobial effect on either Gram-positive or Gram-negative bacteria. FTIR data collected 

indicates that solubilising the foam doesn’t drastically change the protein mixtures 

secondary structures, however there may some conformational changes occurring during 

the whipping of the mixture when the foam production. This makes it difficult to determine 

if there is truly no antimicrobial activity of any RSN protein until they can be individually 
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tested. Further, it is possible that the foams overall structure may also be responsible for 

the foam’s antimicrobial effect.   
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Figure 4.10: Growth curves for E. coli. Positive control was E. coli grown in LB media. 

Negative control was E. coli in LB with 50 µg ml-1 Kanamycin to kill cells. Foam sample had 

soluble foam protein added to the media to a concentration of 1mg/ml. Optical density was 

measured at 600nm. Readings for each hour were averaged, and error bars display standard 

deviation. Both the positive control and the foam sample demonstrate normal growth 

curves, and the negative control displays no growth. 
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Figure 4.11: Growth curves for S. aureus. Positive control was S. aureus in LB media. 

Negative control was S. aureus in LB with 50 µg ml-1 Kanamycin. Foam sample had soluble 

foam protein added to the media to a concentration of 1mg/ml. Optical density was 

measured at 600nm. Readings for each hour were averaged, and error bars display the 

standard deviation. 
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Table 4.1: Specific growth rates and one-way ANOVA p-values for E. coli and S. aureus. 

 Positive Negative Foam Treatment 

E. coli 

Specific growth rate (h-1) 0.153 0.001 0.148 

P value  3.99x10-21 0.01 

S. aureus 

Specific growth rate (h-1) 0.160 0.006 0.189 

P value  2.37x10-13 0.01 
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4.6 Impact on mammalian cell growth:  

E. pustulosus foam does not cause any harm to the eggs, sperm or developing tadpoles 

placed in the nest, despite the presence of surfactant protein RSN-2. Several RSN proteins 

have been shown to cause agglutination of human erythrocytes individually (Cooper et al., 

2005), but no work has been published on the impact of the whole foam protein mixture 

on mammalian cells. Biocompatibility is an important property of any pharmaceutical foam 

and a topical foam drug delivery system should not cause damage to mammalian cells. To 

investigate the effect that E. pustulosus foam has on mammalian cells an MTT cell viability 

assay using HaCaT cells was conducted using a range of soluble foam protein concentrations 

(Fig 4.12). HaCaT cells are an immortal epithelial cell line (Boukamp et al., 1988) which have 

become an established line to use in in vitro skin studies (Schoop et al., 1999). Four 

concentrations (1.4mg/ml, 0.3mg/ml, 0.14mg/ml, 0.07mg/ml) of the foam proteins where 

used to test the impact of the foam mixture on HaCaT cells. Typically, the foam nest has a 

protein concentration of 1-2mg/ml and treatment 1 (1.4mg/ml) falls within this range. The 

MTT assay displayed that of the concentrations of E. pustulosus foam mixture tested none 

damaged the viability of HaCaT cells. Treatments 1 and 2 resulted in a higher average cell 

viability than in positive controls, indicating that the foam proteins may encourage cell 

growth. One-way ANOVAs were carried out for each treatment set in comparison to the 

positive control results. However, no tests were performed to calculate if the data was 

within a normal distribution so it is difficult to assign accuracy to the P values produced. The 

P value of Treatment 1 was 0.0012 and 0.0016 for Treatment 2, indicating that these two 
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treatment groups are statistically different from the positive control. Treatments 3 and 4 

resulted in P values > 0.05 and were not statistically different from the positive control 

group, showing these groups are similar in cell viability. The foam nests of E. pustulosus 

evolved to act as protective incubation chambers for developing tadpoles, and it has not 

been established if growth outside of the foam has any negative impacts on tadpoles. It is 

possible that the foam improves the growth of the tadpoles, and potentially improves the 

growth of other cells too. The higher absorbance measurements collected from HaCaT cells 

treated with 1.4mg/ml and 0.3mg/ml of foam proteins indicate that the foam may have a 

positive impact on epithelial cells. This property would be useful in a dermal foam delivery 

system potentially aiding healing. It would be valuable to repeat this experiment with higher 

concentrations of foam proteins that fall beyond the standard concentrations found within 

the foam to further test their positive impact on cells. This experiment could be developed 

further by exposing cells to a longer incubation period to understand what the long-term 

effect of the foam proteins would look like.   
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Figure 4.12: MTT assay carried out with HaCaT cells exposed to solubilised foam 

concentrations over 24 hours at 37⁰C before absorbance was measured at 570nm.  Nine 

replicates were carried out for each treatment, each replicate was measured in triplicate. 

Positive control is media alone. The negative controls were treated with DMSO. Treatments 

1-4 were a range of foam protein concentrations of 1.4mg/ml, 0.3mg/ml, 0.14mg/ml and 

0.07mg/ml respectively. Error bars represent the standard deviation of the data. Asterisk 

represent data with a p value < 0.05 calculated using a one-way ANOVA in comparison to 

the positive control. 

* 
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4.7 Summary:  

E. pustulosus foam was characterised in context of a pharmaceutical foam. The foam 

contains six Ranaspumin proteins ranging from 10-30kDa. FTIR and CD confirmed a high 

percentage of β secondary structure in foam protein mixture. Whole foam characterisation 

revealed the foam bubbles are heterogeneous in nature, with cell sizes ranging from 10 – 

800μm in diameter. This analysis showed that loading foam with a hydrophobic and a 

hydrophilic dye does not impact foam structure. Rheology results demonstrate foam is 

highly stable and resistant to shear. MTT assay data demonstrated that some 

concentrations of foam proteins may improve mammalian cell viability. A foam that can be 

loaded with dyes, remains highly stable and has a positive impact on mammalian cells could 

be a good candidate for a novel topical drug delivery system. 

 

 



 119 

5.0 Drug Release Capacity of E. pustulosus Foam: 

 

Pharmaceutical based foams have been proposed as drug delivery systems since the 1950’s 

(Boe., 1950), but typically foams are considered quick release drug delivery systems. 

Traditionally the drug incorporated is an integral part of the foam formulation, similar to a 

cream, rather than being loaded to an existing structure. They are then applied to the 

treatment area and as the foam collapses the drug is released in one step (Zhao et al., 2010), 

making degradation of the foam a key part of the drug delivery system. The value of longer-

term drug delivery is now recognised, and many additional systems have been designed for 

prolonged drug delivery including nanoparticles, hydrogels and liposomes (Zhao et al., 

2010). There are many drawbacks with these systems - in some, the drug-load is released 

too rapidly resulting in ineffective long-term treatment (Sabaeifard et al., 2016), In other 

systems, the drug is rapidly taken up, but they fail to release a sufficient concentration for 

effective treatment (Zhao et al., 2010). This suggests that there is a need for new drug 

delivery systems. 

The hydrophilic or hydrophobic nature of a drug molecule in delivery systems plays an 

important role in their release profile. Hydrophilic drugs are difficult to transport across 

membranes, making loading in to delivery systems difficult. Hydrophobic drugs are 

challenging to encourage release from delivery systems and have issues with bioavailability 

(Maherani et al., 2013). An ideal drug delivery/release system requires a suitable 
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concentration of a given drug to be delivered in an appropriate time to enable the delivery 

of an effective treatment dose in a given location.  

To understand the long-term release profile of E. pustulosus foam, the same methodology 

used to test in vitro release of drug-mimicking molecules and drug molecules from 

nanoparticles were applied. Dynamic dialysis method is most commonly used and widely 

validated technique for in vitro analysis of drug delivery (D’Souza et al., 2014) and has been 

frequently used to define delivery as a prerequisite to in vivo analysis (Modi et al., 2013). 

Dynamic dialysis works by adding a loaded drug delivery vehicle, in this case foam, into 

dialysis tubing and submerging this into a known volume of buffer or a “sink”. Samples are 

removed from the sink at given time points, the quantity of release molecule is analysed, 

and the concentration of compound released is calculated by comparing to a reference set. 

This method was applied to the foam using two model dyes, Nile Red and Calcein, which 

allowed the analysis of drug concentration to be calculated. This was then followed by a 

clinically used antibiotic molecule – Rifampicin. The use of multiple substances to study the 

release from E. pustulosus foam allowed assessment of the ability to release hydrophobic 

and hydrophilic compounds and if this approach will work on a clinically relevant drug 

molecule. 
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5.1 Nile Red Release: 

Nile red is a hydrophobic dye often used as a model to characterize release from 

nanoparticles (Borgia et al., 2005). Nile Red concentration can be determined using 

absorbance at 520nm against a standard (Dutta et al., 1996). Nile red release from E. 

pustulosus foam was measured over a week, with the concentration calculated, considering 

the sink volume, using a standard calibration curve (Fig 5.1). In order to determine release, 

the volume of Nile Red uptake had to be defined. The uptake of the foam was evaluated by 

mixing, with a vortex, known volumes of dye solutions to known weights of foam until no 

more dye would uptake. This determined that 400mg of E. pustulosus foam would 

comfortably and completely uptake 250μl of Nile Red dye solution. The concentration of 

Nile Red released from E. pustulosus foam was analysed over a week of incubation (Fig 5.2). 

Most dermal foams deliver their drug immediately and require multiple applications. One 

week was chosen to evaluate the foams ability to release a model over a longer time period 

to understand its potential as a drug release system. In a dialysis system Nile Red was 

released from the foam in a linear profile, releasing on average approximately 1μg each 

hour. A total of 170μg of Nile Red was released from a 400μg foam sample over 168 hours 

(1 week). This is 69% of the total Nile Red loaded in to the foam sample. A week-long release 

period is a novel finding for a foam drug delivery system. There is a wide range of data for 

Nile red release from a variety of potential drug delivery systems making direct comparisons 

difficult. However, many drug delivery systems fail to release more than 10% of their drug 

load, and others have a drug release time of 24 hours or less (Alvarez-Roman et al., 2004, 



 122 

Borgia et al., 2005, Cheng et al., 2013, Vij et al., 2010). The E. pustulosus foam release profile 

displays a high percentage release over a long time period, indicating a more stable release 

profile than previously shown for Nile Red based systems.   
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Figure 5.1: Nile Red calibration curve. Absorbance was measured at 520nm and all 

measurements were read in triplicate. Measurements were averaged, and the standard 

deviation used for the error bars. The regression line was plotted, and the equation of the 

line calculated as: y = 0.0493x + 0.0068 R² = 0.991.  
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Figure 5.2: Nile Red release from E pustulosus foam. All time points were measured in 

triplicate and each time point was carried out in triplicate to cover both machine and human 

error. Error bars display standard deviation. Cumulative release was calculated as a 

percentage of total Nile Red loaded. Foam released 170μg of Nile Red over 168 hours in a 

linear release profile. 
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5.2 Calcein Release: 

Calcein is a hydrophilic dye which has been used as a model for drug release (Maherani et 

al., 2013), including from liposomes (Allen et al., 1980) and for topical release systems 

(Borgia et al., 2005). Calcein release from E pustulosus foam was measured using the 

dynamic dialysis method under the same conditions as the Nile Red release (see above). 

Calcein absorbance was measured at 495nm (Litvinchik et al., 2009) and the concentration 

of Calcein released was calculated using calibration curve (Fig 5.3). Prior to release 

measurements, the foams uptake of Calcein solution was determined. It was established 

that 400mg of foam would fully uptake 350μl of Calcein. 

Calcein was released from E. pustulosus foam in a burst release profile (Fig 5.4). The total 

release was 294μg of Calcein from a 400mg foam sample over 168 hours. This was 84% of 

the total load. Approximately 50% of the Calcein was released within the first day, and a 

further 34% was released over the next week. Similar to Nile Red there is a large volume of 

release profiles for Calcein from a variety of drug delivery systems so direct comparisons 

are hard. Some systems release low volumes around 2% (Maherani et al., 2013) while 

others manage higher releases of 50% or 100% but over short time frames of 8-24 hours 

(Litvinchik et al., 2009, Marianecci et al., 2011). The foam was able to release a high 

percentage of its load over a longer time frame. One similarity that can be drawn is that 

most other delivery systems release Calcein in a burst release profile. Although release of 

Calcein from the foam is higher overall than for Nile Red release, it is not linear and most of 

the release happens within 24 hours.   



 126 

 

Figure 5.3: Calcein calibration curve. Absorbance was measured at 495nm, and all points 

were measured in triplicate. Measurements were averaged, and the standard deviation 

used for the error bars. The regression line was plotted, and the equation of the line 

calculated as: y = 0.0985x + 0.0183 R² = 0.991  

 

  

(4
95

nm
) 



 127 

 

Figure 5.4: Calcein Release from E. pustulosus foam. Each time point was measured in 

triplicate and each time point was carried out in triplicate to cover both machine and human 

error. Error bars represent standard deviation. Cumulative release was calculated as a 

percentage of total Calcein loaded. An average of 294μg of Calcein was released from the 

foam over 168hrs in a burst release profile. 
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5.3 Rifampicin Release:  

Rifampicin is a red pigmented polyketide antibiotic which blocks transcription by inhibiting 

the b-subunit of RNA polymerase (Wehnli, 1983). Rifampicin is a key treatment for 

tuberculosis, however it has also been used to treat methicillin resistant Staphylococcus 

aureus infections in prosthesis patients (Aboltins et al., 2009).  

Rifampicin release from E. pustulosus foam was measured using two methods. The dialysis 

method as carried out above with Nile Red and Calcein, and an additional membrane 

method using Transwell inserts. Transdermal drug release can be tested using Franz cell 

diffusion systems, which mimic skin diffusion by separating a donor and receptor chamber 

with a membrane (Ng et al., 2010). However, this system is an expensive investment for 

early testing, so a novel method was developed during this research to create a similar 

system using cheaper and more straightforward equipment by using Transwell inserts to 

act as a donor chamber and provide a separating “skin like” membrane. This method 

involved placing loaded foam into Transwell insert with a cellulose membrane in the base 

and placing this into a 24 well plate with buffer in the lower compartment. This new 

approach to measure drug release was designed to mimic a Franz cell system at a smaller 

scale and allow for in vitro topical drug release to be measured with multiple replicates, and 

no similar method has been proposed in the current literature. Rifampicin absorbance was 

measured at 475nm (Benetton et al., 1998), and the concentration of released rifampicin 

was calculated using a calibration curve (Fig 5.5). The Transwell inserts could only hold 

100mg of foam, and both experiments used the same weight of foam to ensure the results 
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were comparable. The foams loading capacity for Rifampicin was determined to be 100μl 

of Rifampicin in 100mg of foam.  

Dynamic dialysis method results show that, similar to Calcein, Rifampicin was released in a 

burst release profile (Fig 5.6). Rifampicin is hydrophobic (Weiss et al., 1983), with a similar 

partition coefficient to Nile Red so a burst release profile was not expected. However, Nile 

Red has been shown to strongly interact with native proteins (Sackett et al., 1987) which 

may explain its more linear release in comparison to Rifampicin. In all, 85% of Rifampicin 

was released from a 100μg foam sample over 48 hours, with 80% of release occurring within 

the first 8 hours. In comparison, dynamic dialysis release data from nanoparticles loaded 

with rifampicin showed an 80% release in 8hr time frame, with majority of release occurring 

in first hour (Benetton et al., 1998). The foam also released a similar percentage of 

rifampicin, over a slightly longer time frame, demonstrating that the use of foam could 

improve the length of delivery of Rifampicin.  

The Transwell method also followed a burst release profile (Fig 5.7). These measurements 

showed a 100mg E. pustulosus foam released 52% of the loaded rifampicin over 48 hours, 

with 45% of the release occurring within the first 8 hours of monitoring. This release is lower 

than the dynamic dialysis method, but the overall profile is similar. However, the Transwell 

method tested release across a single membrane, instead of a fully submerged system and 

this likely explains the lower release. Further, a control was carried out were a Transwell 

insert was loaded with 100μl of Rifampicin and within 24 hours 100% of the Rifampicin had 

passed through the membrane. The control demonstrates that the foam is responsible for 
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the release rate, instead of simple diffusion across the membrane. Although this method 

displays a lower percentage release, the release is slower than release from rifampicin 

loaded nanoparticles. This method may better indicate the foam release behaviour as a 

topical release system. It would be interesting to further exploit this method to investigate 

other drugs such as a painkiller like Ibuprofen, a different antibiotic such as Vancomycin or 

an antimicrobial like Silver sulfadiazine which all have potential applications in topical drug 

release. This would allow understanding of the foams diverse potential to treat a variety of 

skin conditions such as pain conditions, wounds or psoriasis.   
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Figure 5.5: Rifampicin calibration curve. Absorbance was measured at 475nm. All 

measurements were taken in triplicate. Measurements were averaged, and the standard 

deviation used for the error bars. The regression line was plotted, and the equation of the 

line calculated as: y = 0.787x – 0.0808 R² = 0.986. 
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Figure 5.6: Rifampicin release from E. pustulosus foam measured using dynamic dialysis 

method. Each time point was taken in triplicate and each time point was carried out in 

triplicate to cover both machine and human error. Standard error bars display standard 

deviation. Percentage release was calculated as a percentage of total rifampicin loaded. The 

foam released 8.5mg/ml of Rifampicin over 48 hours in a burst release profile. 
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Figure 5.7: Rifampicin release from E. pustulosus measured using Transwell release method. 

All points were taken in triplicate and each time point was carried out in triplicate to cover 

both machine and human error. Error bars show standard deviation. Percentage release 

was calculated from the total volume of rifampicin loaded. Free Rifampicin with no drug 

release system was used a control to highlight drug movement across the membrane. 

5.2mg/ml was released from the foam over 48hrs in a burst release profile.  
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5.4 Summary: 

The results presented here demonstrate that E pustulosus foam can be loaded with drug 

mimicking molecules and a clinically relevant antibiotic drug, namely Nile Red, Calcein or 

Rifampicin and their release profiles defined. This indicates that the foam can take up and 

release both hydrophobic and hydrophilic substances. Using drug mimics, it was shown that 

Nile red was released in a linear pattern with 69% of the load released over 168 hours. 

Calcein was discharged in a burst release profile, and 88% of the total load was released. 

The methodology was then employed to investigate the release of a clinically relevant 

antibiotic, Rifampicin. Two methods were used to investigate rifampicin release, dynamic 

dialysis and a Transwell insert method. These showed release percentages of 85% and 52%, 

respectively. All these data indicate that foam produced by the Tungara frog could be used 

as a novel antibiotic drug delivery system. 
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5.0  Ranaspumin Protein Production 

Recombinant proteins are regularly used in biological and medical research, as well as the 

pharmaceutical industry. Proteins can be produced using a variety of cloning systems and 

constructs and cell types followed by purification using a range of chromatography-based 

methods suited to the relevant protein (Bondos et al., 2002, Graslund et al., 2008). 

E. pustulosus foam is a mixture of six proteins named Ranaspumin 1-6 (Fleming et al., 2009). 

In order to utilise this foam as a novel drug delivery system, each Ranaspumin protein must 

be produced synthetically and fully understood. This may be achieved by overexpressing 

recombinant RSN proteins in E. coli and investigating their properties. However, protein 

production and purification can be complicated and not all proteins are suitable for 

expression in all systems (Graslund et al., 2008).  

Recombinant Ranaspumin’s 1, 2, 4 and 6 have previously been produced using T7 Topo TA 

expression kits and metal affinity chromatography. RSN – 4 and RSN – 6 were purified under 

denaturing conditions (Fleming et al., 2009). RSN -2, the main surfactant protein present in 

the foam, has been purified multiple times, its structure solved (MacKenzie et al., 2009) and 

used to produce a foam for photosynthetic processes (Wendell et al., 2010). 

The aim of this work was to attempt to purify each recombinant Ranaspumin starting with 

a universal method which could be adapted for each specific protein if required. The basic 

method outline involved sub-cloning each codon optimized rsn gene into a pET vector, 

expressing it in an appropriate E. coli strain and used immobilized metal affinity 

chromatography (IMAC) to purify each recombinant protein. 
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5.1 Cloning:  

Codon bias varies significantly between different hosts, and codon optimization increases 

the presence of codons which are more frequently translated in a specific organism. Genes 

for all six Ranaspumin’s were codon optimized for E. coli expression using IDT’s codon 

optimization tool (https://www.idtdna.com/CodonOpt). Production of recombinant 

proteins in heterologous hosts can be impacted by codon bias, and optimization has been 

proven to improve protein expression (Gustafsson et al., 2004). Codon optimized genes 

where synthesized by Eurofins or IDT into plasmid vectors (pEXA2 or pUCIDT) with synthetic 

restriction enzyme sites added to facilitate cloning, with added NdeI, BamHI, XhoI and NcoI 

cut sites flanking all genes.  

pET vectors are commonly used to express recombinant proteins (Graslund et al., 2008). 

The pET28a vector was chosen as the ideal expression vector as it contains two hexa-

histidine tags allowing the tag to be placed on either the C or the N terminus easily. It is 

difficult to predict which terminus is best to place a histidine tag on (Graslund et al., 2008) 

so the restriction enzymes cut sites were specifically added so that the histidine tag could 

be added to either the N terminus or the C terminus of the protein. By changing the 

enzymes used to cut both the vector and the gene this could be easily adapted. Further, 

pET28a has T7 promotor which can be induced by Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) allowing protein expression to be easily induced. This makes our vector suitable for 

cloning and over expression in E. coli strains containing the gene for T7 RNA polymerase, 

which is highly specific for the T7 promotor allowing for selective cloning and expression 
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(Studier et al., 1990). The pET28a vector contains a kanamycin resistance gene, while the 

pEXA2 and pUCIDT plasmids contain ampicillin resistance, allowing easy resistance 

screening during sub-cloning. 

A full diagram of the cloning method is displayed in Fig 5.1. Plasmids containing rsn genes 

and pET28a plasmids were propagated in DH5α and then extracted using a plasmid 

miniprep kit (Bioline). Both plasmids were then cut with BamHI and NdeI. The digested 

plasmids were electrophoresed in 2% agarose gel and the vector or gene fragments were 

extracted from the gel to be ligated into the expression vector. However, as the rsn gene 

fragments were so small, obtaining a high concentration of quality DNA using gel extraction 

was difficult. To solve this issue, the vector and genes were digested, and the mixes ligated 

in one step. The ligation mix was used to transform DH5α, and the resulting colonies were 

screened by colony PCR (Fig 5.5) for successful clones which contained optimized rsn genes 

inserted into pET28a plasmid with his-tag located on the N terminus (Fig 5.2-5.4). 

Unfortunately, the primers used only amplify each rsn gene, so could not fully determine if 

the genes were properly inserted, however all plasmids were then confirmed with 

sequencing by Eurofins. All six Ranaspumin genes where successfully sub-cloned into 

pET28a.  
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Figure 5.1: Cloning schematic demonstrating how each rsn gene could be cut from its synthetic plasmid and ligated into 
pET28a. Depending on the enzymes used either 1: BamHI & NdeI or 2: XhoI & NcoI would determine whether the histag was 
located on the N-terminus or C-terminus of the resulting protein. 
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Figure 5.2: Plasmid maps of codon optimized rsn-1 (408bp) and rsn-2 (294bp) gene fragments inserted in pET28a plasmid. Maps 

produced using Snapgene software. 

 
 
  



 140 

 
 
 
Figure 5.3: Plasmid maps of codon optimized rsn-3 (525bp) and rsn-4 (582bp) gene fragments inserted in pET28a plasmid. Maps 

produced using Snapgene software. 
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Figure 5.4: Plasmid maps of codon optimized rsn-5 (537bp) and rsn-6 (741bp) gene fragments inserted in pET28a plasmid. Maps 

produced using Snapgene software. 
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Figure 5.5: Colony PCR verification of pET28aRSN plasmids 1: pET28A RSN-1 (262bp) 2: pET28A RSN-2 (275bp) 3: pET28A RSN-3 
(293bp) 4: pET28A RSN-4 (251bp) 5: pET28A RSN-5 (247bp) 6: pET28A RSN-6 (238bp). All gels were run in the same order – 
Ladder (bioline hyperladder), positive control, negative control and four or five colonies. Original pUC plasmid from IDT with 
each respective rsn gene was used as a positive control. Empty pET28a plasmid was used as a negative control.
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5.2 Protein overexpression and optimization:  

To produce a synthetic foam using ranaspumin proteins, overexpressing recombinant 

ranaspumin proteins was required. Multiple cell types, temperatures and IPTG 

concentrations were screened to identify the optimum expression conditions for each 

ranaspumin protein. BL21(DE3), BL21*(DE3) and Rosetta (DE3) were the E. coli strains 

chosen for overexpression. All three cell types contain the phage T7 RNA polymerase 

required to make them compatible with T7 expression vectors but have slightly different 

qualities. BL21 (DE3) is routinely used for T7 expression systems. BL21* (DE3) is optimized 

for use with low copy plasmids, such as pET28a. Rosetta(DE3) enhances the expression of 

rare and unusual codon and is suitable for eukaryotic proteins which may be beneficial in 

ranaspumin expression. All three cell types were transformed with each pET28a construct 

containing the genes encoding each ranaspumin protein to be tested under different 

expression conditions. 

All three cell types where tested using 1ml of starter culture in 12 well plates (Fig 5.6). 

Cultures were grown to OD 0.4-0.6 at 37oC before being induced with either 0.2mM, 0.5mM 

or 1mM of IPTG. Each plate was incubated at a temperature of 15°C, 25°C, 30°C or 37°C. 

Cultures induced at 15°C and 25°C were allowed to express overnight, and cultures at 30°C 

or 37°C were incubated for 4 hours. After this time samples were collected from each well 

and SDS PAGE was carried out for each plate (Fig 5.7 – 5.12). This was performed on all six 

ranaspumin constructs and the best condition for expressing each recombinant protein was 

identified (Table 5.1). RSN-2, RSN-3, RSN-5 and RSN-6 all produced an appropriate 
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overexpressed protein band in a number of conditions, however in 1ml cultures RSN-1 and 

RSN-4 failed to provide an overexpressed protein band. 

The conditions chosen at small scale were then scaled up from 1ml to 250ml of culture in 

1L Erlenmeyer flasks to check they were still appropriate. Samples were taken after cultures 

were induced under their selected conditions and SDS-PAGE was carried out to confirm the 

presence of each Ranaspumin (Fig 5.13). RSN-1 did not clearly overexpress in either of the 

condition screens or at scale up size. It is possible that the protein was being expressed at 

a very low concentration, but it could not be identified on a gel. RSN-4 did not clearly 

overexpress in condition screens, but it was decided to attempt a scale up at 250ml with 

Rosetta at 30°C and 1mM IPTG. At a larger scale RSN-4 did overexpress. The remaining four 

Ranaspumins all expressed well in scale up under the conditions chosen. After confirming 

that the conditions scaled correctly, purification of each Ranaspumin was attempted. 
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Figure 5.6: 12 well plate layout for condition screening of each recombinant RSN protein. 

All wells contained a final working volume of 1ml. 
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Figure 5.7: Condition screening of pET28a RSN-1 in BL21, BL21* and Rosetta E. coli strains. 

A 15°C B 25°C C 30°C D 37°C. Ladder: NEB 10-200kDa Broad range marker. RSN-1 

predicted size including HisTag: 15kDa  
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Figure 5.8: Condition screening of pET28a RSN-2 in BL21, BL21* and Rosetta E. coli strains. 

A 15°C B 25°C C 30°C D 37°C. Ladder: NEB 10-200kDa Broad range marker. RSN-2 predicted 

size including HisTag: 12kDa.  Expressed protein highlighted with red boxes and condition 

chosen highlighted with a green box. 
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Figure 5.9: Condition screening of pET28a RSN-3 in BL21, BL21* and Rosetta E. coli strains. 

A 15°C B 25°C C 30°C D 37°C. Ladder: NEB 10-200kDa Broad range marker. RSN-3 predicted 

size including HisTag: 19kDa. Expressed protein highlighted with red boxes and condition 

chosen highlighted with a green box. 
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Figure 5.10: Condition screening of pET28a RSN-4 in BL21, BL21* and Rosetta E. coli strains. 

A 15°C B 25°C C 30°C D 37°C. Ladder: NEB 10-200kDa Broad range marker. RSN-4 predicted 

size including HisTag: 22kDa 
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Figure 5.11: Condition screening of pET28a RSN-5 in BL21, BL21* and Rosetta E. coli strains. 

A 15°C B 25°C C 30°C D 37°C. Ladder: NEB 10-200kDa Broad range marker. RSN-5 predicted 

size including HisTag: 20kDa Expressed protein highlighted with red boxes and condition 

chosen highlighted with a green box. 
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Figure 5.12: Condition screening of pET28a RSN-6 in BL21, BL21* and Rosetta E. coli strains. 

A 15°C B 25°C C 30°C D 37°C. Ladder: NEB 10-200kDa Broad range marker. RSN-6 predicted 

size including HisTag: 28kDa Expressed protein highlighted with red boxes and condition 

chosen highlighted with a green box. 
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Table 5.1: Optimum expression conditions for recombinant Ranaspumin proteins 

Protein Cell Type Temperature (C) IPTG Concentration (mM) 
Ranaspumin 1 - - - 
Ranaspumin 2 BL21 37 1 
Ranaspumin 3 Rosetta 37 1 
Ranaspumin 4 Rosetta 30 1 
Ranaspumin 5 Rosetta 37 0.2 
Ranaspumin 6 BL21 37 0.2 
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Figure 5.13: Scale up of RSN expression under respective optimal conditions at 250ml. NI 

indicates no IPTG added to culture, I indicates induced with appropriate IPTG concentration. 

Ladder: NEB 10-200kDa Broad range marker. RSN-1: 15kDa RSN-2: 12kDa RSN-3: 19kDa 

RSN-4: 22kDa RSN-5: 20kDa RSN-6: 28kDa. Expressed protein highlighted with a red box. 
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5.3 Purification:  

Metal affinity chromatography was carried out using an AKTA chromatography system (GE 

Healthcare) to attempt to purify recombinant E. pustulosus Ranaspumin proteins. Each 

protein was tagged with 6 histidine (HisTag) residues on the N terminus. HisTags were 

chosen as they rarely impact the activity or solubility of a protein (Graslund et al., 2008). 

Histidine contains an imidazole side chain which will bind to metal ions such as Ni2+, and 

this can be exploited for protein purification through IMAC. A HisTrap column contains 

immobilized nickel ions which should bind to the HisTag present on the N terminus of each 

Ranaspumin. Buffer containing free imidazole can then be introduced, and the free 

imidazole competitively binds the metal ions allowing the protein to be dislodged and 

collected. 

The cells used to overexpress each protein were harvested by centrifugation and then 

chemically lysed using BugBuster MasterMix (Millipore). Protease inhibitor cocktail 

(cOpmlete; Roche) was added to the lysate to prevent break down of any protein by 

proteases. The lysate was run through a HisTrap column. The column was then washed with 

buffer (Buffer A) to clear any unbound protein. A second buffer (Buffer B) which contains 

free imidazole is then added in an isocratic gradient to elute the bound protein. The UV 

absorbance is monitored as the gradient of buffer B increases, and fractions are collected 

as the absorbance increases.  
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Buffer conditions contribute to protein solubility and aggregation (Bondos et al., 2002). Two 

different buffer solutions were used: A Sodium Phosphate based buffer and a Tris HCL based 

buffer. Both buffers are compatible with HisTrap columns, and their pH is similar. Both 

buffers have a pH well suited with the predicted pI’s of all Ranaspumin proteins to allow 

them to be soluble in the buffer. Tris buffer also contained glycerol, which can improve 

protein stability (Graslund et al., 2008).  

Samples were taken at each step of the purification process, starting with the un-induced 

culture, the induced culture, after centrifugation, after lysing, column flow through, initial 

buffer A flow through and then fractions of purified protein. SDS-PAGE was carried out with 

each sample, allowing each step to be monitored for problems or progress. 

RSN-1 could not be expressed or purified. Each step was screened using Rosetta grown at 

30°C with 1mM of IPTG to confirm (Fig 5.14). 

Recombinant RSN-2 was purified from lysed BL21(DE3) cells using a HisTrap column (Fig 

5.15). Purification was carried out with both Sodium Phosphate and Tris HCL based buffers, 

and Tris HCL buffer resulted in the better purification. Protein concentration was 

determined using Bradford assay as around 1.7mg/ml. The fractions were pooled and 

concentrated to 10mg/ml then stored at -80°C until needed for further use. 

RSN-3 (Fig 5.16) and RSN-6 (Fig 5.19) did not appear to be soluble in BugBuster MasterMix, 

and therefore were not purified. This may be caused by incomplete or improper lysis, and 

a range of different approaches could be used including enzymatic lysis with lysozyme or 

sonication in lysis buffer (Peti et al., 2007). RSN-6 has been previously been purified under 
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denaturing conditions (Fleming et al., 2009), which may improve protein solubility 

(Bornhorst et al., 2000).  

RSN-4 (Fig 5.17) and RSN -5 (Fig 5.18) both appear to be soluble but did not bind to the 

HisTrap column. The HisTag could be buried in the protein due to tertiary structure. In order 

to solve this issue, the HisTag could be moved from the N-terminus to the C-terminus, which 

pET28a plasmid easily allows. The purification could be carried out in denaturing conditions 

(Bornhorst et al., 2000), which was previously carried out on RSN-4 (Fleming et al., 2009). 

Proteins that are part of a complex often require the presence of the other complex 

proteins to be soluble, and this can be exploited for purification by co-expressing the 

proteins (Graslund et al., 2008, Vera et al., 2006). RSN-2 reliably purifies and is a surfactant 

protein which may increase solubility of other proteins. As a final attempt to purify 

recombinant ranaspumins, RSN-3, 5 & 6 cultures were mixed with a culture of RSN-2 and 

lysed. The lysate was then run through a HisTrap column and Tris buffer used to try 

purification. It was decided to not attempt this with RSN-1 as it had not expressed well 

during any previous stage. Further, it was chosen to not carry RSN-4 forward as it only 

expressed at very low levels previously. Neither RSN-3 (Fig 5.20) or RSN-6 (Fig 5.20) become 

soluble in the presence of RSN-2. RSN-5 remained soluble but did not bind to the column in 

the presence of RSN-2.  
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Figure 5.14: HisTrap purification of recombinant RSN-1 harvested from lysed Rosetta culture, grown at 30°C and induced with 

1mM of IPTG. A: Purification attempted with Sodium Phosphate buffer. B: Purification attempted with Tris HCL buffer. Ladder: 

NEB 10-200kDa Broad range marker. . Running order: NI not induced culture, I induced culture, L lysed cells, FT Flow through, 

RO run off from buffer A F fractions.   
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Figure 5.15: HisTrap purification of recombinant RSN-2 harvested from lysed BL21 culture, grown at 37°C and induced with 1mM 

of IPTG. A: Purification attempted with Sodium Phosphate buffer. B: Purification attempted with Tris HCL buffer. Ladder: NEB 

10-200kDa Broad range marker. . Running order: NI not induced culture, I induced culture, L lysed cells, FT Flow through, RO run 

off from buffer A F fractions. Purified protein is highlighted with a red box. 
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Figure 5.16: HisTrap purification of recombinant RSN-3 harvested from lysed Rosetta culture, grown at 37°C and induced with 

1mM of IPTG. A: Purification attempted with Sodium Phosphate buffer. B: Purification attempted with Tris HCL buffer. Ladder: 

NEB 10-200kDa Broad range marker. . Running order: NI not induced culture, I induced culture, L lysed cells, FT Flow through, 

RO run off from buffer A F fractions.  
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Figure 5.17: HisTrap purification of recombinant RSN-4 harvested from lysed Rosetta culture, grown at 30°C and induced with 

1mM of IPTG. A: Purification attempted with Sodium Phosphate buffer. B: Purification attempted with Tris HCL buffer. Ladder: 

NEB 10-200kDa Broad range marker. . Running order: NI not induced culture, I induced culture, L lysed cells, FT Flow through, 

RO run off from buffer A F fractions. 
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Figure 5.18: HisTrap purification of recombinant RSN-5 harvested from lysed Rosetta culture, grown at 37°C and induced with 

0.2mM of IPTG. A: Purification attempted with Sodium Phosphate buffer. B: Purification attempted with Tris HCL buffer. Ladder: 

NEB 10-200kDa Broad range marker. Running order: Un-induced culture, induced culture, supernatant, lysed cells, column flow 

through, buffer A run off and fractions.  
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Figure 5.19: HisTrap purification of recombinant RSN-6 harvested from lysed Rosetta culture, grown at 37°C and induced with 

0.2 mM of IPTG. A: Purification attempted with Sodium Phosphate buffer. B: Purification attempted with Tris HCL buffer. Ladder: 

NEB 10-200kDa Broad range marker. . Running order: NI not induced culture, I induced culture, L lysed cells, FT Flow through, 

RO run off from buffer A F fractions. 
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Figure 5.20: SDS-Page analysis of RSN co-purification using HisTrap column. A RSN-2 (BL21 37°C) RSN-3 (Rosetta 37°C) co-

purification B RSN-2 (BL21 37°C) and RSN-5 (Rosetta 37°C) co-purification. C RSN-2 (BL21 37°C) and RSN-6 (Rosetta 37°C) co-

purification. Ladder: NEB 10-200kDa Broad range marker. Running order: NI not induced culture, I induced culture, L lysed cells, 

FT Flow through, RO run off from buffer A F fractions. Red boxes indicate RSN-2, blue boxes indicate other RSN. 
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5.4 Summary:  

Codon optimized rsn genes were sub-cloned into pET28a plasmids, adding an N-terminal 

HisTag, and used to transform E. coli expression strains. Optimum conditions for production 

of each recombinant Ranaspumin protein were assessed and scaled in preparation for 

purification. Each Ranaspumin was expressed under their respective conditions, the cells 

harvested and lysed to be used for purification. IMAC was used to evaluate if purification 

of recombinant Ranspumins was possible utilizing HisTrap columns and two different buffer 

sets. RSN-2 was successfully purified. The other Ranaspumins failed to purify which is 

hypothesized is a result of the inability of the HisTag to strongly bind to the column or issues 

with solubility. 
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7.0 Recombinant RSN-2 Analysis 

Ranaspumin-2 (RSN-2) is the best characterized protein from the E. pustulosus foam nest. 

RSN-2 is an 11kDa surfactant protein within the foam nest protein mixture. Its structure is 

described as a single α-helix over a four stranded β-sheet, folded into a globular form. RSN-

2 is uniformly polar in solution and its mechanism of action proposed as a conformational 

change occurring at the air-water interface, where the protein unhinges exposing a 

hydrophobic region to the air. This conformational change causes the tension at the air-

water interface to be reduced and allows for foam formation (MacKenzie et al., 2009, 

Cooper et al., 2010). Its role as a surfactant protein has been utilized in other processes 

including the production of magnetic nanoparticles (Choi et al 2012) and studying 

photosynthetic foam for carbon source production (Wendell et al., 2010). The role it may 

play in foam drug delivery systems has not been previously explored. 

Pharmaceutical foams are widely accepted as useful topical drug delivery systems. These 

topical foams are usually made up of active agents, solvents and surfactants (Zhao et al., 

2010). RSN-2 is the surfactant component of E. pustulosus foam which has potential as a 

drug release system so characterization of RSN-2 properties for pharmaceutical use is key 

to the further development of the foam delivery system. However, it may be relevant to 

drug delivery as a surfactant in its own standing as current topical release systems also 

require surfactants to produce reliable and stable foams. Stable foam production, 

biocompatibility and drug release potential were investigated to identify if RSN-2 alone 

could be useful in a drug release setting. 
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7.1 Foam Production: 

Recombinant RSN-2 was expressed using a codon optimized rsn-2 gene in a pET28a plasmid 

using BL21 E. coli cells. It was purified from E. coli lysed cells using IMAC via a HisTrap 

column. The fractions collected during purification of RSN-2 were pooled and concentrated 

to 10mg/ml, which was confirmed by Bradford assay (Bradford, 1976). SDS-Page was carried 

out on concentrated samples to ensure purity before being used for further experiments. 

Purified recombinant RSN-2 was tested to identify if it could be used to produce a foam by 

adding RSN-2 to water and then agitating the mixture with a pipette. This method is 

essentially a method analogous to extrusion methods to produce the foam (Dalgetty et al., 

2010). This was attempted with 1mg/ml, 0.5mg/ml and 0.1mg/ml of RSN-2 and all three 

easily formed foams (Fig 7.1). The foam looks similar to the foam produced by E. pustulosus 

as it has tightly packed vesicles, but the RSN-2 foam is less dense and less stable. Previous 

studies have stated that RSN-2 foams for a few minutes and then collapses (Mackenzie et 

al., 2009) and while this was true if the RSN-2 water mixture was vortexed, the foam created 

from pipetting was stable for much longer. A foam produced using 0.1mg/ml of RSN-2 was 

monitored for foam stability over time (Fig 7.2). Initially the foam produced was around 

20mm in height. After 24 hours the foam had started to collapse and was approximately 

14mm tall but was still holding a foam like structure. It took four days for RSN-2 foam to 

collapse to a few small bubbles less than 5mm high, demonstrating that RSN-2 is vital for 

foam formation in E. pustulosus nests but that the remaining five Ranaspumin proteins and 

complex carbohydrates present are essential for long term persistence of the E. pustulosus 
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foam nests. Producing a foam using recombinant RSN-2 that does not collapse for multiple 

days is the first step in building a synthetic replicant of the E. pustulosus foam. Further, 

foams are considered to be unstable entities so producing a foam that is stable for multiple 

days is an important property of RSN-2 which could be exploited for drug delivery as 

surfactants are required for topical foam release systems (Zhoa et al., 2010). In order to 

better understand the RSN-2 based foam, further characterisation experiments could be 

carried out such as those conducted on the whole E. pustulosus foam in Chapter 2 such as 

microscopy, foam density calculations and rheology. 
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Figure 7.1: Foams produced by multiple concentrations of recombinant RSN-2. Each foam 

was produced by pushing RSN-2 mixed with distilled water through a 1ml Starlab pipette 

tip. 
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Figure 7.2: Images displaying the collapse of 0.1mg/ml RSN-2 foam over four days. Foam 

was produced by pushing RSN-2 mixed with distilled water through a 1ml Starlab pipette 

tip. 
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7.2 Bacterial Growth Curves:  

Previous research has indicated that RSN-2 is non-toxic at low concentrations to eukaryotic 

cells as it does not damage the sperm or eggs of E. pustulosus present in the foam nests, 

and it is easily over expressed in E. coli (MacKenzie et al 2009, Fleming et al., 2010). 

Furthermore, earlier studies carried out during this project showed that solubilized foam 

does not impact the growth of E. coli or S. aureus (Chapter 5.0). However, to date no work 

has been carried out to directly demonstrate the impact of RSN-2 on the growth of bacteria. 

Bacterial growth curves were carried out in the presence of 1mg/ml, 0.5 mg/ml and 

0.1mg/ml of recombinant RSN-2 in LB medium, to investigate any potential antimicrobial 

activity against Gram-negative (E. coli) and Gram-positive (S. aureus) organisms. The 

presence of RSN-2 permitted growth of both Gram-positive and negative species at a range 

of concentrations. The E. coli 8739 strain used was a faecal isolated strain used to test 

antimicrobial agents, and the S. aureus 29213 strain was a wound isolated strain used to 

test antimicrobial agents (ATCC) making them suitable for this analysis.  

Protein concentration was measured using a Bradford assay, and SDS-Page was used to 

check purified recombinant RSN-2 didn’t contain other proteins which could impact results. 

As RSN-2 was stored in Tris-HCL buffer, a buffer control was added to ensure growth was 

not reduced by the buffer solution. The positive control contained only media to allow for 

normal growth, and kanamycin was added negative control to prevent bacterial growth. In 

both experiments, the buffer control had a slight impact on cell growth. Growth curves were 

calculated by collecting optical density (OD) every 10 minutes over 12 hours. Data collected 
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on every hour mark was averaged, and the standard deviation calculated to display any 

variability in results. 

These experiments demonstrated that the growth rate of E. coli was significantly reduced 

by 1mg/ml of RSN-2 protein (Fig 7.3). The growth of the positive control was 10 times faster 

than the positive control. Treatment with 0.5mg/ml and 0.1mg/ml of RSN-2 had no 

significant effect on the growth rate. The slight reduction in both growth rates can likely be 

accounted for by the presence of the buffer from purification. The growth of S. aureus was 

also significantly reduced by adding 1mg/ml of RSN-2 (Fig 7.4). The growth of the positive 

control was 6X faster than cell treated with 1mg/ml of RSN-2.  The buffer control displayed 

slightly reduced growth. The growth of cells treated with 0.5mg/ml had a slightly reduced 

growth rate, and the treatment with 0.1mg/ml had no significant impact on S. aureus 

growth. The growth rates and the p-values calculated for these experiments are displayed 

in Table 7.1. However, no tests were carried out to check the data fell within a normal 

distribution so the resulting P-values may be inaccurate. These results indicate that at 

1mg/ml concentration RSN-2 damages the growth of both E. coli and S. aureus. However, 

the concentration necessary for this antimicrobial effect is higher than would naturally 

occur in a E. pustulosus foam nest or be needed for an industrial process, implying that it is 

unlikely that RSN-2 is cause of antimicrobial protection offered by the foam nests.  
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Figure 7.3: Growth curves showing the growth of E. coli over 12 hours. Each optical density 

reading was measured at 600nm in triplicate, and 12 samples were present for each 

concentration and control. The mean was taken to produce each data point for each hour. 

Error bars display the standard deviation. P-values are highlighted in Table 7.1.   

* 
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Figure 7.4: Growth curves showing the growth of S. aureus over 12 hours. Each optical 

density reading was measured at 600nm in triplicate, and 12 samples were present for each 

concentration and control. The mean was taken to produce each data point for each hour. 

Error bars display the standard deviation. P-values are highlighted in Table 7.1.   

* 
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Table 7.1: Average growth rates of E. coli and S. aureus.  

P-values calculated using a One-way Anova test, comparing each set of growth rates to the 

positive control. 

 Positive Negative Buffer 1mg/ml 0.5mg/ml 0.1mg/ml 

E. coli 

Growth 
Rate (H-1) 

0.160 0.001 0.138 0.016 0.104 0.149 

P-Value  5.1x10-17 0.0920 0.0031 0.0760 0.154 

S. aureus 

Growth 
Rate (H-1) 

0.190 0.001 0.178 0.029 0.155 0.184 

P-Value  1.39x10-15 0.0170 0.0009 0.0195 0.7090 
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7.3 Cell Toxicity: 

Biocompatibility is important for any pharmaceutically relevant protein, and for a drug 

delivery system the toxicity of any given component should be well understood. It is not 

known if RSN-2 is toxic at any concentration to mammalian cells. Eggs, sperm and tadpoles 

are not damaged by E. pustulosus foam, so at the concentration necessary (0.1mg/ml) for 

producing a foam nest RSN-2 should not harm mammalian cells. An MTT assay carried out 

earlier in this research with whole foam enforces this, as solubilized foam did not reduce 

cell viability of HaCaT cells (Chapter 5). To analyze the impact of recombinant RSN-2 on a 

mammalian cells an MTT assay was conducted using HaCaT cells. HaCaT cells are an 

immortal epithelial cell line (Boukamp et al., 1988) which have become an established line 

to use in in vitro skin studies (Schoop et al., 1999). Similar to the bacterial growth curves, 

the MTT assays were carried out with a range of concentrations (1mg/ml, 0.5 mg/ml, 

0.1mg/ml) and a Tris-HCL buffer control to ensure the buffer RSN-2 was stored in did not 

have an impact on cell viabilty (Fig 7.5). HaCaT cells were incubated with each of the 

treatments for 24 hours and then the cell metabolic activity was assessed. Cells treated with 

1mg/ml of RSN-2 had significantly reduced cell viability when compared to the media only 

positive control. The remaining treatments had slightly reduced cell viability in comparison 

to the positive control. However, this reduction was similar to the buffer control indicating 

that RSN-2 may not be directly responsible for this. ANOVA tests carried out comparing each 

treatment to the positive control and the buffer control confirm that the 1mg/ml treatment 

is statistically different from both the positive control and the buffer control. The other 
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treatments were statically different from the positive control but not the buffer control, 

indicating that RSN-2 was not responsible for the decreased cell viability in these 

treatments. However, no tests were carried out to check the data fell within a normal 

distribution, so the resulting P-values may be inaccurate. Surfactants often damage cells so 

RSN-2 impacting cell viability at a high concentration is not surprising, but at the lower 

concentrations which would be required for producing a foam for a drug delivery system in 

vitro data indicates that it should not harm epithelial cells. This shows that RSN-2 is 

potentially safe for use as part of a foam drug delivery system. It would be useful to carry 

out similar experiments for a longer treatment time, which would be similar in length to 

drug release experiments carried out in previous chapters. In order to investigate the safety 

of the foam even further, in vivo animal models would be required as there is no current 

data available describing immunogenicity to these proteins. 
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Figure 7.5: Cell viability of HaCaT cells treated for 24 hours with different concentrations of 

recombinant RSN-2. Treatment 1: 1mg/ml RSN-2. Treatment 2: 0.5mg/ml. RSN-2 

Treatment 3: 0.1mg/ml RSN-2. Nine replicates were carried out for each treatment and the 

controls. Centre line indicates the mean, and upper and lower lines indicate the standard 

deviation. One way ANOVA tests were carried out and * indicate samples which have a p < 

0.05 in comparison to the positive control. P values for each treatment are: 2.48x10-17, 0.012 

and 0.05 respectively.  

  

* 

* 
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7.4 Drug Release: 

Topical foams are an established method for dermal drug delivery and many of these foams 

are made of a surfactant drug combination which collapses quickly upon application to 

deliver its load onto the skin (Zhoa et al 2010). The overall aim of this research was to 

develop a topical drug release system using E. pustulosus foam. This could not be fully 

investigated as the majority of the RSN proteins were unable to be purified to try and 

produce a synthetic E. pustulosus foam. However, RSN-2 is a surfactant protein and a foam 

could be produced to investigate if RSN-2 itself could be used as part of a foam drug delivery 

system.  

Nile Red is a model dye frequently used to study in vitro release (Borgia et al 2005). Previous 

research carried out highlighted that Nile red had the most stable release from E. pustulosus 

foam (Chapter 5.0), so it was decided to use this to investigate RSN-2 foams drug release 

potential. A foam was produced by mixing RSN-2 with Nile Red and agitated using a pipette. 

The foam created was then used to measure Nile Red release from an RSN-2 based foam 

using the Transwell method developed earlier in this work (Chapter). 400ul of Nile Red RSN-

2 foam was added to a Transwell insert, which was then placed in a 12 well plate well 

containing 1ml of PBS buffer. A blank, unloaded foam for baseline measurements and a Nile 

Red control were set up in the same manner. The Nile Red control contained only Nile Red 

solution with no release vehicle at the same concentration and volume as the foam. This 

allowed for direct comparison of Nile Red passing through the Transwell insert with and 

without the addition of foam. The plate set up is displayed in (Fig 7.6). Measurements were 
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collected over 8 hours, in triplicate and the concentration released calculated (Fig 7.7). Over 

8 hours 400µl of foam released 3.4µg of Nile red in a linear release pattern at an 

approximate release rate of 0.2µg/H. In comparison, the Nile Red control allowed 9.5µg to 

pass through the Transwell insert in a burst profile at a rate of around 1.1µg/H. The different 

between the results indicates that the RSN-2 foam slow and controls the release of Nile Red 

out with normal equilibrium and linearises the burst release. Due to a limited volume of 

Nile Red RSN-2 foam, further samples could not be produced, but over the 8 hours the foam 

did not collapse indicating potential for increased release over a longer time period. These 

results are promising when compared to other Nile Red release data available which 

highlight that some nanoparticle-based delivery tends to release in around 30 minutes to 6 

hours for dermal delivery (Alvarez-Roman et al., 2004). Others release for longer, around 

24 hours, but struggle to release more than 3% of the loaded Nile Red (Borgias et al., 2010). 

There are other systems with better release than presented for the RSN-2 based foam, but 

foams are popular with patients for dermal delivery making their development important 

(Marianecci et al., 2011, Zhao et al., 2010). Further, the RSN-2 foam release could 

potentially be improved with the addition of other RSN proteins. The ability of an RSN-2 

based foam to release Nile Red indicates that RSN-2 could be a useful surfactant in 

producing short term foam delivery systems, as well as being important in long term foam 

delivery when mixed together with other RSN proteins. The stability of the RSN-2 foam is 

lower than the natural foam produced by E. pustulosus and does not release as effectively, 

highlighting the importance of the other RSN proteins as a part of the overall foam mixture. 



 172 

Overall these results demonstrate that RSN-2 could be used to create a novel foam delivery 

system with an active agent which would remain stable for a minimum of 8 hours based on 

these data.  
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Figure 7.6: Plate layout for RSN-2 foam Transwell release experiment. 1: Blank wells 

containing only PBS 2: Unloaded RSN-2 foam wells for baseline 3: RSN-2 Nile Red foam wells 

4: Nile Red only control wells. A single plate was used for each time point.   

  

1 3 4 2 



 174 

 

Figure 7.7: Nile Red release from RSN-2 foam and a non-foam control was monitored over 

8 hours. Samples were measured at 590nm in triplicate. The concentration of Nile Red 

released was calculated using a calibration curve against a standard, and the mean 

concentration for each time point calculated. Error bars indicate the standard deviation. 

Free Nile Red was used as a control to demonstrate the dyes exchange across the 

membrane. 3.4µg of Nile Red was released from the RSN-2 based foam over 8 hours in a 

linear profile.  
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7.5 Summary:  

Recombinant RSN-2 purified during this research can be used to construct a foam at a range 

of RSN-2 concentrations. Further, the RSN-2 foam produced was stable and took four days 

to collapse. As RSN-2 is a major component of E. pustulosus foam it was important to assess 

its impact on cells in the context of a pharmaceutical product. Bacterial growth curves were 

carried out and 1mg/ml concentrations of RSN-2 prevent the growth of E. coli and S. aureus. 

MTT assays were conducted and demonstrated that 1mg/ml concentrations of RSN-2 

reduce cell viability, but lower concentrations which would be required for a drug delivery 

foam did not damage cell viability. A Nile Red loaded RSN-2 foam was created and utilized 

in dye release experiments using a Transwell insert method. The data collected indicated 

that an RSN-2 foam can successfully release Nile Red in a linear release pattern over 8 hours. 

RSN-2 protein appears to be non-toxic to epithelial cells at the concentrations required to 

form a reliable foam, and this concentration of foam can release model dyes indicating that 

RSN-2 has potential as a topical drug release system. Further, if other RSN proteins can be 

purified and utilized with the main surfactant protein a more stable foam release system 

could potentially be produced. 
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7.0 General Discussion 

The foam nests built by Engystomops pustulosus have incredible properties. They protect 

developing tadpoles from environmental stress, insect predation and microbial 

degradation. These natural incubation chambers are highly stable under tropical 

conditions and do not cause damage to sperm, eggs or tadpole despite the presence of 

a surfactant protein (Cooper et al., 2009). The aims of this project were to investigate 

the basic biophysical properties of the foams and explores the medical and 

pharmaceutical potential of the foam nests built by Engystomops pustulosus. Then using 

this knowledge, the aim was to attempt to build a synthetic version of the foam. There 

is a major gap in the drug delivery field, with no existing research considering how natural 

foams could be utilised for topical treatments. This project explored the antimicrobial 

properties of the foam and its potential as a novel drug delivery system. 

7.1 Foam Characterisation and Drug Release 

During this research, bioinformatics analysis was carried out on the Ranaspumin (RSN) 

sequences and identified that multiple RSNs shared sequence similarities with lectin like 

proteins and proteins of unknown function from a range of amphibian species. The 

number of amphibian genomes available has increased since the initial research into the 

RSN proteins was carried out (Buisine et al., 2015, Session et al., 2016, Hammond et al., 

2017, Nowoshilow et al., 2018), allowing for new insights to be made. These frog 

genomes belong to a variety of species across multiple continents providing a more 

diverse base for comparison. The sequence similarities between RSNs and other putative 
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amphibian proteins indicates that the RSN proteins may belong to a broader group of 

proteins present in anurans that have diverse functionality. Further, many of the 

homologues contained domains that encoded putative carbohydrate binding lectins 

(Cooper et al 2017). These data are significance for two reasons. Firstly, the foams 

stability is not fully understood, and the presence of lectins implies that carbohydrate 

crosslinking may be required to maintain the foams structure. The potential lectin 

functionality of these proteins is key information when attempting to build a synthetic 

foam structure. Secondly, lectins often interact with bacteria and these proteins may 

have important antimicrobial functions (Pistole., 1981) and may explain why the foams 

are not over grown by microorganisms in the environment. The updated bioinformatics 

analysis from this research also highlights that RSN-2, the surfactant protein in the foam 

mixture, remains a unique protein yielding no blast hits from the NCBI database. 

Unfortunately, it was not possible to produce reasonable structural models for the RSN 

proteins using the I-TASSER suite. Programs for protein structure modelling rely on 

identifying solved protein structures with similar sequence motifs to the input sequence 

and using them as a template for building a model (Roy et al., 2010). The pitfall with this 

approach is that it relies on similar structures being available in the reference database. 

The RSNs are not easily comparable to other proteins, and this restricts the usefulness 

of any structural models generated.  

The next logical step in this research was to characterise the foam, especially in the 

context of a pharmaceutical foam. Many of the methods used had to be improvised or 
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adapted from characterisations of foams which collapse quickly, or other drug delivery 

systems. SDS-PAGE, CD and FTIR confirmed that the foam collected contained the six 

Ranaspumin proteins as prior studies have highlighted, and that the foam proteins are 

not changed by the centrifugation step used to make them soluble. This meant that the 

soluble proteins could be used for a range of measurements where the whole foam was 

impractical. Measurements showed that the foam is low-density, and this is an important 

quality for a pharmaceutical foam. Low-density foams are considered to be more 

comfortable when applied topically, particularly in comparison to topical creams, that 

are less comfortable and feel heavy upon application (Arzhavitina et al., 2010). Rheology 

data is rarely collected for foams (Arzhavitina et al., 2010), due to their instability, so 

these data are novel and provided insight into how highly stable foams respond to stress. 

These experiments proved technically demanding, however they highlight the stability 

of the foam under shear-stress conditions and demonstrated that the foams elasticity 

increases as it undergoes coarsening, instead of causing complete structural collapse as 

is often observed (Kealy et al., 2007). This is important for a topical drug release system 

as it has to be able to withstand the exterior pressures if it is going to be utilised as a 

long-term treatment/delivery system. These types of release systems have to be able to 

withstand itching, rubbing and potentially being wrapped with a bandage so high 

stability is crucial. The biocompatibility of pharmaceutical foams is a key consideration 

in the clinic. Using cell viability assays with the epithelial cell line, HaCaT, demonstrated 

that the foam mixture does not damage the cells and at some concentrations may 
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stabilise the cells and even improve cell viability. E. pustulosus has evolved the use of a 

foam nest as a strategy to provide its developing eggs with a safe, stable environment to 

develop. There is anecdotal evidence that the foam nests may aid the growth of the 

tadpoles although this hasn’t been clearly determined, yet with this in mind, the foam 

components may improve the growth of the cells. Regardless of whether the foam has a 

genuinely positive impact on epithelial cells, the components did not have a detrimental 

effect, and this is a good initial indicator for biocompatibility of the foam and the 

potential for safe use of the foam as a topical release system. However, with this 

information in mind it’s clear that a full toxicology study using mice should be carried out 

to clearly define the impact on the foam on a whole organism. To study any potential 

antimicrobial properties of the Engystomops pustulosus foam, an assessment of bacterial 

viability when in contact with the foam proteins was performed. These showed that the 

soluble foam components did not prevent the growth of Gram-positive or Gram-negative 

bacteria. Previous work has shown that the foam does have some antimicrobial activity 

(Cooper et al., 2010), however this research indicates that the concentration of foam 

proteins present is not the cause of this effect. It is possible that the foam structure as a 

whole prevents the movement of bacteria and that it the cause of the antimicrobial 

activity, or that the lectin/carbohydrate binding ability of the foams could potentially 

interfere with peptidoglycan biosynthesis (Pistole., 1981). Overall the whole foam 

analysis indicated that the foam was a good candidate for a drug delivery system as it is 

low density, stable and compatible with mammalian cells. 
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The main feature of a drug release system is to actually release an active agent to its 

target site. A key aim of this research was to assess the foams ability to uptake and 

release an antibiotic. Initial drug release testing was carried out using Calcein and Nile 

Red as model dyes to understand the foams release of both a hydrophobic and a 

hydrophilic substance. These release tests acted as a proof of concept experiments and 

demonstrated that the foam could release both dyes which have been used extensively 

in the literature as model drug molecules (Borgia et al., 2005., Maherani et al., 2013). 

The model molecules were released at different rates with different release profiles for 

up to one week without the foam completely breaking down. Comparing these data with 

other pharmaceutical foams, which release their payload faster or the foams degrade 

quickly (Zhao et al., 2010) suggests that Engystomops pustulosus derived foam has great 

potential. Dye release experiments were carried out using a dynamic dialysis method to 

make it comparable to other drug release profiling data available in the literature. 

However, one issue with this testing method was that it did not represent the exchange 

that would occur in a topical release system. To address this, a novel method was 

required to mimic the system in a patient. To analyse how an antibiotic would be 

released by the foam, a novel method using Transwell membrane inserts was designed 

in order to have a model closer to that of a topical system. This method allowed for the 

exchange of an antibiotic to be monitored across a single membrane instead of a fully 

submerged dialysis set up. The dynamic dialysis method was still conducted to allow 

comparison to the Nile Red and Calcein results. The downside of using the Transwell 
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membrane system was that each replicate required one Transwell insert per time point 

making the set up more time consuming and involving more equipment and foam than 

the dynamic dialysis set up. However, the Transwell method eliminated the need for 

calculating the dilution involved in a dialysis experiment from constantly taking samples 

and replacing buffer due to sink conditions reducing the overall error. Rifampicin was 

chosen as it is a red-pigmented antibiotic, which made it easy to measure the drug 

release by absorbance (475nm). If other antibiotics were to be tested for this research a 

HPLC method could be employed to improve accuracy, but this would be more expensive 

and time consuming than absorbance-based measurements. The aim of these 

experiments was to clearly demonstrate that E. pustulosus foam could release an 

antibiotic for a time-period longer than a typical foam release system. The antibiotic 

release proved that the foam could release an active agent over 48 hours in both 

methods tested. The release experiments also highlighted that the foam did not fully 

collapse over this time indicating it could be used to release for longer than the test 

period. This data combined with the whole foam analysis makes E. pustulosus foam a 

convincing candidate for a novel drug release system.  

Not only does E. pustulosus show promise for drug delivery, but this research opens the 

question of whether other foam nests could be exploited in a similar manner. There are 

a number of foams produced by a variety of species which have different textures, 

compositions and unusual properties (Cooper et al., 2010, Hissa et al., 2016, Cooper et 

al., 2017, Hill et al., 2017). The foams from Polypedates leucomystax are blue in colour 
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and contain a rare blue pigmented protein called Ranasmurfin (McMahon et al., 2006), 

while foams from Leptodacylus vastus contain a surfactant protein, Lv-RSN-1, which is 

different from RSN-2 (Cavalcante-Hissa et al., 2016). There is huge variety in the nests 

produced, none have been investigated for drug release or pharmaceutical potential, 

and this should be explored. 

7.2 Protein Expression and Foam Production 

The collection and egg removal of E. pustulosus foam poses a huge limiting factor in its 

use as a drug release system. It would be impractical to utilise the foam unless a synthetic 

version could be produced. Further, the RSN proteins themselves may yield useful 

medical properties and production of pure versions would allow easier research in to 

their properties. Frog proteins and peptides have widely demonstrated antimicrobial and 

antifungal properties (Xu et al., 2013). To develop a synthetic foam and investigate the 

medical properties of the RSN proteins, each rsn gene had to be cloned into a vector for 

overexpression, the overexpression conditions evaluated and each RSN purified. This 

was by far the most challenging part of this research project. In order to make this 

process as simple as possible a universal cloning strategy was designed for all six RSN 

proteins. Each rsn gene was codon optimised to increase the chance of the proteins 

overexpressing well in E. coli and the synthesised rsn gene was inserted into a pET28a 

vector. This step posed some difficultly as both rsn-1 and rsn-4 were hard to clone into 

pET28a. Multiple attempts were required to gain enough quality DNA for ligation, and in 

the end the digested synthetic plasmid and digested pET28a were ligated without any 
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isolation of the rsn gene fragments and the colonies screened with colony PCR to identify 

correct plasmids. pET28a was used as it has two hexa-histidine tags which can be added 

to either the C-terminus or N-terminus depending on how the plasmid is cut with 

restriction enzymes. This meant that if a His-Tag placed on one terminus was buried our 

problematic during overexpression the His-Tag orientation could easily be moved. 

Unfortunately, the usefulness of this was not tested due to time constraints but provides 

a bank of clones that can be further manipulated in future work. A variety of bacterial 

expression strains, temperatures and induction conditions were tested to create the best 

overexpression conditions possible for each RSN protein. Out of the six RSNs, only RSN-

1 was not overexpressed by E. coli at any stage of this research. Optimal expression 

conditions were picked and scaled up for RSN 2-6, and purification was tested for each 

RSN. Unfortunately, only RSN-2 could be purified using metal affinity chromatography 

and time did not allow for other protocols to be tested for the other RSNs. Some of the 

RSN proteins expressed really well but were not soluble. Chemical lysis was chosen as it 

is fast and simple, however this research would benefit from experimenting with 

mechanical lysis such a French press or sonication in a more suitable buffer (Graslund et 

al., 2008). Other RSNs expressed well, were soluble after lysis but did the His-Tag did not 

bind to nickel charged column during purification suggesting that protein folding may 

bury the tag in the structure, precluding access to the column. Multiple elution buffers 

were tested to ensure that this could not change the outcome. Moving the HisTag from 

the N-terminus to the C-terminus could potentially solve this issue. Another approach 
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would be to attempt purification under denaturing conditions and try to refold the 

proteins (Graslund et al., 2008). This was a limiting step in the research as the properties 

of the other proteins could not be assessed as a recombinant protein was not obtained. 

Further, this limited the manner in which a synthetic foam could be produced. An 

interesting set of experiments would have been to play with the ratio of RSNs 

concentration and the impact that would have on foam formation, stability and even 

drug release profile. However, RSN-2 is the surfactant protein in the foam and it purified 

well so it was decided to carry out some characterisation experiments and investigate 

the foaming potential of RSN-2.  

Despite being utilised in industrial processes and nanoparticle production (Choi et al., 

2012, Wendell et al., 2010), there was little information available on the impact of RSN-

2 on mammalian or bacterial cells. It was found that high concentrations of RSN-2 

damage HaCaT cells, as well as Gram-positive and Gram-negative cells. High 

concentrations of RSN-2 causing damage is unsurprising as surfactants have negative 

impacts on cell walls (Denyer and Stewart., 1998, Cooper et al., 2005). However, at the 

concentrations necessary for foam formation neither mammalian or bacterial cells were 

affected. Not only is this feature important for the production of a safe synthetic foam, 

but surfactants are also used in the production of other drug delivery systems such as 

nanoparticles and liposomes (Choi et al, 2012). The use of chemical surfactants in their 

production is believed to be the cause of some nanoparticles irritant effect (Zhao et al., 

2010). It would be interesting to explore if RSN-2 could be utilised in these processes, 
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given its biocompatibility and if using a less destructive surfactant could impact the 

efficacy of topical nanoparticulate systems.  

Further experiments with RSN-2 demonstrated that the protein could be used to create 

a foam which was stable for around 48 hours, completely collapsing after 96 hours and 

a foam could also be created which incorporated Nile Red. This Nile Red loaded foam 

was used to carry out a Transwell release set up and the release of Nile Red was 

monitored over 8 hours. These experiments showed that RSN-2 could be used to 

produce a foam loaded with a model dye and act as a release system. Most 

pharmaceutical foams available collapse within seconds, and the foam produced in this 

work functioned as a stable foam release system for two days. The production of an RSN-

2 foam was a key step in the production of a novel foam release system and was the first 

step in achieving the aim of creating a novel drug release system.  

7.3 The Overall Impact of a Foam Release System 

The interest and research into drug release systems has been growing rapidly (Zhao et 

al., 2010). These systems allow for well-defined active agents to be targeted to particular 

sites, for drug uptake to be improved or for their overall toxicity to be reduced. In topical 

applications this can be applied to a range of skin treatments including psoriasis, acne, 

burns and post-surgical wounds (Purdon et al., 2003). These types of skin treatments 

require antiseptics, antimicrobials and antibiotics to be delivered directly to the 

damaged area with an effective concentration whilst keeping patient comfort in mind. 

Producing a foam release system based on research on E. pustulosus foam has multiple 
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advantages for this kind of delivery. Foams are preferred by patients when compared to 

the current conventional systems, such as creams and gels (Zhao et al., 2010). Foams 

have fewer issues relating to toxicity and concentration release in comparison to new 

release systems like nanoparticles and hydrogels. However, long-term foam release has 

not been previously explored in the literature. The foam investigated here offers a novel 

concept of providing the advantages of current foam release systems combined with a 

longer-term delivery model. This work has highlighted the foams ability to release a ‘real 

world drug’ (the antibiotic, rifampicin) as well as demonstrating its stability and potential 

for low toxicity. All of these factors warrant further investigation into naturally occurring 

stable foams as the basis for a novel type of drug delivery system. 

7.4 Future Work 

There are multiple avenues for the future work of this research. A protocol should be 

developed for the purification of each recombinant RSN protein, which would then allow 

for the characteristics of each protein to be assessed. Production of each RSN protein 

would not only mean that the antimicrobial properties of each protein could be 

understood, but each RSNs role within the foam could be more clearly defined. 

Understanding how the function of each Ranaspumin would lead to the ability to 

produce a synthetic E. pustulosus foam that could be utilised for further drug release 

research. An interesting part of this would be to fully understand the stoichiometry of 

the natural foam mixture and is altering the ratio of the RSN proteins to determine this 
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would alter the stability of the whole foam and if any alterations in the protein 

combination could improve the foams drug release potential. 

On the drug release front, it would be necessary to investigate the foams ability to 

release other active agents other than an antibiotic. This would broaden the 

understanding of how this foam could be applicable in a pharmaceutical context. The 

MTT assays carried out in this work alluded to the potential non-toxicity of the foam but 

further work is required to assess if the foam could cause any immunogenic response. A 

general toxicology should be carried out using unloaded foam to investigate the in vivo 

response to the foam or the foam protein components. Alongside this, the foams release 

potential has only been tested in vitro, and an in vivo mouse model should be developed 

to assess the foams ability to release an active agent across a genuine skin barrier. This 

use of a mouse model would allow for pharmacokinetic/pharmacodynamic modelling to 

be carried out. Multiple mouse models have been developed to study psoriasis, acne, 

skin infections and skin burns (Calum et al., 2014, Jang et al., 2015, Kugelberg et al., 

2005). The models could be utilised to investigate the efficacy of the foam as novel long-

term drug release system, which can be loaded with a variety of active agents, as a 

treatment for skin damage. 

There a vast number of amphibians who produce foam nests, and these have huge 

variety in protein components. The diversity of these foams and their proteins may have 

value as antimicrobial proteins, novel protein surfactants or as new foam delivery 

systems. The potential of frog foams should be investigated further. 
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