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Abstract 
 

Hydrophobins are unique proteins found only in the fungal kingdom, and have evolved 

to function in different roles within the growth and development of filamentous fungi. 

These proteins can self-assemble into amphipathic monolayers at a 

hydrophobic:hydrophilic interface. Due to the unique properties of these proteins, 

they can act as a biosurfactant, protective coating and to prime surfaces to enhance 

adhesion. The amphipathic films formed by Class I hydrophobins are composed of 

laterally packed fibrillar structures called rodlets, which have been shown to be 

thermally stable and chemically stable in highly basic and acidic environments. In the 

recent decade there has been significant development towards the potential use of 

these proteins in a range of different research fields, from food technology and surface 

coatings, to drug delivery devices, however understanding of the mechanism of their 

self-assembly is still lacking.  

In the first part of the project, data were collected by AFM and TEM from different 

hydrophobins and combined with TEM tomography of the Class I hydrophobin 

EASΔ15, to compare the substructures of different hydrophobin rodlet films. This work 

provides insight into the assembly mechanisms and lateral packing of hydrophobins 

within the films. Furthermore, AFM studies of the hydrophobin RodA from 

Aspergillus fumigatus, complemented by kinetic assays, confirmed that this 

hydrophobin has two amyloidogenic regions involved in rodlet assembly.  

Control of the assembly of hydrophobin films requires an understanding of the 

relationship between the exposed surface of the hydrophobin and the 

hydrophobic:hydrophilic interface that triggers self-assembly. Investigations using 

fluorescence kinetic assays of rodlet assembly by different Class I hydrophobins, under 

conditions which affect the interaction of the protein surface with the 

hydrophobic:hydrophilic interface, revealed that the exposed surface area of the 

hydrophobin is a determining factor which can interfere with the ability of 

hydrophobins to undergo conformational change. A comparison of wild type EAS and 



   

 

the truncated variant EASΔ15 has revealed that the function of the flexible hydrophobic 

Cys3-Cys4 region is to prevent unwanted self-assembly. 

Work presented here has shown that modulation of the surface tension of the assembly 

medium can generate changes in the kinetics of assembly and in the surface 

morphology of hydrophobin films. Additives such as ethanol can be used to increase 

or decrease the assembly rate, depending on the concentration, and the lateral packing 

of rodlets in the hydrophobin film can be altered. These changes result in hydrophobin 

film morphologies with varying pore sizes and altered surface wettability.  

Finally, the Class I hydrophobin proteins, EASΔ15 and DewY, were successfully used to 

formulate nanosuspensions with the hydrophobic compound, curcumin, and the 

hydrophobic drug, Amphotericin B, using the knowledge developed throughout this 

study. This project lays the foundations for the future development and refinement of 

hydrophobin-based technologies.  
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1.1    Introduction 

Hydrophobin proteins from filamentous fungi have attracted a great deal of 

attention over the past 10 years due to their unique surface-active properties and 

potential for applications in medicine, biotechnology and food science, including 

surface modification, biosensor development, production of stable emulsions and 

surface functionalisation (Bayry et al.,2012; Kaur et al.,2017; , Khalesi et al.; 2015). 

These small amphipathic proteins can self-assemble into layers at a 

hydrophobic:hydrophilic interface (HHI), to reverse the wettability of the surface, 

e.g. making a hydrophobic surface hydrophilic and vice versa. In Nature, 

hydrophobins are secreted by filamentous fungi to assist with the formation of aerial 

hyphae, to prevent wetting of aerial spores, to protect spores from the external 

environment and to enhance attachment to host surfaces prior to infection (Bayry et 

al.,2012;  Beever and Dempsey,1978; Talbot et al.,1993; Wessels et al.,1991). A 

detailed understanding of the structure, properties and self-assembly mechanisms 

of hydrophobin proteins may provide insights for the future development and design 

of novel nanomaterials based on these unique proteins. 

1.2   Hydrophobins in Nature 

Fungi are an essential part of the ecosystem with multiple roles in Nature. As 

dominant decomposers of organic matter, fungi recycle nutrients back into their 

habitat or exist symbiotically with plants or animals. Generally found in moist, dark 

environments, and without the ability to photosynthesise, filamentous fungal cells 

form long tubular filaments called hyphae that spread to form a mycelium and to 

absorb food and reproduce. During asexual reproduction, new aerial structures such 

as conidiophores and fruiting bodies, which are water resistant, are produced, 

allowing easier dispersal of spores into the air, and germination in new locations. 

The term "hydrophobin" first appeared in 1991 when it was coined by Wessels et al. 

(Wessels et al., 1991) following the discovery of the proteins named Sc1, Sc3 and Sc4, 

expressed during the formation of aerial hyphae and fruiting bodies in 

Schizophyllum commune. These proteins had relatively high numbers of 

hydrophobic residues and contained eight cysteines organised in a unique pattern. 

This repeating cysteine pattern is conserved for all hydrophobins reported to date . 

Similar proteins produced by other filamentous fungi have been found  
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(Bayry et al.,2012; Linder,2009; Wösten, 2001), and are considered to be members 

of the hydrophobin family. A fungus can produce several different hydrophobin 

proteins, each provides different functionalities and acts synergistically for survival 

and growth during the fungal lifecycle, with active roles during reproduction, 

development and germination (Figure 1.1) (Bayry et al.,2012; Pham et al., 2014; 

Wessels et al., 1991). 

 

Figure. 1.1 Biological functions of hydrophobins Hydrophobins are 
secreted into the growth media as soluble proteins and self-assemble at the 
liquid:air interface to form amphiphilic layers, reducing the surface tension at 
this interface. This allows hyphae to breach the surface and form aerial 
structures more easily. Fungal spores and aerial structures are also coated with 
hydrophobins, making them water resistant. Additionally, hydrophobins are 
found lining the air channels to prevent preventing water logging (Lugones et 
al., 1999). 

 

Hypha
e 

Conidiophores 

Fruiting Bodies 
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The surface morphologies of hydrophobin layers were observed with transmission 

electron microscopy as early as in the 1960s and identified as “rodlets” (Hess et 

al.,1966,1968). For example, the surface of Neurospora crassa spores is covered with 

a rodlet coating, which acts as a water repelling film and keeps the spore dry. The 

nature of the protein forming the rodlet layer was discovered when a mutant that 

lacked the rodlet coating was produced (Beever and Dempsey,1978). This mutant 

produced spores that were “easily wettable” and could not be dispersed in air. The 

gene knocked out in the mutant was termed eas, with EAS being its protein product. 

The insoluble nature of the rodlet film made attempts at solubilising the protein with 

commonly used denaturing buffer challenging (Beever and Dempsey,1978). It was 

not until 1995 that Templeton et al. were able to solubilise the N. crassa rodlet films 

with 100% trifluroacetic acid and extract a 7-kDa protein that was found to be a 

hydrophobin after amino acid sequencing and confirmed as the eas gene product 

(Templeton et al.,1995). The gene that encodes the hydrophobin EAS is activated by 

blue light or its circadian clock near the morning and afternoon period. Interestingly, 

this coincides with the time of greatest difference in air pressure, which provides the 

greatest potential for the dispersal of spores for asexual reproduction (Arpaia et 

al.,1993). Besides at the time of reproduction, hydrophobins are upregulated for 

survival during nutrient, carbon or nitrogen starvation, to form protective coatings 

around the spores or hyphae to prevent loss of excess nutrients (Sokolovsky et 

al.,1992).  

Schizophyllum commune, a mushroom commonly found in rotting trees, produces 

four hydrophobins, Sc1, Sc3, Sc4 and Sc6, which can be found on the surface of the 

fungus, contributing to its hydrophobic nature (Wessel et al.,1995). During the 

formation of aerial hyphae, Sc3 is upregulated to lower the surface tension of the 

growth medium, allowing the hyphae to break through the water interface. As the 

aerial hyphae breach the interface, hydrophobins coat the aerial hyphae, preventing 

the structures from wetting and assisting with spore dispersal (Wessels et al.,1991). 

While Sc1 and Sc6 are found in the fruiting bodies, their functions remain unknown . 

However, Sc4 is found to assemble into a hydrophobic film, lining the gas channels 

in the mucilage to prevent water logging (Lugones et al., 1999; Van Wetter et al., 

2000) (Figure 1.1). The phytopathogenic fungus Magnaporthe oryzae, also known as 

the rice blast fungus, produces the hydrophobins MPG1 and MHP1, which assist 
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attachment to rice leaves and subsequent infection. At the fungal and host interface, 

MPG1 is upregulated and the hydrophobin rodlet structures may recruit the enzyme 

cutinase at the interface to facilitate infection. MHP1 has been shown to suppress 

MPG1 rodlet assembly in vitro, suggesting a dynamic relationship and a potential 

mechanism for the fungus to control and localise cutinase activities (Pham et 

al.,2016; Talbot et al.,1996). Another filamentous fungus, Aspergillus nidulans, 

produces six different hydrophobins, RodA, DewA, DewB, DewC, DewD and DewE, 

which all contribute to the spore hydrophobicity, yet the expression level and time of 

expression varies, and their independent functions remain undefined (Grünbacher et 

al.,2014).  

RodA from Aspergillus fumigatus, the fungus that causes the human disease 

aspergillosis, has been shown to protect spores from host immune detection. The 

RodA hydrophobin layer surrounding the spores of A. fumigatus masks the β-1,3-

glucan and α-mannose in the cell wall of A. fumigatus spores. This prevents 

recognition by the host Toll-like receptors and dectin-1 and dectin-2 receptors, 

which would otherwise induce cytokine production at the site of infection and lead to 

recruitment of alveolar macrophages and killing of the spores (Dagenais and 

Keller,2009). 

1.2.1 Class I and Class II hydrophobins 

Distinctions between hydrophobins were observed in early studies and highlighted 

by differences in hydropathy profiles and the solubility of the hydrophobin layers 

(Wessels et al.,1991). Hydrophobins contain eight conserved cysteine residues, 

forming four disulphide bonds with a characteristic pattern of  

(C1-xn-C2-C3-xn-C4-xn-C5-xn-C6-C7 -xn-C8), shown in Figure 1.2a for different 

hydrophobins. Hydrophobin family members can be divided into two different 

classes depending on the hydropathy profiles and the spacing of the cysteine 

residues (Linder,2009; Wessels et al., 1991; Wösten et al.,1994). The amino acid 

sequences are diverse among the Class I hydrophobins, with large variation in amino 

acid composition and in the sequence length between inter-cysteine residues. Class 

II hydrophobins are generally smaller than class I members, with a high degree of 

similarity and identity between the inter-cysteine residues (Figure1.2a).  

At a HHI, Class I hydrophobins self-assemble spontaneously to form amphiphilic 

layers composed of rodlets that are extremely stable (Figure 1.2b). The rodlets from 
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Sc3 remain assembled up to 100 oC in 2% SDS (de Vries et al.,1993), and the 

hydrophobin rodlet layers of EASΔ15 cannot be dissociated with chemical treatments 

such as incubation in alcohol, alkaline conditions (3 M NaOH) or acidic conditions 

(3 M HCl) (Lo et al.,2014). Only certain concentrated strong acids such as 

trifluoroacetic acid (TFA) or formic acid can disrupt the stability of the film and 

convert rodlets back to the monomeric form. This process is reversible, and these 

monomers are able to self-assemble back into a rodlet film if a HHI is present 

(Templeton et al.,1995; Wosten et al.,1993). 

Class II hydrophobins also form amphiphilic layers at an interface, however these 

layers are not composed of rodlets. The Class II hydrophobin films are more 

susceptible to changes in environment than Class I hydrophobins and can be easily 

dissolved by treatment with alcohols and detergents and exposure to elevated 

temperatures (e.g. 60 oC) (Linder et al.,2002). Yet films composed of Class II 

hydrophobins, such as HFBI and HFBII from Trichoderma reesei, have shown 

extraordinary shear elasticity and mechanical strength compared to other protein 

films found in egg or milk products, making these proteins ideal for food foam 

technologies (Danov et al.,2012).  
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Figure. 1.2 Comparison of Class I and Class II hydrophobins  
a) Sequence alignment of Class I hydrophobins (top) EAS (Neurospora crassa), 
MPGI (Magnoporthe oryzae), Sc3 (Schizophyllum commune), RodA 
(Aspergillus fumigatus) and DewA (Aspergilus nidulan) and Class II 
hydrophobins (bottom) NC2 (Neurospora crassa), MHPI (Magnoporthe oryzae) 
HFBI and HFBII (Trichodermia reesei). b) AFM topography image of the surface 
of rodlets formed by EAS∆1 5, a Class I hydrophobin c) AFM topography image of 
the surface of self-assembled NC2, a Class II hydrophobin (Lo et al.,2014) 

1.2.2  The unique characteristics of hydrophobin films 

The rodlets formed by Class I hydrophobins share many structural characteristics 

with amyloid fibrils. Spectroscopic investigation of the Sc3 hydrophobin film by 

attenuated total reflection Fourier transform infra-red spectroscopy (ATR-FTIR) 

and circular dichroism spectropolarimetry revealed that the self-assembled rodlets 

in the film are rich in β-sheet structures (De Vocht et al.,1998). Class I hydrophobins 

bind amyloid-specific dyes, such as thioflavin T (ThT) and Congo red (Butko et 

al.,2001; Mackay et al.,2001). X-ray fibre diffraction on EAS rodlets revealed three 

reflections: (Figure1.3) one at 27 Å, consistent with EAS monomeric dimensions, one 

at 4.8 Å, indicating the distance between the strands of the β-sheet, the last at 10-12 

Å, which is the spacing between the β-sheets (Kwan et al., 2006a). The last two 

reflections are commonly associated with the cross-β structure observed for all 

amyloid fibrils (Serpell et al.,1999; Sunde et al.,1997). 
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Figure. 1.3 X-ray diffraction from EAS rodlets and cartoon 
representation of the cross-β structure of amyloid fibrils. a) X-ray 
diffraction of Class I hydrophobin EAS showing the reflections observed (Kwan et 
al.,2006a). b) Molecular spacings in the cross β-sheet structure that give rise to 
the reflections. 10 Å is the spacing between the stacked β-sheet (red arrow) and 
4.8 Å is the distance between the β strands (blue arrow). 

Films formed by Class II hydrophobins feature different surface morphologies and 

physical characteristics. The self-assembled morphologies are not amyloid-like and 

do not bind ThT (Pham et al.,2016; Ren et al.,2014; Torkkeli et al.,2002). Small and 

wide-angle X-ray fibre diffraction studies on the Class II hydrophobin HFBII do not 

detect the presence of amyloid structures, but reveal that HFBII assembles into 

tetrameric crystalline structures (Torkkeli et al.,2002). These can be observed at 

high resolution with AFM, with both HFBI and HFBII films showing a regular array 

of hexagonal formations across the surface (Figure1.4) (Paananen et al.,2003). The 

Class II hydrophobin, NC2, shown previously (Figure 1.2c), forms an intricate 

network or porous film. While the film structures of HFBI and HFBII differ from 

that produced by NC2, the network observed within these hydrophobin films 

indicates that there is underlying order in these Class II films. 
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Figure. 1.4 Films composed of the Class II hydrophobins HFBI and 
HFBII. AFM images of films composed of a) HFBI and b) HFBII, two Class II 
hydrophobins, reveal crystalline structures (Paananen et al.,2003). 

1.2.3  The structures of the soluble forms of  
hydrophobins 

The first hydrophobin structure determined by crystallography was that of HFBII, 

revealing a core β-barrel, consisting of four anti-parallel β-strands linked by four 

disulphide bridges, and an external α-helix (Figure 1.5a) (Hakanpää et al.,2006). 

Two disulphide bridges lock in the β-barrel structure, while the two other disulphide 

bridges tether β-sheets outside the β-barrel to form a compact structure. There are 

many hydrophobic residues located on the surface. The location of the exposed 

hydrophobic residues is indicated in red on the HFBII cartoon structure (Figure 

1.5a) and on the protein surface (Figure 1.5b). These hydrophobic residues are 

located around two β-hairpins, and when overlaid with the exposed surface, reveal a 

hydrophobic patch. The hydrophobic patch is relatively flat and is estimated to be 

≈ 783 Å2, 19% of the total exposed surface area (Hakanpää et al.,2006). 

The core β-barrel structure and the four disulphide bridges are fundamental for 

conserving the structure of hydrophobin proteins and are observed in all 

hydrophobin structures (Figure 1.5c-f). The complexity of the structure surrounding 

the β-barrel core can vary, including α-helices, or β-sheets which flank the β-barrel 

core, seen in both DewA and MPG1 (Figure 1.5d-e), unstructured flexible loops such 

as seen in EAS (Figure 1.5c), or a combination of both flexible loops and elements of 

secondary structure as seen in NC2 (Figure 1.5f). However, for all hydrophobins, the 

four disulphide bridges crosslink the structure to the core β-barrel, which stabilises 

the hydrophobin monomer even while exposing the hydrophobic surfaces which are 

critical for the self-assembling nature of hydrophobins. 
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Figure. 1.5 3D Structures of hydrophobins a) 3D structure of HFBII, 
consisting of four anti-parallel β-sheets that form the β-barrel core and an 
external α-helix. b) Surface of HFBII molecule, with the hydrophobic patch 
marked in red. The core β-barrel is also found in other hydrophobins c) EAS, d) 
DewA, e) MPGI, and f) NC2, with different associated loops or elements of 
regular secondary structure. 

Calculations performed by Qin Ren et al. using the POPS algorithm, indicate that 

the exposed surface area of an average monomeric hydrophobin is ≈60% 

hydrophobic (Table 1.1) (Ren et al.,2014). This is relatively high, for example the 

soluble globular protein ubiquitin has an exposed hydrophobic surface area of 37%. 

Without the disulphide bridges to connect the β-barrel, it is likely that the structure 

of hydrophobin proteins would not be stable in solution (de Vocht et al.,2000; 

Hakanpää et al.,2006; Macindoe et al.,2012; Sallada et al.,2017). 
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Table 1.1 Exposed surface area of hydrophobins calculated by 
POPS algorithm (Ren et al.,2014) 

Protein Total solvent accessible 

surface area (SASA) 

that is hydrophobic 

Total area of the largest 

solvent-accessible  hydrophobic 

patch 

 Percentage of 

total SASA 

Area of largest 

hydrophobic patch (Å2) 

NC2 64% 12% 693 

EAS 61% 13% 758 

DewA 60% 6% 424 

HFBI 62% 19% 783 

HFBII 67% 23% 891 

HFBI (tetramer) 48% - - 

HBFII (dimer) 33% - - 

Ubiquitin 37% - - 

 

1.3   Self-assembly of Class I hydrophobins 

Imaging techniques such as AFM and TEM (Dempsey and Beever,1979; Grünbacher 

et al.,2014) are commonly used to examine the surface and morphology of 

hydrophobin films after assembly, but fluorescence kinetic assays can be used to 

probe the formation of hydrophobin rodlets in vitro. Amyloid-specific fluorescence 

assays, using the dye thioflavin T (ThT), have been used to study the kinetics of 

formation of different Class I hydrophobin into β-rich rodlet structures (Morris et 

al.,2011; Pham et al., 2016). Studies have shown that the interface is critical to rodlet 

formation (Lo et al., 2014; Pham et al.,2016) and addition of additives, such as 

alcohols, or detergents, can affect the self-assembly kinetics (Lo et al.,2017; Morris 

et al.,2011; Pham et al.,2016). 

Class I hydrophobins undergo conformational changes in the presence of HHI 

interfaces, which then lead to rodlet formation. Modelling of this process has 

suggested that a hydrophobin will only undergo the conformational change once it is 

near the HHI, with the hydrophobic residues orientated towards the hydrophobic 

surfaces (Fan et al.,2006;  Kwan et al.,2008). While some hydrophobins assemble 

into dimers or tetramers to bury exposed hydrophobic regions, the oligomers have 

been suggested to dissociate and undergo conformational change upon reaching a 

HHI interface and eventually forming layers (Fan et al.,2006; Morris et al.,2013). 
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Work from the Sunde and Kwan groups has demonstrated that for EAS, conversion 

to the rodlet form at the surface interface involves an increase in β-sheet structure 

(Macindoe et al.,2012; Morris et al., 2011). Amyloid prediction algorithms such as 

Tango (Fernandez-Escamilla et al.,2004), Zyggregator (Tartaglia et al.,2008), Waltz 

(Maurer-Stroh et al.,2010) and ZipperDB (Goldschmidt et al., 2010) suggested two 

amyloidogenic regions: one region spanning the fourth cysteine, and therefore 

unlikely since Cys4 is involved in a disulphide bond, and another within the Cys7-

Cys8 loop (Macindoe et al.,2012). Substitution of the amylogenic sequence from the 

Cys7-Cys8 region of EAS into the Class II hydrophobin NC2 generated a protein that 

could self-assemble into ThT-positive fibrils. These experiments show that the 

region between Cys7-Cys8 of EAS is amyloidogenic and therefore likely to be the 

region that is critical for hydrophobin rodlet formation in EAS. Mutations in this 

region reduced the rate of rodlet assembly (Macindoe et al.,2012).  

In contrast, the Cys3-Cys4 loop of EAS is not critical for self-assembly and rodlet 

formation. A truncated version of EAS known as EAS∆15 has been produced and 

characterized (Kwan et al.,2008). EAS∆15 is a version of EAS that lacks fifteen 

residues from the disordered region of the Cys3-Cys4 loop, highlighted in green in 

the sequence in Figure1.6a. This removes a large part of the flexible hydrophobic 

loop (highlighted red in Figure1.6b) from the wild type EAS structure, creating a 

more compact structure. In spite of the truncation in the Cys3-Cys4 loop, the EAS∆ 1 5  

protein exhibits a similar monomer core structure and when assembled, displays a 

similar rodlet stability and hydrophobin film surface morphology to the full-length 

EAS protein (Kwan et al.,2008). 
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Figure. 1.6 Sequence and structure of the full-length wild type 
hydrophobin EAS and truncated version EAS∆15. a) Sequences of full-
length wild type EAS and EAS∆1 5. Truncated Cys3-Cys4 loop is shown in green 
brackets. Amyloidogenic region between Cys7 and Cys8 is shown in blue 
brackets. Conserved cysteines are highlighted in red, and disulphide bridges 
formed by cysteines are indicated by brackets. b) Structure of wild type EAS 
(grey) overlaid with EAS∆1 5 (cyan). Region corresponding to the 15 residues that 
are removed from the Cys3-Cys4 loop to generate EAS∆1 5 are shown in red. 

The NMR structure of EAS∆15, along with information from mutagenesis data, was 

used in the data-driven molecular docking program HADDOCK to develop a model 

for the assembled rodlet structure (Macindoe et al.,2012).  

Assuming flexibility in the Cys7-Cys8 and Cys3-Cys4 regions, the calculation 

suggests that the monomeric structure of EAS∆15 undergoes a conformational change 

that exposes the Cys7-Cys8 loop for intermolecular assembly while maintaining 

the core β-barrel structure (Figure1.7a). The monomers assemble in an antiparallel 

arrangement to prevent steric clashes between neighbouring β-barrels. This work 

has provided a model for the class I hydrophobin rodlet structure. 
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Figure. 1.7 HADDOCK prediction of EAS∆1 5 conformational change at 
the surface Conformational change leads to exposure of the amyloidogenic 
region (Cys7-Cys8) of EAS∆1 5, b) Six EAS∆1 5 monomers (shown in different 
colours), assemble to generate a section of a rodlet. Rotation of the structure 
through 90o shows that the β-barrels may occupy a wide variety of positions on 
the outside of the amyloid β-sheet core structure. 

1.4 Application of hydrophobins in industry 

The unique properties of hydrophobins have garnered much attention, not only 

within the scientific community, but also from industry. Since the name hydrophobin 

was first used (Wessels et al.,1991), there has been a steady increase in the number of 

research papers reporting studies of these proteins. More interestingly, the number of 

patents between 2001 to 2010 outnumbered research papers, indicating the support 

for hydrophobins in translational research. When the term "hydrophobin" was used 

as the keyword for searches in Web of Science or FreePatentsOnline to determine the 

numbers of articles and patents over the past two decades, a steady rise in patents 

associated with hydrophobins was seen (Figure 1.8a).  

90
o 
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While early hydrophobin research papers were mainly published in areas of 

biological science, such as biochemistry, molecular biology, immunology, genetics 

and agricultural (Figure 1.8b), more recent papers related to hydrophobins have 

been included in journals associated with material science, physics chemistry, 

chemical engineering and medicine (Figure 1.8c). 

 

Figure. 1.8 Articles involving hydrophobins in the literature.  

a) Numbers of patents and papers identified when using "hydrophobin" as the 

keyword for searches in Web of Science or FreePatentsOnline, b) The different 

fields of research of publications associated with hydrophobins from 1995-2005 

and c) 2006-2016 determined by Scopus®.  
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A major bottleneck that has prevented the industrialisation of hydrophobins is the 

low yield and hence the high cost of production for purified proteins. While there 

have been reports of high yield in the production of certain hydrophobins, such as 

HFBI (600 mg/L) (Askolin et al.,2001), and the BASF engineered hydrophobins 

from DewA, H Star Protein A® and H Star Protein B® (1 kg) (Wohlleben et al.,2010), 

the cost of these proteins mean they are still restricted to laboratory research. 

Recently, groups in Europe have been able to produce upscale productions of 

hydrophobins or hydrophobin fusion proteins through plant production. VTT in 

Finland has successfully been able to upscale production of recombinant 

hydrophobin fusion proteins in transgenic tobacco plants (BY-2 suspension cells), 

culturing up to 600 L of cell suspension (Reuter et al.,2016,2014). Recent patents 

have also suggested that protein production in haploid plants can produce up to 

50 kg of hydrophobin protein from a one hectare field of a plantation (Koivu,2013), 

however, there has yet to be any scientific literature reporting the success of this 

approach. 

1.4.1  Applications involving hydrophobins 

The ability of non-toxic hydrophobins to self-assemble at any HHI into stable 

monolayers that can alter the surface wettability of either hydrophobic or 

hydrophilic surfaces makes these proteins viable for various applications from food 

science (Cox and Hooley,2009) and drug delivery (Bimbo et al.,2012; Israeli-Lev and 

Livney,2014; Laaksonen et al., 2010; Sarparanta et al.,2012a; Valo et al.,2011,2010; 

Paukkonen et al., 2017) to templating for biomaterials (Santhiya et al.,2010; Wang et 

al.,2010; Zhao et al.,2009) and antibacterial devices (Wang et al., 2017; Artini et 

al.,2017 

The ability of hydrophobins to immobilise small molecules, proteins or enzymes 

onto a surface, which allows for enhanced sensitivity during detection, has been 

harnessed for the development of biosensors (Della Ventura et al.,2016; Hennig et 

al.,2016; Politi et al.,2016; Rea et al.,2012; Tao et al.,2017). One example involves the 

hydrophobin HFBI to form intermediate hydrophobin layers to enhance 

hydrophilicity and immobilise hydrophilic proteins, such as choline oxidase (ChOx), 

on a gold surface (Zhao et al., 2009). This resulted in a gold/HFBI/ChOx biosensor 

able to detect choline with twice the sensitivity of a platinum/multiwall carbon 

nanotube/sol-gel silicate electrode. 
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The ability to immobilise proteins onto surfaces promotes the integration of medical 

implants into tissues, leading to better stability and compatibility (Hou et al.,2008;  

Janssen et al.,2004; Scholtmeijer et al.,2002). Hydrophobins such as Sc4 and the 

engineered form TrSc3 have been shown to improve the wettability of hydrophobic 

surfaces such as TeflonTM. These coatings enhance the surface adhesion of mouse 

fibroblast L929 cells compared to bare TeflonTM (Janssen et al.,2004). Others, such 

as functionalised DewA coatings, were created by fusing the binding sites of 

sequences from fibronectin (DewA-RGD) and the laminin globular domain (LG3). 

These have been used to coat titanium surfaces to enhance adhesion of mesenchymal 

stem cells, osteoblasts, fibroblasts, and chondrocytes (Boeuf et al.,2012). Importantly, 

the hydrophobin coatings did not increase Staphylococcus aureus adhesion. 

Mesenchymal stem cell adhesion to titanium was enhanced without increasing the 

risk of bacterial infection.  

As a natural biosurfactant, the high surface activity, biocompatibility and stability of 

hydrophobins make them ideal for creating emulsions. The food and cosmetic 

industries have been investigating and patenting the use of hydrophobins for food 

foam, aerated emulsions, and pickering emulsions formed between oil and water (Cox 

and Hooley,2009;  Khalesi et al.,2014; Saito et al.,2014; Sinigaglia,2010; Tchuenbou-

Magaia et al.,2009). However, the issues of production of large amounts of 

hydrophobins and regulatory affairs will need to be overcome before these can be 

commercially viable (Khalesi et al.,2015). 

Other research has explored the utilisation of hydrophobins as drug delivery vehicles 

for hydrophobic compounds. Sc3 hydrophobin nanoparticles were developed for two 

hydrophobic drugs, nifedipine and cyclosporine A. The efficacy of delivery of the 

drugs without any additives, using conventional formulations and in Sc3-based 

suspensions were compared. The research showed that the Sc3-based suspensions 

were able to increase bioavailability with a slower drug uptake rate, resulting in a 

more constant and prolonged drug release (Akanbi et al., 2010). The engineered 

DewA hydrophobin derivative, H Star Protein® B, solubilised the hydrophobic anti-

cancer agent docetaxel and was shown to enhance the drug bioavailability and 

biocompatibility (Fang et al.,2014). Hydrophobins have also been used to enhance 

the solubility and bioavailability of other drug delivery vehicles, such as mesoporous 

silica (Sarparanta et al.,2012a,b), and to template biomaterials (Heinonen et 

al.,2014). 
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1.5   Project aims 

The aim of my PhD project was to develop an ability to prepare well-characterised 

amphipathic hydrophobin films for novel applications, such as for use as 

encapsulation devices for drug delivery. To achieve this, the research involved 

identifying the mechanism by which hydrophobins self-assemble into rodlet amyloid 

structures. In summary, this involved: 

• Use of transmission electron microscopy, atomic force microscopy and 

electron tomography to investigate the rodlet structures formed by 

different hydrophobins (Chapter 3), 

• Identification of the relationship between environmental assembly 

conditions, assembly kinetics and the resultant morphology and 

characteristics of the hydrophobin film surfaces produced (Chapter 4), 

• Delineation of the effect of the hydrophobic:hydrophilic interface on 

hydrophobin assembly (Chapter 4), and 

• Application and testing of the parameters required for successful 

encapsulation of hydrophobic small molecules using hydrophobins 

(Chapter 5). 



19 

 

 

 
 
 
 
 
 
 
 
 
Chapter 2 

 
Materials and Methods 



20  Materials and Methods 
 

 

 

2.1 Materials 

2.1.1 Chemicals, consumables and reagent list 

β-mercaptoethanol Sigma-Aldrich (Castle Hill, NSW) 

100 bp DNA ladder New England Biolabs (Ipswich, MA, USA) 

200 mesh holey carbon film copper grids ProSciTech (Thuringowa, QLD)  

Corning® 96 well plate, black, clear bottom Sigma-Aldrich (Castle Hill, NSW) 

Acetonitrile (HPLC Grade) Thermo fisher Scientific (North Ryde,  

 NSW) 

Acrylamide Astral Scientific (Caringbah, NSW) 

AFM silicon tip (Tap300-G) Innovative Solutions Bulgaria Ltd (Sofia, 
Bulgaria) 

Agar Amyl Media (Kings Langley, NSW) 

Agarose (DNA grade) Astral Scientific (Caringbah, NSW) 

Ampicillin Astral Scientific (Caringbah, NSW) 

Amphotericin B Astral Scientific (Caringbah) 

BamHI(E.C. 3.1.21.4)-HF® New England Biolabs (Ipswich, MA, USA) 

Bis(2-hydroxyethyl)amino-tris9hydroxymethyl) 
methane(Bis-Tris) Sigma (St. Louis, MO) 

Bovine serum albumin (BSA) Sigma-Aldrich (Castle Hill, NSW)  

BugBuster® Protein Extraction Reagent EMD Chemicals (Gibbstown, NJ, USA)  

Coomassie® Brilliant Blue R Sigma-Aldrich (Castle Hill, NSW) 

Cuvette (4ml, PMMA, 300 nm) Sarstedt Australia Pty. Ltd. (Mawson 
Lakes, SA) 

Curcumin powder Sigma-Aldrich (Castle Hill, NSW) 

Dimethyl formamide (DMF) Sigma-Aldrich (Castle Hill, NSW) 

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich (Castle Hill, NSW) 

6× DNA loading dye New England Biolabs (Ipswich, MA, SA) 

Dnase I Roche Diagnostics (Castle Hill, NSW) 

EcoRI-HF® New England Biolabs (Ipswich, MA, USA) 

Ethylenediaminetetraacetic acid (EDTA) Ajax FineChem (Taren Point, NSW)  

GeneJET plasmid miniprep kit Thermo fisher Scientific (North Ryde, 
NSW) 

Guanidine hydrochloride (Gu-HCl) Astral Scientific (Caringbah, NSW)  

Highly oriented pyrolytic graphite (HOPG) Holgate Scientific Pty LtD (Terrigal,
 NSW) 

Hydrochloric acid (HCl) Sigma-Aldrich (Castle Hill, NSW) 

Imidazole Sigma-Aldrich (Castle Hill, NSW) 

Isopropanol Sigma-Aldrich (Castle Hill, NSW) 
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Isopropyl-β-D-1-thiogalactopyranoside (IPTG) Astral Scientific (Caringbah, NSW)  

L-Glutathione oxidised (GSSG) Sigma-Aldrich (Castle Hill, NSW) 

L-Glutathione reduced (GSH) Sigma-Aldrich (Castle Hill, NSW) 

Lysozyme, from chicken egg white Sigma (St. Louis, MO) 

Magnesium chloride Ajax FineChem (Taren Point, NSW) 

Magnesium sulphate (MgSO4) Ajax FineChem (Taren Point, NSW) 

Mark 12 ™ protein standards Life Technologies (North Ryde, NSW)  

Methanol (HPLC grade) Ajax FineChem (Taren Point, NSW)  

N,N,N,N-tetramethyldiamine (TEMED) Sigma-Aldrich (Castle Hill, NSW)  

NanoVan® Nanoprobes, Inc (NY, USA) 

Ni-NTA Agarose Thermo fisher Scientific (North Ryde, 
NSW) 

Nile red Sigma-Aldrich (Castle Hill, NSW) 

Nitric Acid Univar Australia (Ingleburn, NSW)  

NuPAGETM 4-12% Bis-Tris mini polyacrylamide gel Life Technologies (North Ryde, NSW) 

NuPAGE™ LDS sample buffer (4×) Life Technologies (North Ryde, NSW) 

NuPAGE™ MES SDS running buffer (20×) Life Technologies (North Ryde, NSW) 

NuPAGE™ Sample reducing agent (10×) Invitrogen (Mount Waverley, VIC) 

Oil Red O University of Sydney, Histology 
Laboratory (Sydney, NSW) 

Phosphate buffer solution (10×)(PBS) Sigma-Aldrich (Castle Hill, NSW) 

Paraffin film ProSciTech (Thuringowa, QLD) 

Paraffin oil Sigma-Aldrich (Castle Hill, NSW)  

Pierce™ Bicinchonic acid (BCA) assay  Thermo Fisher Scientific (Scoreby, VIC) 

Polyacrylamide Desalting Column, 1.8 kDa Sigma-Aldrich (Castle Hill, NSW) 

Potassium Chloride Ajax FineChem (Taren Point, NSW) 

Wizard® SV gel and PCR clean up system  Promega (Madison, WI, USA) 

Silicon wafer MMRC Pty Ltd (Mt. Waverly, Vic)  

Snakeskin™ 3.5 kDa MWCO dialysis tubing Thermo fisher Scientific (North Ryde,  

 NSW) 

Sodium acetate Ajax FineChem (Taren Point, NSW) 

Sodium chloride Ajax FineChem (Taren Point, NSW) 

SYBRTM safe DNA stain Thermo fisher Scientific (North Ryde,  

 NSW) 

T4 DNA ligase New England Biolabs (Ipswich, MA, USA) 

T7 Promoter Primer  New England Biolabs (Ipswich, MA, USA)  

Thioflavin-T Sigma-Aldrich (Castle Hill, NSW) 

Trifluoroacetic acid (TFA) Sigma-Aldrich (Castle Hill, NSW) 

Tris(hydroxymethyl)methylamine (Tris) Ajax FineChem (Taren Point, NSW)  
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Tryptone Ajax FineChem Taren Point, NSW) 

Uranyl acetate BDH Chemicals (Poole, UK) 

Urea Astral Scientific (Caringbah, NSW) 

Yeast extract Amyl media (Dandenong, VIC) 
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2.1.2 Buffer solutions 

 
• UBP-41 Cleavage buffer: 20 mM Tris-HCl, 50 mM NaCl, pH 8.0 

• Coomassie stain solution: 0.006-0.008% (w/v) Coomassie brilliant blue 

R-250, 0.3% (v/v) HCl in MilliQ® water 

• Denaturation buffer: 6 M Gu-HCl, 10 mM Tris, 100 mM NaH2P04, 

4.8 mM β-mercaptoethanol, pH 8.0 

• Denaturation buffer for m-Cherry fusion hydrophobins: 8 M Urea, 20 mM 
Tris, 100 mM NaH2P04, 4.8 mM β-mercaptoethanol, pH 8.0 

• Elution buffer: 8 M urea, 10 mM Tris, 100 mM NaH2P04, 4.8 mM 

β-mercaptoethanol, pH 4.0 

• Elution buffer for m-Cherry fusion hydrophobins: 8 M urea, 10 mM Tris, 
100 mM NaH2P04, 300 mM imidazole, 4.8 mM β-mercaptoethanol, pH 8.0 

• HPLC buffer A: 90% MilliQ water, 10% methanol, 0.1% TFA, 0.22-µm filtered 

• HPLC buffer B: 90% acetonitrile, 10% methanol, 0.1% TFA, 0.22-µm filtered 

• KCM: 100 mM KCl, 30 mM CaCl2, 50 mM MgCl2 

• LB-Amp agar plate: 10 g/L Tryptone, 5 g/L Yeast, 10 g/L NaCl, 100 µg/mL 

ampicillin, 1.5% (w/v) bacteriological agar 

• Luria-Bertani-Ampicillin (LB-Amp) media, for 1 L: 10 g/L Tryptone, 5 g/L 

Yeast, 10 g/L NaCl, 100 µg/mL ampicillin 

• Lysis buffer: 50 mM Tris-HCl, 150 mM NaCl, pH 8.0 

• NMR buffer: 20 mM sodium acetate, 10% (v/v) D2O, 20 µM DSS, pH 5.5 

• Purification buffer: 20 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, pH 8.0 

• Refolding buffer: 10 mM sodium acetate, 5 mM GSH, 0.5 mM GSSG, pH 5.0 

• TAE buffer: 40 mM Tris, 1 mM EDTA, 0.1% glacial acetic acid, pH 8.0 

• TEV Cleavage buffer: 50 mM Tris-HCl, 0.5 M EDTA, 1.43 mM  

β-mercaptoethanol, pH 8.0 

• Wash buffer: 8 M urea, 10 mM Tris-HCl, 100 mM NaH2PO4, 4.8 mM  

β-mercaptoethanol, pH 6.5 

• Wash buffer for m-Cherry fusion hydrophobins: 8 M urea, 20 mM Tris-HCl, 

100 mM NaH2PO4, 20 mM imidazole, 4.8 mM β-mercaptoethanol, pH 8.0 
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2.1.3 DNA vectors and bacterial strain 

Overexpression of hydrophobin proteins was performed using the pHUE expression 

vector which results in a fusion protein with a N-terminal His6-ubiquitin (His-Ub) 

tag (Catanzariti et al, 2004) or a modified version of the pHUE vector in which a 

tobacco etch virus (TEV) protease recognition sequence (ENLYFQ) was engineered 

at the C-terminus of the ubiquitin. pHUE-EAS∆15 and pHUETEV-EAS∆15 expression 

vectors were produced and kindly provided by Dr. Ann H. Kwan.  The pHUE-DewY 

expression vector was previously generated by Dr. Vanessa Morris (Morris et al, 

2011).   

The plasmid encoding N-mCherry-Rip3 was kindly provided by Dr. Chi L.L. Pham. 

Amplification of the plasmids was carried out using E. coli DH5α, while protein 

overexpression was performed with E. coli BL21(DE3).  

2.2 Cloning fluorescently tagged hydrophobin constructs 

with N-mCherry as fusion partner to allow for 

fluorescent imaging 

2.2.1 Restriction enzymes digestion 

Restriction endonucleases BamHI-HF® and EcoRI-HF® were used in double 

digestions reactions of (i) N-mCherry-Rip3 to obtain cut vector and (ii) pHUE-DewY 

and pHUE-EAS∆15 to obtain hydrophobin inserts. Each double digestion reaction 

contains 3 µg of DNA plasmid, 60 units of each enzyme, 0.1 mg/mL BSA in 

CutSmart® buffer. Reactions were incubated for 3 hours at 37 °C. Agarose gel 

electrophoresis was performed to determine the success of the restriction 

endonuclease digestions.   

2.2.2 DNA Purification 

Restriction endonuclease digestion samples were mix with 6× gel loading dye.   

Samples were loaded onto a 2.5% agarose gel in TAE solution with 1× SYBRTM safe 

dye. 100 bp DNA ladders were used as markers. Electrophoresis was conducted at 

100 volts for 90 minutes in TAE buffer and imaged under UV light.  Bands 

corresponding to the size of cut vector and hydrophobin inserts were excised and 

purified using the Wizard® SV gel and PCR clean up system (Promega).  
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2.2.3 Ligation 

Sticky end ligation of the cut DNA vectors (4 µL) and inserts (4 µL) occurred when 

they were mixed together and incubated at 65 °C for 5 minutes before adding 1 µL 

10× T4 DNA ligase buffer and 1 µL T4 ligase (400 U). Samples were incubated at room 

temperature for 10 min, then further incubated on ice and left to thaw overnight until 

room temperature was reached. The ligated reaction mixture (10uL) was used to 

transform E.coli DH5α, with the procedure described for transformation using E.coli 

BL21(DE3), as outlined in Section 2.3.1. Colonies were picked and grown in liquid LB 

cultures for DNA preparation using the GeneJET plasmid miniprep kit.  Correct DNA 

sequences were confirmed by DNA sequencing using T7 forward and reverse primers.     

2.3 Protein expression and purification of EAS∆15 
and DewY 

2.3.1 Transformation 

DNA expression vector (2 µl) was mixed gently with 50 µl of E.coli competent cells 

(BL21) and 50 µl of KCM, and the solution was allowed to incubate on ice for 20 

minutes. The cells were heat shocked for 45 seconds at 42 °C, then cooled on ice for 

a further 10 minutes. The cells were mixed with 200 µl of LB before incubation at 

37 °C for 1 hour, then 50 µl of the sample was distributed evenly over an LB-agar plate 

containing ampicillin and incubated at 37 °C overnight. 

2.3.2 Protein overexpression of EAS∆15 and DewY 

A single colony of transformed cells with the plasmid of interest was inoculated 

overnight (16 – 18 h) in 50 ml of LB medium containing 100 µl/ml of ampicillin at 

37 °C with 180 rpm orbital shaking. The overnight culture was used to inoculate 1 L 

of fresh LB with 100 µl/ml of ampicillin to an OD600 nm of 0.05 and this was then 

incubated at 37 °C with shaking at 180 rpm until OD600 nm reached 0.6 – 0.8.  Protein 

expression was induced by the addition of isopropyl-β-D-1-thiogalactopyranoside 

(IPTG) to a final concentration of 0.5 mM for 2 hours at 37 oC before harvesting the 

cell pellet via centrifugation.  Cell pellets were stored at –20 °C. Samples (5 mL) of 

pre-induction and post-induction were collected for SDS PAGE analysis.   
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2.3.3 Protein Purification of EAS∆15 and DewY  

2.3.3.1 Affinity purification of hydrophobins under denaturing 

conditions using Ni-NTA agarose beads  

The cell pellet was lysed in the 6 M Gu-HCl denaturing buffer while vigorously 

stirring for 30 minutes to 1 hour. After the cell lysate began to look clear, samples 

were centrifuged at 8000 rpm at 4 °C for 1 hour to separate the solubilised material 

from the cell debris. Ni-NTA agarose beads were equilibrated with denaturing buffer 

and incubated with the cell lysate supernatan for at least 1 hour on a rocking platform. 

The flow-through was collected and then the Ni-NTA agarose beads were washed 

with 10 CV of the 8M urea wash buffer at pH 6.5. Protein elution was performed by 

adding 1 CV of 8M urea elution buffer at pH 4.0, incubating with the resin for 10 

minutes, then collecting the eluted protein solution.  This elution step was repeated 

8 times and the elution fractions were analysed with SDS PAGE. 

2.3.3.2 Refolding of His-Ub-EAS∆15 and His-Ub-DewY 

The eluted fractions containing the proteins of interest were pooled together and 

dialysed against refolding buffer (1 L of buffer for every 40 ml of protein) for 16 hours 

at room temperature, allowing the protein(s) to refold.  

2.3.3.3 Enzymatic cleavage of His-Ub tag from EAS∆15 and DewY 

Refolded proteins were dialysed against the appropriate cleavage buffer (1 L of buffer 

for every 40 ml of protein) for 3 hours. Samples were incubated at 37 °C with the 

addition of the appropriate protease (UBP41 or TEV) for 1 hour.  SDS PAGE analysis 

was performed to determine the completion of cleavage reaction.   

Affinity purification using Ni-NTA agarose beads was used to remove the cleaved 

His-Ub tag from the hydrophobin protein. The solution containing cleaved protein 

was centrifuged at 3500 rpm for 10 min to pellet insoluble aggregates. Imidazole and 

NaCl was added to the protein solution to match the concentration in the purification 

buffer.  Samples were incubated for 30 min with Ni-NTA agarose beads, pre- 

equilibrated with purification buffer, before collecting the flow-through.  
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2.3.3.4 Purification using Reverse Phrase High Performance Liquid 

Chromatography (RP-HPLC) 

Solution containing cleaved protein was adjusted to pH 4.0 with HCl and filtered 

through a 0.22-µm filter before injecting onto a C18 RP-HPLC column (Nova-Pak 

4 µm, Waters®). The column was pre-equilibrated with 90% buffer A and 10% 

buffer B, with a flow rate of 1 ml/min. The protein was eluted with a linear gradient 

of 10% to 90% buffer B over 40 minutes (Table 2.1) and detected with a variable 

wavelength detector operating at 215 nm. Collected protein fractions were 

lyophilised and stored at -20 °C. 

Table 2.1 HPLC gradients for purification 

 

Time (min) Solution B% Flow (ml/min) 

0 10 1 
10 10 1 

50 90 1 

55 90 1 
57 10 1 

65 10 1 

 

2.4 Protein expression and purification of 

N-mCherry-hydrophobins 

2.4.1 Test expression of fluorescently labelled N-mCherry
EAS∆15 and DewY 

Expression vectors for N-mCherry-hydrophobins were used to transform E.coli 

BL21(DE3) as described in 2.3.1. Protein over-expression was performed as 

described in section 2.3.2.  However, induction of protein expression was tested by 

addition of 0.5 mM or 1 mM of PPTG followed by growth at 37 °C for 2 hours, or 

30 °C for 5 hours, before harvesting the cell pellet by centrifugation at 3600 rpm for 

60 minutes. Cell pellets were stored at -20 oC.  Pre and Post-induction samples were 

collected for SDS-PAGE analysis of protein expression. 
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2.4.2 Protein purification of N-mCherry-EAS∆15 and 

N-mCherry-DewY  

The affinity purification using Ni-NTA agarose beads with N-mCherry hydrophobin 

fusion proteins was performed as described in Section 2.3.3.1 for His6-Ub-

hydrophobin but using 8 M urea instead of 6M guanidine hydrochloride to ensure 

the stability of the m-Cherry fluorophore. All purification buffers were prepared at 

pH  8.0, to prevent the loss of fluorescence intensity that is observed with mCherry 

in more acidic environments (Doherty et al., 2010). Instead, imidazole was used in 

the wash and elution buffers for mCherry fusion hydrophobins (see Section 2.1.2), 

to compete for histidine interactions. 

Refolding of N-mCherry hydrophobin fusions was performed by dialysing eluted 

protein against refolding buffer adjusted to pH 7.4 (1 L of buffer for 40 ml of 

proteins), for 16 hours at room temperature. Ultra-filtration was performed using a 

30k-MWCO centrifugal filter unit (Millipore) to concentrate the refolded 

N-mCherry fusion proteins by 20× and samples were then transferred into 

microcentrifuge tubes for lyophilization and stored in -20 oC. 

2.5 Protein analysis with sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) 

2.5.1 Preparing SDS-PAGE gel and analysis conditions 

Bis-Tris polyacrylamide gels were made using BioRad mini-PROTEAN® tetra 

system. Unless specified, all gels prepared were composed of 6.6% stacking gel on 

top of a 15% separating gel. Typically, samples of SDS PAGE analysis were prepared 

by mixing with 4× LDS sample buffer and 10× reducing agent, followed by heating 

at 95 oC for 5 minutes. Electrophoresis occurred at 150 V in MES SDS running buffer 

for 75 minutes.  Gel was stained with Coomassie blue overnight.   

2.5.2 Sample preparation for SDS-PAGE analysis of protein 

overexpression 

Cell pellet samples of Pre- and Post-induction conditions were resuspended in Bug 

Buster® with DNaseI (20:1 volume ratio). A volume of Bug Buster®/DNaseI solution 

was added to the cell pellet to ensure that the final OD600 nm for the pre- and post-
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induction samples was equivalent. Samples were incubated for 20 minutes, then 

aliquots of the post-induction samples were centrifuged at 16000 g for 10 min to 

separate the soluble and insoluble fractions. The insoluble fraction was resuspended 

in lysis buffer.  SDS PAGE samples of the Pre-induction and the Post-induction 

samples (total, soluble and insoluble) were prepared and electrophoresis was 

performed as described above.   

2.6 Determination of protein concentration 

2.6.1 Colormetric protein assay  

The PierceTM bicinchoninic acid (BCA) protein assay is commonly used to determine 

the total protein concentration in solution.  In alkaline solution, protein reduces Cu2+ 

to Cu+. The Cu+ ions chelate BCA molecules to form soluble purple complexes that 

absorb at 562 nm.  The purple colour formation is dependent on the number of 

peptide bonds and four amino acids cysteine, cystine, tryptophan and tyrosine.  A 

standard curve was constructed using BSA and then unknown protein 

concentrations were determined with reference to the standard curve. Some of the 

hydrophobins (i.e. RodA and DewA) do not contain aromatic residues and therefore 

BCA assays were used to determine the protein concentrations.  

2.6.2 Concentration determination using absorbance 

The concentration of a protein solution can be determined using the absorbance of 

a protein solution at 280 nm and the Beer Lambert equation. The absorbance (A) of 

a protein solution at 280 nm was measured using a Nanodrop™ 2000c UV-Vis 

spectrophotometer (Thermo fisher Scientific, North Ryde, NSW). The Beer Lambert 

equation (Equation 2.1) was used to calculate the protein concentration: 

A = ε c l (2.1) 

where ε is the percentage solution extinction coefficient (g/L)-1  cm-1, c is the 

concentration (g/L), and l is optical path length (cm). The theoretical percentage 

solution extinction coefficients for EAS∆15 (0.511 (g/L)- 1cm-1) and DewY  

(0.173 (g/L)-1cm-1) were determined by ProtParam tool within ExPASy (Gasteiger et 

al., 2005).  
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2.7 Using 1H Nuclear Magnetic Resonance 

(NMR) evaluate protein folding 

One-dimension proton (1H) NMR spectroscopy is a technique that can be used to 

evaluate whether proteins are folded into stable globular structures in solution. In a 

1H NMR spectrum, each proton in the protein is represented by a peak and for a 

well-folded protein, the peaks are sharp and well dispersed throughout the spectrum 

range. Lyophilised protein samples were solubilised in NMR buffer to obtain protein 

concentrations of 0.5 mg/ml or higher. Protein solution (300 µl) was transferred 

into a Shigemi NMR tube, and bath sonicated for 30 seconds to degas the solution. 

Spectra were collected at 298 K on a Bruker Advance III 600 MHz or Bruker 

Advance III 800 MHz NMR and processed using Topspin 2.1.  

2.8 Fluorescence kinetic assays 

2.8.1 Thioflavin T (ThT) fluorescence kinetic assays 

Lyophilised proteins were solubilised in MilliQ® water and the concentration of 

protein was determined (Section 2.5). Protein solution and buffer containing 40 µM 

of ThT were pipetted into wells of 96-well plates.  

ThT fluorescence intensity was measured using a POLARstar Omega microplate 

reader (BMG Labtech) with excitation and emission filters of 440 ± 5 nm and 

480 ± 5 nm respectively. Samples were agitated at 700 rpm in double orbital motion 

for 60 seconds before ThT fluorescence intensity was recorded. For DewY and 

EAsΔ15, ThT kinetic assays were performed at room temperature, and data was 

collected over 100 minutes. ThT assays were performed with various protein 

concentrations and in various buffers as indicated throughout the thesis. Buffer 

solution of equivalent volume and concentration was included in all assays as the 

negative control. Non-shaking ThT kinetic assays were conducted in similar manner 

as mentioned, but without the agitation. The fluorescence kinetic data from 

non-shaking experiments were collected over 300 minutes. 
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2.8.2 Nile Red fluorescence kinetic assay  

2.8.2.1 Continuous fluorescence assay 

Protein stocks in MilliQ® water and buffer (50 mM Tris.HCl pH 8.0) containing 

1 µM Nile Red were pipetted into wells of 96-well plates. The final concentration of 

protein in the well was 25 µg/ml. Kinetic Nile Red fluorescence kinetic assays were 

conducted using the POLARstar Omega microplate reader (BMG Labtech, NSW) 

with excitation and emission filters of 525 and 615 nm respectively. Samples were 

agitated at 700 rpm for 60 seconds prior to data collection.  

2.8.2.2 Discontinuous fluorescence kinetic assays  

Protein samples in MilliQ® water were vortexed in an incushaker for designated 

periods before transfer into 96-well plates containing buffer (50 mM Tris.HCl pH 

8.0) with 1 µM Nile Red. The final concentration of the protein in the 96-well plates 

was 25 µg/ml. After the transfer of the protein solution, fluorescence intensity was 

measured using the POLARstar Omega microplate reader (BMG Labtech, NSW) 

with excitation and emission filters of 525 and 615 nm, respectively. This was 

repeated for each time point to produce the discontinuous fluorescence kinetic assay. 

2.8.2.3 Nile Red spectra 

The CLARIOstar microplate reader (BMG Labtech) was used to collect the 

fluorescence emission spectra of Nile Red with excitation wavelength at 525/16 nm, 

and emission spectra recorded between 560—650 nm. Protein was added to 96-well 

plates containing buffer with 1 µM of Nile Red, to a final protein concentration of 

25 µg/ml. Samples were not agitated. The spectral resolution was 2 nm, with a  

2—minute collection time for each spectrum.  

2.9 Formation of hydrophobin nanosuspensions 

Selected hydrophobic compounds were solubilised in organic solvents. Curcumin 

was solubilised in ethanol to a final stock concentration of 1 mg/ml and 

Amphotericin B in DMSO to a final concentration of 40 mg/ml. To form the 

nanosuspension, lyophilised hydrophobin protein was dissolved in 1 ml of MilliQ® 

water in a 1.5 ml microcentrifuge tube and sonicated for 1 minute. During sonication, 
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100 µl of solvent containing the stock hydrophobic compound solution was added to 

the hydrophobin solution one drop at a time. After 1 minute, the hydrophobin 

nanosuspension was allowed to settle for 10 seconds before an additional minute of 

sonication. Samples were incubated at room temperature for ½ hour to 1 hour, 

before lyophilisation and then stored at -20 oC. 

2.10 Stability investigation using UV-Vis 
spectroscopy 

Stability of the hydrophobin nanosuspensions was probed by UV-Vis spectroscopy. 

Hydrophobin nanosuspensions (1 ml) were transferred from microcentrifuge vessels 

and stored in UV-Vis cuvettes (Sarstedt, Australia) in the dark at 4 oC. The cuvettes 

was sealed with parafilm to prevent evaporation. Prior to UV-Vis absorbance 

recording, samples were carefully removed from storage, without disturbing the 

nanosuspension and equilibrated to room temperature for 10 minutes. The 

absorbance spectra of the hydrophobin nanosuspensions were collected between 

280 nm and 700 nm using the Nanodrop 2000C (Thermo fisher Scientific, NSW) . 

The stability investigations were conducted over a week and samples were placed 

into storage in the dark at 4 oC until further use. 

2.10.1 Using UV-Vis to determine curcumin concentration 

A standard curve of known curcumin concentration (from 25 µg/ml to 1 mg/mL) was 

constructed by measuring the A430 nm using a Nanodrop™ 2000c UV-Vis 

spectrophotometer (Thermo fisher Scientific, NSW). The absorbance of freshly 

prepared curcumin at concentrations 25, 50, 100, 250, 500 and 1000 µg/ml in 

ethanol was measured. The absorbance at A430 nm was used create a standard curve, 

allowing determination of curcumin concentration after resolubilisation of 

nanosuspensions in ethanol after lyophilisation. 

2.11 Particle size analysis 

Dynamic light scattering particle size measurements were conducted on a Zetasizer 

Nano ZS (Malvern, USA) using cuvettes containing 1 ml of nanosuspensions.  Prior 

to measurements, samples were equilibrated to room temperature. The DLS was set 

up with 1-minute incubation at 25 oC prior to measurement to stabilise the 
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temperature. Focus and optimum intensity was automatically determined by the 

system and viscosity and reflective index values were default values for water. Each 

sample was measured three times. Data provided the hydrodynamic radius and the 

polydispersity index (PDI) between 0-1, which provides an indication of 

homogeneity of the particle size in solution. PDI = 0 indicates a perfectly 

homogenous particle size distribution and PDI = 1, suggests a wide range of particle 

size can be found in the solution. Ideal PDI range for this machine is 0.08-0.7 

(Malvern, USA). 

2.12 Imaging techniques  

2.12.1 Bright field and fluorescence microscopy 

Fluorescent N-mCherry-tagged hydrophobin proteins were imaged with two 

different microscopes, Nikon Eclipse TS100 (Nikon, Japan) and Cytation 3® 

(BioTek, USA). Images taken with bright field microscopy were prepared on either 

glass slides or from the bottom of 96-well plates. Samples on glass slides were 

prepared by drop casting 20 µl of sample solution onto a hydrophilic glass slide and 

covering the droplet with a coverslip. The edges were sealed with nail polish to 

prevent evaporation during imaging. N-mCherry tagged hydrophobins were imaged 

in solution with the Cytation 3®. Fluorescently labelled hydrophobins were added to 

microcentrifuge tubes containing different ratios of oil, making up a final solution 

with 50 µg/ml of hydrophobin and a total volume of 250 µl hydrophobin/oil 

mixtures. The mixtures were vortexed at 700 rpm for 30 seconds, and afterwards 

allowed to settle for 1 hour before 100 µl was transferred into a well in a 96-well plate 

for analysis using the Texas Red filters (excitation 547 nm and emission 647 nm). 

2.12.2 Scanning electron microscopy (SEM) 

Dried samples were attached onto an aluminium SEM stub with carbon tape which 

provided conductivity from the sample to the SEM stub. Samples were coated with 

a thin layer of gold film ≈1 nm thick by magnetron sputtering, unless otherwise 

stated. SEM images were obtained on a Zeiss Sigma Ultra HD SEM (Zeiss, 

Germany), operating at 5 kV with a working distance ≈ 8 mm. Images taken using 

secondary electron detector (SE2), in-lens detector or back scatter detector 

depending on the signal provided by the sample.  
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2.12.3 Transmission electron microscopy (TEM) 

Samples for TEM were prepared by either one of two procedures.  The first procedure 

involved floating the carbon-coated grid onto the droplet of protein solution.  Here, 

a small droplet (25 µl) of freshly solubilized hydrophobin protein was incubated on 

a clean parafilm surface for 10 minutes at room temperature, to form a hydrophobic 

film. A TEM grid was gently floated on the top of the droplet with the carbon face 

down for 1 minute.  The second procedure involved freshly prepared hydrophobin 

protein droplet (25 µl) being placed onto the carbon surface of the TEM grid and 

incubated for 20 minutes.  

The excess sample solution was wicked away with filter paper and the TEM grid was 

washed with MilliQ® water, before negative staining by floating the grid on a 20-µl 

droplet of 2% uranyl acetate for 10 minutes. Excess stain was wicked away and the 

grid was dried on fresh filter paper overnight. Hydrophobin films were imaged with 

a Phillips Biofilter TEM (FEI, NSW) operating at 120 kV. Images were taken with a 

Gatan Imaging Filter (GIF) with 1024×1024 pixel. 

2.12.4 Image analysis with ImageJ  

Collected optical images and electron micrographs were analysed with the program 

ImageJ for size distribution, dimension measurements and input of scale bars. The 

width of the hydrophobin rods measured in TEM were determined by extracting the 

gray-scale values from a line profile across the rods and measuring the distance 

between the minimum grey values. Average values of the width measured contained 

50 or more individual measurements with the standard deviation calculated.  

Measurement conducted for the TEM tomography was analysed with the function 

“Analyse Particle …” in ImageJ. The rodlets were measured in eclipse mode, in which 

each rod is depicted by an eclipse and the midpoint of the eclipse represents the 

width of the rods. The analysis parameters were set so that no particles smaller than 

300 pixels were included and with a setting for the circularity parameter of 0.0-0.7, 

which excluded circular particles. 

The diameters of curcumin nanoparticles were measured using both the “Analyse 

Particle …” function and manually measurement by extracting the gray-scale values 
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across the diameter of the nanoparticles.  Due to the nature of the function, and 

contrast in the images, many of the individual particles could not be recorded by 

“Analyse Particles …”, therefore the values expressed in this thesis were values 

recorded by extracting the gray-scale values. Average diameter of >80 nanoparticles 

were recorded, and the standard deviation calculated. 

2.13 Surface analysis with Atomic Force 
Microscopy (AFM) and Water Contact Angle 
(WCA) measurements 

2.13.1 Sample preparation for AFM and WCA 

Hydrophobin films were prepared on a freshly cleaved hydrophobic surface of HOPG 

(Holgate Scientific, QLD), by drop casting hydrophobin solution, generally at a 

concentration of 5 µg/ml, and drying overnight under cover at room temperature. 

The surface of the coated HOPG was washed with a stream of MilliQ® water for 

1 minute and dried in a drying oven at 70 °C. 

Other hydrophobins such as RodA variants required higher incubation temperature 

to form rodlet structures. For this, a 50-µl droplet was incubated on the surface of a 

HOPG grid within two petri-dishes and sealed with parafilm to create a chamber, to 

prevent evaporation. This was placed within a 50 oC water bath, above the water to 

incubate for two hours. After incubation, the top cover of the petri-dish was carefully 

removed and dried overnight at RT. The surface of the coated HOPG was washed 

with a stream of MilliQ® water for 1 minute and dried in a drying oven at 70 °C. 

2.13.2 Atomic force microscopy (AFM) 

Morphology and topographical information from hydrophobin films were 

characterised using AFM operating in tapping mode, using an AFM MultiModeIII 

(Veeco, Santa Barbara, California, USA). Sharp tip probe silicon cantilevers with tip 

radius <10 nm (Budget Sensors, Sophia, Bulgaria) were used to analysis the surface 

of hydrophobin films. Images were scanned at 1 µm x 1 µm with 512×512-pixel 

resolution. 
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2.13.3 Water Contact Angle (WCA) measurement 

A 10-µl droplet of MilliQ® water was rested on a hydrophobin coated surface for 

5 minutes before WCA measurements were taken with KSW CAM 200 Contact Angle 

Goniometer with the control and analysis program called "Attension" by Brolin 

Scientific. WCAs were measured three times on different areas of the films. Analysis 

of the contact angles was performed using ImageJ with the Dropsnake program 

(Stalder et al., 2006). Contact angles were measured from three different regions of 

a surface. 



 
 
 
 
 
 
 
 
Chapter 3 

 
Biophysical characterisations of 

hydrophobin films 
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Preface: 

Parts of the results presented in this Chapter have been published in “Lo, V.C.*; Ren, Q.*; 

Pham, C.L.L.; Morris, V.K.; Kwan, A.H.; Sunde, M. "Fungal Hydrophobin Proteins 

Produce Self-Assembling Protein Films with Diverse Structure and Chemical Stability" 

Nanomaterials 2014, 4, 827-843.” *Both authors contributed equally to the work in this 

publication. A number of purified hydrophobin protein preparations used in various 

experiments presented in this Chapter were provided by members and collaborators of the 

Sunde Lab, Discipline of Pharmacology, University of Sydney. The hydrophobin DewA was 

expressed and purified by Dr. Vanessa Morris (former PhD student in the Sunde Lab). 

Purified RodA WT and variants were provided by Jennifer Lai (Sunde Lab). RodA with a 

mutation in the Cys4-Cys5 regions was provided by Dr. Iñaki Guijarro (Institut Pasteur, 

Paris), MPGI was provided by Dr. Chi Pham (Sunde Lab). 

3.1   Introduction 

The ability to control the process of hydrophobin self-assembly into amphiphilic 

films is important for the use of hydrophobins in specific applications and in novel 

technologies. Achieving control at a fundamental level requires understanding of the 

self-assembly mechanism of hydrophobins. Insights to the assembly mechanism of 

hydrophobins may come from characterising the key similarities and differences 

between the film structure of different hydrophobin family members, the 

physiochemical properties of the assembled films and their monomeric structures. 

The sequence identity between Class I hydrophobin proteins can be as low as only 

the eight conserved patterned cysteines. The pattern of disulphide bonds is 

responsible for the structure of the β-core. Beside the β-core, the structures of 

hydrophobins in solution show few structural similarities (see Figure 1.5, 

Chapter 1.3). Yet, all hydrophobins are thought to be able to self-assemble into 

amphiphilic films at a hydrophobic:hydrophilic interface. Class I hydrophobins 

assemble into robust amphiphilic films with defined rodlet structures. These rodlets 

are rich in β-sheet structure, but dynamic simulation models used to describe the 

self-assembly mechanism of hydrophobins, such as SC3 or EAS, at the interface 

appear to vary (Fan et al.,2006; Ley et al.,2015). The works described in this Chapter 

focus on the optimisation of methods for understanding the formation of Class I 

hydrophobin films. The morphology and properties of these films were studied using 

different imaging techniques such as Transmission Electron Microscopy (TEM), 

Atomic Force Microscopy (AFM) and TEM tomography. 
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3.2 Expression and purification of hydrophobins 

All hydrophobin proteins described in this Thesis were recombinantly produced 

using the pHUE expression system (Kwan et al.,2006). Hydrophobins were expressed 

in E.coli, in the form of a fusion protein with an N-terminal His6-ubiquitin tag. 

His-Ub-hydrophobins produced in the Sunde Lab were expressed in inclusion bodies 

as judged by the SDS-PAGE analysis of the post-induction samples from protein 

expression, an example of this is shown in Figure 3.1a. 

Proteins were solubilised from inclusion bodies in denaturants under reducing 

conditions and subsequently purified by affinity chromatography using Ni-NTA 

agarose beads as described in Section 2.3. The eluted fractions were analysed by 

SDS-PAGE (Figure 3.1b). The fusion proteins were subjected to oxidative refolding, 

followed by cleavage of the fusion protein using the deubiquitinating enzyme UBP-41 

(Gewies and Grimm, 2003)(Figure 3.1c). The cleaved His-Ub tag was separated from 

the hydrophobin by incubating the mixture with Ni-NTA agarose beads and collecting 

the flow-through. The final purification step utilised RP-HPLC (Figure 3.1d). 

Hydrophobin-containing fractions from the RP-HPLC were lyophilised and stored for 

later use at –20 oC. One-dimensional 1H nuclear magnetic resonance (1H NMR) 

spectroscopy was used to determine whether the protein was correctly folded 

(Figure 3.1e).  

Throughout the course of my PhD studies, I have purified EAS∆15 and DewY. Other 

hydrophobins used in the work described in this Thesis were produced by other 

members of the Sunde lab and our collaborator. Their contributions are 

acknowledged throughout the Thesis where appropriate.  
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Figure. 3.1 Expression and purification of EAS∆15. a) SDS-PAGE analysis of 
EAS∆1 5 protein expression showing from left to right, the ladder (L), pre-induction (Pre), 
post-induction total (Post), soluble fraction of post-induction (Sol) and insoluble fraction 
of post-induction (Insol). b) SDS-PAGE analysis of the eluted fractions collected during 
the Ni-NTA agarose affinity purification of His-Ub-EAS∆1 5 under denaturing conditions. 
The lanes from right to left shows the ladder (L), column wash (W) and elution fraction 
2-9. c) SDS-PAGE analysis showing the success cleavage from His-Ub-EASΔ1 5 to EAS∆1 5 
from its fusion partner (His-Ub). d) RP-HPLC elution profile of EAS∆1 5 before (blue) and 
after (red) removal of cleaved His-Ub by Ni-NTA agarose affinity purification. e) Amide 
region of a 1 H NMR spectrum of purified EAS∆1 5 showing sharp and dispersed peaks 
indicating the protein is folded. The corresponding spectrum from an unfolded protein is 
shown below for comparison. 
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3.3  Characterisation of hydrophobin films 

3.3.1 Characterisation by transmission electron microscopy  

Transmission electron microscopy (TEM) is a technique which has been often used 

to investigate hydrophobin rodlet layers. The fibrillar rodlet morphology was first 

observed on the surfaces of fungal spores by TEM (Hess et al.,1968; Beever and 

Dempsey,1978; Dempsey and Beever,1979). TEM uses a beam of electrons to 

produce a projection image of the sample. The electron beam is generated either by 

heating a filament or drawing a beam of electrons through a high electric field within 

the vacuum environment of the column of the electron microscope. Magnetic lenses 

throughout the column are used to align and focus the electron beam onto the 

specimen and project the beam onto the imaging plane (Figure 3.2). As the electron 

beam is transmitted through the sample, the difference in density within the sample 

provides varying contrast to produce fine details. The short wavelength of the 

electron means that the theoretical resolution of a 200-kV electron beam can be as 

high as 2.5 picometer, but due to the limitation of the magnetic lenses, typically a 

resolution of ≈ 0.5 Å is achievable even in an ideal situation (Alem et al.,2011). 

 

 

 

 

 

Figure. 3.2 TEM electron beam 
path through the column of a 
microscope. An electron beam is 
generated from a filament in a vacuum 
tube and is focused with different 
magnetic lenses throughout the 
microscope. The objective lens focuses 
the electron beam onto the sample and 
is projected via the intermediate lens 
onto the imaging plane  
(AMMRF, 2013a). 
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In practice, the resolution achievable for biological samples is limited by the nature of the 

samples. Biological samples have an elemental make-up consisting predominantly of carbon, 

nitrogen and oxygen, which are elements that do not produce much phase contrast, hence at 

higher magnifications contrast details are lost. Additionally, biological samples are not good 

conductors, which result in a built up of electron charges within the sample during imaging, 

leading to beam damage and/or sample drift. Hence, biological samples generally require 

further preparation, such as negative staining, angular carbon coating or replication, prior to 

TEM analysis 

Negative staining is a common technique that uses heavy metals to stain samples on a TEM 

grid to provide contrast. The metal stain seeps between the gaps in the samples, increasing 

the density in areas with less sample present, therefore increasing the contrast (Figure 3.3a). 

The difference in density scatters the electron differently, with denser regions scattering 

more electrons, which results in lower electron density reaching the imaging plane. This 

produces the different contrast in the images.  

The choice of TEM support grid can also improve the contrast of the sample imaged. 

By choosing support films with lower density or even without support can improve 

contrast. Using a holey carbon film support film provide small regions throughout 

the grid without support therefore reducing the scattering of the electrons 

(Figure 3.3b). 

Figure. 3.3 Negative staining for TEM samples and hole carbon grid. 
a) Negative staining of samples improves contrast by filling gaps in the samples 
with heavy metals that absorb electrons. Protein and other biological samples 
have lower electron density, so more electrons pass through the sample, relative 
to stained regions. b) Schematic of holey carbon support film on TEM grid with 
the surface of hole carbon film enlarged. 
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Negative staining has often been used in studies of the morphology of self-assembled 

forms of proteins, such as amyloid fibrils and hydrophobin films (Guijarro et 

al.,1998; Jiménez et al.,2002; Yang et al.,2013). Earlier studies showed that the 

rodlet layers formed by the hydrophobin EAS at the air:water interface on a droplet, 

could be transferred onto the a surface of a carbon-coated grid and then stained 

(Macindoe et al.,2012; Mackay et al.,2001). The electron micrograph of such 

negative stained samples showed laterally assembled rodlets in layers. Here, I report 

the use of TEM with negative staining to further investigate hydrophobin film 

assembly. 

3.3.2 Negative staining for TEM 

Figure 3.4 outlines the procedure for sample preparation. Hydrophobin assembly 

occurred at the air:water interface when a 20-µl droplet of protein solution was 

incubate at room temperature for 20 minutes. The hydrophobin layers were lifted 

from the droplets on to holey carbon-coated TEM grids, excess solution was wicked 

away and then the layers were washed with MilliQ® water and excess solution was 

blotted off with filter paper. This washing step was repeated three times to remove 

any loose debris. The sample was then stained with 2% uranyl acetate in the dark for 

10 minutes, blotted to remove excess stain, and allowed to air-dry overnight under 

cover. 

 

Figure. 3.4 Sample preparation for TEM. Hydrophobin films are 
incubated for 20 minutes before they are lifted from the surface of a droplet with 
a carbon coated TEM grid (top) and washed to remove excess hydrophobin 
(middle). The sample is then stained for 10 minutes in 2% uranyl acetate 
(bottom). 
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A representative example TEM image of EAS∆15 rodlets formed in MilliQ® water and 

stained with 2% uranyl acetate is shown in Figure 3.5a. These rodlets are short and 

have laterally packed raft-like structures with a “double track” morphologies, so 

called due to the light/dark/light negative staining effect which identify the 

individual rodlets, as observed for EAS under TEM (Macindoe et al.,2012; Mackay et 

al.,2001). Measurements of the rodlet dimensions can be obtained through the use 

of imaging programs such as Photoshop and ImageJ. The widths of rodlets can be 

determine by drawing a line profile (Figure 3.5b) across several rodlets (e.g. yellow 

line in Figure 3.5a). Figure 3.5c, is a histogram constructed from width 

measurements of 106 rodlets. The average width of the EAS∆15 rodlet measured in 

this way was 6.0 ± 2.0 nm. In addition, the rodlet lengths were measured from tip to 

tip and these ranged between 27 nm and 80 nm long. 

Figure. 3.5 TEM images of hydrophobin films used to determine the 
dimensions rodlets. a) TEM image of negatively stained EAS∆15 rodlets showing 
the packing of the hydrophobin into a film. b) Line profile taken with ImageJ 
across several rodlets indicated by the yellow line in the image above. c) Histogram 
plot of the measured width from 106 rodlets. The average width of the rodlets was 

6.0 ± 2.0 nm. Error represents the standard deviation of average width.
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3.3.3 The effect of ethanol on EAS∆15 film formation as 

observed under the electron microscope 

The amphiphilic nature of the hydrophobin films means that the addition of 

additives such as ethanol during the film formation process can improve the staining 

efficiency by improving wetting of the protein layer. Conversely, additives such as 

ethanol have been shown to interfere with the rate of self-assembly by decreasing 

the surface tension of the protein solution (Morris et al.,2011). However, to date 

there have been no studies conducted to analyse the effect of conditions of varying 

surface tension on the surface structure of hydrophobin rodlet films. This study of 

the changes in the surface structure of hydrophobin films as a consequence of 

changes in the surface tension of the solution has been used to generate insight into 

the interactions between hydrophobin proteins and the solution surface as well as 

protein:protein interactions at the surface. The hydrophobin EAS∆15 was used as a 

model system where the hydrophobin films were formed from EAS∆15 protein 

solutions containing a range of ethanol concentrations. Lyophilised EAS∆15 was 

dissolved in MilliQ® water alone or water containing 5%, 15% or 25% v/v ethanol at 

a protein concentration of 100 µg/ml and prepared as described in Section 3.3.2.. 

The morphologies of the EAS∆15 hydrophobin rodlet films formed in different 

ethanol concentrations are different to those formed in MilliQ® water only. EAS∆15 

hydrophobin rodlets formed in water (Figure 3.6a) show rodlets that are clustered 

into the rafts commonly seen on the surface of fungal spores. These rafts  can range 

from 45 to 100 nm wide and generally four or more rodlets are seen laterally packed. 

The addition of 5% of ethanol into the protein solution resulted in rodlets that 

appeared longer, between 100–200 nm in length and maintained a raft-like 

structure (Figure 3.6b). However, films assembled in 15% ethanol contained rodlets 

showed star–like patterns which were not observed in the absence of ethanol 

(Figure 3.6c). Rodlets formed in 15% ethanol were longer than in the rodlets formed 

in water and 5% ethanol, yet the lengths could not accurately be measured because 

the rodlet ends were buried under other rodlets. 

The star pattern formed suggests an origin point from which the rodlets aggregate 

and expanded outwards. In different areas, films formed in 15% also exhibited highly 

ordered laterally packed rodlets which were longer than the length of the imaging 

area (754 nm by 754 nm) (See Figure 3.7a). EAS∆15 film formed in the presence of 
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25% ethanol assembled into multi-layered film and wrinkles in the films can be 

observed (Figure 3.6d). Closer inspection of the film shows a criss-cross pattern of 

overlapping rodlet layers. 

 

Figure. 3.6 The effect of ethanol on the morphologies of EAS∆1 5 
rodlets. TEM images of a) EAS∆1 5 film formed in the absence of ethanol (in 
MillQ water) and in the presence of b) 5% ethanol, c) 15% ethanol and d) 25% 
ethanol. Duplicates of the hydrophobin films were formed under the different 
ethanol concentrations and imaged. Three different locations were explored on 
each sample and the most represented image shown. 

3.3.4 Other Class I hydrophobins assemble into rodlet 

films with similar morphologies 

Rodlet structures reported in the literature show similar-looking rodlets 

morphologies regardless of the hydrophobin involved with the self-assembly 

(De Vocht et al.,2002; Hess et al.,1968; Pham et al.,2016). Here, I have compared 
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β-rich hydrophobin films formed by EAS∆15 and DewA, another Class I hydrophobin 

by TEM in the presence of ethanol. Figure 3.7a and Figure 3.7b shows TEM images 

of EAS ∆15 and DewA films formed in 15% ethanol, respectively. Both images were 

collected over holes with no carbon support, to show better contrast of the rodlets. 

With both proteins, the rodlets are greater than 200 nm in length and are laterally 

packed and aligned parallel to form the monolayer film. Width of the rodlets for 

EAS∆15 measured from 66 rodlets was 6.7 ± 1.3 nm and DewA measured from 73 

rodlets was 6.7 ± 0.8 nm, respectively.  The errors represent the standard deviation 

calculated. These rodlets were different to the short rafts seen in previous studies 

(Kwan et al.,2008,2006b; Macindoe et al.,2012). The two hydrophobin samples 

exhibited similar film morphology even though the monomeric structures of EAS∆ 1 5  

and DewA proteins have little in common beyond the core β-barrel structure. DewA 

(11.5 kDa) monomeric structure in solution is larger than EASΔ15 (6.8 kDa) and 

contains several secondary structures which surrounds the core β-barrel, which is 

not present in EASΔ15 (Morris et al.,2013)(see Chapter 1 Figure 1.5). 

Figure. 3.7 TEM images of EAS∆15 and DewA rodlet surface. TEM image 
of a) EAS∆1 5 and b) DewA hydrophobin film formed in the presence of 15% 

ethanol. The images are representative of triplicates for EASΔ15 and DewA. 
Images are representative of triplicate samples produced for each 
condition and imaged from three different areas.  

3.4 Characterisation by Atomic Force Microscopy  

Atomic Force Microscopy (AFM) is a complementary imaging technique to TEM as 

it provides topographical and physicochemical detail of surfaces without the need for 

staining. Using a nanometer sharp tip to scan over the surface, the atomic force 

microscope collects topographical data with a spatial resolution between 1–20 nm. It 



48  Biophysical characterisations of hydrophobin films 
 

 

can be used to probe mechanical, chemical, electrical and magnetic properties of the 

surface. AFM topographic images of hydrophobin films can provide information 

regarding film thickness and hardness, the dimensions of the component rodlets, 

and 3D surface structure. For soft materials like protein films, the surface is 

generally scanned in tapping mode. This process is illustrated in Figure 3.8. 

In this mode, the cantilever tip is oscillated at the resonance frequency in ambient 

conditions and lowered to the surface of the protein film. As the tip approaches the 

surface, changes in the frequency of the cantilever are relayed back to the system 

and this signal is relayed back to adjust the Z-height to produce topographic 

information from the protein film. The oscillating frequency of the scanning probe is 

very sensitive to changes in the attraction forces between the surface and the tip, 

such as Van Der Waals forces, so changes in force can be used to report on 

differences in material surfaces. 

 

Figure. 3.8 AFM tapping mode. The AFM cantilever oscillates at the 
resonance frequency. As the cantilever approaches the surface, the frequency 
changes and is relayed back to the stage and the Z-height is adjusted 
accordingly. This feedback loop provides the topographic information about the 
surface (Bruker Corporation,2013) 

AFM provides several advantages for investigation of hydrophobin films. It is very 
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sensitive to deflections of the cantilever in the Z direction, which allows for very 

sensitive measurements of the film heights. This information is lacking in electron 

micrographs, which are two-dimensional projections. Sample preparation is 

relatively simple for AFM and does not require staining or chemical modifications 

(Section 2.6.5). AFM has therefore been used to probe the surfaces of hydrophobin 

films and to analyse defining features such as hydrophobin rodlets and film 

dimensions (Grünbacher et al.,2014; Ren et al.,2014; Stanimirova et al.,2013; 

Yamasaki et al.,2015). 

Samples were prepared by drop casting the protein solution onto an atomically flat 

highly-oriented pyrolytic graphite (HOPG) surface and allowed the solvent to 

evaporate overnight (Figure 3.9). 

Figure. 3.9 Preparation of hydrophobin film for AFM. 
Hydrophobin solution was dropped onto the surface of the HOPG 
substrate and allowed to dry overnight, leaving a thin layer of 
hydrophobin film. 

3.4.1 Characterisation of Class I hydrophobin rodlet 
surface morphology 

Atomic force micrographs of the surface morphology of four Class I hydrophobin 

films from different fungi are shown in Figure 3.10a-d. All four proteins self-

assembled into laterally packed fibrillar rodlet structures on the hydrophobic surface 

of HOPG, when dried down from solution. In AFM, height information is 

represented by a change in colour intensity, as indicated by the scale bar on the right 

of the image. The dimensions measured from multiple regions of these micrographs 

are listed in Table 3.1. From the profile scan it was possible to measure the rodlet 

height as well as the film height (Figure 3.10e) . 

The average film heights for EAS∆15, MPG1, DewA and RodA were ≈ 5 nm, while the 

average measured rodlet heights were ≈ 2.5 nm, suggesting that a bilayer of rodlets 

formed as the films dried. This likely occurs because rodlet formation can occur at 

both the solution:HOPG surface and at the air:solution interface. As the droplet 

evaporates, the two rodlet layers will likely settle upon each other, forming the 

bilayer. No significant difference in rodlet width or height were observed for the four 

different hydrophobins scanned (Table 3.1). 
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Figure. 3.10 AFM images of film morphologies formed by different 
Class I hydrophobins Representative AFM images of the surface 
morphologies of the hydrophobin films: a) EAS∆1 5, b) MPG1, c) RodA and d) 
DewA. Images shown are representative of the duplicate samples prepared for 
each conditions. e) Representative surface profile obtained from AFM tomogram 
showing how film height and rodlet height were measured. 
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Table 3.1. Height and width measurements form hydrophobin coated 
surfaces illustrated in Figure 3.10. Results are collected from 50 rodlets 
showing the average and the error representing the standard deviation. 

 

Hydrophobins Average film 

Height (nm) 

Average rodlet 

height (nm) 

Average rodlet 

width (nm) 

EAS∆15 (Neurospora crassa) 3.7 ± 0.5 2.3 ± 0.5 11.4 ± 2.3 

MPGI (Magnaporthe oryzae) 4.8 ± 0.4 2.4 ± 0.4 10.5 ± 2.5 

RodA (Aspergillus fumigatus) 5.6 ± 0.7 2.5 ± 0.5 11.0 ± 1.8 

DewA (Aspergillus nidulans) 6.3 ± 0.3 2.6 ± 0.6 12.1 ± 1.6 

The morphologies of the hydrophobin layers formed by the various Class I 

hydrophobins appeared very similar by AFM. However, when measuring the width 

of the rodlets from the AFM images, the apparent width was determined to be 

almost twice of that measured by TEM. This is likely due to the limited resolution of 

the AFM tip that was used, which was ≈ 10 nm. Additionally, the tip can become 

blunt and lose resolution over multiple scans.  

In the literature, the term “rodlet” has been used to refer to the structures seen by 

TEM and AFM (Beever and Dempsey,1978; Dempsey and Beever,1979; Grünbacher 

et al.,2014; Lo et al., 2014), yet as the measurements presented here show that there 

is a significant size difference between the apparent width of the fibrillar structures 

observed by the two techniques. The higher resolution of the TEM studies reveals a 

substructure of the fibrils that is imaged by AFM. This raises the question: “which 

structure is the rodlet?” The differences in the images produced by the two 

techniques can be rationalised in the following way: the rodlets observed by TEM 

contain two or more fibrillar substructures that are not resolved by AFM. Rodlets 

observed by TEM often appear paired or have what has been described as a “double 

track morphology”. The schematic in Figure 3.11 illustrates what I consider to be the 

rodlet and sub-rodlet structures and the resolution difference between TEM and 

AFM in this study. 

Figure. 3.11 Schematic showing hydrophobin rodlets observed in high 
resolution in TEM vs rodlets observed in AFM due to the tip radius (10 nm) 
for this study. 
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3.4.2 The effect of protein concentration on the formation 
and the morphology of EAS∆15 hydrophobin monolayer 
films 

Different sample preparation conditions were tested to determine the optimal 

method to produce reproducible EAS∆15 hydrophobin monolayer films. Four 

concentrations of EAS∆15 were tested and compared: 1.0, 2.5, 5.0 and 25.0 µg/ml. 

These samples were drop-casted onto an HOPG surface and incubated at room 

temperature for 16–18 h, to allow a thin layer of hydrophobin to assemble. 

To investigate the processes involved in hydrophobin film assembly, EAS∆15 films 

were formed at low concentrations and initially imaged without washing. The stock 

solution of 5.0 µg/ml was prepared freshly from lyophilized purified proteins and 

serial dilutions were used to obtain hydrophobin solutions at 2.5 µg/ml and 

1.0 µg/ml. A higher concentration of 25.0 µg/ml of EAS∆15 was also prepared 

separately. EAS∆15 was observed to assemble into rodlet films at all concentrations 

tested (Figure 3.12), forming large sheets of films composed of long straight rodlets.  

These rodlets assembled at 1.0, 2.5 and 5.0 µg/ml had an average width of 

11.0 ± 0.8 nm, 12.8 ± 1.4 nm and 13.1 ± 2.9 nm and film height of 3.7 ± 0.7 nm, 

3.0 ± 0.5 nm and 2.9 ± 0.5 nm, respectively. The average values presented were 

measured from 60 or more measurements, with the error indicating standard 

deviation.. The individual rodlet of the hydrophobins film formed at 25.0 µg/ml 

could not be measured as the no individual rodlets could clearly be imaged.   
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Figure. 3.12 Surface morphologies of EAS∆15 rodlet films formed at 
different concentrations. AFM images of EAS∆1 5 rodlet films formed at 

a) 1.0 µg/ml, b) 2.5 µg/ml c) 5.0 µg/ml and d) 25.0 µg/ml. Images shown are 

representative of the duplicate samples prepared for each conditions.  

In a previous experiment conducted by Dr Qin Ren, a former PhD student in the lab, 

washing steps were used to remove excess hydrophobin layers after drying the 

protein solution on the HOPG surface. Hydrophobin films assembled at 5.0 µg/ml 

displayed the long rodlet morphology spread evenly upon the surface of the HOPG 

(Figure 3.13a). A one-minute rinse with rapidly flowing water removed some protein 

leaving behind the more tightly bounded debris (Figure 3.13b), but rinsing for a 

further seven minutes removed all remaining loosely attached rodlet rafts and led to 

the observation of a highly ordered monolayer film of hydrophobin rodlets 

(Figure 3.13c). Line profile measurements across the three samples indicated that 

the average width of the rodlets was 11.2 ± 1.7 nm. The thickness of the multi-layered 

region of the films in Figure 3.13a and Figure 3.13b was 4.2 ± 0.6 nm and 5.2 ± 1.5 

nm, respectively. The thickness of the revealed layer in Figure 3.13c was 2.7 ± 0.2 

nm, comparable to the individual rodlet heights measured in Table 3.1, suggesting a 

monolayer configuration. Error shown represents standard deviation.
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Figure. 3.13 AFM image of EASΔ15 rodlet film after washing a) EAS∆1 5 

film formed from solution of 5.0 µg/ml; b) Surface after 1 minute of water wash; 

c) Surface after a total of 8 minutes of washing with water revealed monolayer of 

EASΔ1 5. These AFM images were collected by Qin Ren. 

3.4.3 Effect of the addition of ethanol on EAS∆15 film 

morphology 

The effect of ethanol on hydrophobin film formation was probed by AFM, to 

complement the experiments described in Section 3.3.3, EAS∆15 films were prepared 

from protein solutions containing a range of ethanol concentrations. Lyophilised 

EAS∆15 was dissolved in MilliQ® water or MilliQ® water containing 5%, 15% or 

25% v/v ethanol to yield a final protein concentration of 5.0 µg/ml. A 50 µl droplet 

of the protein solution was incubated on the HOPG surface for 20 minutes, then 

rinsed with MilliQ® water and left to dry overight. The hydrophobin coated HOPG 

surfaces were rinsed again the next day, under a stream of MilliQ® water for 30 

seconds to remove excess protein, then dried at 70 oC to evaporate residual ethanol 

or water.  

Three different regions on the surface of the EAS∆15 films were analysed under 

tapping mode with AFM, revealing that ethanol can affect rodlet length and packing.  
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Compared to EAS∆15 films formed in water (Figure 3.14a), films assembled from a 

solution containing 5% ethanol exhibited longer rodlets (50–200 nm) and a film 

height of 2.7 nm suggestive of a monolayer (Figure 3.14b). With 15% ethanol, the 

hydrophobin film reveals large triangular or parallelogram holes throughout the 

surface of the film. The pore width can range from 33 nm to 82 nm. This 

morphology suggests that lateral packing of rodlets is disturbed by the presence of 

ethanol and adhesion to the HOPG may also be weakened (Figure 3.14c). Films 

formed from solutions containing 25% ethanol displayed a relatively rough surface 

and large sections of parallel-packed rodlets with a film thickness of 4.2 nm, 

indicative of a double layer (Figure 3.14d). Overall, the addition of ethanol, which 

may reduce the surface tension of the protein-containing solution or interact with 

the hydrophobic regions on the hydrophobin surface, appears to alter the molecular 

packing of EAS∆15 within the rodlets, such that inter-rodlet interactions and 

interactions with the hydrophobic HOPG surface are reduced.  

 

 

 
 
 
 
 
 

Figure. 3.14 The effect of ethanol on EASΔ15 film assembly as 
observed by AFM. EAS∆15 film formed in the presence of a) 0%, b) 5%, c) 

15% and d) 25% ethanol. Images shown here are representative of duplicates 

samples of hydrophobins formed on HOPG under different ethanol conditions. 

Each filmed formed was imaged in three different locations. 
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3.4.4 Water Contact Angle measurement of EASΔ15  
films formed in the presence of ethanol on HOPG 

The different surface morphologies of EASΔ15 films formed in Section 3.4.3, may 

interfere with the ability for the hydrophobin film to alter surface wettability . Water 

contact angle (WCA) measurement was used to probe the changes to the wettability 

of the surface of HOPG coated with the different surface-coating structures formed 

by EAS∆15 films in the presence of ethanol. WCA can be used to monitor the variation 

of the surface wettability by analysing the angle between a liquid droplet on a solid 

interface. This technique has been used to measure the hydrophobicity or 

hydrophilicity of surfaces with different hydrophobins coatings, including HFBI, 

HFBII, MPG1, RodA-RodE and SC3 (De Vocht et al.,1998;  Grünbacher et al.,2014;  

Pham et al.,2016;  Szilvay et al.,2007). As the wettability on the surface changes, the 

contact angle between the water and the surface will either increase or decrease. A 

hydrophobic surface will have less surface area in contact with a water droplet, 

minimising the interaction of the water with the surface, hence producing a high 

contact angle. On a hydrophilic surface there is increased interaction between the 

exposed surface and the water droplet, giving rise to a smaller contact angle. EAS∆15 

hydrophobin films were produced on HOPG from solutions of protein at 5.0 µg/ml 

containing 0%, 5%, 15% or 25% ethanol and static WCA was recorded. 

Coating of the hydrophobic HOPG surface with EAS∆15 was observed to increase 

wettability of the surface. The WCA measured for bare HOPG was 85o (Figure 3.15). 

This was reduced to 77o by the presence of a film of EAS∆15 formed from water only. 

The lower contact angle indicates that the surface is more hydrophilic when it is 

coated with the protein film. Strikingly, EAS∆15 films formed at different ethanol 

concentrations, at the same protein concentration, showed further reduction in the 

water contact angles. Hydrophobin films formed from 5% and 15% ethanol solutions 

showed very similar WCAs, close to 60o while films formed in the presence of 25% of 

ethanol were more hydrophilic, with a WCA of only 49o (Figure 3.14). 
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Figure. 3.15 Effect of ethanol on the wettability of EAS∆15-coated 
HOPG. The WCA was measured fifteen times over 5 minutes. 
Representative image of each droplet displayed above corresponding data. 
Average WCA displayed on the top right of the droplet image. The error 
bars represent the standard error of the mean (SEM)(Lo et al.,2017). 

 
3.4.5 Ethanol can alter the morphology of hydrophobin film 

The presence of ethanol in the protein solution affected the structure of EASΔ15 films 

assembled, as judged by different surface morphologies seen by TEM (Section 3.3.3) 

and AFM (Section 3.4.3). Under both imaging technique, it was observed that the 

increased ethanol concentration present during the 20 minutes film assembly, 

formed longer rodlets and created larger pore sizes as the ethanol within the 

solution increased, until multi-layered film formation was observed. WCA data 

showed that these different morphologies are associated with alterations to the 

wettability of the EAS∆15 hydrophobin film surface. Surface roughness generally 

amplifies the wettability of the surface, i.e. if the roughness of a hydrophilic surface 

increases, the hydrophilic nature increases (Pandey and Roy,2013). Using 

Gwyddion 2.0, an AFM analysis program, surface roughness over the total area (RA ) 

was calculated as the mean difference in height across the profile area.  
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The RA increased from 0.5 nm (no ethanol), 0.6 nm (5% ethanol), 1.1 nm (15% 

ethanol) to 3.1 nm (25% ethanol) for the surfaces tested. These results indicate that 

the changes in EAS∆15 film morphology and molecular packing, detected by TEM and 

AFM (Figures 3.6 and Figure 3.14), affect the surface roughness, which determines 

wettability. The irregularities and variation in height across the films produced from 

solutions containing more ethanol, with multiple overlapping hydrophobin rafts, are 

likely to generate increased surface roughness. Addition of alcohols, such as ethanol, 

may be key to controlling the assembly of hydrophobin films. However, a further 

understanding of the effects that alcohols have on the assembly mechanism is 

required. Studies of the effects of alcohol on the kinetics of hydrophobin assembly 

are described in Chapter 4. 

3.5 Characterising RodA assembly by AFM 

Aspergillus fumigatus is an opportunistic air borne fungus that can cause a variety 

of infectious diseases in immunodeficient patients. However, A. fumigatus conidia 

can lie dormant in the host and avoid detection due to the presence of a 

hydrophobin rodlet layer consisting of the hydrophobin RodA which masks the 

conidia from detection by the immune system. Immunodeficient patients, some who 

are already critically ill and undergoing immunosuppressive therapies, do not have 

the immune mechanism to detect and remove the conidia, leading to diseases such 

as invasive pulmonary aspergillosis (IPA). Mortality rate of patients with IPA range 

from 40% to 90% (Dagenais and Keller,2009; Latgé, 1999). It has been shown that 

purified monomeric RodA hydrophobin proteins do not induce response from 

human dendritic cells or activate T-cells to produce cytokines (Dagenais and 

Keller,2009). When a RodA knockout strain of A. fumigatus, which does not 

produce the RodA layer, was exposed to human dendritic cells, an upregulation of 

antigen-presenting molecules and high amounts of cytokines were observed 

(Aimanianda et al.,2009). A better understanding of the structure of RodA rodlets 

could lead to improved methods to prevent or treat A. fumigatus infections in 

immunodeficient patients. This project therefore included analysis of RodA rodlet 

formation and efforts to determine the amyloidogenic regions in this disease-

associated hydrophobin. 
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3.5.1 The critical aggregation concentration for RodA 
assembly 

The minimum critical aggregation concentration (CAC) required for RodA to 

assemble into hydrophobin film was investigated by AFM. Serial dilution of RodA 

protein stock solution was performed to obtain proteins solutions of 1.0, 2.5 and 

5.0 µg/ml. These samples were drop-casted onto an HOPG surface and incubated at 

room temperature for 16–18 hour, to allow the hydrophobin to assemble 

(Figure 3.16).  

 
 

 

Figure. 3.16 The effect of protein concentration on film formation of 
RodA. The AFM images shows a representative image of RodA hydrophobin 
films formed at protein concentration of a) 1.0 µg/ml, b)2.5 µg/ml and c) 
5.0 µg/ml. The images shown are representative of three different areas for each 
sample.  
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RodA hydrophobin does not self-assemble into rodlet-rich hydrophobin films if the 

concentration falls below a critical concentration. Under these conditions, the CAC 

was between 2.5 µg/ml and 5.0 µg/ml. 

At 1.0 and 2.5 µg/ml the RodA film on the HOPG surface consisted of short rice -like 

fibrils ≈ 23–73 nm long on top of an amorphous aggregate layer. This amorphous 

layer is likely to be a layer of RodA that has not self-assembled into rodlets 

(Figure 3.16a and Figure 3.16b). Many of the short fibrils observed in the 2.5 µg/ml 

sample appeared as pairs, with an average width of 20 pairs measured being 

24.9 ± 4.8 nm. Error represent the standard deviation. The longest rodlet observed 

was only ≈100 nm long. A hydrophobin film with rodlet structures throughout the 

film can be observed when the concentration of RodA is at 5.0 µg/ml (Figure 3.16c). 

The CAC for RodA is higher than that observed with EAS∆15 in Section3.4.2, under 

similar conditions, where the protein, EASΔ15, was observed to assemble into 

hydrophobin rodlets with normal morphology even at 1.0 µg/ml. The hydrophobin 

SC3 has been reported to have a CAC of 3.7 µg/ml (Vocht et al.,2001) but this was 

determined using amyloid assembly of SC3 in solution with the amyloid-specific dye 

thioflavin T, so a direct comparison of the CAC is not possible. However, these studies 

demonstrated that if the concentration of SC3 was below the CAC for SC3, no amyloid 

formation occurred but once this was surpassed a continuous increase of fluorescence 

intensity corresponding to amyloid formation, and proportional to concentration, 

was observed. 

These differences in critical assembly concentration likely ref lect the fact that the 

engineering of EAS∆15 has resulted in a protein that is highly assembly-competent 

and that truncation of the Cys3-Cys4 region may affect the concentration 

dependence. De Simone et al have suggested that this region is highly dynamic in 

solution and plays a role in inhibiting unwanted rodlet assembly (De Simone et 

al.,2012). RodA may be subject to tighter control of self-assembly through a 

concentration-dependent mechanism. It is likely that hydrophobin self-assembly 

must be carefully controlled in natural settings within a fungus, to avoid unwanted 

aggregation. The observation that RodA hydrophobin does not self-assemble into 

rodlets below a CAC, may be consistent with this idea as a form of self-inhibition. 
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3.5.2 Probing RodA and RodA variants with AFM 

Amyloidogenic regions in the structures of hydrophobins are vital for the 

self-assembly of hydrophobins proteins from the soluble form into the insoluble 

amphiphilic hydrophobin films. This is because it is the amyloidogenic regions that 

participate in intermolecular hydrogen bonds that stabilise the monomers within the 

amyloid rodlets. Using amyloid prediction software such as TANGO or WALTZ 

(Fernandez-Escamilla et al.,2004; Linding et al.,2004; Maurer-Stroh et al.,2010), 

one can identify potential amyloidogenic regions, but users must be wary of false 

positives. Such amyloid predictions for wild type EAS suggested that two potential 

regions existed in the protein, between Cys3-Cys4 and Cys7-Cys8, but the truncation 

of the Cys3-Cys4 loop and point mutations in the Cys7-Cys8 region demonstrated 

that the only essential amyloidogenic region was the Cys7-Cys8 loop (Kwan et 

al.,2008; Macindoe et al.,2012). In SC3 the amyloidogenic region is predicted to be 

between Cys3-Cys4 (Butko et al.,2001; Fan et al.,2006b). 

Two regions had previously been predicted by TANGO and WALTZ algorithms by 

Jennifer Lai to be amyloidogenic in RodA (Lai, 2013). These were within the 

Cys4-Cys5 and Cys7-Cys8 regions. To determine if these regions contribute to the 

assembly of RodA hydrophobin films, variants of RodA were expressed, purified and 

folded by Jennifer Lai. Single point mutations were introduced between Cys4-Cys5 

(RodA I97G and I98G) and Cys7-Cys8 (RodA L128G and I129G). Hydrophobin films 

were prepared from 5.0 µg/ml of RodA mutant proteins on HOPG and were 

analysed by AFM to determine whether the mutations had resulted in changes to the 

rodlet surface morphology. 

All variants of RodA carrying a single point mutation were able to spontaneously 

assemble into hydrophobin rodlet films at room temperature when incubated 

overnight (Figure 3.17a-e). The single point mutants of RodA produced rodlets with 

similar dimensions to WT RodA. The measured heights for rodlets formed by all of 

these single point mutants were 2.2–2.5 nm and all mutants produced rodlets with 

width 10.7–12.3 nm, similar to those measured for WT RodA and other wild type 

Class I hydrophobins (See Table 3.1) and reported values in literature for rodlets 

formed by RodA from a related species, Aspergillus nidulans (Grünbacher et 

al.,2014). 
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Figure. 3.17 Hydrophobin films formed by RodA variants carrying 
single point mutations. AFM image of RodA and RodA variants formed at 
5.0 µg/ml. a) RodA WT, b) RodA I97G, c)RodA I98G, d)RodA L128G and e) 
RodA I129G. The images shown best represent the three different locations 
investigated on each hydrophobin film. 
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RodA mutants with two mutations (RodA I98G/I129G) or with triple mutation of the 

Cys4-Cys5 region (RodA I97G/I98S/I100S) or substitution of the Cys7-Cys8 loop 

with a sequence from NC2, a Class II hydrophobin (RodA C7 C8NC2), did not 

assemble spontaneously into rodlet-containing layers at room temperature. 

However, they were observed to self-assemble into rodlets layers when incubated at 

50 oC. Here, samples were drop cast onto HOPG blocks, sealed in a container and 

incubated in a water bath at 50 oC for two hours, then allowed to air dry at room 

temperature (Figure 3.18). Samples of WT RodA were also prepared at this elevated 

temperature to determine the effects of these conditions on rodlet assembly and 

morphology. 

 

 
Figure. 3.18 Schematic of AFM sample preparation at 50 oC. Samples 
were drop cast onto HOPG blocks, sealed in a container and incubated in a water 

bath at 50 oC for two hours, then allowed to air dry at room temperature. 
 

For WT RodA, the films formed at 50 oC (Figure 3.18a) did indeed exhibit different 

film morphology compared to the film form by drying at room temperature 

(comparing Figure 3.17a and Figure 3.19a). The average height and width were 

calculated with the measurement of 50 or more rodlets, and the error represented by 

the standard deviation. 

The contrast in the AFM images indicate that there are large changes of film 

thickness with step heights up to ≈ 20 nm, across the surface of the block. Wild type 

RodA films produced at 50 oC contained rodlets longer than 500 nm, lying across 

divots on the surface of the film, whereas RodA rodlets produced at room 

temperature were generally 50–150 nm long. Wild type RodA rodlets formed at 

50 oC appeared to be wider than the rodlets formed at room temperature there were 

no significant difference between the two samples (width 13.4 ± 2.5 nm and height 

3.2 ± 0.7 nm compared to width 11.0 ± 1.8 nm and height 2.5 ± 0.5 nm at RT). While 

it is possible that these measurements were affected by the uneven film surface, it 

could also reflect changes in the molecular packing of RodA monomers within the 
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rodlets, a consequence of increased protein dynamics at 50 oC. The rodlet film 

formed by the RodA double mutant RodA (I98G/I129G) (Figure 3.19b) was 

indistinguishable from the film formed by wild type RodA at 50 oC, containing a 

large step height and long rodlet morphology with similar rodlet dimensions (width 

10.2 ± 1.7 nm and height 2.5 ± 0.6 nm). The RodA Cys4–Cys5 triple mutant formed a 

film with morphology similar to wild type RodA formed at 50 oC, although the 

surface retained droplets that could not be easily removed (Figure 3.19c). These 

droplets were likely water which persisted throughout the drying process or buffer 

which could not be washed off, suggesting that this film may be more hydrophilic 

than the WT RodA rodlet film. 

The film formed by the hydrophobin RodA C7 C8NC2 had a very different 

morphology compared to the other RodA films. While the dimensions of the rodlets 

formed were similar to those formed by other RodA proteins (width = 10.4 ± 1.7 nm 

and height = 2.4 ± 0.2 nm) (Figure 3.18d), the film has other distinct 

characteristics. After washing, a rodlet-like structure was visible, covered with an 

amorphous network of proteinaceous material (Figure 3.18e). This amorphous 

network was reminiscent of the NC2 interconnecting meshwork film structure (Ren 

et al.,2014), but the pores within the RodA C7 C8NC2 network were smaller than 

those found in NC2 films and the network lies on top of a layer of rodlets 

(Figure 3.18e). In phase contrast mode, the difference in surface hardness between 

the porous network layer and the underlying rodlet structures is easily detected 

(Figure 3.18f). These differences indicate that the Cys7-Cys8 region plays an 

important role in the organisation of the rodlets within the hydrophobin film. 
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Figure. 3.19 RodA hydrophobin films assembled at 50 oC AFM surface 
image of a) RodA WT, b) RodA I98G/I129G, c) RodA Cys4-Cys5, d) RodA 
C7 C8NC2, e) washed RodA C7 C8NC2 and f) phase image of RodA C7 C8NC2. AFM 
images shown represent the surface of the hydrophobin films as observed over 
three different locations. 
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3.6 TEM Tomography 

Tomography is an imaging technique which combines cross-sectional images to 

recreate a three-dimensional (3D) image of an object. In TEM tomography, slices of 

TEM images are compiled to reconstruct a 3D image at high resolution. There are 

two different techniques that have been developed for TEM tomography: single 

particle analysis and tilt series tomography. 

Single particle analysis involves the combination of homogenous particles at 

different angles on a TEM grid to reconstruct a 3D average representation of the 

object. While the process of collecting images for reconstruction is much simpler 

compared to tilt-series TEM tomography, the samples must be homogeneous in 

single particle analysis, well dispersed and provide sufficient orientations that 

represent all views of the particle. These can be limiting factors but when possible, 

this technique is very powerful and close to atomic resolution reconstructions can be 

obtained for some samples. 

During tilt-series tomography, usually the sample is tilted ± 60
o
 in both X and Y 

directions, as the images collected are limited by the shadowing of the TEM sample 

holder. Information lost beyond the tilt range is called the missing wedge 

(Figure 3.20). The information lost can be compensated by the use of a back-weight 

reconstruction algorithm. Most samples can be reconstructed with tilt-series 

tomography, if there is good contrast between the sample and background. While 

resolution is limited due to the mechanical nature of the sample tilting, it is possible 

to obtain reconstructions in the tens of nanometer range with negative stain and 

recently, with novel algorithms and cryo-TEM imaging techniques, the resolution 

limit for electron tomography has been extended to sub-nanometer resolutions (20 

Å)(Bharat et al.,2015; Ercius et al.,2015; Pfeffer et al.,2015). 
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Figure. 3.20 TEM tomography techniques a) Single particle analysis. 
Single particle tomography uses algorithms to reconstruct homogenous 

particles. By acquiring images of the homogenous particles at different 

orientations, a computational 3D average of the structure can be reconstructed 
(Jonić et al.,2008). b) Tilt-series tomography. A series of images are collected as 

the sample is tilted along one of the axes and reconstructed into a 3D structure 

of the sample. Due to the limitation of tilting, reconstruction creates artefacts 
from the "missing wedge". These artefacts can be partially overcome using 

dual/multi -axis tilted reconstructions. (Midgley and Dunin-Borkowski,2009) 

3.6.1 Electron tomography for biological samples 

Techniques such as X-ray crystallography and NMR spectroscopy are commonly 

used to determine the 3D structure of molecules at atomic resolution. However, 

electron tomography can have distinct advantages over X-ray crystallography and 

NMR spectroscopy. Sample preparation for X-ray crystallography requires the 

samples to be crystalline, which orientates the proteins into ordered lattice 

structures, which can be very difficult to achieve for heterogeneous or highly 

dynamic samples. Structure elucidation using NMR spectroscopy is often 

challenging for larger proteins and requires the production of isotopically labelled or 

deuterated protein samples via recombinant expression and for samples to be 

monodisperse at high protein concentrations. 
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Unlike NMR spectroscopy and X-ray crystallography which requires concentrated 

homogenous samples for reconstruction, electron tomography can be used with 

more diluted heterogenous samples by selecting individual particles for 

reconstructing an averaged 3D representation of the sample structure. Large protein 

structures such as TRPV1, a transmembrane ion-channel protein, have been 

challenging for NMR spectroscopy due to the large protein size, and hard to 

crystallize for X-ray diffraction, however, using electron cryo-tomography, the 

structure of TRPV1 structure was determined with a resolution of 3.4 Å (Liao et 

al.,2013). TEM tomography can be a powerful alternative technique for determining 

the structures of molecules and to probe protein interactions in situ . Recently, the 

intracellular interaction of amyloid aggregates with their environment have been 

studied in situ using subtomogram averaging (Hurbain et al., 2008, Kollmer et al., 

2016). Additionally, studies have revealed the distorting effect of Huntington fibrils 

on the morphology of the endoplasmic reticulum (Bäuerlein et al.,2017). 

While electron microscopy imaging can provide information about the sample 

structures at nanometer resolution, this is only a two-dimension (2D) projection. 

This limitation was realised very early, and led to the use of 2D projections to 

reconstruct a 3D structure of the phage tail (De Rosier and Klug,1968). However, 

biological samples can suffer from radiation damage during imaging, which can 

hinder the ability to collect high resolution images (Hoppe,1974). In the past decade, 

technological breakthrough in new hardware and novel algorithms, have vastly 

improved resolution of 3D electron microscopy. The development of direct electron 

detectors in 2008 produced rapid, highly electron sensitive detector with high signal 

to noise ratio, overcoming many of the issues related to TEM imaging for biological 

samples. New algorithms have been developed to assist with better image collection, 

such as precision drift corrections, post processing for model building, and structure 

validation. These algorithms have streamlined the operation of electron tomography 

for wider audience, and sample reconstruction at atomic resolution of structures of 

4 Å or higher have been regularly published in literature since 2012. Currently, the 

highest resolution (1.8 Å) that has been achieved is on the structure of glutamate 

dehydropgenase (Merk et al.,2016).  
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3.6.2 TEM tomography of EAS∆15 films  

Currently no high-resolution structure of hydrophobin rodlets is available. 

Solid-state NMR studies have been limited by the rodlet sample heterogeneity 

(Morris and Serpell,2012). Electron tomography has the potential to generate a 

high-resolution reconstruction of the self-assembled layers formed by hydrophobin 

proteins. An electron tomography study of EAS∆15 hydrophobin film was therefore 

performed. 

Imaging for tomography 

The EAS∆15 film were prepared by drying down the sample on a TEM grid, as 

described in Section 2.6.9. Images were collected on a JEOL 2100 TEM operating at 

200 kV. Once the sample was aligned at eucentric height, the sample was tilted along 

its axis at ± 60° with an image collected at every 2°. Two programs were tested for 

image collection, firstly, SerialEM, a freeware program by Boulder Colorado 

(Mastronarde,2005), and the JEOL proprietary software "Recorder" by 

TEMographyTM. SerialEM was deemed the preferred program for subsequent 

tomogram image collection as it was used in conjunction with IMOD, a freeware 

program for reconstruction. Once the images were collected, the series were 

compiled and aligned. 

Image alignment for tomography with IMOD 

The freeware program, IMOD, developed by Boulder Colorado (Mastronarde,1997), 

was used to align the TEM slices. 

• Removing excess X-rays from the images - scattered X-rays from 

electron beam interaction with a sample can introduce high intensity spots 

onto the camera. The initial application of the algorithm removes any 

background X-rays generated through this interaction. Contrast is improved by 

looking for unexpected intensity in one pixel compared to surrounding pixels 

or change between one pixel to the next, where the pixel intensity exceeds 

background by a certain amount of standard deviation. The pixel intensity is 

then replaced by the average of the surrounding pixels. 
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• Aligning image stacks – image stacks were aligned with coarse correlation 

alignment. Samples for tomography in this study did not use fiducial markers, 

therefore all tomograms were created with quick cross correlation alignment. 

IMOD uses the Tiltcorr package to align one image to the next by applying a 

cosine stretch along the tilt axis of the images. The difference between the 

cosine shift is the equivalent to the shift between images. Anything out of range 

is converted into grey borders (Figure 3.21a). 

•  Fitting x, y, z boundaries - After a coarsely aligned tomogram has been 

created, the tomogram was rotated and shifted to retain the most conserved 

details throughout the series of images taken. These images were compiled and 

fitted into the x, y and z planes to create boundary models for each plane. The 

limit of each planes was manually defined by the user by identifying the top 

and bottom of the textured pattern (Figure 3.21b). 

• Tomogram reconstruction – the final parameters were adjusted before to 

making the tomogram. The tilt axis and the tomogram thickness can be 

adjusted by the user prior to generation of the tomogram. In these experiments 

with the EAS∆15 rodlet layer, the thickness was restricted to 2.5 nm based on 

the accompanying AFM data and due to the mechanical tilting limitation of 

this technique which is explained below. 

• Combining tomograms – tomograms of the same sample rotated 90o from 

the original, was used to obtain a more accurate reconstruction by combining 

both tomograms. In the absence of fiducial markers, the two tomogram models 

were manually aligned to match corresponding areas, before forming a final 

tomogram (Figure 3.21c). 
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Figure. 3.21 Alignment procedure of TEM tomogram with IMOD. a) 

Alignment of tomogram images from -60o through to 60o b) After alignment, the 

maximum and minimum of boundary models for x, y and z are selected by the 

user. Two green lines in each of the planar images indicate the user defined 

limits. c) Tilt axis and the thickness of the tomogram is assigned. Once the 

tomogram series are reconstructed, an isosurface tomogram can be generated. A 

selected area of EAS∆1 5 is shown. 

 

3.7 Analysis of EAS∆15 tomogram 

TEM tomography showed that the EASΔ15 film is composed of rod-like structures 

laterally packed together and, in this preparation, two layers were observed, 

indicating a bilayer film for this sample. Reconstruction of the two layers are 

represented in different colours, blue and tan (Figure 3.22). Layers of rod-like 

structures can clearly be observed on the blue side and, when rotated 180° on the 

y-axis, the tan side. From the understanding of EAS∆15 rodlets developed from the 

TEM and AFM studies presented in Section 3.2.3 and Section 3.4.1, the fibrillar 

structures observed in the tomogram correspond to a sub-structure within rodlets. 

For clarity these sub-structures are referred to as “rods”. The rods on the tan side are 

oriented at ≈ 42° relative to the rods in the blue layer (Figure 3.22). 
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The dimensions of the substructures within the film were obtained from the 

tomogram using ImageJ. The widths of the rods were analysed by thresholding an 

image of a single layer of subunit with the "Analyze Particles..." macro. The analysis 

was performed in eclipse mode, in which each rod is depicted by an eclipse and the 

midpoint of the eclipse represents the width of the rods. The analysis parameters 

were set so that no particles smaller than 300 pixels were included and with a setting 

for the circularity parameter of 0.0-0.7, which excluded circular particles. 

This analysis was performed on 43 rods and resulted in determination of an average 

rod "track" width of 6.0 ± 1.3 nm. Rod heights were measured by line profiling. 

Isolating images of single rods in cross-section, a line profile was manually extended 

from top to bottom to determine the height of 20 rods, with each rod measured 

5-times. In this way the average height of the rods was determined to be 

2.3 ± 0.5 nm. 

The dimensions of the EAS∆15 hydrophobin rods obtained by tilt-series tomography 

correlate well with the dimensions of the fibrils previously reported by TEM studies 

and the paired rods appear to correspond to the rodlets observed by AFM. One of the 

main advantages of the tomography approach is the ability to probe the layers in cross-

section, which can provide high resolution 3D structural details of the rodlets and sub -

unit that cannot be obtained from AFM topographical measurements and transmission 

EM projections. 



 
 

 
 

 

 

 

 

Figure. 3.22 Bilayer of EASΔ15 tomogram Tomogram rotating around the top layer (blue) and bottom layer (tan) of EAS∆1 5 
hydrophobin film. Rods are arranged 42° to each other between the layers. The average width of the rods is 6.0 ± 1.3 nm and height 
of 2.3 ± 0.5 nm. The rods appear in pairs, giving rise to a “double track” appearance. Bottom right most panel shows an example of 
an isolated double track rodlet. 
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TEM tilt tomography was able to overcome the limitation of AFM tip resolution used 

for this project, yet still access details such as height information of the hydrophobin 

film. The true benefit of TEM tomography shines through with the ability to access 

3D information of the object at a nanoscale range. Access to new imaging hardware, 

sample preparation techniques and novel reconstruction algorithms will be of 

benefit further studies of hydrophobin films, by improving spatial resolution, 

integrity of the sample during imaging and objective reconstructions. Below are 

some considerations for future hydrophobin rodlet imaging studies. 

 

1. In this work the hydrophobins are negatively stained with 2% uranyl acetate, 

which consists of particulates of diameter 0.5-0.7 nm. The staining limit for an 

object is twice that of the stain so in this case the limit will be ≈ 1-1.4 nm, which 

is approximately 
1

6
 the size of the rods measured by TEM (≈ 6nm). 

2. Cryo-electron tomography with low dose analysis could be the optimum way to 

image hydrophobin samples, as this avoids the resolution limits of negative 

staining resolution issue and might capture some of the various different stage 

of hydrophobin self-assembly. This was not performed during my PhD period, 

but could be a very interesting project to pursue. 

3. One of the constraints with TEM tilt-series tomography is the Z-height 

resolution due to geometric limitation during tilting. A small tilt of 5° for a 

sample which is 20 nm high can lead to a change in resolution of ≈ 1.7 nm. 

During the reconstruction process, the Z-height approximation was limited 

with the known information from AFM data. Average height from the AFM 

measurements for EAS∆15 (2.3 nm), was substituted as the tomogram thickness 

during reconstruction. Measured Z-height of the rods is based on the 

isosurface model from the reconstruction. 

4. A way to improve reconstruction resolution that arises from the tilting 

discrepancy is to utilise sub-tomogram averaging tomography, a combination 

of single particle analysis algorithm and tilt series tomography to obtain higher 

resolution details. This is an approach that can be pursued in future, but which 

requires significant expertise in reconstruction techniques. 
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3.8 Discussion 

In this Chapter, films formed by hydrophobins from four fungal species have been 

analysed with different imaging techniques; TEM, AFM and electron tomography. 

The procedure for the reproducible production of monolayer and bilayer 

hydrophobin films was optimised with EAS∆15 and the process was then applied to 

other hydrophobins. Notably, all of the different Class I hydrophobins analysed by 

AFM (EAS∆15, MPGI, RodA and DewA) (Figure 3.10) self-assembled into rodlets of 

similar dimensions on HOPG. The average height and width measurements of the 

different types of rodlets are compiled in Table 3.2. AFM measurements of width are 

limited by the probe width but the increased resolution provided by TEM and 

tomography allowed the subunit of the rodlet structure (term rod) to be observed 

and measured in self-supporting EAS∆15 and DewA hydrophobin films on holey 

grids. 

TEM tomography can overcome some of the shortcomings of both AFM and TEM, 

by being able to measure the height and width of the rodlets at high resolution 

simultaneously. TEM tomography can be used to digitally isolate individual rodlets 

for analysis. The rodlets can then be rotated and manipulated in 3D space, for 

clearer view, thus providing a means to measure the dimensions of the rodlet and 

subunit at a high resolution and cross-sectioned, which was previously unavailable 

by AFM or TEM. The tomogram of the rodlet-containing film was used to evaluate 

the model of EAS∆15 rodlets at a hydrophobic:hydrophilic interface that was 

previously generated using the solution NMR structures of EAS∆15 monomers , along 

with molecular docking (Macindoe et al.,2012). 
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Table 3.2 Measurements from all different hydrophobin rodlets 

examined in this study. Errors represent the standard deviation (SD). 

 

Hydrophobins Average rodlet 

height (nm) 

Average rodlet or 

rod width (nm) 

AFM measurements 

EAS∆15 (Neurospora crassa) 2.3 ± 0.5 11.4 ± 2.3 

MPGI (Magnaporthe oryzae) 2.4 ± 0.4 10.5 ± 2.5 

DewA (Aspergillus nidulans) 2.6 ± 0.6 12.1 ± 1.6 

RodA (Aspergillus 
fumigatus) 

2.5 ± 0.5 11.0 ± 1.8 

RodA I97G 2.7 ± 0.6 12.3 ± 2.2 

RodA I98G 2.4 ± 0.3 11.7 ± 1.0 

RodA L128G 2.6 ± 0.6 10.7 ± 1.4 

RodA I129G 2.2 ± 0.6 11.9 ± 2.5 

RodA I128G/I129G 2.5 ± 0.6 10.2 ± 1.7 

RodA WT 50oC 3.2 ± 0.7 13.4 ± 2.5 

RodA Cys4-Cys5 2.2 ± 0.8 12.4 ± 3.6 

RodA C78NC2 2.4 ± 0.2 10.4 ± 1.7 

TEM measurements 

EAS∆15 (Neurospora crassa) NA 6.7 ± 1.3 

DewA (Aspergillus nidulans) NA 6.7 ± 0.8 

TEM Tomography measurements 

EAS∆15 (Neurospora crassa) 2.3 ± 0.5 6.0 ± 1.3 

As described in Section 1.3 (Figure 1.7a), the HADDOCK modelling used the NMR 

structure of the EAS∆15 monomer and mutagenesis data to predict the 

conformational change in the protein that occurs at the interface. Molecular docking 

restrains and exposes the Cys7-Cys8 loop for aggregation to form the β-sheet spine, 

which maintains the disulphide bridges within the β-barrel structure. The model of 

the monomers EAS∆15 with exposed amyloidogenic regions were aligned in 

anti-parallel arrangement to fit the data. In this arrangement steric clashes between 

the β-barrels were prevented, while maintaining the amphiphilic nature of the rodlet 

(Figure 3.23). Trials of the model arranged in parallel could not fit the data. 

Measurements of the height and width of a rodlet, containing six assembled 

monomers, are shown below (Figure 3.23). The maximum width is ≈ 9.2 nm, but it 

is possible that this dimension could be as narrow as 6.5 nm if the residual β-barrels 

move and lie over the core of the rodlets (Macindoe et al.,2012). 
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The model was calculated from EAS ∆15 in solution and does not consider the lateral 

packing of rodlets within the layer. It is likely that in the rodlet layer there are 

significant interactions between rodlets. 

 

Figure. 3.23 HADDOCK derived model of EAS∆15 rodlet Predicted 

model of a rodlet composed of EAS∆15 formed through interactions between the 

exposed the amyloidogenic region (Cys7-Cys8). Six EAS∆15 monomers are 

shown, each in a different colour. 

 

All Class I hydrophobins studied to date show an increases in β-sheet structure when 

rodlets form (Morris and Serpell,2012; Pham et al.,2016; Wang et al.,2002), 

suggesting similar assembly mechanisms are likely to apply for the other Class I 

hydrophobin to form the rodlet morphology. However, the 3D structures of Class I 

hydrophobins in solution do vary between species and the position of the 

amyloidogenic regions may be different, so how these regions become exposed will  

be dependent on the individual structure of each hydrophobin. 

For example, EAS∆15, is largely unstructured apart from the core β-barrel 

(Figure 3.24a), and DewA has four exposed α-helices surrounding the core β-barrel 

structure (Figure 3.24b). While the amyloidogenic region of EAS∆15, in the Cys7-Cys8 

region is large (18 amino acids labelled black in Figure 3.24a) and flexible enough to 

extend out without affecting the β-barrel during conformational change, the 

corresponding region in DewA is too short for the same mechanism to occur (5 amino 

acids labelled black in Figure 3.24b). 

Instead, a possible mechanism for DewA is that the α-helices could undergo an 
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α-helix to β-strand transition during the conformational change at the surface 

interface. As such, the formation of β-spine can assembly in a similar manner to 

EASΔ15 rodlets as predicted by the HADDOCK model, hence the similar structure 

observed in both AFM and TEM for DewY. Such α-helix to β-strand transitions are 

known to be triggered through various means in other proteins, caused by a change 

in the temperature, pH (Cerpa et al.,1996;  Zagorski and Barrow,1992), protein 

concentration (Yassine et al.,2009), and even the ratio of isoforms (Cieślik-

Boczula,2017). Further investigation will be needed to identify the amyloidogenic 

region in DewA. 

 
 

Figure. 3.24 Structure of EAS∆15 and DewA Structure of a) EAS∆15 (cyan) 
and b) DewY (orange) with Cys7-Cys8 loop in highlighted black. 

 

The key findings of the experiments with RodA mutant proteins were the 

identification of two amyloidogenic regions and the observation that even with the 

substitution of the Cys7-Cys8 amyloidogenic region, rodlets were able to form, albeit 

only at 50 oC. With two amyloidogenic regions, within the Cys4-Cys5 region and the 

Cys7-Cys8 region (Figure 3.25), the structural changes within RodA are likely to be 

more complex than those in EAS∆15. 
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Figure. 3.25 Structure of RodA RodA structure (yellow) with Cys7-Cys8 
loop highlighted black and Cys4-Cys5 loop highlighted grey. Structure 
provided by Dr. Iñaki Guijarro (Institut Pasteur, Paris). 

 

The amyloidogenic region in RodA between Cys4 and Cys5 contains 10 hydrophobic 

residues out of 20 residues and the region between Cys7 and Cys8 contains 8 

hydrophobic residues out of the 17 residues within the region. Each of these regions 

occupies a large hydrophobic patch on one side of the RodA molecule (Figure 3.25). 

Substitution of hydrophobic residues such as Ile or Leu with Gly is likely to reduce 

the hydrophobicity and at the same time, increase flexibility in the monomer and 

disfavour assembly into the rodlet form. Assembly of films formed from single 

mutations of RodA in either the Cys4-Cys5 or Cys7-Cys8 regions did not alter the 

morphologly greatly from wild type RodA, however variants with two or more 

mutations did not self-assemble at room temperature. This is likely from the 

interference of the hydrophobicity on the exposed surface of RodA and from the 

mutation. These required an increase in the temperature 25 oC to 50 oC for 

self-assembly, suggesting that rodlet assembly is driven by the hydrophobic effect. 

The substitution of the Cys7-Cys8 loops with the Class II hydrophobin NC2 sequence 

resulted in a protein that formed a film with a mixed morphology. It contained 

rodlets and an amorphous network layer similar to NC2 (Ren et al.,2014), which 

could only be observed by AFM. The formation of the rodlet structures could be due 

to the Cys4-Cys5 region while the Cys7-Cys8 region from NC2 supports the 

formation of non-fibrillar assemblies. This is consistent with NC2 being a Class II 

hydrophobin and forming non-fibrillar films. 
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The results obtained in these imaging studies have shown that the four Class I 

hydrophobins studied self-assemble into rodlets with similar dimensions. The 

structural model suggested by Macindoe et al. may be able to accommodate the 

differences in size of Class I hydrophobins, without large changes in the width and 

height of the rodlets. The polypeptide chains that tether the β-spine to the barrel are 

flexible and can adopt a variety of configurations and accommodate some of  the 

additional protein bulk. As the hydrophobin assembles and rodlets pack laterally, 

the dynamic and flexible regions may interact and adopt a more stable inter-rodlet 

configuration (Figure 3.26). This configuration may explain the different size 

resolution observed by AFM and TEM. Further high-resolution cryo-TEM 

tomography on films assembled by different hydrophobins may be able to test these 

predictions. 

  
 

Figure. 3.26 Model of the possible accommodation of the residual 

structure around the β-spine for EAS∆15 and lateral interactions 

between rodlets.  
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3.9 Conclusion 

In this Chapter, I have probed the surface structures of Class I hydrophobins with 

different imaging techniques. AFM measurements for four Class I hydrophobins 

revealed that both the height and the width of the rodlets were very similar, eluding 

to the formation of a similar structure during conformational change. Using TEM, it 

was possible to obtain high resolution images of the hydrophobin film, DewA and 

EAS∆15. Both hydrophobins assembled into laterally packed long rod-like structures 

and were approximately half of the width of the rodlets measured by AFM. This lead 

to the theory that TEM images revealed the sub-units of the hydrophobin rodlets. 

Analysis with TEM tomography provided 3D structure of EAS∆15 hydrophobins film 

and the ability to analysis individual rodlets. These results were compared against 

the calculated HADDOCK simulations.  

Here, we suggest that the flexible side-chains of the hydrophobin can interact and 

occupy a dynamic range of configurations, while maintaining a fixed β-spine 

structure. Since the hydrophobin monomers have similar dimensions (estimated 

globular size calculated from residues EASΔ15 ≈ 3.0 nm, DewA ≈ 3.4 nm and RodA ≈ 

3.5 nm), the identity of the monomeric hydrophobins does not have a large impact 

on the final size of the rodlet structure or the subunit size. The lateral assembly of 

hydrophobin rodlets is dependent on the side-chains of the protein, consequently, 

the binding between rodlets. The introduction of additives, such as ethanol, has been 

shown to interfere with the lateral assembly and affect the physiochemical properties 

of the hydrophobin film. Further understanding will come from an identification of 

the amyloidogenic regions of different hydrophobins. Cryo-tomography could be 

used to analyse hydrophobin films in 3D without staining, obtaining higher 

resolution images. This can potentially elucidate the mechanism of the lateral 

packing. 

Investigation under both TEM and AFM has shown that an increase in ethanol 

concentration (v/v) resulted in the formation of longer rodlets. These experiments 

have revealed that the self-assembly of hydrophobins, and the resultant morphology 

of the rodlets, can be controlled to an extent. While the mechanism underpinning the 

effect of ethanol was not identified, a study by Morris et al. had shown that a 

reduction in surface tension can inhibit the assembly of hydrophobins (Morris et 

al.,2011), suggesting that self-assembly is affected by interaction with the surface. To 

further explore this, the relationship between the kinetics of self -assembly and 

surface interface are explored in Chapter 4.   
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4.1 Introduction 

A unique characteristic of hydrophobins is their ability to self-assemble at any 

hydrophobic:hydrophilic interface (HHI), whether it is a liquid:liquid, liquid:gas, or 

liquid:solid interface. The capability to self-assemble at an interface and alter the 

surface wettability makes hydrophobins very attractive for biomedical or other 

marketable devices, especially since they are suited for coating devices on a large 

scale. To take advantage of this characteristic of hydrophobins fully, the relationship 

between the self-assembly of hydrophobin proteins, the state of the protein in solution 

and the role of the HHI in the self-assembly process must be understood. This chapter 

describes experiments that have probed the importance of the interface for 

hydrophobin self-assembly, with the aim of identifying methods for manipulation and 

control of hydrophobin self-assembly. 

4.1.1 Detecting amyloid formation by thioflavin T 
fluorescence 

Thioflavin T (ThT) fluorescence assays are commonly used for investigating the 

kinetics of amyloid formation (LeVine III, 1999). Considered as one of the standard 

tests for amyloid, the ThT dye (Figure 4.1a) can be used in vitro and in vivo to identify 

the presence of amyloid structures. A characteristic of the ThT amyloid dye is its 

spectroscopic properties. ThT exhibits red shifts when bound to β-rich amyloid 

structures, with the excitation maximum shifting from 385 nm to 450 nm and the 

emission maximum shifting from 445nm to 482 nm (Biancalana and Koide 2010). 

Furthermore, the binding to amyloid fibrils greatly increases the ThT fluorescence 

intensity. This is due to the binding of ThT between side chains along the long axis of 

the amyloid β-sheet structure and once bound, restriction of the free rotation of the 

benzothiazole rings, resulting in a shift to an excited state (Nelson et al., 2005) (Figure 

4.1a). As more cross β-sheets form, more ThT molecules bind to the structure, 

increasing the fluorescence emission intensity (Figure 4.1b). The sensitivity, stability 

and selectivity of the ThT dye makes it ideal for monitoring amyloid assembly 

(Biancalana and Koide, 2010; Crespo et al., 2016; Picken and Herrera, 2012). 
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Figure. 4.1 The use of ThT amyloid dye to monitor amyloid 
formation. a) The chemical structure of ThT, with the red arrow to 
indicate the rotational axis of the fluorophore. b) ThT binds to the sides of 
the cross β-structure. As the structure elongates, fluorescence intensity 
increases due to an increase in the number of ThT molecules bound along 
the fibril structure. 

4.1.2 The kinetics of hydrophobin rodlet formation 

Rodlets formed by Class I hydrophobins are rich in cross β-structures and it is possible 

to monitor the kinetics of rodlet assembly using ThT fluorescence assays (Macindoe 

et al., 2012; Morris et al., 2013; Pham et al., 2016). In Figure 4.1b above, the blue line 

is a representative example of the kinetic curve commonly observed with hydrophobin 

self-assembly in-vitro when a protein solution is shaken to introduce air:water 

interfaces. 
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For Class I hydrophobin proteins, a hydrophilic:hydrophobic interface (HHI) 

provides a point for nucleation to occur and rodlet growth only occurs at the interface 

(Pham et al., 2016). In the Sunde Lab, in vitro ThT fluorescence assays are routinely 

performed with protein solutions in a 96-well microplate and ThT fluorescence 

monitored at set time intervals, using a fluorescence microplate reader programmed 

with double orbital shaking to provide constant renewal of surface air:solution 

interfaces, allowing all monomers to convert to the rodlet form. 

4.2 The effect of pH on amyloid assembly by 

EAS∆15 and DewY 

Studies of other amyloids have suggested that self-assembly is affected by pH and 

protein aggregation is more likely to occur at low pH: 5.0–6.0 (Morel et al., 2010; Qin 

et al., 2015), and close to the isoelectric point of the protein (Hudson et al., 2009). In 

this section, the effect of pH on the rate of assembly for EAS∆15 and DewY was 

investigated. Hydrophobin assembly was compared using 25 µg/ml of protein in 

20 mM sodium acetate at pH 3.0, 4.0, 5.0 and 8.0 with shaking at 700 rpm at 25 oC. 

Figure. 4.2 Effect of pH on the rate and extent of rodlet formation by 
(a) EAS∆15 and (b) DewY. Raw data of the replicates are presented in the graphs. 

EAS∆15 formed ThT-positive structures under all pH conditions tested with no 

significant variation in the rate of formation or final ThT intensity (Figure 4.2a). In 

contrast, pH had a large effect on the rate of assembly of DewY and the final ThT 

intensity (Figure 4.2b). The optimum pH for DewY assembly was determined to be at 

pH 5.0 where rapid rodlet formation occurred with no visible lag phase and reaching 
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the maximum intensity within 25 minutes. The average final ThT intensity for DewY 

at pH 5.0 is ≈ 12,500 a.u. Away from pH 5.0, two phenomena were observed: firstly, 

there was a decrease in fluorescence intensity, and secondly, the rate of rodlet 

formation was reduced. At more acidic pH, pH 4.0 and pH 3.0, the average 

fluorescence intensity dropped to ≈ 8400 a.u. and ≈ 9300 a.u. respectively. The 

maximum fluorescence intensity reached represents 100% rodlet assembly in the 

well. The fluorescence intensity at 90% was defined as the time required for the 

majority of rodlets to assemble prior to saturation. This was calculated by multiplying 

the maximum intensity by 90% and locating the time at which that fluorescence 

intensity was generated. In pH 4.0 solution, this was found to be 114 minutes and in 

pH 3.0 solution, this point was reached at 98 minutes. At pH 8.0, the intensity barely 

increased above 5000 a.u. after 5 hours of incubated shaking. 

DewY displayed results similar to other studies of amyloid-forming polypeptides 

(Valerio et al., 2008), in that the assembly of DewY into an amyloid structure was 

more efficient closer to the isoelectric point pH=5.0 (pI for DewY=4.68). At this pH, 

the protein has a net neutral charge, and the hydrophobic patch of DewY is likely to 

dominate the aggregation mechanism. DewY is likely to be susceptible to changes in 

pH due to the presence of six basic residues, ten acidic residues and charged N- and 

C- termini in its structure. These charges are all located on the surface of the DewY.  

Protonation (as pH falls below 4.0) and deprotonation (as pH increases) of these 

residues will affect the distribution of polar and hydrophobic regions on the surface 

of the protein. EAS∆15, which has a similar isoelectric point to DewY protein (pI of 

EASΔ15 = 4.58), was less affected by these changes to the pH, possibly because there 

are only four acidic residues and three basic residues within its amino acid sequence. 

4.2.1 Buffers affect the assembly kinetics of hydrophobin 

Katayama et al. have shown that small ionic species, such as buffer ions, can alter 

aggregation kinetics (Katayama et al., 2006). Indeed, kinetic studies performed by 

Vanessa Morris (former PhD student, Sunde Lab), found that pH 4.0 was the 

optimum pH for DewY rodlet formation in a composite buffer containing 25 mM 

glycine, 25 mM sodium acetate, 25 mM sodium dihydrogen orthophosphate and 25 

mM Tris. However, in this work, which uses 20 mM sodium acetate buffer, the 

optimal pH for rodlet assembly was found to be pH 5.0 for DewY. 

To investigate how different buffers affect the assembly mechanism of hydrophobins, 
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the rate of rodlet formation by EAS∆15 and DewY in four commonly used buffers was 

compared (25 mM sodium acetate, 25 mM Tris, 25 mM sodium phosphate 

(NaH2PO4) and phosphate-buffered saline (PBS). These buffers were carefully 

titrated to pH 5.0 with 1 M HCl. The utilization of sodium acetate, sodium phosphate 

and Tris buffers is to look at the effect of the different buffer ions on rodlet formation. 

The inclusion of PBS tested the effect of salts on hydrophobin assembly. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4.3 Effect of buffer ions and salts on rodlet assembly. 
Assembly kinetics of a) EAS∆15 and b) DewY in 25 mM sodium phosphate 
(blue), PBS (red), 25 mM sodium acetate (green) and 25 mM Tris (purple). 
Magnified region boxed in red are shown as c) EAS∆15 and d) DewY to 
facilitate comparison of the kinetics. Replicates for each protein are 
displayed with the average represented as a solid line. Results were 
normalised. 

The nature of the buffer had a small effect on the rate of EAS∆15 assembly. As observed 

in Figure 4.3a, formation of all rodlets occurs within 20 minutes with all the buffers. 

Close inspection of the first 30 minutes of the assembly reaction (Figure 4.3c), reveals 
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a difference between the kinetics of EAS∆15 rodlet formation in different buffers. In 

sodium acetate and Tris buffers, the rate of assembly was more rapid than that 

observed for EAS∆15 in sodium phosphate or PBS buffers. The basis for these changes 

is unknown but one possibility is that the phosphate anion is small enough to bind 

into a surface pocket on EAS∆15 and change the ratio of polar to hydrophobic surface 

slightly, reducing alignment at the HHI or slowing down the conformational change 

required for rodlet assembly. Acetate and Tris, which are slightly larger molecules, 

might not be able to achieve this. Another possibility is that phosphate acts as a 

kosmotropic agent, i.e. an ionic compound with high charge density, which 

contributes to the stability and structure of water-water interactions (Rubin et al., 

2013). This could negatively impact on the conformational changes required for 

EAS∆15 assembly. 

The nature of the buffer ions had a greater effect on DewY, in particular assembly was 

much slower in the presence of Tris buffer (Figure 4.3c and 4.3d). The larger ion 

slowed the rate of elongation significantly, suggesting that it may interact with the 

protein in a way that alters availability at the HHI, alignment at the HHI or hinders 

conformational change. Comparison of the assembly of DewY in sodium phosphate 

versus PBS buffer indicates that increased salt concentration slows rodlet assembly 

marginally, perhaps through increasing the stability of dimers of DewY present in 

solution or favouring population of the more structured conformer. However, any 

potential kosmotropic effect of phosphate is not significant in DewY assembly. 

As discussed in Section 4.2 above, these two hydrophobins have different three-

dimensional structures and distribution of polar and hydrophobic surface regions. 

Also, DewY can form dimers in solution and EAS∆15 is monomeric (Morris et al., 2013; 

Mackay et al., 2001). Therefore, the differences observed in sensitivity to buffer ions 

and salt are likely to reflect these differences, and further detailed studies would be 

required to determine which of the multiple possible effects operate on EAS∆15 and 

DewY assembly. NMR experiments that report on protein backbone structure and 

dynamics could be performed on these proteins in different buffers, which may give 

insight into structural changes induced by buffers. 

4.3 Novel assay to determine the role of the  
interface for hydrophobin formation 

In order to understand the role of the interface in hydrophobin assembly, it was 
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necessary to develop the ability to assay hydrophobin assembly in the absence of an 

interface, while maintaining shaking of samples in a 96-well plate in a plate-reader. 

Figure 4.4 presents a cartoon representation of the process to achieve this. In brief, 

wells were sealed with optically-clear sealing film, then the protein- and 

ThT-containing buffer solution was injected into the well with a syringe, until the well 

overfilled. The puncture hole was resealed with sealing tape while being careful not 

to introduce any air bubbles. The rodlet assembly experiment was then performed 

with constant agitation at 700 rpm. To introduce an air:liquid interface after a period 

of shaking and incubation, 100 µl of the solution was removed and placed into an 

empty well in the plate. Positive controls for assembly in the presence of a surface 

interface were prepared in the same 96-well plate, with wells containing only 100 µl 

solutions of each of the hydrophobins tested. Rodlet assembly by the Class I 

hydrophobins EAS∆15 and DewA was tested in this way. 

Figure. 4.4 Experimental steps taken to perform ThT assay with 
no interface. a) Empty 96 well plate b) Seal empty well with sealing film 
c) Puncture a hole with needle and inject ThT/hydrophobin solution into 
the well d) Conduct ThT assay with shaking e) Remove solution to create an 
air:solution interface f) Repeat ThT assay with the introduction of 
air:solution interface. 

The data in Figure 4.5 show that there was no significant increase in ThT fluorescence 

intensity in the absence of a surface interface even with shaking for EAS∆15 

(Figure 4.5a) and DewA (Figure 4.5b). Re-introducing an air:liquid interface by the 

removal of 100 µl of the protein solution, and shaking of the solution, saw the ThT 

fluorescence intensity increase very rapidly. This demonstrates that the interface is 

vital for the formation of Class I hydrophobin rodlets to occur. The rate of assembly 

observed in the positive control, where a surface interface was present, was 

comparable to that observed in the well after the re-introduction of the surface 

b c 

d e f 
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interface and in the well containing the transferred 100-µL of protein solution (Figure 

4.5). These results indicate that a surface interface is strictly required for rodlet 

assembly and shaking in the absence of a surface interface does not generate any form 

of rodlet seeds. 
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Figure. 4.5 Self-assembly of a) EAS∆15 and b) DewA in the absence 
and presence of a surface interface Positive control, indicated in green 
traces, represents usual set-up of hydrophobin (100 µl) with a surface 
interface in a well. Blue traces represent ThT fluorescence from wells, 
initially in the absence of a surface interface and then after introduction of 
a surface interface. Red traces represent fluorescence intensity measured 
from 100 µl of hydrophobin solution transferred into a new well from 
solutions initially with no interface, after 250 min (Lo et al, 2014). Raw data 
of replicate are presented.
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4.4 Introducing paraffin oil to increase the surface 
interface for hydrophobin assembly 

The experiments in section 4.3 demonstrated that without a surface interface, in this 

case an air:water interface, hydrophobins cannot undergo the conformational change 

and self-assembly required to form β-sheet rich rodlets, even with vigorous shaking. 

To imitate an increase of surface area without constant agitation, paraffin oil in 

20 mM sodium acetate, 40 µM ThT, pH 5.0 buffer was finely dispersed by 30 minutes 

of bath sonication to create microbubbles and then added to hydrophobin-containing 

solutions. Different amounts of oil were added to generate different hydrophobic 

surface areas within the solution. The volumes of oil added gave final concentrations 

of 0%, 2%, 5% or 10% of paraffin oil in the assay. The oil/ThT buffer solution was 

added (75 µl) to the concentrated EAS∆15 and DewY protein solutions in a 96-well plate 

to give a final protein concentration of 25 µg/ml in 100 µl. Measurement of ThT 

fluorescence was conducted in the absence of shaking. The positive control for EASΔ15 

and DewY assembly were conducted separately with no oil and 700 rpm double orbital 

shaking. 

There was an increase in ThT fluorescence intensity in both DewY and EAS∆15 solutions 

with no paraffin oil, when samples were incubated with no shaking, to approximately 

5000 a.u. (Figure 4.6) compared with the ThT-buffer-oil-only blank (≈ 2,500 a.u.). For 

DewY, ThT fluorescence increased up to ≈ 6,400 a.u. in the presence of paraffin oil 

microbubbles. This intensity was much lower than the intensity generated by DewY 

under conditions of constant shaking (≈ 14,000 a.u.) but was higher than the 

ThT-buffer-oil-only blank (≈ 2,500 a.u.), suggesting some rodlet formation does occur, 

but the presence of paraffin oil does not encourage assembly of DewY. However, for 

EAS∆15 the addition of paraffin oil promoted the assembly of rodlets, increasing the 

ThT fluorescence intensity to ≈ 20,000 a.u for 10%, and ≈ 23,000 a.u. for 5% and 2% 

v/v of paraffin oil. These increases in the ThT fluorescence are much greater than 

observed with EAS∆15 incubated in the absence of paraffin oil microbubbles and are 

similar to the ThT fluorescence intensity observed in previous shaking experiments 

(≈22,000 a.u.). The fluorescence intensity initially decreases before increasing again 

for both DewY and EAS∆15 samples, suggesting a mixing phenomenon. For EASΔ15, the 

fluorescence intensity increased by the same amount, independent of the amount of 

paraffin oil included, suggesting that 2% oil was enough to produce the surface area 

required for all the protein to undergo conformational change. This finding is further 

investigated in Section 4.6.  
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Figure. 4.6 The effect of surface area on the assembly of a) EASΔ15 and 
b) DewY without shaking. Paraffin oil microbubbles was introduced into ThT 
assay without agitation to study the effect of surface area, on the self-assembly 
kinetics of the hydrophobins a) EASΔ1 5 and b) DewY. Positive controls were 
conducted with shaking at 700 rpm with no oil. Error bars represents SD of 
triplicate data.
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4.5 The hydrophobic  regions  on the surface of 
EAS∆15 play a role in self-assembly 

4.5.1 Using Nile Red to probe hydrophobic regions of EAS∆15 

Hydrophobin molecules contain large areas of exposed hydrophobic surface which are 

expected to be important at different stages within the fungal life-cycle, through an 

impact on protein solubility in solution or localization to the air:water or water:solid 

interface (Bayry et al., 2012; Hakanpää et al., 2004). The lipophilic fluorescent probe, 

Nile Red, was used during kinetic assays to probe the role of the hydrophobic regions 

of EAS∆15 on self-assembly. Nile Red has been used to probe changes in the polarity of 

solutions, as the excitation, emission and intensity of Nile red fluorescence will change 

dependent on the polarity of its environment (Figure 4.7a) (Fowler and Greenspan, 

1985; Greenspan et al., 2015) . 

The Nile Red structure consists of a rigid aromatic system with a flexible diethylamino 

end group attached (Figure 4.7b). Twisted intramolecular charge transfer (TICT) is 

the underlying mechanism that governs the fluorescence properties of Nile Red. In 

TICT an electron is transferred from an electron-donating group, such as the 

diethylamino end group, to an electron-withdrawing group, the aromatic group. This 

causes an increase in the dipole moment of the excited state, which can affect the 

fluorescence lifetime and quantum yield. For Nile Red, an apolar environment can 

inhibit the TICT, enhancing both the lifetime and intensity of the fluorescence (Hawe 

et al., 2008; Martinez and Henary, 2016). Since Nile Red fluorescence is so sensitive 

to the polarity of its environment, it has been used as a hydrophobic probe to monitor 

conformational changes of proteins with hydrophobic domains (Sackett and Wolff, 

1987) and probe the assembly kinetics of amyloids (Mishra et al., 2011). 
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Figure. 4.7 The spectral properties of Nile Red reflect the polarity of its 
environment and chemical structure of Nile Red. Nile Red under visible and 
ultraviolet (366 nm) light in different solvents: from left to right: 1. water, 2. 
methanol, 3. ethanol, 4. acetonitrile, 5. dimethylformamide, 6. acetone, 7. ethyl 
acetate, 8. dichloromethane, 9. N-hexane, 10. methyl-tert-butylether, 11. 
cyclohexane, 12. toluene. Photographer: Armin Kübelbeck (Kübelbeck, 2009) b) 
Nile Red chemical structure. 

4.5.2 Comparing the rate of amyloid rodlet formation with 

exposed hydrophobicity using Nile Red and ThT 

Unlike thioflavin T, which binds between the grooves of cross-β sheet structures, Nile 

Red attaches to hydrophobic sites on proteins. Fluorescence kinetic assays were 

conducted as described in Section 2.6.3, to assess the change in hydrophobicity during 

rodlet formation, as measured by changes in Nile Red and ThT fluorescence, 

respectively. In brief, kinetic fluorescence assays were performed with 25 µg/ml of 

EAS∆15 in the presence of either 1 µM Nile Red or 40 µM ThT. Results from the kinetic 

assays using the two fluorescence dyes show that the assembly rates with Nile Red 

and ThT are quite different (Figure 4.8a and 4.8b). With EAS∆15 in a ThT-containing 

buffer, self-assembly into the amyloid rodlet structure, as judged by fluorescence 

intensity at 485 nm, reached a plateau at ≈ 25 min, but for EAS∆15 in the presence of 

Nile Red, the increase in binding of Nile red to accessible hydrophobic regions reaches 

a plateau at ≈ 120 min. 
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Figure. 4.8 Assembly kinetics of EAS∆15 as monitored by ThT and Nile 
Red fluorescence assays. a and b) Continuous kinetic fluorescence assay was 
performed in the presence of ThT and Nile Red. Assay was performed in the 
presence of 1 µM Nile Red (red) and 40 µM thioflavin T (green) in 20 mM Tris.HCl 
pH 8.0 buffer. c and d) Discontinuous kinetic fluorescence assay of EAS∆15 
assembled without the fluorescence dyes, in 20 mM Tris.HCl pH 8.0 buffer. At 
specific time intervals, 1 µM Nile Red (red) and 40 µM thioflavin T (green) were 
added to samples and fluorescence intensities were measured. Raw data 
presented in panels a and c and normalised fluorescence intensity presented in 
panel b and d. Replicates for each sample are plotted individually, with the 
average value plotted as a solid line. 
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The slower rate of increase in the Nile red fluorescence suggested that binding of Nile 

Red to hydrophobic regions of EAS∆15 could be affecting the kinetics of rodlet 

formation. It has been suggested that the large hydrophobic patches found in 

hydrophobins are required for the interaction of the protein with the interface (Linder 

et al., 2002). Interruption of the hydrophobic patch could lead to disruption of rodlet 

formation. To test this, discontinuous kinetic assays were performed whereby a 

solution of EAS∆15 was agitated in a micro-centrifuge tube in the absence of either dye 

and samples were removed at specific time intervals and mixed with the fluorescent 

dyes and measurements made. Using this method, the rate of rodlet formation and 

increase in hydrophobic binding surface were indistinguishable (Figure 4.8c and 

4.8d). This provides evidence that the binding of the Nile Red dye to hydrophobic 

regions on EAS∆15 interferes with the self-assembly mechanism of EAS∆15. 

As Nile Red is very sensitive to changes in polarity of the environment, a fluorescence 

peak shift should be detectable as EAS∆15 self-assembles, if the hydrophobic surface 

of the protein changes during the process of rodlet assembly. An EAS∆15 hydrophobin 

solution was prepared in the same way as for the endpoint assay, and the emission 

spectrum collected every 10 minutes over 40 minutes. A gradual blue peak shift and 

increase in intensity with time can be seen when EAS∆15 is added to Nile Red. The peak 

shifts from 632 nm (buffer with Nile Red) to 614 nm in the presence of 25 µg/ml 

EAS∆15 over 40 minutes (Figure 4.9a). This blue shift is indicative of a decrease in 

polarity of the solution (Greenspan and Fowler (1985); Rumin et al. (2015)) and the 

binding of Nile Red to EAS∆15 protects it from exposure to the solvent environment, 

thus, increasing the fluorescence intensity. This change in Nile red fluorescence 

indicates that there is a conformational change during rodlet formation that results in 

an increase in exposed hydrophobic surface area in the rodlet form of EAS∆15 to which 

the dye binds. 
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Figure. 4.9 Changes in Nile Red fluorescence in the presence of EASΔ15 
a) Fluorescence emission spectra of Nile Red with 25 µg/ml of EAS∆1 5 over time 
and b) table showing changes to Nile Red peak fluorescence intensity and peak 
wavelength in Tris buffer, with and without EASΔ1 5 protein over time. 

4.6 Hydrophobin formation in the absence of 
agitation 

After the unexpected observation of some self-assembly by EAS∆15 and DewY in the 

absence of shaking during the oil emulsion experiments (section 4.4), a systematic 

study of rodlet formation in the absence of agitation was carried out. It had been 

assumed that the surface interface had to be refreshed by agitation, in order for all 

hydrophobin monomers to reach the air:water interface and undergo conversion to 

the rodlet form. Previous computational approaches had indicated that the long 

Cys3-Cys4 loop in full-length WT EAS likely inhibits self-assembly (De Simone et al., 

2012). WT EAS (kindly provided by Dr Ann Kwan) was therefore included in the 

experiments along with EAS∆15 and DewY, to investigate the mechanism of assembly 

in the absence of a surface interface. 
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 The proteins were tested at 25 µg/ml in 20 mM sodium acetate, pH 5.0. Under these 

conditions, EAS∆15 solutions showed a continuous and rapid increase in ThT 

fluorescence intensity to plateau level at ≈ 56 minutes in the absence of shaking 

(Figure 4.10a). WT EAS and DewY showed an initial small, rapid increase within the 

first 5 min, followed by a plateau (enlarged in Figure 4.10b, and Figure 4.10c, 

respectively). The intensity increased from buffer-ThT level (2100 a.u.) to ≈ 7000 a.u. 

for full-length WT EAS and ≈ 3800 a.u. for DewY. A second assembly phase was 

observed for full-length WT EAS, with rodlet formation completed after ≈ 235 min 

with a final average intensity ≈ 17500 a.u. (Figure 4.10a). However, DewY 

fluorescence intensity remained at ≈ 3800 a.u. and no further increase in fluorescence 

was observed, unless shaken (Figure 4.10a).  

 Figure. 4.10 ThT assay of EAS∆1 5, EAS and DewY rodlet assembly in the 
absence of shaking. a) ThT assays of EAS∆1 5, WT EAS and DewY at 25 µg/ml 
with no shaking. The first 40 minutes of ThT assays for b) EAS∆1 5 c) WT EAS and 
d) DewY. Raw data of triplicate shown. 
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Previously, ThT assays conducted with shaking did not reveal a difference in the rates 

of assembly of WT EAS and EAS∆15 (Kwan et al, 2008). However, these studies without 

agitation revealed marked differences in the rate of assembly of truncated EAS∆15 and 

WT EAS. Further investigations were performed to elucidate the role of the Cys3-Cys4 

hydrophobic loop from WT EAS. 

Multiple repeat experiments with WT EAS and EAS∆15 identified another 

phenomenon, i.e. that the kinetics of assembly of the full-length EAS protein are 

affected by the age of the stock solution. Protein stock solutions were prepared at 

800 µg/ml and maintained at 4 oC. Samples were removed on Days 1, 3, 4 and 11, 

diluted to a final concentration of 100 µg/ml in the well and assayed. The kinetics of 

EAS∆15 rodlet assembly remained similar over the 11 days the sample was tested 

(Figure 4.11a). For EAS, the data showed a much longer lag phase when the solution 

was newly prepared, with a reduction in the lag phase and the time taken for assembly 

to plateau, as the protein stock solution aged (Figure 4.11b). The time for 90% of 

rodlets to assemble was plotted to determine any trend (Figure 4.12).  

Figure. 4.11 Effect of protein stock solution age on kinetics of rodlet 
assembly by EAS and EAS∆1 5 in the absence of shaking a) ThT fluorescence 
profile of a) EAS∆1 5 and b) WT EAS at 1, 3, 4, and 11 days. Replicates of normalised 
data are presented. 
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Figure. 4.12 The relationship between rodlet formation and protein 
stock solution age for EAS∆1 5 and EAS. The time taken for 90% of the rodlet 
formation plotted for each replicate. 

For EAS, it was observed that as the protein stock solution aged (≥3 days), the rate of 

formation increased (Figure 4.12). The time required to convert 90% of the rodlets for 

freshly prepared EAS, ranged from 338-531 minutes, however, subsequent testings 

on day 3 and after, formation occurred under 300 minutes. It is not clear what the 

basis for this observation could be. One possible explanation is that over time, 

self-assembly of hydrophobin rodlets on the surface of the stock solution could form 

during storage. Some of these rodlets may promote the interaction of monomers to 

the interface during the ThT assays, therefore, reducing the formation time.  

The ability for these hydrophobins to continue to form β-sheet structures without 

agitation at the surface interface can be explained by a Vroman-like-effect (Krishnan 

et al., 2004; Vilaseca et al., 2013). The Vroman effect describes the protein 

adsorption-desorption cycle observed in blood serum proteins. The most mobile 

proteins will saturate the surface interface first and are replaced with proteins with 

higher affinity but less mobility at the surface. A similar effect can be proposed to 

explain the observations with full-length WT EAS and EAS∆15. In the case of EAS∆15, 

monomers rapidly saturate the surface and convert to a rodlet form that has a lower 

affinity for the surface and which is continuously displaced by monomeric protein 

until all EAS∆15 has assembled. For full-length WT EAS, monomers rapidly saturate 
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the surface and the single layer converts to an amyloid ThT-positive rodlet form. 

However, the relative affinities of the monomeric form and rodlet form of EAS are 

different to those of EAS∆15, and displacement of the rodlet form by the monomeric 

full-length protein is slower. Computational studies have indicated that the presence 

of the full-length Cys-Cy4 loop, which is dynamic, disfavours assembly (De Simone et 

al., 2012). The nature of the rodlet formed by full-length WT EAS is also expected to 

be slightly different to that of EAS∆15. However, eventually all EAS protein does reach 

the interface and convert to the rodlet form. 

Rodlet assembly in the absence of shaking has also been demonstrated for SC3 from 

Schizophyllum commune, which was shown to exhibit enhanced ThT fluorescence 

over time without agitation (Zykwinska et al., 2014). The authors suggested that SC3 

is able to form rodlets within solution, however our experiments with full-length WT 

EAS and EAS∆15 have shown that no ThT fluorescence develops unless a surface 

interface is present (Section 4.3), indicating that full-length WT EAS and EAS∆15 do 

not form rodlets within the solution. 

4.7  Alcohol induces the self-assembly of 

hydrophobins 

Previous studies have demonstrated that addition of additives such as alcohols, ionic 

liquids or detergents can inhibit the formation of rodlets under conditions of shaking 

(Morris et al., 2011; Pham 2016). These solutes reduce the surface tension of water by 

saturating the surface interface. At high concentrations of these additives and with 

shaking, the saturated surface may prevent hydrophobin proteins from accessing the 

surface interface and converting to the rodlet form. Yet, in previous sections 

(Section 3.4.3 and 3.3.3) a hydrophobin film was observed to form in the presence of 

ethanol concentrations higher than those used in the earlier study by Morris et al. 

Further investigations in the absence of shaking were conducted to tease out the 

reason for the difference between the results. Understanding how manipulation of the 

surface interface can affect the assembly of hydrophobins into films may provide 

insight into the mechanism of assembly at the interface. 

The effect of ethanol on the assembly of EAS∆15, WT EAS and DewY rodlets was 

studied with ThT kinetic assays using proteins concentration of 50 µg/ml and without 

shaking (conditions similar to Section 4.6), but the ThT buffer (20 mM Sodium 

Acetate, 40 µM ThT pH 5.0) contained 0%, 2%, 5%, 10% and 15% v/v of ethanol 
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(Figure 4.13). A higher protein concentration was used so that changes in the early 

stages of assembly could be reliably detected. 

The presence of 2% and 5% ethanol promotes the self-assembly of all three 

hydrophobin even without shaking. Under these conditions, an increased rate of 

assembly was seen for EASΔ15 (Figure 4.13a), however in the presence of 10% ethanol, 

a lag phase was observed after an initial small increase in intensity (Figure 4.13a), 

similar to what was previously observed in Section 4.6. This suggests that some 

rodlets form quickly at the surface and give rise to the initial ThT fluorescence. At 15% 

of ethanol in the solution, rodlet formation was inhibited with no increase in ThT 

fluorescence intensity after 300 min of incubation. This result is consistent with the 

observation made by Morris et al. (Morris et al., 2011), however in that study, the 

kinetic assays were performed with agitation. 

As the amount of ethanol was increased from 0% to 15%, a gradual decrease in the 

length of the lag phase could be observed for WT EAS (Figure 4.13b). The full-length 

WT protein is able to assemble into rodlets at ethanol concentrations that slow or 

inhibit the truncated EASΔ15 form. The presence of the full-length Cys3-Cys4 

hydrophobic region apparently allows the EAS monomers to reach the surface and 

undergo conformational change to the rodlet form under lower surface tension 

conditions. This loop may be key to overcoming the surface adsorption of the ethanol . 

For DewY, the presence of 10% ethanol further promotes the self-assembly but with 

the addition of 15% ethanol, there was a longer lag phase and only a small increase in 

ThT fluorescence intensity, similar to what was observed with by Morris et al. (Morris 

et al., 2011)  
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Figure. 4.13 Non-agitation assembly kinetics of a) EAS∆1 5, b) EAS and 
c) DewY with various amounts of ethanol. Replicates of the raw data are 
shown. 

Presented in Table 4.2 shows the effect of ethanol on the time required for the 

formation of 90% of the total rodlets (formation time), the assembly rate (rate 

required for the formation between of 10% and 90% of rodlets) and the lag phase 

observed (time required to reach of 10% of the maximum intensity). The values below 

provide an indication of the relationship of the ethanol and hydrophobin assembly 

kinetics, which will be used to help determine the additive limitation in later Chapter. 
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Table 4.1 Changes in kinetics in with different concentration of 
ethanol in solution * Some values were not calculated because the formation of 
rodlets were not complete. ** Time it took for 10% of max intensity to be seen. Not 
indicative of a lag phase. 

 
Hydrophobin Ethanol 

Concentration 
Formation time 

(min) 
Assembly rate 

(a.u./min) 
Max lag phase 

(min) 
 
 

EASΔ15 

0% 66.7±6.7 355±8.1 18** 

2% 31.1±1.3 540±3.3 9** 

5% 37.2±1.4 488±19 9** 

10% 114±6.9 193.5±1.4 114.5 

15%* NA NA NA 

 
 

EAS 

0% 251±10.8 196.8±10.9 126 

2% 80±17 296.6±21.0 67 

5% 67.2±0.6 301.2±28.2 30 

10% 38.5±6.6 315±8.8 12** 

15% 48.7±3.2 313.2±11.4 12** 

 
 

DewY 

0%* NA NA NA 

2%* NA NA NA 

5% 178±25 133±5.2 152** 

10% 83.5±11 169±8.9 89** 

15%* NA NA NA 

4.7.1 Assembly of EAS∆15 in methanol 

To determine if other alcohols have the same effect on the kinetics of assembly of 

EAS∆15, the effect of methanol on rodlet formation was investigated. Here the ThT 

kinetics assays were performed at a higher protein concentration, at 100 µg/ml, to 

reduce the rate of assembly sufficiently to detect the early phases of the process. The 

ThT assay was performed in absence and presence of methanol as well as ethanol for 

direct comparison.  

Due to the extended elongation phase observed with 100 µg/ml compared 50 µg/ml 

it was possible to observe the fine changes induced by the addition of additives  

(Figure 4.15). The presence of methanol had a similar effect on the kinetics as 

observed with the addition of ethanol. The presence of 5% and 10% methanol 

increases the assembly rate and, in the presence, of 20% methanol, a long lag phase 

is observed, followed by an increase in fluorescence intensity. However, in the 

presence of ethanol, the rate of rodlet assembly decreases from 10% onward. It is 

noteworthy that the kinetics of assembly of EAS∆15 in 5% ethanol are the same as in 
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10%, methanol (Figure 4.15c). This is likely because solutions containing 5% ethanol 

and 10% methanol have similar surface tensions (Vazquez et al., 1995). For EAS∆15, 

the surface tension at which the quickest assembly rate was observed was ≈ 55 mN/m, 

similar to what was observed by Morris et al., (2011). As the surface tension is further 

reduced, the assembly rate was reduced, until a lag phase is introduced, affecting the 

reproducibility of the kinetics.  

Figure. 4.14 Comparison of assembly kinetics of EAS∆1 5 with ethanol 

and methanol. Assembly of 100 µg/ml of EAS∆1 5 with the addition of a) ethanol 

and b) methanol b at given v/v ratios. c) Overlay of EAS∆1 5 assembly kinetics in the 

presence of 5% EtOH and 10% MetOH, which generate similar surface tensions 

(Vazquez et al., 1995). 
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4.8  Discussion 

4.8.1 Hydrophobin assembly is dependent on the interaction 

with the interface 

Fluorescence kinetic assays were used to probe the self-assembly of hydrophobins and 

the effect of environmental conditions (buffer, pH, surfaces and additives). By 

monitoring the kinetics of the assembly with the amyloid-specific fluorescent dye ThT, 

it was possible to study the role of the interface and the interaction of monomers and 

rodlets with the interface during assembly. 

Removal of the surface interface prevented the formation of rodlets by both EAS∆15 

and DewY in solution. A study conducted with MPG1 reported the same result (Pham 

et al., 2016), indicating the importance of the interface for the conformational change 

from monomer-to-rodlet. Interference with the surface hydrophobicity of EAS∆15 by 

the small fluorescent compound Nile Red was potent enough to slow the assembly 

kinetics, highlighting the importance of the exposed hydrophobic surface areas of 

monomer in the recruitment to the interface that is essential for rodlet formation. 

Common buffers such as Tris, sodium phosphate and sodium acetate have been 

shown to affect the aggregation of proteins by interfering with charged regions of 

surfaces (Trewby et al., 2016), by enhancing water-water interactions as kosmotropic 

agents or by salt-induced aggregation (Lebendiker and Danieli, 2014), to name a few. 

Changes to the buffer affected the assembly of both EAS∆15 and DewY. While small 

changes to the assembly kinetics could be observed with DewY in sodium acetate, 

sodium phosphate and PBS, Tris significantly slowed the rate of elongation. Other 

studies have shown that buffers such as Tris are able to modify self-assembly, 

potentially by altering the charge interface of protein surfaces (Kurniawan et al., 2017; 

Trewby et al., 2016). Similarly, the longer elongation rate of EAS∆15 in phosphate 

buffers can be attributed to either phosphate binding interfering with the flexibility of 

the protein required for assembly or phosphate acting as kosmotropic agent that 

strengthens the hydrophobic effect by enhancing water-water interactions. 

The optimum pH condition for self-assembly of DewY is at pH 5.0, near its isoelectric 

point (DewY pI = 4.68), in which the exposed hydrophobic patch is likely to dominate 

the aggregation mechanism. Away from pH 5.0, protonation or deprotonation will 

begin to interfere with the assembly mechanism. The reduction of ThT intensity 

suggests that fewer β-sheets are being formed or the binding environment of ThT 
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changes. It is also possible that changes to the ionisation state cause DewY to assemble 

into off-pathway dimers that do not form rodlets (Morris et al., 2013). Surprisingly, 

EAS∆15 assembly kinetics were not affected by pH. The isoelectric point for EAS∆15 is 

similar to DewY (EAS∆15 pI= 4.58), yet even at pH 8.0 the self-assembly rate remained 

similar. 

Figure 4.16 shows that differences between the location of the exposed hydrophobic 

surfaces could explain the effect of pH on propensity for self-assembly. While EAS∆15 

has relatively large hydrophobic patches on all sides of the protein (shown in grey in 

Figure 4.16a), DewY is dependent on one major hydrophobic patch (left figure in 

Figure 4.16b) to interact with the interface. Changes to pH are likely to have a larger 

effect on DewA, as it contains ten acidic residues and six basic residues while EAS∆15 

contains four acidic residues and three basic residues. Another possibility is that the 

whole hydrophobin protein may be orientated less favourably relative to the surface 

interface at some unfavourable pH values. HFBII and HFBI, which are dependent on 

their hydrophobic patch to assemble, have been shown to change the orientation and 

rotation angle of the protein relative to the surface, by as much as 20o and 60o, from 

low pH (3.5) to high pH (10.5), respectively (Meister et al., 2017). 

Figure. 4.15 Exposed hydrophobic surface on EAS∆1 5 and DewY 
structure. Exposed hydrophobic surfaces are portrayed in grey for a) EAS∆15 
surface structure rotated 180o and b) DewY surface structure rotated 180o. 

180o 

180o 
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To encourage self-assembly without shaking, paraffin oil was introduced into 

hydrophobin solutions as a method of increasing hydrophobic:hydrophilic interface 

area. In the presence of oil, both EAS∆15 and DewY exhibited an increase of ThT 

fluorescence signal suggesting rodlet assembly, albeit the ThT intensity from DewY in 

oil was only ≈45% of what has been seen under shaking condition, while the extent of 

rodlet assembly by EAS∆15 in oil and shaking were comparable. 

Commonly, hydrophobin assembly has been tested during conditions of agitation 

(Armenante et al., 2010; Gandier et al., 2017; Pham et al., 2016), but some 

hydrophobins such as SC3 (Zykwinska et al., 2014) and Vmh2 (Longobardi et al., 

2011) are known to self-assemble without agitation. Here, DewY, EAS and EAS∆15 were 

shown to also be able to assemble without shaking. Critically, a HHI was still required; 

these hydrophobins do not assembly in solution. Under the in vitro assay conditions 

used in this study, once the initial formation of rodlets has saturated the interface, 

forming an amphiphilic film, DewY does not continue assembly. EAS∆15 and EAS are 

both able to continue assembly, although full-length EAS exhibits a lag phase before 

continuing assembly. These results can be explained by a Vroman-like effect 

(Krishnan et al., 2004), with differential affinity of monomer and rodlet forms for the 

HHI. 

DeSimone et al. have used molecular dynamics simulations to study the function of 

the Cys3-Cys4 loop in EAS (De Simone et al., 2012). Their results suggested that the 

flexible hydrophobic loop suppressed unwanted aggregation in solution, which is 

supported by the ThT assay results observed here. The truncation of the Cys3-Cys4 

loop from WT EAS allows EAS∆15 to self-assemble more quickly because the 

conformational change within the monomer at the surface is favoured and/or rodlet 

adhesion at the interface is relatively reduced. It can be hypothesised that the nature 

of the Cys3-Cys4 loop of EAS may be an evolutionary design to restrict assembly of 

rodlets to desirable conditions and/or surfaces. 
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4.8.2 Surface tension is the key characteristic of the HHI that 

affects hydrophobin assembly into rodlets 

These studies have shown that a surface interface is critical for rodlet assembly and 

the surface tension of a solution:air interface is a controlling factor. By altering the 

surface tension with alcohol, it was possible to manipulate the assembly of EAS∆15, 

EAS and DewY. The assembly rate for all the hydrophobins gradually increased with 

increasing concentration of alcohol, until a "sweet point" was achieved. At these 

surface tensions, the assembly rates of the hydrophobins were most rapid and even 

DewY assembled without agitation. However, beyond this point, further reduction in 

surface tension led to an increase in the lag phase. The decrease in surface tension 

with addition of alcohol is proportional to the reduction of electrostatic forces between 

water molecules at the surface. Instead the water-water interactions are strengthened 

around ethanol molecules (Li et al., 2018), potentially allowing hydrophobin proteins 

to overcome the weakened electrostatic force of the surface interface. Results 

presented in Figure 4.14 indicate the ideal surface tension for assembly for EAS∆15 is 

72-55 mN/m, DewY ≈ 47 mN/m and for WT EAS ≈ 55 mN/m, similar to what was 

observed by Morris et al. (Morris et al., 2011). 

Results presented in Section 3.3.3 and 3.4.3 indicate that the addition of different 

concentrations of ethanol lead to the formation of hydrophobin films with distinctly 

different surface morphologies, and surface wettability. Those results, along with the 

kinetic data presented in this chapter, have been used to inform our understanding of 

the interaction between hydrophobins and the surface interface that lead to rodlet 

formation (illustrated in schematic form in Figure 4.17).  

• For hydrophobin molecules to assemble at the air:water interface, the protein 

must first overcome the surface tension of the water which is determined by the 

imbalance between hydrogen bonds formed by water molecules at the surface 

compared to those in solution. In pure water, the surface tension at the surface 

droplet is distributed evenly, hence a hydrophobin will experience similar forces 

across the drop surface and produce similar rodlets all over the surface.  

• Introduction of ethanol (or other alcohols) to water reduces the strength of the 

water-water interactions at the surface, instead water molecules form stiff 

clathrate cage around the ethanol molecules, enhancing the hydrogen bonds 

between ethanol and water (Alavi et al., 2010). The weaker water-water bonds at 

the surface enable hydrophobin proteins to localise or bind to the interface more 
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readily, therefore encouraging assembly. As more ethanol is added, the water-

water bonds at the surface are further weakened and more ethanol clusters are 

formed in solution. 

• With a further increase in ethanol concentration a phase transition occurs and 

ethanol forms hydrogen links instead (Yano, 2005), with excess ethanol absorbing 

to the surface interface quicker than hydrophobin proteins. This changes the 

evaporation rate at the surface interface and mixing within solution. Being 

amphiphilic proteins, hydrophobins may assemble around ethanol clusters in 

solution and not reach the interface. 

Figure. 4.16 Schematic depicting the probable interaction of 
hydrophobin protein with the surface interface in the absence and 
presence of alcohol. a) Hydrophobin in water, b) hydrophobin with the 
addition of small amounts of alcohol and c) hydrophobin in the presence of 
excess alcohol. Hydrophobic regions of monomers are represented in green, 
while the hydrophilic regions are coloured purple.

Hydrophobin  

monomer 

Ethanol molecule 

Water molecule 
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4.6 Conclusion 

Understanding of the mechanism of assembly for these hydrophobins, and the 

resulting rodlet endpoint, can inform the future development of techniques for 

generating effective biocompatible coatings using hydrophobin proteins. Throughout 

Chapter 4, I have tested different Class I hydrophobins in kinetic assays and have 

shown they are reliant on the surface interface for the formation of β-rich structures. 

By changing the interaction between hydrophobin surfaces with the HHI it was 

possible to disrupt the formation kinetics to varying degrees. From this, I was able to 

demonstrate that the Class I hydrophobins EASΔ15, DewA and DewY do not assemble 

without an interface and truncation of the Cys3-Cys4 loop of EAS allows the protein 

to form rodlets under conditions of lower surface tension. 

The addition of alcohol, which is able to alter the surface tension, made it possible to 

delay or encourage the formation of the rodlets. Taken together with the results from 

Chapter 3, which show that ethanol alters the surface and morphologies of the 

hydrophobin films, it appears that the interactions between the hydrophobins, 

alcohol and water molecules vary at different relative concentrations. These results 

have allowed me to propose a model to explain the effect of additives on rodlet 

assembly (Figure 4.17).  

Further research using solid state NMR could be used to determine details of the 

assembled hydrophobin films, while cryo-TEM may make it possible to isolate 

different assembly states of the rodlets, using different media. These data, and 

molecular dynamic simulations in the presence of additives, could be used to further 

develop the model and to interpret the effect of the additives in assisting or inhibiting 

rodlet assembly and in patterning of the hydrophobin films. 

Chapters 3 and 4 presents, the results of the studies that have been conducted to 

define the relationship between the interface and the mechanism of hydrophobin 

rodlet self-assembly. This research has provided experimental evidence that the 

Cys3-Cys4 loop of EAS functions to control the rate of self-assembly. Furthermore, 

the rate of assembly for hydrophobin proteins is shown to be dependent on the ability 

of the proteins to interact with an interface, and by altering the surface tension of the 

medium, it is possible to encourage or inhibit assembly. Additionally, these studies 

reveal that the surface morphology of the hydrophobin film can be manipulated by 
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changes in surface tension of the medium. However, the correlation between 

different types of hydrophobin proteins and their different response to surface 

tension is still unknown. Future work may reveal the relationship between the surface 

interface, hydrophobin protein surface and the process by which the hydrophobin 

undergoes conformational change. 
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5.1 Introduction 

Over the past decades, there has been a move towards improving drug solubility in an 

aqueous environment, in order to improve the efficacy of drugs. The solubility of a drug 

is a vital parameter which governs its bioavailability, or the ability of a drug to access 

the target location, without altering the efficacy of the drug. Solubility is a measure of 

any given substance, which can be a solid, liquid or gas, to form a homogeneous 

solution with a solvent. When a solution is in a stable soluble state, the solution is in a 

dynamic equilibrium between the dissolution rate and precipitation rate of the solute 

within the solvent (Savjani et al., 2012). Drugs with low aqueous solubility will tend to 

precipitate under physiological conditions, which lowers permeability and absorption 

of the drug in the biological system. This can lead to a requirement for a higher drug 

dose, or more regular drug dosing in order to obtain a therapeutic concentration, and 

can increase side effects. An estimated 40% of the drugs on the market are considered 

insoluble and nearly 90% of new molecules identified as potential novel drugs are 

poorly water soluble (Kalepu and Nekkanti, 2015). Hydrophobins are ideal candidates 

to be used to encapsulate and enhance the solubility of hydrophobic drugs. These 

proteins are non-immunogenic (Aimanianda et al.,2009), can reverse surface 

wettability, are chemically stable and can self-assemble at any HHI interface. In this 

chapter, DewY and EAS∆15 were used as candidate hydrophobins to optimise 

encapsulation parameters for hydrophobic drugs. 

5.2 Encapsulating paraffin oil with Class I 
hydrophobins 

In Section 4.4, paraffin oil was introduced into hydrophobin solutions to induce 

self-assembly of the proteins without agitation of the solution. A stabilisation of the 

oil droplets within the aqueous solution was observed. The oil droplets in the 

hydrophobin-containing solutions resisted Ostwald ripening, a phenomenon in which 

small particles dissolve into larger particles to maintain thermodynamic stability 

(Ratke and Voorhees, 2013). The oil droplets remained as individual microbubbles for 

extended periods. To determine the stability of hydrophobin-encapsulated oil 

droplets quantitatively, the experiment was repeated with a solution of EAS∆15 at 

100 µg/ml, in MilliQ® water, and sonicated with paraffin oil. The emulsion was stored 

at room temperature and monitored for two weeks. Oil droplet sizes were measured 

from bright field images (Figure 5.1) using the ImageJ "Analyze Particles" function, 
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proving the average size and standard deviation. 

 

Figure. 5.1 Effect of hydrophobin on oil emulsion in aqueous solution 
Bright field optical images of solution containing EAS∆1 5 sonicated with oil at a) 
day 1, b) day 6, and c) day 15 and oil droplets sonicated in H2O only at d) day 1 
and e) day 6. 

Sonication of the oil and hydrophobin-containing solution resulted in the formation 

of small droplet structures of average diameter 4.6 ± 1.8 µm (measured from 1396 

particles), which could be observed 1 hour after sonication (Figure 5.1a). Oil sonicated 

with water in the absence of hydrophobin led to the production of fewer, smaller 

droplet structures (average diameter 9.3 ± 8 µm measured from 244 particles) 

(Figure 5.1d). On day 6, no droplet structures could be observed in the oil:water 

solution (Figure 5.1e). In the oil:hydrophobin solution after 6 days, smaller droplets 

were present compared to the 1-hour samples (average diameter 2.4 ± 1.6 µm 

measured from 1174 particles) (Figure 5.1b). In the day 6 samples, some large patches 

of oil were observed near the edge of the wells, indicating some Ostwald ripening had 

occurred (not shown). Even after 15 days, some droplets remained in the 

oil:hydrophobin solution, but more irregular structures and oil patches were observed 

on the surface of the solution (Figure 5.11c), hence the remaining droplets were not 

quantified. 

5.2.1 Localisation of protein using fluorescent proteins 

 
The amphiphilic nature of hydrophobins made it likely that they were encapsulating 

the oil droplets. To test this, fluorescently-labelled hydrophobin proteins were 

produced. The mCherry fluorescent protein was chosen because its excitation and 
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emission maxima, 587 nm and 610 nm respectively, do not overlap with the excitation 

and emission wavelengths used for ThT assays. The cloning and over-expression 

procedures are described in Section 2.2 and 2.4.  

Solutions containing a final concentration of 50 µg/ml of mCherry-EAS∆15 or 

mCherry-DewY were vortexed with 10% oil at 700 rpm for 30 seconds. The solutions 

were allowed to settle for two hours before 100 µl was transferred into a 96-well plate, 

to image with a Cytation 3® multi-mode imager. A Texas-Red filter set, with an 

excitation wavelength at 586 nm and emission wavelength of 647 nm, was used to 

excite the mCherry-tagged hydrophobins and image the location of the proteins in the 

solution. 

  

Figure. 5.2 Z-stack images of oil droplets with mCherry-EAS∆1 5 in 
(top) bright field and (bottom) Texas Red filter in fluorescence 
microscopy. Scale bar represent 50 µm. 

The Z-stack images of the protein:oil solution in Figure 5.2 show a concentration of 

red fluorescence located around the edge of the oil droplets, indicating localisation of 

mCherry-EAS∆15. This identifies that the mCherry-EAS∆15 encapsulated the oil 

droplet. mCherry-DewY did not assemble around oil droplets. With mCherry-DewY, 

the background red fluorescence saturated the image in the presence of the bubbles, 

indicating that mCherry-DewY was dispersed throughout the solution (not shown). 

ThT assays were performed with mCherry-EAS∆15 and mCherry-DewY but no increase 

in ThT fluorescence was observed with either protein. This demonstrates that 

although the fluorescently tagged mCherry-EAS∆15 is surface active and does assemble 

at the solution:oil interface around the oil droplet, the presence of mCherry interferes 

with the ability of the hydrophobin to undergo conformational change into β-rich 

rodlet structures. Further work would be required to determine why the DewY fusion 
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protein was no long surface-active or able to assemble into rodlets. The size and 

location of the fluorescent tag at the N-termini of the proteins may interfere with the 

ability of the exposed hydrophobic surfaces of the hydrophobins to interact with the 

HHI (mCherry-DewY) or to interact in a way that triggers conformational change 

(mCherry-EAS∆15.) Due to the lack of β-signal seen from ThT, mCherry variant 

hydrophobins were not used for further experiments. 

5.3  Formulation of nanoparticles with 
hydrophobins 

The protocols described in this chapter were informed by a range of earlier studies 

focussed on the surface activity of hydrophobins or taking advantage of hydrophobin 

surface activity for applications. In literature, it has been shown that hydrophobins 

can assemble at different HHIs such as solution:air (Cox and Hooley, 2009), 

solution:solid (Peng et al., 2014; Vocht et al., 2001) and liquid:liquid surfaces (Wang 

et al., 2005) into stable structures. Utilising the ability to assembly at different 

interface, encapsulation strategies involving hydrophobin proteins have been 

described, with the proteins used as coatings for existing drug delivery systems 

(Bimbo et al., 2012; Maiolo et al., 2017; Sarparanta et al., 2012b; Wei et al., 2012), or 

as tools to stabilise emulsions (Schulz et al., 2011). 

Curcumin is a small polyphenol compound that may have pharmacological benefit, 

but the insolubility of curcumin has prevented a thorough evaluation of its therapeutic 

efficacy or potential (Nelson et al., 2017). The solubility of curcumin at room 

temperature and neutral pH is believed to be 1–10 µg/ml (Jagannathan et al., 2012), 

but due to the aggregation of curcumin, this value cannot be measured definitively. 

However, curcumin can be dissolved into organic solvents, such as ethanol, up to 

10 mg/ml. The insolubility of curcumin in aqueous solution makes it an ideal test 

compound to determine if hydrophobins have the potential to be used as materials to 

enhance the solubility of hydrophobic drugs. Curcumin also has distinct optical 

properties and solid morphologies, which can be used to monitor changes in solubility 

and physical properties. 

The hydrophobin EAS∆15 was used to optimise the parameters required for creating a 

nanosuspension with curcumin. In this context, a nanosuspension is a dispersion of 

small particles under 1 µm in size in an aqueous environment, using only the drug-
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like compound and the surfactant (in this case the hydrophobin) without a support 

matrix. Drug particles successfully dispersed in nanosuspensions are highly soluble, 

have higher drug loading capacity, better drug stability, can provide passive targeting, 

dependent on the surfactant used in the suspension and are generally produced using 

simple encapsulation techniques (Patel and Agrawal, 2011). This makes formation of 

nanosuspensions cheaper and simpler compared to other techniques such as 

liposome encapsulation, which traditionally require multiple preparation steps (Patil 

and Jadhav, 2014). 

5.3.1  Optimisation of encapsulation conditions 

Several parameters, including concentration of protein versus drug, length of 

sonication time, sonication power, and method of drug infusion, were optimised. The 

hydrophobic compound, curcumin, was solubilised in ethanol to create a stock 

concentration of 1 mg/ml. Results from Chapter 4.7 indicate that the addition of 5% 

ethanol to the solution should result in the quickest rate of assembly for EAS∆15, 

therefore 50 µl of the solubilised curcumin was added to 1-ml solutions containing 

EAS∆15 at 5, 25, or 50 µg/ml, one drop at a time during sonication. 

Figure 5.3a reveals that the sonicated solutions containing curcumin, with or without 

protein, were initially well dispersed. The curcumin-containing solutions were 

transferred into UV-Vis cuvettes to measure the absorbance spectra. The 

characteristic absorbance peak for curcumin lies between 400 and 500 nm, 

depending on the nature of the solvent. In ethanol, the curcumin maximum peak of 

absorbance is ≈ 420 nm (Jagannathan et al., 2012). After 40 hours at room 

temperature, precipitates of curcumin were observed at the bottom of all of the 

cuvettes (Figure 5.3b). The UV-Vis spectra were collected from the soluble material 

and are presented in Figure 5.3c. These show that all curcumin-containing solutions 

initially exhibit a strong, broad 400-500 nm absorbance (solid lines), but after 

40 hours, all solutions tested exhibited negligible absorbance intensity (dotted lines). 
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Figure. 5.3 Curcumin solutions containing EAS∆1 5 a) Photos of curcumin 

solutions prepared with different concentrations of EAS∆1 5 directly after 

sonication and b) after 40 hours. c) UV-Vis spectra from curcumin- solutions 

containing various concentration of EAS∆1 5. Spectra collected on Day 1 are shown 

in solid lines, and spectra from Day 2 are represented by dotted lines. 

Along with the tests to find the optimum protein concentration, the length of sonication 

time was also varied. Sonication periods of 30, 60 and 120 seconds were tested. Directly 

after sonication, samples were transferred into a 96-well plate for imaging under bright 

field at 20× magnification. Figure 5.4 shows the changes to the curcumin crystal 

structure that were observed with increasing concentration of EAS∆15 and with 

sonication for different lengths of time. 
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Figure. 5.4 Optical images from solutions containing curcumin with 

EAS∆15 at 0–50 µg/ml concentration and sonicated for 30, 60 or 
120 seconds. Scale bars represent 100 µm. 

 
 

Curcumin in water formed large needle-like structures, but with longer sonication 

times, the structures observed in MilliQ® water-only were shorter. With the addition 

of EAS∆15, smaller curcumin particles, with a relatively large, dense centre were 

observed under bright field microscopy. From this testing, it appeared that sonication 

for 120 seconds in the presence of 50 µg/ml of EAS∆15 yielded the optimum conditions 

for forming a curcumin nanosuspension, with the smallest curcumin crystals 

observed under microscopy. Higher protein concentrations and sonication times were 

also examined but resulted in the precipitation of curcumin out of solution (not 

shown). Small adjustments were made to the sonication process and the final 

optimised set-up for forming a hydrophobin-curcumin nanosuspension is illustrated 

below: 
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• EAS∆15 solution placed in an ice bath. 

• Sonic probe tip submerged to the 250-µl 
mark of a 1-ml microcentrifuge tube and 
position marked on the sonic probe. 

• Sonication power was determined by the 
physical characteristics of the solution. The 
starting condition was 25 Hz at 50% of full 
power. This was finely adjusted to prevent 
spluttering and foaming during sonication. 

• Curcumin stock was added to the 
microcentrifuge tube during sonication, drop 
by drop, within 1 minute, avoiding contact 
with the sonic probe. 

• After 1 minute, sonication was stopped to 
allow the tip to cool for 10 seconds and 
solution to settle. 

• Sonication resumed for a further 1 minute. 

• After sonication the solution was frozen by 
immersing the tube in liquid N2, then it was 
lyophilised and stored at -20 oC. 

 
5.4 Characterisation of the curcumin formulation 

5.4.1 Characterisation of curcumin nanosuspension with 
Scanning Electron Microscopy  

Scanning electron microscopy (SEM) is an imaging technique that uses the 

interaction between an electron beam and a sample to obtain surface topography 

information. A beam of electrons is accelerated at high voltage onto the surface of a 

sample and electrons interactions are collected by detectors located strategically 

within the SEM chamber, and then processed by the computer (Figure 5.5). For 

surface imaging, secondary electrons, emitted from the top 50 nm of the surface are 

collected. Other signals such as X-rays, backscattered electrons, auger electrons and 

cathodoluminescence can be collected for chemical analysis of the sample. Due to the 

nature of the technique, it is common practice to coat the surface of non-conducting 

materials with thin conductive layers, such as gold, to prevent electron charging in the 

sample. This can otherwise lead to beam damage, or beam drifting. 

Figure. 5.5 Schematic of sonic 
probe set up with microcentifuge 
for forming nanosuspension 
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Figure. 5.6 Principle of SEM operation and layout (AMMRF,2013b) 

 

Figure 5.6 presents SEM images of curcumin crystals and lyophilised 

EAS∆15-curcumin nanosuspension samples, which were attached onto a SEM stub 

with carbon tape and coated with a thin layer of gold via magnetron sputtering before 

imaging. Images were taken on a Zeiss Sigma HD SEM at a magnification of 10,000 ×. 

Figure 5.6a depicts an image collected from crystalline curcumin before sonication, at 

a magnification of 2,000 ×. Such needle-like crystalline structures are commonly 

observed for powdered curcumin (Thorat and Dalvi, 2014). 
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Figure. 5.7 SEM images of lyophilised samples containing curcumin 
with and without EAS∆15. SEM images of lyophilised samples containing a) 
curcumin only without sonication, b) curcumin after sonication and curcumin 
sonicated in the presence of c) 25 µg/ml, d) 50 µg/ml and e) 100 µg/ml of EAS∆1 5. 
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SEM revealed the effects of EAS∆15 on the crystalline nature of curcumin. Curcumin 

sonicated in the absence of EAS∆15 and then lyophilised formed shard-like flakes. The 

addition of EAS∆15 altered the morphology of the curcumin. Curcumin sonicated with 

25 µg/ml EAS∆15 formed rice-like crystalline structures, suggestive of nucleation 

limited to the end of the crystal, while in the presence of 50 µg/ml of EAS∆15, the 

curcumin assembled into spherical nanoparticles. At 100 µg/ml of EAS∆15, small 

crystalline structures could be observed along with sheets of protein film, suggesting 

that at the higher protein concentration the hydrophobin preferentially formed films 

rather than encapsulating the curcumin. 

5.4.2 Size distribution of nanoparticles using TEM and DLS 

Size of a nanoparticle is considered one of main characteristics which can alter the 

efficacy of the drug, as the size of the nanoparticles can determine the entry pathway 

into a cell, cellular uptake and drug distribution (Shang et al., 2014). For 

nanomedicines applications, nanoparticles 200 nm or less are ideal, as larger particles 

are can activate the lymphatic systems hence clearing the drug from the circulation 

(Biswas et al., 2014). Depending on the material of the drug delivery devices and 

targeted location, the size of the nanoparticle can vary, however, it must be able to 

provide an effective drug payload while remain small enough to access the target 

location, such as passing blood brain barrier and other difficult-to-access targets. 

(Prokop and Davidson, 2008; Rizvi and Saleh, 2018).  

The size distribution of hydrophobin-encapsulated curcumin nanoparticles was 

monitored by the complementary techniques of TEM and dynamic light scattering 

(DLS). DLS is a size measurement technique that utilises the light scattering caused 

by the Brownian motion of particles. By measuring the fluctuation of the scattered 

light through a solution of known viscosity, the rate of diffusion can be back-

calculated to determine the hydrodynamic radius of the particles. As this is a 

technique in which bulk data is averaged, DLS data was accompanied by TEM, to 

verify the observed particle size. 

5.4.3  Size distribution of EAS∆15-encapsulated curcumin 
nanoparticles from lyophilised versus freshly prepared 
samples  

The stability of resolubilised lyophilised curcumin nanoparticles was compared to 
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that of nanoparticles in freshly-prepared suspensions. Curcumin with 50 µg/ml of 

EASΔ15 was freshly sonicated to form the curcumin nanospusensions and compared 

with solubilised lyophilised nanoparticles counterparts. Both samples were 

centrifuged at 13,000 g for 5 minutes to remove large particles and then the 

supernatant was analysed with DLS (Zetasizer Nano ZS). After DLS analysis, TEM 

samples were prepared by drop casting 20 µl of the nanoparticle solution onto the 

surface of a strong carbon film on a TEM grid and drying at room temperature 

overnight. Size distribution measurements were carried out with ImageJ and the 

"Analyze Particles" function on the TEM images collected. The center of fit (maximum 

of the peak) from the Gaussian curve was used to report the average size of the 

particles and the standard deviation. 

Freshly prepared curcumin nanoparticles and resolubilised lyophilised curcumin 

nanoparticles exhibited different stabilities over time. DLS measurement of freshly 

prepared curcumin nanoparticles (Figure 5.7a), reported a size distribution of 

227 ± 142 nm and gradual reduction of the count rate over time is reflective of a 

settling effect, in which larger particles aggregate and settle out of solution. However, 

this settling effect was not observed in the resolubilised curcumin nanoparticles 

(Figure 5.7b), and the size distribution over the 20 minutes of testing remained 

similar, with an average size of 86 ± 4 nm. The polydispersity index (PDI) is a measure 

of how well the particles are dispersed within solution and it ranges from 0-1, where 0 

is a perfectly homogeneous solution. The PDI for the resolubilised lyophilised 

nanocurcumin was 0.28, indicating a well dispersed solution, while the PDI for the 

freshly prepared nanocurcumin was 0.41. 

TEM images show that solutions of freshly prepared curcumin nanoparticles contain 

particles with a range of sizes. Measurement of the size distribution by TEM reported 

an average particle size of 209 ± 89 nm from 100 particles (Figure 5.7c), much larger 

particles were also observed suggesting the solution underwent Ostwald ripening 

during the overnight TEM (Figure 5.7e). Yet, resolubilised samples of lyophilised 

nanosuspensions contained uniformly sized particles which exhibited a smaller size 

distribution than freshly prepared samples (Figure 5.7d), with an average particle size 

of 137 ± 21 nm from 83 particles (Figure 5.7f). The larger size distribution indicates 

that the curcumin nanoparticles had have swollen overnight but maintained particle 

size below 200 nm.  
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Figure. 5.8 DLS and TEM analysis of EAS∆15-encapsulated curcumin 
nanoparticles Size distribution as determined by DLS of a) freshly prepared 
nanoparticles and b) lyophilised nanoparticles. Histogram of the size distributions 
between the c) freshly prepared and d) lyophilised curcumin nanoparticles were 
determined by ImageJ measurements using TEM images of the e) freshly prepared 
nanoparticles and f) solubilised nanoparticles. 
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5.5  Formation of curcumin nanoparticles with 
DewY 

To determine if the hydrophobin DewY can be used to formulate curcumin 

nanoparticles in a manner similar to EAS∆15 and using the same process, samples 

prepared with DewY were also examined by electron microscopy. The amount of 

curcumin stock solution used in this formulation was increased to 10% of the total 

solution, as this provided the optimum concentration of ethanol that resulted in the 

fastest assembly conditions for DewY, as determined in Section 4.7. Figure 5.8 shows 

the effect of increasing concentrations of DewY, from no protein to 25, 50 and 

100 µg/ml DewY, on the morphology of curcumin. 

 

 

Figure. 5.9 SEM of lyophilised samples containing curcumin with or 
without DewY. SEM of a) sonicated curcumin after lyophilisation and 
lyophilised samples of curcumin, sonicated in the presence of b) 25 µg/ml, c) 
50 µg/ml and d) 100 µg/ml of DewY. 

Like EASΔ15, sonication of curcumin in water resulted in flakes of the compound 

(Figure 5.8a) rather than large crystalline structures. Sonication in the presence of 

25 µg/ml of DewY resulted in the generation of curcumin nanospheres (Figure 5.8b). 

These curcumin nanospheres were also observed when curcumin was sonicated in the 

1µm 

1µm 1µm 

2µm 
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presence of 50 µg/ml DewY (Figure 5.8c), but when the concentration of DewY was 

increased to 100 µg/ml, large blocks of crystalline curcumin were detected all over the 

surface, in addition to a web-like protein film (Figure 5.8d). This observation of large 

rectangular structures was surprising and indicates that excess DewY may actually 

accelerate the nucleation of curcumin. 

The curcumin nanoparticles formulated with EASΔ15 and DewY were compared via 

TEM. TEM images were collected from resolubilised samples of lyophilised curcumin 

suspensions prepared with 50 µg/ml of EAS∆15 (Figure 5.9a,c) and DewY 

(Figure 5.9b,d). The diameters of more than 100 particles were measured for each of 

the curcumin samples. These are plotted in a histogram with a Gaussian curve 

overlaid to determine the centre of fit (Figure 5.9e,f). 

The centre of fit from the Gaussian plot was used to represent the average size for the 

curcumin nanoparticles measured in these experiments. EAS∆15 encapsulated 

curcumin nanoparticles had a diameter of 132 ± 21 nm (calculated from 122 counts) 

and DewY encapsulated curcumin nanoparticles had a diameter of 117 ± 23 nm 

(calculated from 135 counts). Higher magnification TEM images of both types of 

curcumin nanoparticles revealed a dense core surrounded by an outer coating 

(Figure 5.9c-d). The denser core in the images is likely to be curcumin, while the shell 

surrounding the core is likely to be hydrophobin. The thickness of the shell was 

17 ± 7 nm for EAS∆15 and 15 ± 5 nm for DewY. 
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Figure. 5.10 TEM of lyophilised EAS∆1 5 and DewY curcumin 
nanosuspensions and size distribution of nanoparticles. TEM images of 
lyophilised, resolubilised a) EAS∆1 5-curcumin nanoparticles and b) 
DewY-curcumin nanoparticles. Higher magnification reveals a core and shell 
structure of the nanoparticles for both c) EAS∆1 5 and d) DewY. Size distribution of 
the particle size measured for EAS∆1 5 and d) DewY-containing samples. 
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5.6 Investigating the reproducibility of curcumin 
nanoparticle preparation 

DLS was used to determine the average size of the curcumin nanoparticles and 

reproducibility between batches. Five different batches of curcumin nanoparticles 

were produced from 50 µg/ml EASΔ15, and DewY. Each batch for EASΔ15 contained 

five replicates and four replicates for DewY, which were sonicated, lyophilised and 

redissolved independently in MilliQ® water for analysis by DLS. Three measurements 

were taken from each of these replicates. Due to low signals, measurements from 

curcumin-only lyophilised suspensions in MilliQ® water could not be recorded. 

Figure 5.10 reports the average size of the particles produced in the presence of 

hydrophobin proteins from the various replicates and batches, as judged by DLS 

measurements. 

Figure. 5.11 Size distribution of hydrophpbin-encapsulated curcumin 

nanoparticles. DLS distribution of a) EAS∆1 5-curcumin and b) DewY-curcumin 

nanoparticles over multiple different batches. Triplicate DLS readings were made 
for each replicate in each batch. 

DLS measurements indicated that the DewY-curcumin nanoparticles are more 

consistent in size, with only one set of samples larger than 200 nm. However, for 

EAS∆15, the average size of the nanoparticles varied between batches. Only two of the 

five batches contained particles that were smaller than 200 nm, while the other 

samples contained nanoparticles that ranged in size from 100-800 nm. These results 

led to more focus being placed on the hydrophobin DewY for encapsulation studies. 
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5.7 Stability of DewY-curcumin nanoparticles 

5.7.1 Stability analysis of DewY-curcumin nanoparicles 
using UV-Vis spectroscopy 

Curcumin has a distinct absorbance maximum at ≈ 420 nm in organic solvents such 

as methanol or ethanol, and this feature can be used to monitor the stability of the 

curcumin nanoparticles. A stock solution of curcumin in ethanol was diluted into 

water to yield a final concentration of 100 µg/ml. This was used as the positive control 

for UV-Vis absorbance, to compare the absorbance spectra of lyophilised sonicated 

curcumin and lyophilised DewY-encapsulated curcumin nanoparticles. To determine 

the short-term and long-term stability of these curcumin nanoparticles in solution, 

the samples were monitored over four hours and then every day over 11 days. These 

samples were stored at 4 oC in the dark in between testing, to prevent unwanted 

bacterial growth and photo-degradation. 

The lyophilised curcumin samples, prepared by sonication in water or in the presence 

of 50 µg/ml of DewY, were very stable for the first 4 hours after resolubilisation but 

both samples contained an unexpected absorption peak at 355 nm, which may be 

attributed to the β-diketone form of curcumin in solution (Figure 5.12 )(Bhatia et al., 

2016). Curcumin directly dissolved in ethanol or measured after sonication, without 

lyophilisation, did not exhibit the peak at 355 nm (Figure 5.11e and Figure 5.3c). 

For lyophilised samples, curcumin sonication in water produces an even ratio of the 

β-diketone (355 nm) and enol (425 nm) forms while the DewY-curcumin 

nanoparticles exhibit more of the enol form, as indicated by the higher absorbance 

peak at 435 nm (Figure 5.11a).
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Figure. 5.12 UV-Vis spectra of curcumin samples. UV-Vis spectra of a-b) 
DewY-curcumin nanoparticles, and c-d) lcurcumin sonicated in water, collected 
over four hours and 11 days. e) Freshly prepared sample of curcumin sonicated in 
ethanol (100 µg/ml). 

a
b
s
o
rb

a
n
c
e
 i

n
te

n
s
ity

 (
a
.u

.)
 

wavelength (nm) 

0.25 

0.20 

0.15 

0.10 

0.05 

0 

wavelength (nm) 

0.25 

0.20 

0.15 

0.10 

0.05 

0 a
b
so

rb
a
n
c
e
 i

n
te

n
si

ty
 (

a
.u

.)
 

0.20 

0.15 

0.10 

0.05 

0 a
b
so

rb
a
n
c
e
 i

n
te

n
si

ty
 (

a
.u

.)
 

300 400 500 600 700 800 

300 400 500 600 700 800 

wavelength (nm) 

300 400 500 600 700 800 

0.20 

0.15 

0.10 

0.05 

0 a
b
s
o
rb

a
n
c
e
 i

n
te

n
s
ity

 (
a
.u

.)
 

300 400 500 600 700 800 

wavelength (nm) 

0.80 

0.60 

0.40 

0.20 

0 
300 400 500 600 700 800 

a
b
s
o
rb

a
n
c
e
 i

n
te

n
s
ity

 (
a
.u

.)
 

wavelength (nm) 



134  Encapsulation of hydrophobic compounds with hydrophobins 
 

 

 

Freshly prepared curcumin samples initially displayed a much more intense 425 nm 

peak (0.68 a.u.), but over the period of 4 hours the intensity dropped to only 20% of 

its initial intensity (0.14 a.u.). By day 2, no absorbance was detected, while both 

lyophilised DewY-curcumin nanoparticles (0.22 a.u.) and sonicated curcumin (0.13 

a.u.) retained some level of absorbance for up to two days. Both the enol peak and the 

β-diketone peak gradually decayed over the period of 11 days. The intensity of the enol 

peak (435 nm) in the DewY-curcumin nanoparticles dropped sharply after two days, 

until it was similar in intensity to the β-diketone (355 nm) on day 4. 

 

Figure. 5.13 Structure of curcumin in keto-enol tautomer and 

β-diketone forms. 

 
5.7.2 Recovery of nanoparticles after lyophilisation 

The recovery of DewY-curcumin nanoparticles, and sonicated curcumin after 

lyophilised was determined. A standard curve was created by measuring the 

absorbance peak at 425 nm immediately after adding solubilised curcumin to water 

at known concentration (not shown). The absorbance spectra of resolubilised 

lyophilised samples were compared against the standard curve, to estimate the 

concentration. While the preparation of hydrophobin-curcumin nanoparticles 

showed promise on a small scale, reasonable recovery of the nanoparticles is required 

for further developments.  

Table 5.1 Concentration of recovered curcumin as determined by 
UV-Vis after lyophilisation process. Concentration values are derived from 
the standard curve. Values were the average of duplicate samples. 

 

100 µg/ml of curcumin prepared 

and lyophilised in the following 

solution 

Concentration of curcumin 

recovered after lyophilisation 

(µg/ml) 

H2O 22 

EtOH 29 

DewY 37 

355 nm 
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The recovery efficiency was low, with only 29-37 µg/ml of lyophilised curcumin or 

DewY-curcumin nanoparticles recovered from the initial 100 µg/ml added (Table 5.1) 

when compared with reported values in literature (66%) (Umerska et al., 2018). This 

was likely due to the lyophilisation process involved. A high vacuum was required to 

remove moisture from the sample but an orange powder (curcumin nanoparticles) 

was detected on the filters of the freeze drier system after lyophilisation, indicating a 

loss of sample from the sample tubes. A gentler lyophilisation cycle, or the use of tubes 

with individual filters could possibly minimise sample loss. Other gentle drying 

techniques, such as rotary evaporation, could lead to better recovery efficiency.  

The work in this section demonstrates that hydrophobins have the potential to be 

effective as a solubilising coating for curcumin. Hydrophobins are able to alter the 

morphology of curcumin from classical crystalline structures to spherical 

nanoparticles. Suspensions of curcumin-containing nanoparticles smaller than 

200 nm could be prepared by sonication in the presence of DewY, followed by 

lyophilisation. Optical spectroscopy indicated that the curcumin nanoparticles were 

chemically stable in aqueous solution up to two days. While it was possible to enhance 

the solubility of curcumin by preparation of hydrophobin-curcumin nanoparticles, 

the recovery of the curcumin nanoparticles was poor and requires optimisation.  

5.8 Encapsulation of Amphotericin B (AmpB) 
with the hydrophobin DewY 

5.8.1  Introduction 

With the promising results from curcumin encapsulation, focus turned towards 

encapsulation of amphotericin B (AmpB), an anti-fungal drug, used to treat fungal 

diseases such as aspergillosis or cryptococcal meningitis. Amp B is highly successful 

at treating fungal diseases, therefore the drug is on the World Health Organisation’s 

List of Essential Medicines (World Health Organisation et al., 2015), a list which has 

been developed for governments to assist in the development of drug policy. However, 

there are some serious side-effects related to the drug. The AmpB structure consists 

of a long lipophilic tail (Figure 5.13a), with which the compound binds sterol, forming 

pores in the cell membrane (Figure 5.13b). This promotes leakage of small cations 

such as K+, Ca2+ and Mg2+ (Mesa-Arango et al., 2012; Moore et al., 2011). While AmpB 

has a higher affinity for ergosterol from the cell membranes of fungi, AmpB can also 
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bind to cholesterol, causing numerous side effects such as fever, chills, hypertension, 

anorexia, nausea, vomiting, headache and drowsiness and even organ damage in 

humans (World Health Organisation, 2010). 

 
 

Figure. 5.14 Structure and mechanism of action Amphotericin B. a) 
Structure of Amphotericin B. b) Amphotericin B attaches to ergosterol in the cell 
membrane to create pores, causing leakage of cations (Moore et al., 2011). 



Encapsulation of hydrophobic compounds with hydrophobins    137 

 
 

 

The lipophilic nature of AmpB makes it highly insoluble. Liposome formulation of 

AmpB enhances solubility, leading to better drug stability, pharmacokinetics, and 

lower toxicity, overall improving the effectiveness of the drug (Adler-Moore and 

Proffitt, 2008). However, liposome formulation of AmpB is costly and ranges from 

$200-$1000 USD per treatment (Rex and Walsh, 1999). Here, the hydrophobin DewY 

was tested as an alternative material for AmpB encapsulation. 

5.8.2 The effect of DMSO on rodlet formation of DewY  

AmpB is very poorly soluble in aqueous solutions but highly soluble in DMSO, up to 

40 mg/ml. Therefore, the effect of DMSO on DewY self-assembly kinetics was studied, 

using ThT assays. The assays were conducted under shaking conditions at 700 rpm, 

at various protein concentrations, (25, 50 or 100 µg/ml of DewY), and in the absence 

and presence of 5% and 10% DMSO.  

 
Figure. 5.15 Effect of DMSO on DewY rodlet assembly as detected by 
ThT fluorescence. Normalised ThT assay with DewY at a) 25, b) 50 and 
100 µg/ml with increasing DMSO from 0% v/v (purple), 5% v/v (green) to 
10% v/v (orange). Duplicates of raw data (symbols) are shown with averages 
represented by solid lines. 
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The ThT assays indicated that DMSO does not inhibits self-assembly of DewY 

(Figure 5.14). Instead, at concentrations of 100 µg/ml of DewY, when self-inhibition 

can occur, inclusion of DMSO promotes self-assembly, reducing the lag phase and 

increasing the elongation rate (Figure 5.14c). This effect is comparable with the 

observation made for DewY in the presence of ethanol (see Section 4.7). DewY was 

able to self-assemble in the presence of 5% ethanol (≈ 56 mN/M (Vazquez et al., 1995)) 

without shaking, due to the lowered surface tension. Here, at 10% v/v ration of DMSO 

in water, the surface tension would be lowered to ≈ 61.2 mN/m (Markarian and 

Terzyan, 2007), encouraging the self-assembly. Due to the reduction of the lag phase 

and the increased rate of assembly for DewY at lower surface tension, the following 

experiments were conducted with inclusion of 10% of DMSO and at a DewY protein 

concentration of 100 µg/ml. 

5.8.3 Optimising DewY-AmpB conditions 

The initial method used for preparation of a nanosuspension containing AmpB and 

DewY utilised the technique that had been optimised for curcumin nanoparticle 

preparation (See Figure 5.3.1). The effect of DewY concentration over the ranging 

from 0-100 µg/ml was tested against various concentrations of AmpB (0.25, 0.50 and 

1.00 mg/ml), Table 5.2. 

Table 5.2 Concentration test for DewY versus AmpB 
 

DewY Concentration 

(µg/ml) 

AmpB concentration 

(mg/ml) 

0 1.00 0.50 0.25 

25 1.00 0.50 0.25 

50 1.00 0.50 0.25 

100 1.00 0.50 0.25 

In contrast to what had been observed with lyophilized curcumin and DewY mixtures, 

it was not possible to resolubilise DewY-AmpB nanoparticles back into aqueous 

solution after lyophilisation. Lyophilised AmpB in DMSO and DewY-AmpB/DMSO 

preparations were examined by SEM to investigate any changes to morphology and 

potential reasons why these samples could not be resolubilised. Figure 5.15 shows 

SEM images of AmpB powder, lyophilised AmpB/DMSO and DewY-AmpB/DMSO 

nanosuspensions on SEM stubs and freshly prepared AmpB/DMSO and 

DewY-AmpB/DMSO on TEM grids. 
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Figure. 5.16 SEM images of AmpB and DewY-AmpB samples. a) AmpB 
without DMSO or sonication, b) AmpB dissolved in DMSO and then lyophilised, 
and c) DewY-AmpB/DMSO suspension lyophilised. Images of freshly prepared d) 
AmpB in DMSO and e) DewY-AmpB/DMSO suspension on the surface of TEM 
grids taken with backscatter SEM.  

SEM imaging showed that powdered AmpB contains large crystalline blocks 

(Figure 5.15a), but lyophilisation following solubilisation of AmpB with DMSO 

resulted in a mixture of crystalline structures and amorphous material (Figure 5.15b). 

When resolubilising this lyophilised AmpB, particulates settled out of solution. 

2µm 

2µm 2µm 

1µm 1µm 
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Lyophilised DewY-AmpB/DMSO samples contained large flakes, which were 

observed throughout the SEM sample and large porous structures (Figure 5.15c). The 

porosity seen in the sample suggests that there may be selective drying/melting taking 

place during the lyophilisation. Freshly prepared AmpB/DMSO and 

DewY-AmpB/DMSO samples gave rise to amorphous structures on TEM grids 

(Figure 5.15c-d). Under TEM, both samples exhibited beam sensitivity, causing beam 

drifting and radiation damage during imaging, therefore no images are presented. 

This is likely due to a coating of DMSO on the surface of the TEM grid. Optimisation 

experiments continued with freshly prepared samples, without lyophilisation. 

Figure 5.16 shows the comparison of samples prepared with AmpB and DewY using 

the protein and drug concentrations listed in Table 5.2. These samples were 

centrifuged at 13,000 g for 5 minutes, left at room temperature and observed for 7 

days. 
 

Figure. 5.17 Stability of DewY-AmpB/DMSO samples. Images were 
taken over 7 days to compare the stability of different preparations 
containing the indicated DewY-AmpB concentrations. 

Even with the relatively high concentration of AmpB of 1 mg/ml, the presence of 
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100 µg/ml of DewY in the solution was enough to produce a suspension that was 

stable for up to five days. When the drug concentration was lower (0.25 and 

0.50 mg/ml), but DewY concentration remained 100 µg/ml, the suspensions 

remained homogeneous under observation during the week-long testing. 

5.8.4 The size of DewY-AmpB nanoparticles 

It was important to determine the size distribution of DewY-AmpB particles within 

the suspensions. Therefore, freshly prepared suspensions containing AmpB at 0.05, 

0.25, 0.50, and 1.00 mg/ml were prepared in 100 µg/ml DewY and the size of the 

nanoparticles was monitored by DLS over 14 days. All samples were stored at 4 oC over 

the 14 days. 

Figure. 5.18 Average particle size of DewY-AmpB nanoparticles over 
time. DewY-AmpB nanoparticles were prepared with 100µg/ml of DewY and a 
range of AmpB concentration and the size distribution was monitored by DLS.  

Data shows triplicate measurement.  

Surprisingly, the samples containing the lowest and highest concentrations of AmpB 

tested in this series of experiments (0.05 and 1.00 mg/ml) aggregated over time to 

form the largest particles, and by day 14 the sample count was too low to obtain a 

reading from sample with 0.05 mg/mL AmpB. A gradual increase of the particle size 

was observed for all the samples, but solutions containing DewY-AmpB particles 

prepared with 0.50 and 0.25 mg/ml AmpB were relatively stable and homogeneous 

(Figure 5.16), containing nanoparticles of ≈ 199 ± 2 nm (PDI of 0.25), and 

≈ 115 ± 2 nm (PDI of 0.24), respectively, at day 14. 
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5.8.5 Monitoring the stability of AmpB 

Like curcumin, AmpB has unique optical characteristics. In organic solvents, such as 

DMSO, AmpB displays distinct absorption peaks at 410 nm and 390 nm, which are 

indicative of monomeric AmpB, while absorbance peaks at 340 nm and below are 

observed in the presence of aqueous solutions. These peaks are indicative of soluble 

self-aggregates that bind to sterols in mammalian cells (Moore et al., 2011). The 

aggregation ratio (intensity of the aggregation absorbance peak at 340 nm the 

intensity of the monomeric absorbance peak at 410 nm) is a measure of stability. The 

following UV-Vis spectra were acquired for samples containing 100 µg/ml DewY and 

0.25 mg/ml AmpB. At higher concentrations of AmpB, the absorbance was too strong 

for accurate quantification and any dilution would potentially destabilize the 

nanosuspension (Figure 5.18a). 

Figure. 5.19 UV-Vis spectra of AmpB over time. a) Increasing 
concentration in DMSO and b) 0.25 mg/ml of AmpB in DMSO/water 
mixtures. c) UV-Vis spectra collected from a sample containing 100 µg/ml 
DewY and 0.25 mg/ml AmpB over 7 days in MilliQ® water. 
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In pure DMSO, the aggregation ratio for 0.25 mg/ml AmpB is 0.23, and this increases 

to 1.77 in a 50/50 H2O/DMSO solution (Fig. 5.18a, b). When AmpB is added to 

MilliQ® water, without sonication, at the equivalent ratio of DMSO used to form a 

DewY-AmpB suspension (i.e. 90/10 H2O/DMSO), the AmpB settles out of solution. 

Figure 5.18c shows no significant changes in the absorbance spectrum of the freshly 

prepared DewY-AmpB nanosuspension, and monitored for seven days. The 

aggregation ratio for this DewY-AmpB suspension was 5.2, indicating the presence of 

a large amount of aggregated AmpB, compared with the ratio of 2.4 for engineered 

AmpB nano-assemblies, reported by Zia et al. (Zia et al. 2015). However, the 

concentration of AmpB used in this work was 270 µM which is more than 20× higher 

than that used in studies reported in the literature (10 µM) (Larabi et al., 2004a; Zia et 

al., 2015). The higher concentration was tested as the required effective dosage of 

AmpB is reported to be 0.5 - 1 mg/kg over 2-4 hours (Shoham et al., 2017). 

5.9 Minimising DMSO in the nanosuspensions 

The use of 10% DMSO in the formula was not ideal, as high concentrations of DMSO 

are known to alter cell behaviour and even promote apoptosis (Pagán et al., 2006; Yi 

et al., 2017; Yuan et al., 2014). Therefore, a reduction in the ratio of DMSO in the 

formulation was required, while maintaining a high concentration of AmpB. These 

experiments demonstrated that it is possible to reduce the concentration of DMSO to 

0.625% of the total volume while still retaining 0.25 mg/ml of AmpB in the solution. 

Nanosuspensions prepared under these conditions were examined by DLS and 

UV-Vis spectroscopy for 14 days (Figure. 5.19).  
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Figure. 5.20 Size distribution, UV-Vis and SEM of DewY-AmpB 
nanosuspension prepared with 0.625% DMSO. a) Average size by 
DLS, b) UV-Vis spectra collected over 7 days and c) SEM after 
lyophilisation. 
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These experiments demonstrated that it was possible to generate very stable 

nanoparticles containing AmpB encapsulated in DewY with 0.625% DMSO, 

0.25 mg/ml of AmpB and an increased concentration of DewY (200 µg/ml). The 

nanoparticles prepared under these conditions were stable over a two-week period 

(Figure 5.19a). The measured particle size (147 ± 8 nm) was comparable to the 

average size of the nanosuspensions formed in 10% DMSO. The absorbance spectra 

show that the DewY-AmpB suspensions are stable over seven days. The aggregation 

ratios, 5.7 and 5.3 for suspensions prepared with 100 and 200 µg/ml, respectively, 

were not improved compared to the previous formulation using 10% DMSO.  

However, this might be a consequence of an interaction with polar groups within the 

hydrophobin and this should be further examined. These preparations with lower 

DMSO content could be lyophilised successfully and analysed by SEM. They showed 

the presence of spherical nanoparticles with a similar morphology to those observed 

for curcumin coated with DewY or EAS∆15. Future work will build on these results, 

which show that hydrophobins can encapsulate AmpB and stabilize this drug in 

aqueous suspensions. 

5.10 Discussion 

The self-assembling, amphiphilic and biocompatible characteristics of hydrophobins 

suggest that they will be suitable materials for achieving drug encapsulation. Here, 

two different hydrophobins, EAS∆15 and DewY, were used to prepare 

nanosuspensions and to enhance the solubility of two different hydrophobic 

compounds: curcumin and amphotericin B. 

5.10.1 Hydrophobin-curcumin nanosuspensions 

Curcumin nanoparticles were successfully produced, and it was observed that only a 

small range of hydrophobin concentration supported the formation of curcumin 

nanoparticles. The ideal concentration for forming curcumin nanoparticles was 

dependent on the individual hydrophobin. Characterisation of freshly prepared and 

lyophilised and resolubilised hydrophobin/curcumin nanoparticles indicated that 

nanoparticles that were not lyophilised underwent Ostwald ripening whereas those 

that had been lyophilised were stable. The lyophilisation may induce maturation of 
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the hydrophobin coating. Unexpectedly, high concentrations of DewY promoted the 

crystallization of curcumin, resulting in the formation of large orthorhombic crystal 

structures. Two possible reasons for this are: 1) At high protein concentrations the 

assembly of DewY is self-inhibited, possibly due to intermolecular interactions and 

therefore the protein may be less available for interaction with curcumin and hence 

curcumin is able to crystallise (Morris et al., 2013), and 2) hydrophobins promote the 

crystallisation of curcumin by creating regions within the solution where curcumin is 

supersaturated, by inhibiting the interaction of curcumin at a surface interface, 

therefore delaying curcumin nucleation at the interface (Qazi et al.,2017).  

A simple preparation technique for solubilising hydrophobic compounds with 

hydrophobins has been developed, involving a short period of sonication, followed 

by lyophilisation. Using the optimised conditions, it was possible to create curcumin 

nanoparticles with DewY, smaller than 200 nm, reproducibly. Absorbance 

measurements indicated that DewY encapsulated curcumin nanoparticles remained 

stable for up to two days. These samples were more stable than curcumin alone in 

water, and the spectrums were comparable to results reported in literature with an 

absorbance peak of curcumin in the enol form at 420 nm and a smaller peak seen at 

≈ 355 nm which is indicative of the β-diketone (Bhatia et al., 2016; Singh et al., 2014). 

The curcumin nanoparticles created under the same conditions using EAS∆15 were 

less uniform and less stable. The reason for this difference is still unknown, but 

EAS∆15 is smaller than DewY and may interact less strongly with curcumin. Further 

refinement may be required for different types of hydrophobins, but curcumin 

nanoparticles have also been successfully formulated with the hydrophobins RodA 

and RodB (Personal communication, Jennifer Lai). Changes to the lyophilisation 

procedure will be required to overcome the low levels of nanoparticle recovery but 

this study has provided a foundation for further experiments with other hydrophobic 

drugs. 

5.10.2 DewY-AmpB nanosuspensions 

 The long-term stability and solubility of DewY-AmpB suspensions were dependent 

on the protein and drug ratio. A nanosuspension prepared with 100 µg/ml of DewY 

and 0.25 mg/ml of AmpB, sonicated in the presence of 10% DMSO, contained small 

particles ≈ 42 ± 1 nm which increased to ≈ 115 ± 2 nm over two weeks. These particles 
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are equivalent in size or smaller than those reported in literature (157 ± 46 nm) 

(Larabi et al., 2004b) and commercial products such as Ambisome (77.8 ± 2.2 nm) 

and Anfogen (111.5 ± 96.2 nm) (Olson et al, 2007). Analysis of absorbance profiles 

showed no large changes in AmpB over 7 days. However, these samples containing 

10% DMSO could not be effectively lyophilized.  

Further refinement of the protocol led to a successful new formulation containing 

only 0.625% of DMSO in the final solution. DLS and UV-Vis data indicated the 

formation of particles with similar sizes (147 ± 8 nm) and an aggregation ratio similar 

to that of the 10% DMSO-containing formulation. The reduction of the DMSO 

concentration is desirable to prevent unwanted effects in vivo (Pagán et al., 2006; Yi 

et al., 2017; Yuan et al., 2014). DewY-AmpB formulations were more stable than 

AmpB alone in water. The high agglomeration ratio (which relates to the proportion 

of monomeric amphotericin B, which selectively binds to ergosterols, to aggregated 

amphotericin B, which binds to sterols in the mammalian cells), remains a concern 

and should be further investigated. However, nanoparticles were observed by SEM 

after lyophilisation and resolubilisation of these 0.625% DMSO nanosuspensions, 

suggesting that this approach may lead to the preparation of nanoparticle 

preparations with long storage life and desirable characteristics. 
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Conclusion 

Throughout this project, I have explored the rodlet structures within hydrophobin 

films and studied parameters which can affect the self-assembly of hydrophobins. 

Applying these discoveries, I was able to formulate hydrophobin-encapsulated 

curcumin nanoparticles and hydrophobin/amphotericin B nanosuspensions. 

In Chapter 3, the structures of different hydrophobin rodlet films were studied using 

three imaging techniques. AFM was used to probe the surface morphologies of the 

Class I hydrophobins EASΔ15, DewA, MPG1, and RodA) revealing that these proteins 

form films with a common rodlet morphology. The individual rodlets had similar 

height and width, but varied in length, although not all could be measured due to the 

overlapping nature of the rodlets. Closer inspection of the rodlets formed by DewA 

and EAS∆15 at high resolution, using TEM, showed that the rodlets consist of subunits 

that I have termed “rods” for this thesis. Reconstruction of EAS∆15 rodlets from TEM 

tomography generated a tomogram revealing individual rodlets and the rod subunits. 

This was compared with the rodlet model proposed by Macindoe et al (Macindoe et 

al., 2012). That model suggested that when EASΔ15 undergoes conformational change 

and self-assembles to form rodlets, the amyloidogenic regions assemble to form a 

rigid β-spine configuration, while the rest of the protein core can adopt different 

configurations. Given that the difference in diameter of the monomeric forms of the 

different hydrophobins is < 1.5 nm, based on the tomography and the model, the 

differences in height and width of rodlets formed by different hydrophobins will not 

be resolved by negative stain TEM. The individual rods seen in TEM and TEM 

tomography likely represent one side of the paired β-spine configuration of the 

rodlets, while AFM analysis with its more limited resolution could only resolve the 

paired β-spine as a single structure. Future work conducted with cryo-tomography 

could be used to overcome the resolution issues arising from negative staining, and 

sub-tomogram averaging could be used to obtain higher resolution reconstructions of 

individual rods, illuminating the arrangement of hydrophobin monomers and the 

mechanism of lateral packing. 

AFM studies of hydrophobin RodA variants indicated that RodA contains two 

amyloidogenic regions, within the Cys4-Cys5 and Cys7-Cys8 regions, as predicted by 

the Tango algorithm (Lai, 2013). Single point mutations within either the Cys4-Cys5 

or Cys7-Cys8 regions did not alter the surface morphology of rodlet films. RodA 
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proteins with single mutations in both regions, or a triple mutation within the Cys4-

Cys5 region or carrying a substitution of the Cys7-Cys8 region with a Class II 

hydrophobin sequence, were still able to form rodlet films, although these variants 

required a higher temperature for rodlet formation. Throughout Chapter 3 and 

Chapter 4, different conditions were probed to determine which parameters influence 

hydrophobin film formation. ThT fluorescence assays were used to investigate the 

assembly kinetics of EASΔ15 and DewY, which were compared under different 

conditions, including a range of pH and buffer types. It was discovered that DewY 

assembled most proficiently near the isoelectric point, where the hydrophobic patch 

of DewY dominates the interaction with the HHI interface. The rate of assembly of 

EASΔ15 was not significantly affected by changes in pH, possibly due to the presence 

of multiple large exposed hydrophobic patches on the surface of this hydrophobin. It 

was possible to show that the nature of the buffer can affect assembly kinetics. The 

rate of EASΔ15 assembly was slower in phosphate buffer compared with Tris and 

acetate buffers. The choice of buffer had a greater effect on the kinetics of DewY 

assembly, with Tris buffer drastically lowering the rate of assembly compared with the 

other buffers tested.  

Changing the surface tension of the medium in which hydrophobins assemble can 

alter the surface morphology of the resulting hydrophobin film, as well as the 

assembly kinetics. In Chapter 3, EASΔ15 assembly conditions were manipulated by the 

addition of ethanol, to generate films of different structures, from porous films to 

multilayered films. Changing the morphology of the film also changed the surface 

wettability, possibly by altering the surface roughness. Kinetic assays conducted in the 

presence of ethanol and methanol, in Chapter 4, showed that lowering surface tension 

can encourage self-assembly of DewY, WT EAS and EASΔ15, but demonstrated that 

each individual hydrophobin displays optimum assembly at a different surface 

tension.  

By manipulating the HHI it was possible to control the assembly of the hydrophobins. 

A novel ThT assay, in which the HHI interface was removed, was used to show that 

Class I hydrophobins (EASΔ15, DewA, MPG1 and DewY) do not form β-rich structures 

without an interface, even with shaking (Lo et al.,2014;Pham et al.,2016). To further 

investigate the importance of the interaction of hydrophobins with a HHI, Nile Red, a 

fluorescent probe that binds to hydrophobic surfaces, was added to EASΔ15 during self-

assembly and was seen to slow the process. 
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ThT kinetic assays conducted without agitation were able to reveal the function of the 

Cys3-Cys4 region in WT EAS. Both WT EAS and EASΔ15  were able to assemble without 

shaking, but WT EAS assembled at a slower rate than the truncated form. From these 

experiments, I was able to show that the Cys3-Cys4 region in WT EAS contributed to 

a lag phase during self-assembly, which was not observed with EASΔ15. This provided 

an experimental demonstration that the Cys3-Cys4 region has as a self-inhibitory role, 

as predicted by DeSimone et al (DeSimone et al.,2012).  

These studies have shown that the ability of hydrophobin proteins to undergo 

conformational change efficiently is determined by the ability of the protein to interact 

with the surface interface. By altering the surface tension, it was possible to 

manipulate the morphology of the EASΔ15 film and the kinetics of self-assembly of 

EASΔ15, DewY and WT EAS. The results here correspond with those of Morris et al. 

(Morris et al.,2011) who demonstrated that assembly kinetics are related to surface 

tension. To further refine the model for hydrophobin self-assembly, the molecular 

interactions between adjacent hydrophobin rodlets must be better understood.  The 

effect of additives and interactions with different surfaces also need to be considered. 

Techniques such as solution NMR could be used to probe the interaction between 

surface-active additives and hydrophobin molecules, while solid state NMR and 

cryo-tomography could be used to characterise the lateral assembly within 

hydrophobin films formed under different conditions. 

The encapsulation technique reported in Chapter 5 was developed with the knowledge 

obtained from the studies in Chapter 3 and Chapter 4. Sonication was used to enhance 

the interaction interface between the hydrophobic compound in organic solvent and 

the hydrophobin, promoting self-assembly of the hydrophobin. The hydrophobin 

concentration was kept relatively low to prevent self-inhibition and the amount of 

organic solvent used during encapsulation was limited to the ratio explored in 

Chapter 4. From these parameters, I was able to optimise the protein concentration 

of EASΔ15 and DewY required to interact with curcumin in ethanol to form spherical 

curcumin nanoparticles. SEM, TEM and DLS results indicated that the assembled 

curcumin nanoparticles were >200 nm. TEM images revealed that the curcumin 

nanoparticles contained shell walls of varying thickness for both hydrophobins used 

in the formulation and comparison of a freshly prepared curcumin nanosuspension 

with lyophilised curcumin nanoparticles suggested that the lyophilisation stabilised 

the structure, preventing Ostwald ripening. The stability of lyophilised DewY 
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curcumin nanoparticles was monitored in aqueous solutions using UV-Vis and 

showed that the lyophilised samples were stable for up to two days, compared with 

four hours for curcumin alone.  

Using the same encapsulation technique, a stable DewY/amphotericin B 

nanosuspension was formed. DLS experiments showed that the 

DewY/amphotericin B nanosuspension retained a homogenous size distribution in 

aqueous solution for up to two weeks, compared with amphotericin B alone, which 

settled out of solution. Similar to curcumin solutions, the ratio of DewY protein 

concentration to the drug required optimisation. UV-Vis spectra revealed that the 

nanosuspension was stable over a week of testing, with few changes to the spectra. 

Preliminary experiments indicated that conditions could be reformulated to reduce 

the organic solvent for dissolving the drug to a concentration for safe consumption, 

while maintaining a high concentration of drug content.  

Throughout this PhD project, I have determined different ways of manipulating 

hydrophobin assembly. By removing the HHI it was possible to prevent the formation 

of β-sheet structures associated with hydrophobin rodlet formation. By adjusting the 

surface tension, it was possible to change the rate of assembly as well as the resultant 

film morphology and hydrophilicity. With this combined knowledge I was able to 

produce hydrophobin-encapsulated nanoparticles and nanosuspensions. While 

further developments will be required to refine the encapsulation process, along with 

in-vitro testing to determine the viability of the nanoparticles and nanosuspensions, 

the primary results presented here demonstrate that hydrophobin proteins have the 

potential to be used as encapsulation materials for a wide variety of hydrophobic 

compounds. 

While this work has provided a basis for the encapsulation of hydrophobic drugs with 

hydrophobin proteins, further development will be required to refine the 

encapsulation technique and optimise it for a range of hydrophobic compounds. 

Future research should investigate the efficacy of the hydrophobin-encapsulated 

hydrophobic compounds compared with the naked variants in cell models. In 

tandem, studies should focus on optimising the purification process for hydrophobin 

proteins in order to scale up the process and to produce higher yields of hydrophobin 

proteins for larger volume encapsulation of hydrophobic compounds.. 
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Appendix B 

Recombinant protein amino acid sequence 

EAS 

SATTIGPNTC SIDDYKPYCC QSMSGPAGSP GLLNLIPVDL SASLGCVVGV  

IGSQCGASVK CCKDDVTNTG NSFLIINAAN CVA 

EASΔ15 

SATTIGPNTC SIDDYKPYCC QSMSG- - - - - -  - - - - - - - - - - SASLGCVVGV 

IGSQCGASVK CCKDDVTNTG NSFLI INAAN CVA 

DewA 

SLPASAAKNA KLATSAAFAKQ AEGTTCNVGS IACCNSPAET NNDSLLSGLLG  

AGLLNGLSGN TGSACAKASL IDQLGLLALV DHTEEGPVCK NIVACCPEGT  

TNCVAVDNAG AGTKAE 

DewY 

SLPYSAAKNA KLATSAAFAKQ AEGTTCNVGS IACCNSPAET NNDSLLSGLLG  

AGLLNGLSGN TGSACAKASL IDQLGLLALV DHTEEGPVCK NIVACCPEGT  

TNCVAVDNAG AGYKAE 

N-mCherry 

GSSHHHHHHS SGLVPRGSHM GGRMVSKGEE DNMAIIKE FMRFKVHMEG 
SVNGHEFEIE GEGEGRPYEG TQTAKLKVTK GGPLPFAWDI LSPQFMYGSK 
AYVKHPADIP DYLKLSFPEG FKWERVMNFE DGGVVTVTQD SSLQDGEFI 
YKVKLRGTN FPSDGPVMQK KTMGWEASSE RMYPEDGALK GEIKQRLKL 
KDGGHYDAEVKTTYKAKKPV QLPGAYNVNI KLDITSHNED YTIVEQYERA 
EGRHSTGGMD ELYK 

RodA 

SLPQHDVNA AGNGVGNKGN ANVRFPVPDD ITVKQATEKC GDQAQLSCCN 

KATYAGDVTD IDEGILAGTL KNLIGGGSGT EGLGLFNQCS KLDLQIPIIG 

IPIQDLVNQK CKQNIACCQN SPSDASGSLI GLGLPCIALG SIL 

RodA I97G 

SLPQHDVNA AGNGVGNKGN ANVRFPVPDD ITVKQATEKC GDQAQLSCCN 

KATYAGDVTD IDEGILAGTL KNLIGGGSGT EGLGLFNQCS KLDLQIPGIG 

IPIQDLVNQK CKQNIACCQN SPSDASGSLI GLGLPCIALG SIL 

RodA I98G 

SLPQHDVNA AGNGVGNKGN ANVRFPVPDD ITVKQATEKC GDQAQLSCCN 

KATYAGDVTD IDEGILAGTL KNLIGGGSGT EGLGLFNQCS KLDLQIPIGG 

IPIQDLVNQK CKQNIACCQN SPSDASGSLI GLGLPCIALG SIL 
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RodA L128G 

SLPQHDVNA AGNGVGNKGN ANVRFPVPDD ITVKQATEKC GDQAQLSCCN 

KATYAGDVTD IDEGILAGTL KNLIGGGSGT EGLGLFNQCS KLDLQIPIIG 

IPIQDLVNQK CKQNIACCQN SPSDASGSGI GLGLPCIALG SIL 

RodA I129G 

SLPQHDVNA AGNGVGNKGN ANVRFPVPDD ITVKQATEKC GDQAQLSCCN 

KATYAGDVTD IDEGILAGTL KNLIGGGSGT EGLGLFNQCS KLDLQIPIIG 

IPIQDLVNQK CKQNIACCQN SPSDASGSLG GLGLPCIALG SIL 

RodA I98G/I129G 

SLPQHDVNA AGNGVGNKGN ANVRFPVPDD ITVKQATEKC GDQAQLSCCN 

KATYAGDVTD IDEGILAGTL KNLIGGGSGT EGLGLFNQCS KLDLQIPIGG 

IPIQDLVNQK CKQNIACCQN SPSDASGSLG GLGLPCIALG SIL 

RodA C7C8NC2 

SLPQHDVNA AGNGVGNKGN ANVRFPVPDD ITVKQATEKC GDQAQLSCCN 

KATYAGDVTD IDEGILAGTL KNLIGGGSGT EGLGLFNQCS KLDLQIPIIG 

IPIQDLVNQK CKQNIACCQN SPVLPILGQDILGLPCIALG SIL 

RodA C4C5 

SLPQHDVNA AGNGVGNKGN ANVRFPVPDD ITVKQATEKC GDQAQLSCCN 

KATYAGDVTD IDEGILAGTL KNLIGGGSGT EGLGLFNQCS KLDLQIPGSG 

SPIQDLVNQK CKQNIACCQN SPSDASGSLI GLGLPCIALG SIL 
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