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Abstract 

AAbbssttrraacctt  

 

Self-assembled protein nanotubular materials are attractive as putative building 

blocks for a variety of applications. Knowledge of the three-dimensional 

structures and the physical properties of these protein nanotubes then becomes a 

prerequisite for their use in rational materials design. The main purpose of the 

work presented in this thesis is to investigate both the structural and mechanical 

properties of protein nanotubes utilizing atomic force microscopy (AFM). Several 

different protein nanotubes will be used as exemplars to develop AFM methods.  

AFM is capable of both visualizing and monitoring dynamic processes. Within 

this thesis, not only could the change in morphology of protein nanotubes be 

visualized by AFM, but also changes in their mechanical properties were 

monitored as dynamic processes. For example, changes in the morphology (in 

chapter 3) and flexibility (in chapter 4) of lysozyme fibrils during fibrillization 

were investigated. 

Chapters 4 to 6 describe a range of different methods to obtain the mechanical 

properties of protein nanotubes: the persistence length method (chapter 4), the 

adhesive interaction method (chapter 5) and the bending beam method (chapter 6). 

All of these had their own advantages. However, each method was found only to 

be suitable for protein nanotubes with elasticities within a defined range.  

The protein nanotubes investigated by AFM in the thesis included Salmonella 

flagellar filaments, lysozyme fibrils and diphenylalanine (FF) nanotubes. All of 

the investigated protein nanotube structures had Young’s moduli lying between 
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that of gelatin and bone. This highlights their potential, in terms of mechanical 

properties, for a range of applications in drug-delivery systems and tissue-

engineering scaffolds. In future, if a database of mechanical properties of protein 

nanotubes could be built up using the AFM methods developed and utilized 

within this thesis, the development of the applications of protein nanotubes will be 

accelerated, as the right protein nanotubes will be selected for appropriate 

applications. 
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Chapter 1 Introduction 

Chapter 1 Introduction: Protein Nanotubes 

Are Novel Bio-inspired Materials 

 

Self-assembled protein nanotubular materials are attractive as potential building 

blocks for a variety of applications, not only because of their biocompatibility and 

chemical modifiability, but also because of their large-scale production ability and 

manufacture through simple experimental procedures in laboratories. Knowledge 

of the three-dimensional structures and the physical properties of these protein 

nanotubes then becomes a prerequisite for rational materials design. The main 

purpose of the work presented in this thesis is to investigate how to obtain the 

structural and mechanical information of protein nanotubes. 

In this chapter, I will firstly review the previous studies on the synthesis, 

properties and applications of protein nanotubes, with a particular focus on the 

systems studied in this thesis, namely, bacterial flagellar filaments and amyloid 

fibrils. I will then outline the aim and the design of the work presented in the 

subsequent chapters in this thesis. 

1.1 Protein Nanotubes 

There has been rapid progress in the development of nano-scale materials, such 

as nanowires, nanotubes and nanoparticles. Carbon nanotubes have attracted a 

great deal of attention and have been used for a number of nano-scale devices. 

Some of these devices show significant improvements compared to existing 

devices (Chen et al. 2003; Fennimore et al. 2003; Modi et al. 2003; Melosh et al. 

 
1 



Chapter 1 Introduction 

2003; Zhong et al. 2003). However, carbon nanotubes have been produced by 

expensive techniques, including arc discharge (Ebbesen and Ajayan 1992), laser 

ablation (Guo et al. 1995a; 1995b), and chemical vapor deposition (CVD) (Li et 

al. 1996).  Most of these processes take place in vacuum or with process gases. 

 

 

Figure 1-1 Ghadiri et al. protein nanotubes. (a) The chemical structure of the peptide subunit. 

(b) Self-assembled tubular configuration (figure adapted from Ghadiri et al. 1993). 

 

 Protein nanotubes have structures that possess a well-defined hollow cylinder 

with a diameter range of 0.5-500nm and an aspect ratio greater than five (Gao 

2005). Ghadiri et al. brought the definition of protein nanotubes (PNT’s) into 

history by demonstrating that cyclic polypeptides with an even number of 

alternating D- and L-amino acids can self-assemble into a desired nanotubular 

structure through intermolecular hydrogen bonding (Figure 1-1) (Ghadiri et al. 
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1993). Since then, protein nanotubes have been employed in order to both explore 

and control molecular aggregation processes (via non-covalent interactions) and 

to understand the underlying mechanisms of prion and neurodegenerative diseases 

(Greig and Philip 2001; Harper and Lansbury 1997; Sipe and Cohen 2000). 

Recently, studies have also been carried out on how to use protein nanotubes as 

nano-scale devices. The advantages of this over the use of other materials is that, 

1) protein nanotubes can be produced by self-assembly processes in vivo and in 

vitro under mild conditions, ie. room temperature and atmospheric pressure; 2) 

protein nanotubes can be produced at a large-scale with relatively small cost; 3) 

smart functionalities for cross-linking and  conjugation to other molecules can be 

added at desired positions in protein nanotubes through well-established chemical 

and peptide synthetic methods. However, this field is still in the early stages of 

development. Most of the reports in the literature are of protein nanotubes 

synthesis (Zhao et al. 2008); though some promising results of their use in 

applications are beginning to appear. The potential applications of protein 

nanotubes include for targeted drug-delivery systems, tissue-engineering scaffolds 

and biosensing devices (Krejcova and Rabiskova 2008; Djalali et al. 2003; Zhang 

2003; Bong et al. 2001; Bong and Ghadiri 2001; Yemini et al. 2005a; 2005b). In 

order to discover more potential applications of protein nanotubes, studies of their 

morphology and physical properties becomes a prerequisite. 
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1.2 Bacterial Flagellar Filaments 

1.2.1 Bacterial Flagellum 

1.2.1.1 Motor Function 

Bacteria swim actively in liquid environments. They can sense stimuli such as 

chemicals (Mesibov and Adler 1972; Seymour and Doersch 1973; Tso and Adler 

1974) and temperature (Maeda et al. 1976) in their immediate environment and 

change their swimming patterns to move towards favourable, or away from 

unfavourable conditions, for their survival. These behaviours are called taxis. The 

bacterial flagellum is the organelle by means of which bacteria swim (Figure 1-2). 

 

 

Figure 1-2 Electron micrograph of a negatively-stained bacterium, Salmonella typhimurium 

(figure adapted from Namba and Vonderviszt 1997). 

 

Bacteria swim by rotating their flagellar filaments (Yonekura et al. 2002). The 

fuel for rotation is the membrane gradient of ions, H+ in most neutrophiles and 

Na+ in alkalophiles and marine Vibrio species (Hirota et al. 1981). The proton-
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driven motor rotates at 300 Hz, whereas the sodium-driven motor rotates at up to 

1700 Hz (Berry and Armitage 1999; Berg 2002; Oster and Wang 2003). In most 

species, the motors can rotate either clockwise (CW) or counter clockwise (CCW), 

and cells direct their movement by regulating switching between the two 

directions. In Escherichia coli or Salmonella, for example, CCW rotation allows 

several filaments on a cell to join in a bundle and drive the cell smoothly forward 

(a ‘run’), whereas CW rotation disrupts the filament bundle and causes rapid 

somersaulting (a ‘tumble’) (Blair 2003). This leads to the tactic behaviour, 

moving towards environments that promote survival (Namba and Vonderviszt 

1997; Yonekura et al. 2002) at a speed of several body lengths a second (Berry 

and Armitage 1999). 

1.2.1.2 Overall Structure 

The flagellum consists of a helical filament connected via the hook to the so-

called ‘basal-body’, which is surrounded by a ring of torque-generating particles 

in the cytoplasmic membrane (Figure 1-3). These particles are anchored to the cell 

wall and are necessary for torque generation. In mechanical terms, the filament is 

the propeller, and the basal-body and torque-generating particles together are the 

motor. Within the motor, the basal-body is the ‘rotor’ and rotates (along with the 

hook and filament) relative to the anchored torque-generating particles or ‘stator’ 

(Berry and Armitage 1999). 

1.2.1.3 Self-assembly Process 

The assembly process of the bacterial flagellum starts from the formation of the 

FliF ring (also called the MS ring, see Figure 1-3) complex in the cytoplasmic 

 
5 



Chapter 1 Introduction 

membrane, and proceeds in both inward and outward directions, as well as 

laterally (Figure 1-4) (Namba and Vonderviszt 1997). 

 

 

Figure 1-3 Schematic diagrams showing the overall architecture of the bacterial flagellum. 

Different colours represent different protein components. The filament growth occurs by 

polymerization of flagellin below the cap (figure adapted from Yonekura et al. 2002). 
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The inward assembly involves the formation of the C-ring, which is also called 

the switch complex, made of FliG, FliM and FliN (Figure 1-3), in the cytoplasmic 

space. The switch complex regulates the reversal frequency of the motor rotation 

and is also involved in torque generation. The type III protein export apparatus, 

which is homologous to those that enable pathogenic bacteria to secret virulence 

factors (Kubori et al. 1998), is then formed within the C-ring, enabling the export 

of the flagellar axial proteins through its central channel. The lateral assembly 

involves the MotA/MotB complex (Figure 1-3) in the inner membrane, where it 

forms a proton channel. This complex acts as the stator by anchoring the 

periplasmic domain of MotB to the peptidoglycan layer. 

The outward assembly (Figure 1-4) of the flagellar axial structure, which is the 

major process in the formation of the flagellum in terms of the mass fraction 

involved, proceeds at the distal end, as it was initially found for filament growth. 

The L-P ring (Figure 1-3) assembly is an exception, in which the subunit proteins, 

FlgH and FlgI (Figure 1-3), assemble in the outer membrane and peptidoglycan 

layer, respectively, to form a bushing. For all axial structure formation, the type 

III protein export system selectively binds and translocates flagellar axial proteins 

into the central channel of the flagellum by using the energy of ATP hydrolysis 

(Fan et al. 1997; Minamino and Macnab 1999). The axial proteins construct the 

rod, the hook, the hook-filament junction and the long filament in that order. The 

rod, composed of five proteins, is connected to the FliF ring (Figure 1-3) at its 

proximal portion with the hook at its distal end, and traverses the inside of the L-P 

ring. FlgE assembles (Figure 1-3) in a helical manner to form the hook. In most 

species examined, the hook is a short curved structure slightly thicker than the 
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filament (about 20nm) (Berry and Armitage 1999) and showing a high bending 

flexibility, which works as a universal joint. 

A capping complex made of FlgD (Figure 1-3) is attached at the distal end of the 

hook until it grows up to a length of about 55 nm. Then the FlgD cap falls off the 

tip of the hook (Ohnishi et al. 1994) and is replaced by FlgK, and then FlgL and 

FliD are transported and bound at the distal end in that order. FlgK, FlgL and FliD 

are also called hook-associated proteins, HAP1, HAP3 and HAP2, respectively, 

because the hook-HAP1-HAP3-HAP2 complex is formed momentarily before the 

initiation of flagellin assembly into the long helical filament (Homma and Iino 

1985). 

Flagellin travels a long way through the narrow tunnel, only 3 nm in diameter 

but up to 10–15 µm long, to the distal end of the growing flagellum, which 

assembles with helical symmetry into the mechanically stable filamentous 

structure to function as a helical propeller (Figure 1-4). The filament cap made of 

HAP2 is always attached at the distal end, promoting the efficient assembly 

process (Yonekura et al. 2002). The cap has five legs that leave room for only one 

flagellin subunit at a time, and it counter rotates to accommodate insertion of 

additional subunits, one after another (Berg 2003). 

1.2.2 The Bacterial Flagellar Filament 

The flagellar filament has a tubular structure. Varying with the species, the 

flagellar filament is about 12-25 nm in diameter but grows up to a length of 

around 15 μm (Kamiya and Asakura 1976b). The central channel through the 

flagellar filament is about 2.5-3.0 nm (Namba and Vonderviszt 1997). 
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Figure 1-4 Outward assembly pathway of the flagellum. It starts from (a) the FliF ring, 

followed by sequential addition of (b) the rod, (c) P-ring, (d) L-ring, (e) hook, (f) HAP1 and 

HAP3, (g) HAP2, (h) a flagellin subunit, (i) 10 flagellin subunits, and (j) filament formation 

(figure adapted from Namba and Vonderviszt 1997). 
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1.2.2.1 Bacterial Flagellin 

The flagellar filament is generally composed of over 10 000 copies of a single 

protein, flagellin, with a molecular mass varying from 25 to 60 kDa depending on 

the species. Some species may have more than one flagellin but the proteins are 

usually closely related (Berry and Armitage 1999). 

Flagellin consists of four linearly connected domains labelled D0, D1, D2 and 

D3, which are arranged from the inside to outside of the filament (Figure 1-5 a). 

The N-terminal chain starts from D0, going through D1, D2 and reaches D3, and 

then comes back through D2 and D1, and the C-terminal chain ends in D0. 

Although all three domain connections are formed by pairs of short antiparallel 

chains, the one that connects domains D0 and D1 is longer than the other two, and 

therefore it is called the spoke region. The overall shape of flagellin looks like an 

upper case Greek gamma (Γ) with a vertical dimension of about 14.0 nm and a 

horizontal dimension of about 11.0 nm.  

Flagellin has been found to be very susceptible to even a mild proteolytic 

treatment. When digested with trypsin or subtilisin, both termini of flagellin from 

Salmonella typhimurium (51.5 kDa) were found to be quickly degraded, resulting 

in a compact metastable product of 40 kDa, In contrast, the central region of the 

molecule is quite stable against proteolysis, probably because it is composed of 

compact structural units (Namba and Vonderviszt 1997). 

 

 

 
10 



Chapter 1 Introduction 

 

Figure 1-5 The Cα backbone trace, hydrophobic side-chain distribution and structural 

information of flagellin. (a), Diagram of the Cα backbone. The chain is coloured as follows: 

residues 1–44, blue; 44–179, cyan; 179–406, green; 406–454, yellow; 454–494, red. (b), 

Distribution of hydrophobic side chains, mainly showing hydrophobic cores that define 

domains D0, D1, D2a, D2b and D3. Side-chain atoms are coloured as follows: Ala and Met, 

yellow; Leu, Ile and Val, orange; Phe, Tyr and Pro, purple (carbon) and red (oxygen). (c), 

Position and region of various structural features in the amino acid sequence of flagellin. 

Shown are, from top to bottom: the secondary structure distribution with α-helix in yellow, β-

structure in green and β-turn in purple; the well conserved amino-acid sequence in red and 

variable region in violet (figure adapted from Yonekura et al. 2003). 

 

1.2.2.2 Intersubunit Interactions in the Filament 

The filament is a tubular structure composed of 11 protofilaments (Figure 1-6) 

with their lateral disposition staggered axially by about half a subunit, and 

therefore approximately 5.5 subunits exist in one turn of the one-start helical path 

that goes through all the subunits (Yonekura et al. 2002). 

 
11 



Chapter 1 Introduction 

 

Figure 1-6 Polymorphic model of the filament. The top panel shows morphology of the 

filaments and the bottom panel shows the subunit arrangements within a short segment. The 

filaments are named: (a) L-type straight, (b) normal, (c) curly and (d) R-type straight.  The 

two subunit colours represent the two distinct states of flagellin. The supercoil in (b) is left-

handed and that in (c) is right-handed (figure adapted from Namba and Vonderviszt 1997). 

 

The subunits pack in two different ways: The subunits in ‘short’ protofilaments 

(R-type) are closer together than the subunits in ‘long’ protofilaments (L-type) 

(Figure 1-6, Figure 1-7). R and L refer to the direction of twist. If both types are 

present at the same time, the filament has curvature as well as twist and is helical, 

with the short protofilaments running along the inside of the helix (Berg 2003). 

Mechanical strain energy is minimized when short protofilaments are next to short 

protofilaments and long protofilaments are next to long protofilaments, leading to 

12 possible conformations, 2 straight (all short or all long) and 10 helical (Berg 

2003). Filaments can be made to switch between these different helical 
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conformations, which is driven by motor switching or by changes in either the 

viscous forces on the filament or pH (Berry and Armitage 1999). 

 

 

Figure 1-7 The surface lattice of L- and R-type straight flagellar filaments. The spacing 

between flagellin subunits along an 11-start helix (a protofilament) of the R-type is 0.08 nm 

less than between corresponding subunits of the L-type. L and R refer to the handedness of 

the filament twist. The distances are measured at a radius of 4.5 nm and are shown magnified 

in the middle of the drawing (figure adapted from Berg 2003). 

 

The structure of the filament has been analyzed at around 10 Å resolution by 

electron cryomicroscopy and helical image reconstruction (Mimori et al. 1995; 

Morgan et al. 1995). The density map shows a densely packed core region out to a 

radius of about 60 Å, a central channel with a diameter of about 30 Å, and well-

resolved outer parts that slew out to a radius of 115 Å. There are two radial 

regions of high density in the core region, one from 15 to 30 Å (Domain D0) and 

the other from 35 to 60 Å (Domain D1). These two regions form a concentric 

double tubular structure, and the inner and outer tubes are connected by radial 

spoke-like densities. The outer part also consists of two domains: domain D2 has 
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the shape of a vertical column; domain D3 is a projection that extends out from 

the upper part of the vertical column. Domains D2 and D3 consist of mainly β-

strands and domain D1 contains three long α-helices paired with a β-hairpin 

(Yonekura et al. 2002). The subunits are closely packed in the core region and it 

is not possible to determine the subunit boundary there. In the outer region, 

however, the subunits are well separated from each other (Namba and 

Vonderviszt 1997). 

 

 

Figure 1-8 Three-dimensional density map of the flagellar filament (R-type straight 

filament), calculated by including data up to 9 Å. (A) Solid surface representation of a side 

view with the distal end up (upper panel) and the end-on view from the proximal end (lower 

panel). (B) Wire frame representation of a 50 Å thick cross section and a 30 Å thick 

longitudinal section. The directions of views are the same as in (A). Counter lines in blue 

represent approximately the correct volume of the filament, and those in red show a density 

level twice as high as that in blue (figure adapted from Yonekura et al. 2002). 
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Domains D0 and D1 make intimate intersubunit interactions, both axially and 

laterally. Thus, the N- and C-terminal chains of flagellin are essential for filament 

assembly. 

Most of the intersubunit interactions found within the outer tube are polar–polar 

or charge–polar, and contributions of hydrophobic interactions are relatively small, 

whereas those found within the inner tube and between the inner and outer tubes 

are mostly hydrophobic, contributing to the high stability of the filament structure. 

 

 

Figure 1-9 Ribbon diagram of the Cα backbone of the filament model in stereo view. (a), 

End-on view from the distal end of the filament. Eleven subunits are displayed. (b), Side view 

from outside the filament. Three protofilaments on the far side have been removed for clarity. 

Top and bottom of the side view image correspond to the distal and proximal ends of the 

filament, respectively. The chain is colour coded as in Figure 1-5 (a) (figure adapted from 

Yonekura et al. 2003). 

 

1.2.2.3 Transformations of Flagellar Filaments in vitro 

For chemotaxis and thermotaxis, the swimming pattern of bacteria such as 

Salmonella and Escherichia coli alternates between ‘run’ and ‘tumble’; a run lasts 
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for a few seconds and a tumble for a fraction of second. During a run, the motor 

rotates anticlockwise (as it is viewed from outside the cell), and several flagellar 

filaments with a left-handed helical shape form a bundle and propel the cell. A 

tumble is caused by quick reversal of the motor to clockwise rotation (Larsen et al. 

1974), which produces a twisting force that transforms the left-handed helical 

form of the filament into a right-handed one (Macnab et al. 1977; Turner et al. 

2000), causing the bundle to fall apart rapidly. The separated filaments act in an 

uncoordinated way to generate forces that change the orientation of the cell. Thus, 

the structure of the flagellar filament and its dynamic properties have an essential 

role in bacterial taxis. 

Reconstituted Salmonella flagellar filaments were found by dark field light 

microscopy to undergo reversible transformations at both acidic and alkaline pH 

(Kamiya and Asakura 1976). Flagellar filaments from SJ670 strain are left-handed 

helices with a pitch of 2.3 μm (normal type) at neutral pH. When, however, the 

pH of the solution is lowered to 4.7, they are discontinuously transformed into 

closed-coils with a pitch of 0.5 μm and a diameter of 1.2 μm, and a further 

lowering of the pH converts these coiled flagellar filaments into so-called curly 

ones, which are right-handed helices with a pitch of 1.1 μm. When the pH was 

increased from 7 to 12.5, flagellar filaments from strain SJ670 were found to 

rapidly transform from the normal type to a left-handed close-coil (coiled type) or 

to two types of right-handed helices with a pitch of 1.0 or 0.9 μm. Kamiya and 

Asakura concluded that the pH is an important factor in the control of flagellar 

transformation. 
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Figure 1-10 Dark field light micrographs of Salmonella flagellar filaments. (a) Normal form 

found at pH 7.0 (1mM potassium phosphate buffer and 100 mM KCl) with pitch = 2.3 μm; (b) 

curly form at pH 4.1 (0.1 M NaCl, 1 mM acetic acid and 1mM sodium acetate, pH value was 

adjusted by the addition of 1 M HCl or 1 M NaOH) with pitch = 1.1 μm; (c) curly form at pH 

12.0 (100 mM KCl, pH value was adjusted by the addition of 1M KOH or 1 M HCl) with 

pitch = 1.0 μm (figure adapted from Kamiya and Asakura 1976). 

 

1.2.3 Applications of Bacterial Flagellar Filaments 

The flagellar filaments can be naturally produced by bacteria very quickly (see 

section 2.2.1). They can be easily removed from the cells by mechanical shearing. 

The flagellin has conserved regions at the N- and C-termini, that are required for 

anchoring of the flagellin into the nanotubular structure. However, the central 

region which is partially displayed on the filament surface is variable. The single 

gene encoding flagellin can be easily engineered to allow the surface display of 
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inserted epitopes along the length of the filament. Woods and co-workers (2007) 

functionalized Escherichia coli FliC flagellin to form tailored nanotubes capable 

of  binding single types or pairs of ligands, including divalent cations, fluorescent 

antibodies, or biotin-avidin-linked moieties such as ferritins. 

Kumara and co-workers (2006) produced cysteine-containing FliTrx to form 

bundles of functionalized flagellar nanotubes (Figure 1-11). Later (2007) they also 

demonstrated that the peptide loop modified flagella nanotubes could be used as 

scaffolds for the generation of ordered array of metal nanoparticles or uniform 

nanotubes (Figure 1-12). FliTrx was genetically modified to display designed 

histidine, arginine-lysine, and aspartic acid-glutamic acid peptide loops on the 

solvent-accessible outer domain region. The resulting flagellin monomers were 

self-assembled to obtain flagellar nanotubes in which the peptide loops were 5 nm 

apart. These flagellar nanotubes were equilibrated with solutions of various metal 

ions (Co(II), Cu(II), Cd(II), Ag(I), Au(I), and Pd(II)). Controlled reduction of 

these metal ions yielded ordered arrays of nanoparticales or nanotubes, and in 

some cases, extensive aggregation resulted in the formation of metal nanotube 

bundles. 
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Figure 1-11 TEM images of disulfide cross-linked Cys-loop flagella bundles stained with 2% 

phosphotungstic acid (pH7.5) (scale bar 100nm) (figure adapted from Kumara et al. 2006). 

 

 

Figure 1-12 TEM images of gold nanoparticles that were synthesized by reduction of Au(I) 

on a histidine loop peptide flagella scaffold (figure adapted from Kumara et al. 2007). 
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1.3 Amyloid Fibrils 

1.3.1 Protein Misfolding 

1.3.1.1 Protein Misfolding and Diseases 

Amyloid is an insoluble form of protein that results when a normally soluble 

protein converts via a self-assembly process to form a well-defined fibrillar 

structure. Amyloid accumulates in a variety of organs including the liver, spleen, 

and brain.  Amyloid fibrils underlie a large family of clinical disorders, and the 

term amyloidosis is used to describe the clinical conditions with which amyloid is 

associated (Chiti and Dobson 2006). Examples of amyloidogenic peptides and 

proteins are listed in Table 1-1. 

Lysozyme (Figure 1-13 (a)), for example, is a 129-amino-acid-residue enzyme 

which catalyzes hydrolysis of 1,4-beta-linkages between N-acetylmuramic acid 

and N-acetyl-D-glucosamine residues in peptidoglycan and between N-acetyl-D-

glucosamine residues in chitodextrins. The molecular weight of lysozyme is 

approximately 14.7 kDa. Lysozyme is present in a number of secretions such as 

saliva, tears and mucus. Large amounts of lysozyme can also be found in egg 

whites. Lysozyme’s catalytic activity is non-specifically targeted to the bacterial 

cell membranes and related with general non-specific organism defence. Human 

lysozyme has been shown to form amyloid fibrils in individuals suffering from 

non-neuropathic systemic amyloidosis (Krebs et al. 2000).  
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Table 1-1 Examples of amyloidogenic peptides and proteins (Table adapted from Dzwolak 

2005) 
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Beta2-microglobulin (Figure 1-13 (b)) which belongs to the immunoglobulin 

superfamily, is known to aggregate into amyloid that deposit at joint spaces in 

patients on long-term hemodialysis, a disease known as dialysis-related 

amyloidosis (DRA) (Smith and Radford 2001; Manning et al. 2003).  

 

 

Figure 1-13 Stereo ribbon diagram of the structure of (a) lysozyme (b) beta2-microglobulin 

(www.pdb.org ID: 133l. Harata et al. 1993; ID: 1a1m. Smith et al. 1997). 

 

1.3.1.2 Energy Landscape of Protein Folding 

A typical energy landscape diagram of protein folding is displayed in Figure 

1-14. The unfolded polypeptide chain gradually progress through various levels of 

organization that ultimately lead to the energetically stable folded native state 

(Dobson et al., 1998). The nature of this energy landscape is influenced by 

features such as the protein sequence and the conditions under which folding 

occurs. Therefore, changing the conditions under which a protein folds, as in a 

disease state or as in the laboratory, can result in local energy minima; and an 

energy barrier may be created that halts continued folding towards the native state. 
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The increasing populations of these partially folded proteins may lead to a self-

association process whereby they become “trapped” in an aggregated, non-native 

form.  

 

 

Figure 1-14 The estimated energy landscape diagram based on data for the folding of 

lysozyme. Several possible folding pathways are shown: a fast folding route (yellow), a slow 

folding route involving an energy barrier (green), and a slow folding route that returns to a 

less folded state and then joins the fast folding route (red). E refers to energy, P is a measure 

of the available conformational space, and Q is the fraction of native contacts (figure adapted 

from Dobson et al. 1998). 

 

The formation of amyloid fibrils reflects the conformational struggle of 

polypeptide chains to reduce their surface accessible area, to saturate hydrogen 
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bonding, and to reach an alternative non-native free energy minimum (Dobson et 

al. 1998). 

1.3.1.3 Structure of Amyloid Fibrils 

Despite the diverse range of proteins that are involved in amyloid related 

diseases, all of which have unique native folding states, they are found to have 

extremely similar final morphologies in their misfolding states. The generic 

structure of amyloid fibrils has been revealed in some detail; however, the exact 

molecular conformation and supramolecular organization still needs to be 

determined. Perutz and co-workers (2001) proposed that amyloid fibrils are 

nanotubes with central water-filled cavity.  

A generally accepted fibrilization pathway is as follows: first, the globular 

proteins partially unfold under certain conditions and self-assemble into 

protofilaments; the protofilaments then intertwine with each other into mature 

fibrils (Ban et al. 2006; Chamberlain et al. 2000; Khurana et al. 2003; Makin et 

al. 2005). 

In laboratories, amyloid fibrils are usually produced by exposing proteins to 

mildly denaturing conditions, such as low pH or elevated temperatures. The 

exposure to denaturing conditions allows the peptide backbone to be accessible to 

form the interchain hydrogen bonds associated with amyloid fibrils (Dobson et al. 

1998). 
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Figure 1-15  A molecular model of an amyloid fibril grown from an SH3 domain. The fibril 

consists of four protofilaments that twist around one another to form a hollow tube. Each 

protofilament is assembled through β domain (figure adapted from Dobson 1999). 

 

Based on AFM analysis of the morphology of fibrillar species formed during 

amyloid fibrillization processes, Khurana and co-workers (2003) proposed a 

general model for the assembly of protein fibrils (Figure 1-16). Insulin fibrils were 

formed in vitro by stirring the protein in an acid solution (pH 1.6). Under those 

conditions, insulin fibrils were found to reach maturity after 4 hours of incubation. 

During the fibrillization process, protofilaments (1.2 ± 0.3 nm in diameter) and 

protofibrils (1.9 ± 0.3 nm in diameter) were observed. Two sizes of mature fibrils 

were also observed: a smaller fibril of 3.0 ± 0.4 nm in diameter, and a larger fibril 

of 4.8 ± 0.4 nm in diameter, which they identified as types I and II fibrils, 

respectively. They suggested that protofilament pairs intertwine with each other to 
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form protofibrils, and two protofibrils then intertwine to form a type I fibril. A 

type II fibril is formed by winding of two type I fibrils. 

 

 

Figure 1-16 Khurana’s model for the hierarchical assembly of insulin into amyloid fibrils.  

Protofilament pairs wind together to form protofibrils, and two protofibrils wind to form a 

type I fibril. Type II fibrils are the result of winding of type I fibrils (figure adapted from 

Khurana 2003). 

 

Another AFM study carried out by Jansen and co-workers (2005) on insulin 

aggregates suggested that, in addition to the hierarchical pathway of fibrilization, 

there was an alternative self-assembly route leading to insulin fibrils which 

involved the lateral interaction of early, prefibrillar forms with protofilaments. 
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The nature of multipathway fibrilization resulted in a more complex 

morphological variety. 

 

 

Figure 1-17 A general scheme of the multipathway fibrilization of insulin. Insulin hexamers 

undergo monomerization at low pH and then form protofilaments which then intertwine with 

each other to form mature fibrils. The lateral interaction of early, prefibrillar forms with 

protofilaments, followed by the lateral association of protofilaments, is an alternative self-

assembly route. Under the given conditions, insulin fibrilization proceeds through both 

pathways (figure adapted from Jansen et al. 2005).  

 

An interesting circular morphology of insulin amyloid formed under high 

hydrostatic pressure was discovered by Jansen and co-workers (2004) (Figure 

1-18). While high pressure was found to prevent insulin aggregation, the protein 

nevertheless was able to slowly form amyloid with this unprecedented circular 
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morphology. Jansen suggested that at high pressure, the fibril tends to bend in one 

direction throughout the elongation process. 

 

 

Figure 1-18 AFM height images of insulin amyloid. (a) Control sample, 0.5% (w/w) of 

bovine insulin in water, pH adjusted to 1.9, was kept at ambient pressure and 60 ºC for 21 

hours. (b) Insulin sample was kept at 60 ºC for 20 hours after increasing the pressure to 1500 

bar and kept for one hour after pressure-release. (c) High-resolution AFM images of the 

circular amyloid reveal its ultrastructural features (figure adapted from Jansen 2004). 

 

Similar circular forms of insulin fibrils (Figure 1-19) were observed by 

Grudzielanek and co-workers (2005) when they were studying the solvational 

effects on the unfolding, aggregation and amyloidogenesis of insulin. Ethanol acts 

as an aggregation enhancer at low concentrations and an inhibitor at higher 

concentrations. The addition of concentrations as low as 5% (w/w) of ethanol was 

found to trigger the appearance of bent and circular fibrils, the diameter of which 

was typically 750-800 nm. The amount of circular forms reduced in 20% (w/w) 

ethanol and vanished completely at 40% (w/w) ethanol. 
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Figure 1-19 AFM images of 0.1% (w/w) insulin, aggregated at 60 °C for six days in: (a) 

water; (b) 5% (w/w) EtOH; (c) 20% (w/w) EtOH; (d) 40% (w/w) EtOH (figure adapted from 

Grudzielanek 2005). 

 

Dzwolak (2006) reviewed the results of tuning amyloidogenic conformations 

through cosolvents and hydrostatic pressure, and proposed a hypothetical model 

of hyperbaric and solvational control of insulin amyloid polymorphism. He 

pointed out that although both native insulin and insulin amyloid are resistant to 

high pressure and the influence of cosolvents, the intermediate aggregation-prone 

conformations are susceptible to either condition. A lower void volume 

conformation was proposed to be favoured under high pressure. The persistent 

bending of a fibril towards one direction during its elongation to form circular 

morphology was proposed to suggest an anisotropic distribution of cavities within 

the ambient fibril. 

1.3.2 Applications of Amyloid Fibrils 

The well-ordered structure of amyloid fibrils confers stability at extremes of pH, 

temperature, or pressure; fibrillar structure is typically preserved in both aqueous 

and organic solvents. Amyloid fibrils are also resistant to proteolysis and 

dehydration (Gras 2007a; 2007b). All of these favourable properties, associated 

with the versatile modifiability of the peptides/polypeptides by chemically 
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introducing functional groups, enable amyloid fibrils to hold a great potential as 

biomaterials for nanotechnology and bionanotechnology. 

Before commercial applications of amyloid fibrils in nanotechnology and 

bionanotechnology can be fully realised, a high degree of control of their 

properties needs to be achieved, which requires the further study of the 

relationship between the functionalization of the peptides/polypeptides and the 

characteristics of amyloid fibrils (Waterhouse and Gerrard 2004). Meanwhile, 

some recent attempts to exploit amyloid fibrils as biomaterials have been 

promising.  

Scheibel and co-workers (2003) reported the use of self-assembling fibres to 

construct nanowire elements. Self-assembly of a prion determinant from 

Saccharomyces cerevisiae, the N-terminal and middle region (NM) of Sup35p, 

produced 10-nm-wide protein fibres. These NM fibres were stable under a wide 

variety of harsh physical conditions; and their length could be roughly controlled 

by assembly conditions in the range of 60 nm to several hundred micrometers. A 

genetically modified NM variant that presented reactive, surface-accessible 

cysteine residues was used to covalently link NM fibres to colloidal gold particles. 

These fibres were placed across gold electrodes, and additional metal was 

deposited by highly specific chemical enhancement of the colloidal gold by 

reductive deposition of metallic silver and gold from salts. The resulting silver 

and gold wires were ~ 100 nm wide (Figure 1-20). These biotemplated metal wires 

demonstrated the conductive properties of a solid metal wire, such as low 

resistance and ohmic behaviour (Figure 1-21). With such materials it should be 
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possible to harness the extraordinary diversity and specificity of protein functions 

to nanoscale electrical circuitry. 

 

 

 

Figure 1-20 Gold and silver enhancement of NM fibres. (a) Illustration of silver and gold 

enhancements. Monomaleimido nanogold was covalently cross-linked to NMK184C fibres and 

then fibres were gold-toned by enhancing with LI Silver and GoldEnhance LM. (b) TEM 

image of gold-toned fibres. (c) AFM height image of gold toned fibres with significant 

increase in height compared to bare fibres. (d) AFM height images of (left) gold-labelled 

fibres on Si3N4 subjected to 3 min of silver enhancement and 5 min of gold enhancement, 

leading to a fibre diameter of 50 ± 5 nm, and (right) fibres after 5 min of silver enhancement 

and 5 min of gold enhancement, leading to a fibre diameter of 100 ± 7 nm (Figure adapted 

from Scheibel et al. 2003). 
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Figure 1-21 Electrical behavior of NM-templated metallic fibres. TEM images of gold- and 

gold-toned fibres randomly deposited on patterned electrodes. (a) Gold nanowires that did not 

bridge the gap between two electrodes did not conduct. (b) Gold nanowires that bridged the 

gap between two electrodes (left) exhibit linear I–V curves (right), demonstrating ohmic 

conductivity with low resistance of R = 86 Ω (the same for each). Such ohmic response is 

indicative of continuous, metallic connections across the sample. (c) In some experiments, 

after ramping up the voltage, reversing the scan direction no longer showed conductivity. 

Imaging revealed that the conducting nanowires were vaporized. Before (left) and after (right) 

conductivity measurement (figure adapted from Scheibel et al. 2003). 
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1.3.3 Diphenylalanine Nanotubes (FF Nanotubes) 

1.3.3.1 Discovery and Synthesis of Diphenylalanine Nanotubes 

By comparing a number of structurally unrelated short functional fragments of 

amyloid-related polypeptides, Gazit (2002) noted a remarkable occurrence of 

aromatic residues. In many areas of chemistry and biochemistry, especially in 

self-assembly and molecular recognition, the attractive non-bonded interactions 

between planar aromatic rings, which are referred to as π-π interactions or π-

stacking, play a central role. Gazit then speculated that the π-π interactions may 

provide energetic contribution as well as order and directionality in the self-

assembly of amyloid structures. Bearing this in mind, in the spirit of looking for 

the simplest building blocks of bionanomaterials, Reches and Gazit (2003) 

discovered the self-assembly of diphenylalanine peptide (NH2-L-Phe-L-Phe-

COOH, FF see Figure 1-22) into discrete and stiff nanotubes. They dissolved 

diphenylalanine peptide in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at high 

concentrations (≥100mg/mL) and then diluted into a aqueous solution with a final 

μM concentration range; a rapid assembly was observed. A stable analogue of the 

nanotubes composed of D-isomer amino acids (NH2-D-Phe-D-Phe-COOH) could 

also be prepared; but unlike those prepared from the L-isomer, these nanotubes 

were stable to proteolytic degradation. 
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Figure 1-22 (a) Schematic structure of FF. (b) The molecular structure of FF from the single 

crystal structure determination. Side-chain atoms are shown in orange (figure adapted form 

Gorbitz 2001). 

 

FF nanotubes synthesized by the Reches and Gazit (2003) method, were several 

micrometers in length and 50 to 300 nm in diameter. Song and co-workers 

reported (2004) another method which simplified the synthesis and made it more 

environmentally benign by omitting HFIP. In a typical synthesis, 10 mg of 

lyophilized peptide (HN2-D-Phe-D-Phe-COOH) was dissolved in 5 mL water at 

65 °C, and the sample equilibrated for 30 min and then gradually cooled to room 

temperature. Scanning Electron Microscopy (SEM) images showed that the 

nanotubes obtained using this procedure were 100 nm to 2 μm in diameter and 

could exceed 100 μm in length. Interestingly, when 0.1 mL of the nanotube 

mixture was diluted by adding 0.1 mL of water, vesicles were observed in 

addition to the nanotubes. Song suggested that these results indicated that the 

concentration of the peptide was a key factor in the formation of the nanotubes 

and that the HFIP was not critical for the self-assembly process. 
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1.3.3.2 Structures and Properties of diphenylalanine Nanotubes 

Transmission Electron Microscopy (TEM) analysis with negative staining 

indicated that the structures of FF nanotubes were well-ordered elongated 

assemblies with no branching. Almost no amorphous aggregates were observed 

(<1%), which is in contrast to other peptide assemblies (such as amyloid fibrils) in 

which a mixture of ordered and aggregated structures are frequently observed. 

A tentative model for the construction of FF nanotubes was proposed by 

Görbitz in 2006 (Figure 1-23). The exact nature of the inner surface shown in 

Figure 1-23 is not known, it may be mixed hydrophobic/hydrophilic as shown, or 

entirely hydrophobic. The individual narrow channels proposed within the model 

are hydrophilic in nature and are able to accommodate guest molecules of some 

size as well as hydrated metal ions. The aromatic groups generate a striking three-

dimensional aromatic stacking arrangement serving as a glue between the 

hydrogen-bonded cylinders of peptide main chains and promoting fibre formation. 

It was also proposed that the laminated construction provides exceptional strength 

for a low-density porous supramolecular network and makes this structure unique 

among organic materials. 

In order to understand the compatibility of FF nanotubes with common 

lithographic techniques, as well as the long-term durability of nano-devices based 

on FF nanotubes, Adler-Abramovich and co-workers (2006) investigated the 

thermal and chemical instability of FF nanotubes. A cold field emission gun 

(CFEG) high-resolution scanning electron microscope (HRSEM) study showed 

that FF nanotubes dry-heated up to 150 °C were clearly stable with the same 

morphology as that observed for untreated FF nanotubes. A significant destruction 
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of the structures occurred when FF nanotubes were heated to 200-300 °C. They 

also reported that FF nanotubes were chemically stable in organic solvents such as 

ethanol, methanol, 2-propanol, acetone, and acetonitrile, as shown by SEM 

analysis. Using atomic force microscopy (AFM), Sedman and co-workers (2006) 

showed through in-situ heating studies that FF nanotubes kept its wall integrity at 

temperatures up to 100 °C. On increasing the temperature further to 150 °C, the 

nanotubes lost spatial volume. They argued that it was possible that the elevated 

temperature made the nanotubes more deformable and that they became distorted 

by the AFM probe during the imaging process. Time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) analysis suggested that at temperatures at and above 

150 °C, the loss in mass and apparent degradation in the nanotubes morphology 

was due to the loss of phenylalanine. 

 

   

Figure 1-23 Model for the construction of hollow FF fibres. Atoms in the peptide main chains 

are colored according to atom type, while atoms in the phenylalanine side chains are depicted 

in orange. Shown in (a) is a tube with a 110 nm outer diameter and a 50 nm inner diameter. 

This is comparable to the average size obtained by Reches and Gazit (2003), but smaller than 

that obtained by Song (2004) and in the present investigation. The white square indicates the 

part enlarged in (b) showing a model of the peptide-channel interface at the inner surface. The 

rectangle represents the detailed view given in (c) in a capped sticks representation, but with 

atoms constituting the pore surface in spacefill (figure adapted from Gorbitz 2006). 
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The elasticity of FF nanotubes was investigated by Kol and co-workers (2005) 

using the AFM indentation method, and a Young’s modulus of ~19 GPa was 

obtained. In chapter 6 and also in my recent publication (Niu et al. 2007), we built 

on these studies through application of the bending-beam model to AFM images 

of  FF nanotubes suspended across cavities to obtain the Young’s modulus and the 

shear modulus. We were able to utilize this method to study the influence of 

temperature and relative humidity on the elasticity of FF nanotubes. 

Attempts to control the spatial organization of FF nanotubes have also been 

made. Reches and Gazit (2006) achieved vertical alignment of FF nanotubes by 

applying the FF peptide monomers dissolved in the organic solvent onto 

siliconized glass (Figure 1-24 left). They also achieved horizontal alignment of FF 

nanotubes by assembling the FF peptide monomers in the presence of ferrofluid 

and then exposing formed nanotubes to an external magnetic field (Figure 1-24 

right). Hill and co-workers (2007) have also demonstrated that FF nanotubes align 

in a magnetic field without any additional treatment (Figure 1-25). They predicted 

that most of the magnetic torque on the structure to be generated by the 

diamagnetic anisotropy of the aromatic rings. 
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Figure 1-24 SEM images of controlled patterning of aligned diphenylalanine nanotubes. The 

left picture shows vertically aligned FF nanotubes. The FF peptide monomers were dissolved 

in the organic solvent and then applied onto siliconized glass. The right picture shows the 

horizontal arrangement of the aligned FF nanotubes. The FF peptide monomers self-

assembled in the presence of ferrofluid and then were exposed to an external magnetic (figure 

adapted from Reches and Gazit, 2006). 

 

 

Figure 1-25 AFM topography images of aligned FF nanotubes. The droplet of HFIP–water 

solution containing FF nanotubes on mica was allowed to evaporate in applied magnetic 

fields of 12 T. The magnetic field direction lies in the plane of the substrate, along the 

direction from down to up (figure adapted from Hill et al. 2007). 
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1.3.3.3 Applications of Diphenylalanine Nanotubes 

Reduction of ionic silver within FF nanotubes using citrate, followed by 

enzymatic degradation of the peptide backbone, resulted in the production of 

discrete silver nanowires with diameter ~20nm (Figure 1-26) (Reches and Gazit 

2003). The unique properties of FF nanotubes (see section 1.3.3.2) and their 

proteolytic lability allow their use as nanoscale molds for the casting of silver 

nanowires. Reches and Gazit claimed this study also proved that FF nanotubes are 

indeed hollow and filled with aqueous solution. 

 

 

Figure 1-26 Casting of silver nanowires with the peptide nanotubes. (A) The nanowires were 

formed by the reduction of silver ions within the tubes, followed by enzymatic degradation of 

the peptide mold. (B) TEM analysis (without staining) of peptide tubes filled with silver 

nanowires. (C and D) TEM images of silver nanowires that were obtained after the addition of 

the proteinase K enzyme to the nanotube solution (figure adapted from Reches and Gazit 

2003). 
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Song and co-workers (2004) reported the synthesis of platinum-nanoparticle 

peptide-nanostructure composites (Figure 1-27). Their work suggested that the 

walls of peptide nanostructures could be porous. The proposed porosity allowed 

the formation of novel nanocomposites without the disruption of the original 

nanostructure morphology. The composites prepared in their study has many 

potential applications, e.g., catalysis; they could also serve as useful scaffolds for 

the synthesis of other nanomaterials. 

 

 

Figure 1-27 SEM images of (a) peptide nanotubes and nanovesicles containing Pt particles 

(inset: tilted image showing the tubes are hollow) and (b) a high resolution TEM image 

showing the 2 nm Pt nanoparticles embedded in the wall of a platinum nanotube (figure 

adapted from Song et al. 2004). 

 

Using voltammetric and time-based amperometric techniques, FF nanotube 

modified graphite electrodes were demonstrated to have improved 

electrochemical reactivity for the potassium hexacyanoferrate oxidation-reduction 

reaction over non modified electrodes (Yemini 2004); the FF nanotubes modified 

gold electrodes, in addition, showed improved sensitivity for hydrogen peroxide 
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and NADH detection (Yemini 2005). These studies offered novel perspectives for 

the development of sensors and biosensors. 

 

 

Figure 1-28 Integrating FF nanotubes in micro-fabrication processes. The left picture is a 

schematic shows the fabrication steps used to create protein nanotube (PNT) based fluidic 

channel. (a) Interfacing channels are formed using photoresist (PR); (b) unnecessary PNT 

parts are removed using O2 plasma treatment and de-ionized water rinsing; (c) sealing the 

interfacing channel using a thin PDMS cap; (d) flow of solution via the PNT channel. The 

right picture is an optical image of a nano-fluidic channel using the steps described above. (a) 

A PNT based nano-fluidic channel before the final fabrication step of the PNT-end trimming; 

(b) a dry channel ready for use; (c) PBS flow through the nano-fluidic channel (figure adapted 

from Sopher et al. 2007). 
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Sopher and co-workers (2007) presented an adjusted photo-lithography 

compatible scheme that allowed the integration of FF nanotubes in micro-

fabrication processes; specifically, a scheme for creating nano-fluidic channels 

using FF nanotubes (Figure 1-28). 

Dipeptides linked to fluorenylmethoxycarbonyl (Fmoc-dipeptides) were found 

to entangle into fibrous hydrogels (Jayawarna et al. 2006; Mahler et al. 2006). 

These hydrogels were found to be stable under cell-culture conditions. Liebmann 

and co-workers (2007) utilized Fmoc-FF nanotube hydrogel for in situ 3D cell 

culturing. Their results showed that use of highly biocompatible Fmoc-FF 

hydrogel components significantly reduced the cytotoxic effects seen with 

alternate 3D culture materials. In addition, the peptide-derivative hydrogel 

simplified both handling and loading of the gel to the microstructures, with the 

ability to easily control the cell type, cell density and composition of each given 

hydrogel layer. They suggested that it was plausible to design and construct more 

complex culture systems, which opened the door to new possibilities and new 

approaches to cell biology. FF fibrils self-assembled in organic solvents can also 

entangle further to form gels (Yan et al. 2008). Yan and co-workers encapsulated 

quantum dots (QDs) into the FF gel and noted that this was an effective method to 

protect QDs from oxidation and improve the stability of QDs.  

1.4 Aims and Outline of Research 

As introduced above, protein nanotubes have a wide range of potential 

applications in biotechnology. The comprehensive understanding of the properties 

of these protein nanotubes has become a prerequisite of rational materials design.  
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The main purpose of the work presented in this thesis is to investigate how to 

obtain the structural and mechanical information of protein nanotubes utilizing the 

advantages of atomic force microscopy. Several different protein nanotubes 

introduced above will be used as examples to develop AFM methods.  
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Chapter 2 Instrumental and Experimental 

Methods 

 

Atomic force microscopy (AFM) is a powerful tool to investigate the 

morphology and mechanical properties of protein nanotubes. In this chapter, the 

principles of AFM will be first introduced. Then the protocols of AFM analysis 

and image processing used in the later chapters will be explained. The preparation 

of protein nanotube samples for AFM analysis will also be presented. 

 

2.1 Atomic Force Microscopy  

2.1.1 Atomic Force Microscopy 

AFM, which was invented in 1986, expanded the application of scanning 

tunnelling microscopy to nonconductive, soft, and live biological samples (Binnig 

et al. 1986; Zasadzinski et al. 1998; Marti et al., 1998). AFM has several 

capabilities including the ability to characterize topographic details of surfaces 

from the submolecular to the cellular level (Radmacher et al. 1992), monitor the 

dynamic processes of single molecules in physiologically relevant solutions 

(Engell and Muller 2000), and measure the forces between interacting molecules 

(Zlatanova et al. 2000). AFM is a powerful tool for characterizing the structural 

properties of macromolecular complexes both in air and under near-physiological 

conditions. In addition, modified AFMs can be used to manipulate single 
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molecules (Yang et al. 2003). In the past two decades, the application of AFM has 

spread to many areas of biological sciences including studies of DNA (Fritzsche 

et al. 1997; Hansma 2001), RNA (Lyubchenko et al.1992; Bonin et al. 2000; 

Henn et al. 2001; Liphardt et al. 2001), proteins (Heymann et al. 1997; Isralewitz 

et al. 2001), lipids (Dufrene 2000; Balashev et al. 2001), carbohydrates (Misevic 

1999; Dettmann et al. 2000; Marszalek et al. 2001), biomolecular complexes 

(Lyubchenko et al. 1995; Willemsen et al. 2000; Safinya 2001), organelles 

(Oberleithner et al., 1997; Danker and Oberleithner 2000) and cells (Henderson 

1994; Ohnesorge et al. 1997). 

2.1.1.1 Principle of AFM 

The principle of the AFM is relatively simple (Figure 2-1). The key element of 

the AFM is the cantilever. It consists of one or more beams of silicon or silicon 

nitride of 100–500 μm in length and 0.5–5 μm in thickness. At the end of the 

cantilever a sharp tip is mounted to sense the force acting between it and the 

sample surface. Photos of general purpose silicon nitride cantilevers (Veeco 

Probes, Camarillo, CA, USA) are shown in Figure 2-2. For normal topographic 

imaging, the tip is brought into continuous or intermittent contact with the sample 

as it raster-scans over the surface. An optical system is then used to measure the 

changes of the laser beam reflected from the gold-coated back of the cantilever 

onto a position-sensitive photodiode (PSPD), which can measure changes in the 

position of the incident laser as small as 0.1 nm. 
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Figure 2-1 Schematic of the concept of AFM and the optical lever.   

 

 

Figure 2-2 Photos of a general purpose silicon nitride cantilever produced by Veeco Probes. 

Two cantilevers with the tips pointing upwards are shown on the left. A tip is shown on the 

right. The tip height is 2.5-3.5 μm, the thickness of the cantilever is 0.4-0.7 μm. The triangular 

cantilever lengths are 196 μm and 115 μm respectively.  

<URL: https://www.veecoprobes.com/probe_detail.asp?ClassID=17> [Accessed 22 Feb 2008] 
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2.1.1.2 Operation Modes of AFM 

The AFM is available in several operating modes, including contact mode and 

tapping mode, which are chosen depending on the sample, environment, and 

measurements required. 

In contact mode (CM), the AFM cantilever is deflected by the sample surface 

(Yang et al., 2003). Generally, the cantilever deflection is kept constant by the use 

of a piezoelectric feedback system which permanently regulates the vertical (z) 

position of either the tip or the sample and produces a constant force image 

(Bonnell 2001). The image represents the topographic structure of the surface. 

Deflection is not the most sensitive measurement, having a relatively small signal-

to-noise ratio. Furthermore, due to direct contact with the sample, the scanning 

motion induces lateral forces onto the material which can be intolerable for soft 

surfaces. However, in some cases, contact mode is still the imaging mode of 

choice. For example, the alternative modes do not provide the direct information 

of the force applied onto the sample surface by the tip (Salvetat 1999). 

Tapping mode (TM) uses an alternative and more sensitive measurement: the 

vibrational characteristics of the cantilever. The mechanical resonant frequency of 

the cantilever is determined by the dimensions of the structure and the properties 

of materials from which it is made. The vibration amplitude detected at a given 

frequency changes as a function of the force gradient. Varying the vertical 

position of the tip such that the amplitude of oscillation at a particular frequency is 

constant produces a constant force gradient image. TM has a larger signal-to-noise 

ratio than does CM (Bonnell 2001). It also generates smaller lateral forces on the 

sample, which improves the lateral resolution of the AFM image, as well as 
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reducing the damage to the sample while scanning. Consequently, TM is often 

preferred over CM for most biological applications (Yang et al., 2003). 

Phase imaging is relatively new and has the advantage of being able to be 

performed at the same time as topographic imaging with tapping mode, i.e. both 

topographic and phase images can be obtained in a single scan. Because the 

interactions between the tip and the surface depend not only on the topography of 

the sample but also on other characteristics (such as hardness, elasticity, adhesion, 

or friction), the movements of the cantilever to which the tip is attached depend 

also on these properties. In phase imaging, the phase of the sinusoidal oscillation 

of the cantilever is measured relative to the driving signal applied to the cantilever 

to cause the oscillation. Phase images are produced by recording this phase shift 

during the tapping mode scan. Phase imaging can detect, for example, different 

components in polymers related to their stiffness or areas of different 

hydrophobicity in hydrogels immersed in saline solutions (Magonov and Reneker 

1997). 

2.1.1.3 Force Measurements by AFM 

In addition to imaging AFM can also probe elastic properties or adhesion on a 

surface by generating force curves. These curves are generated by performing 

controlled vertical tip-sample interactions, without lateral scanning movement and 

while recording the cantilever’s deflections. Force curves measure nano- to pico-

Newton range vertical forces applied to the surface, and allow the estimation of 

the nanomechanical properties of the samples. The ability to coat the tip with 

different molecules (proteins, lipids) has increased the utility of force curves in 

understanding the specific attraction between a ligand and its receptor (Dammer et 
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al. 1996; Vinckier et al. 1998). This technique can also be used to measure charge 

densities on surfaces (Heinz and Hoh 1999), to estimate the folding force of 

biomolecules like titin (Rief et al. 1997), and to measure forces associated with 

polymer elongation (Rief et al. 1998).  

Conversion of force curves 

The direct result of a force measurement is a curve of the photodiode current I 

versus height position of the piezoelectric translator ZP. In order to obtain the 

curve of tip-sample interactive force F versus piezo displacement ZP, the I signal 

must be converted to F. This is explained as follows by an ideal example as in 

Figure 2-3, which is a model curve as would be observed for an infinitely hard 

sample surfaces with no surface forces. The curves of the tip approaching to and 

retracting from the surface are identical. The horizontal part (Figure 2-3 A-B) is 

the non-contact line. The linearly increasing part (Figure 2-3 B-C) is the contact 

line, from the slope of which the sensitivity ΔI/ΔZP can be obtained. The I signal 

can be converted into a cantilever deflection Zc by dividing the I signal by the 

sensitivity, which leads to Zc = I/(ΔI/ΔZP). Knowing the spring constant of the 

cantilever kc, the I signal can easily be converted into force according to Hooke’s 

Law: F = kcZc. The non-contact line defines zero deflection of the cantilever, 

which is therefore the zero force line (Butt et al. 2005). 
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Figure 2-3 A model force measurement curve recorded for an infinitely hard material surface 

with no surface forces. The approaching and retracting curves are identical. The I vs. ZP curve 

is converted to F vs. δ curve. A-B is the non-contact line and B-C is the contact line.  

 

Problem of zero tip-sample distance 

The true tip-sample distance, or the indentation δ is the piezo displacement ZP 

deduced by the cantilever deflection Zc: δ = ZP - Zc. Using the ideal example of an 

infinitely hard sample surface without surface forces again (Figure 2-3), the 

definition of zero indentation is as follows: The zero cantilever deflection Zc0 lies 

on the horizontal non-contact line (Figure 2-3 A-B). The point where the two linear 
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parts of the force curve cross is defined as zero piezo displacement ZP0 (Figure 2-3 

B). The curve of force F versus piezo displacement ZP then can be converted to 

force F versus indentation δ (= (ZP - ZP0) - (Zc - Zc0)) curve. 

 

 

Figure 2-4 A force measurement retracting curve for a deformable material with attraction 

and adhesion forces. The I vs. ZP curve is converted to F vs. δ curve. 

 

However, in reality, especially for biological samples, the definition of zero 

indentation is more complicated. A typical retracting force curve of deformable 

materials with surface forces is displayed in Figure 2-4. Note that for deformable 

materials, the approach and retract curves of a force measurement are no longer 
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identical. The approach curve is used to define zero tip-sample distance. The zero 

cantilever deflection lies on the horizontal non-contact line at large distances away 

from the surface, where surface forces are negligible. The sensitivity is obtained 

from the linear contact part of the approach curve. One way to find the zero piezo 

displacement ZP0 is to extrapolate the two linear regimes of the approach curve. 

Another way to find ZP0, which is more robust and reliable, is to fit experimental 

data in the range on the approach curve when the tip and sample are in contact 

using a Hertzian model as described in Equation 2-1 (Hertz 1882; Rotsch et al. 

1999; Bhanu and Hörber 2002).  

2
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Equation 2-1 

where kc is the spring constant; α is the half-opening angle of a conical shaped tip; 

ν is the Poisson ratio and E is the elastic modulus. E and ZP0 are two unknown 

variables, which are determined by the fit. By employing a Monte Carlo fit, it is 

possible to optimize values of E and ZP0. Igor software (Igor Pro version 4; 

WaveMetrics, OR, USA) was used to perform this type of fitting in chapter 5 of 

this thesis. 

Determination of  spring constant of  the cantilever 

For AFM force measurements, the value of spring constant of the cantilever is 

usually needed. Several methods have been described, but many do not appear to 

be simple, reliable and precise at the same time (Albrecht et al. 1990; Butt et al. 

1993; Neumeister and Ducker 1994; Sader 1995; Sader et al. 1995, 1999; Senden 

and Ducker 1994; Cleveland et al. 1993; Gibson et al. 1996).  
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Hutter and Bechhofer (1993) proposed an elegant and widely used method, 

which is implemented in many commercial AFMs. They suggested to measure the 

intensity of the thermally excited cantilever oscillations or the cantilever thermal 

noise. For an ideal spring of spring constant kc, the mean square deflection of the 

cantilever is: 

2 B
c

c

k TZ
k

=  

Equation 2-2 

 where kB is the Boltzmann constant and T is the absolute temperature.  

In reality, considering the shape of the cantilever (which leads to several 

possible vibration modes) (Butt and Jaschke 1995) and the systematic error of the 

deflection detecting technique (usually optical lever technique) (Stark et al. 2001), 

there is: 

*
*2

B
c

k Tk
Z

β=  

Equation 2-3 

 

where Z* is the effective deflection, which is the deflection read from the 

instrument after determining the sensitivity from the contact part of a force curve 

on a hard substrate; β* is the effective correction factor, which is 0.817 for a 

rectangular cantilever and 0.764 for a V-shape cantilever (Stark et al. 2001). 

In practice, a force curve is acquired on a hard substrate to characterize the 

sensitivity, and then a noise spectrum of the deflection amplitude is taken. This 

spectrum shows a peak at the resonance frequency. The peak is fitted with a 

Lorentzian curve and the mean square deflection of the peak is obtained by 
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integration. The thermal noise method was used to obtain the spring constant of 

cantilever in chapters 5 and 6 of this thesis.  

2.1.2 AFM Analysis 

AFM Imaging 

AFM imaging experiments presented in section 3.1, 3.2, 4.2, 4.3 and 6.2 were 

carried out using MultiMode scanning probe microscope with Nanoscope IIIa 

controller (Veeco, Metrology Group, Santa Barbara, CA, USA) equipped with an 

E-scanner (maximum scan size 10 µm × 10 µm, vertical range 2.5 µm).  AFM 

imaging experiments presented in section 3.3, 4.4 and 6.3.1 were carried out using 

the same MultiMode AFM equipped with a J-scanner (maximum scan size 125 

µm × 125 µm, vertical range 5.0 µm).  

For the AFM imaging experiments presented in section 6.3.2 and 6.3.3, an 

EnviroScope AFM (eScope AFM; Digital Instruments) was used. This AFM has 

an enclosed sample chamber allowing the control of temperature (from room 

temperature up to 185ºC in air) and humidity (range of 0-80% RH).  

Silicon probes (OMCL-AC160TS, Olympus Optical, Tokyo, Japan) with 

nominal spring constant 34.4~74.2 N/m were used for images obtained using 

tapping mode in air. V-shaped silicon nitride levers (Veeco Probes, Camarillo, CA, 

USA) with a nominal spring constant of 0.32 N/m were used for images obtained 

using tapping mode in liquid. The V-shaped silicon nitride levers (Veeco Probes) 

with nominal spring constants of 0.06 N/m were used for contact mode in air 

(these are all manufacturer’s data). Scan rates employed were typically 1.0-2.0 Hz. 
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AFM force measurements 

Force measurements presented in chapter 5 were carried out using MultiMode 

AFM equipped with a Picoforce module (Digital Instruments). V-shaped silicon 

nitride levers (Veeco Metrology Group) with nominal spring constants of 0.06 

N/m (manufacturer’s data) were used for force measurements. 

2.1.3 Image Processing 

AFM image data were analyzed with SPIP software (The Scanning Probe Image 

Processor, Version 3.3.9.0; Image Metrology A/S, Denmark). It should be noted 

that, in this thesis, the “height” of a sample means the vertical difference between 

the top of the sample and the substrate surface; while the “width at the half 

height” means the horizontal width of a sample at the half of the height of the 

sample. It is demonstrated in Figure 2-5 how the height and the half height width 

of a diphenylamine nanotube from an AFM height image were determined using 

SPIP software. 
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Figure 2-5 Measurement of the dimensions of a protein nanotube from an AFM height image 

using SPIP. The left picture is an AFM height image of a diphenylalanine nanotube on silicon 

grid substrate with square holes of 5 μm × 5 μm. The two pictures on the right are the profiles 

along the white line (which is perpendicular to the direction of the nanotube of interest) on the 

left image. The vertical difference between the tips of the two pink triangles on the top right 

profile is the “height” of the nanotube. The horizontal difference between the tips of the two 

green triangles on the bottom right profile is the “width at the half height”. 

 

2.2 Preparation of Protein Nanotubes 

2.2.1 Bacterial Flagellar Filaments 

Salmonella flagellar filaments were removed from cells by mechanical shearing. 

Deflagellated cells were removed by centrifugation, and then the flagellar 

filaments were collected by ultracentrifugation. Salmonella flagellar filament 

samples were stored in 10mM HEPES (pH 7.0, pKa 7.31) and were kindly 
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provided by Dr. Richard Woods from Queen’s Medical Centre (QMC), University 

of Nottingham. 

2.2.2 Lysozyme Fibrils 

Chicken egg-white lysozyme (dialyzed lyophilized powder; Sigma Chemical 

Company, St. Louis, MO, USA) was dissolved to 10mg/mL in 10mM glycine 

(C2H5NO2; SigmaUltra; Sigma Chemical Company) buffer (pH 2.0). Then 

lysozyme solution was incubated in an electrical oven at 57 ± 2 °C (Krebs, et al. 

2000). 

2.2.3 β2-Microglobulin Fibrils 

β2-microglobulin (lyophilized powder; Sigma) was dissolved to 2mg/mL in 

25mM sodium acetate (CH3COONa; Sigma) and 25mM sodium phosphate 

(Na3PO4; Sigma) buffer (pH2.5). Then β2-microglobulin solution was incubated 

at 37 °C in an incubator. 

2.2.4 Diphenylalanine Nanotubes (FF Nanotubes) 

The diphenylalanine peptides were purchased from Sigma-Aldrich (Gillingham, 

Dorset, UK). Fresh stock solutions were prepared by dissolving the lyophilised 

peptides in 1,1,1,3,3,3-hexafluoro-1-propan-2-ol (HFIP) (Sigma Aldrich) at a 

concentration of 100 mg/mL. In a typical preparation, a stock solution of ~20 μL 

was made in an eppendorf tube. 

The diphenylalanine peptides stock solution was diluted in double distilled H2O 

to a final concentration of 2 mg/mL. In a typical preparation, 2 μL peptides stock 

solution was added into 98 μL distilled H2O in an eppendorf, and the sample 

solution was vortexed for 20~30 seconds. An aliquot of 10 μL of sample solutions 
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were then immediately dropped onto the substrates and were subsequently dried 

under a gentle flow of nitrogen. 

2.2.5 Sample Preparation for AFM Analysis 

Substrates employed for AFM analysis 

The substrates used in this thesis were mica, gold or silicon grid.  

Mica (Agar Scientific, Essex, UK) surfaces were freshly cleaved prior to sample 

application.  

Gold substrates were prepared by coating gold onto freshly cleaved mica 

surfaces using an evaporation gold coater. Gold was deposited at ~280 °C under 

10-6 mbar, and then annealed at ~320 °C for 24 hours (Hegner et al. 1993; Wagner 

et al. 1995; Huang et al. 2001). The gold substrate was then UV cleaned (UV 

cleaner from Scientific & Medical Products Ltd., Cheshire, UK) for 10 minutes 

prior to applying the nanotube sample. Gold substrate prepared in this way had 

flat islands (typically 0.2 μm to 1.0 μm in width), separated by gaps ~30 nm to 

~150 nm in width (Figure 2-6).  

Micropatterned silicon substrates (with holes of 5 µm × 5 µm and 200 nm deep) 

(Figure 2-7) were cleaned with the UV cleaner (Scientific & Medical Products Ltd.) 

for 10 minutes prior to applying the sample. 
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Figure 2-6 AFM height image of gold substrate obtained using evaporation gold coater. The 

image was obtained in tapping mode in water. There are gaps between gold plateau. Those 

gaps are  ~30 nm to ~150 nm in width. The Z-range of the image was 237.3 nm. 

 

 

Figure 2-7 An AFM height image of a micropatterned silicon substrate with holes of 5 µm × 

5 µm and 200 nm in depth. The pitch of this substrate is 10 μm. The right picture is the profile 

of the white line on the left image, which shows two pitches of the substrate.  
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General sample preparation protocols for AFM analysis 

The general protocol for sample preparation for AFM analysis was as follows: 

Stocks of samples were first diluted with a range of solutions employed for 

AFM sample preparation. These solutions were prepared from the following 

chemicals as needed: Hydrochloride acid (36.5-38.0%), sodium hydroxide (pellet), 

propanol (anhydrous), phosphate-buffered saline (tablet), magnesium chloride 

(power), which were also purchased from SIGMA®. 

For AFM imaging in air, a 10 μL droplet of the appropriate sample solution was 

applied to a substrate. The sample solution was left to stand on the substrate for a 

certain time to allow the sample to deposit onto the mica surface; samples were 

then rinsed using distilled water, and then dried in a gentle flow of nitrogen. 

Rinsing the surface was required to remove solution components, but care was 

taken as over-washing could denature samples and also decrease the coverage. 

Under-drying can potentially reduce AFM resolution because samples can move 

around on moist surfaces. Conversely, over-drying can alter the features of the 

samples because of dehydration of the protein (Bonnell 2001). The mica with the 

sample was attached to a metal stub using double-sided sticky tape and mounted 

onto a strong magnet located on the sample stage. 

For AFM imaging in liquid, a 10μL droplet of the appropriate sample solution 

was applied to the substrate. The substrate with the sample was attached to a 

metal stub using double-sided sticky tape and mounted onto a strong magnet 

located on the sample stage. A standard fluid imaging cell (Veeco) was needed to 

seal the solution, to prevent evaporation and allow for solution exchange. Solution 

was injected into the fluid cell with a syringe, and for some experiments, the 
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solution in the cell had to be changed during experiments. During this latter 

process new solution was carefully injected into the cell, while old solution was 

drawn out through the other channel of the cell by a second syringe. 

Variation in deposition procedures (for imaging in air or in liquid) can affect the 

quality of the image. For example, longer deposition times can increase coverage 

of samples but also increase the chances that the features of the samples are 

altered by interaction with the surface (imaging in air or in liquid) or by the 

effects of buffer solution (imaging in liquid). For these studies, the shortest 

deposition time that provided reasonable surface coverage was optimal. 
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Chapter 3 Dynamic Processes of Assembly 

and Degradation of Protein Nanotubes 

 

The AFM is capable of monitoring a range of dynamic processes, including 

biomaterial assembly and degradation under near-physiological conditions (Engel 

and Müller, 2000). If the process of interest occurs on the scale of a few minutes 

to a few hours, and the conditions of such process are suitable for AFM operation, 

real-time monitoring can be obtained. Otherwise the process needs to be 

interrupted, and individual samples at certain time parts prepared for AFM 

analysis. Here three processes occurring on different time scales will be 

investigated and discussed, as examples to explore this ability of AFM to 

understand the dynamic properties of protein nanotubes. This chapter also provide 

the imaging study as foundation to support further studies on physical properties 

in later chapters (chapter 4, 5 and 6). 

 

3.1 Flagellar Filaments in Different Environment 

3.1.1 Flagellar Filaments on Mica in Air 

Salmonella flagellar filaments were firstly imaged on mica in air, as it is 

generally the simplest AFM imaging condition (see section 2.2.5), which 

establishes the basic experimental conditions for further investigations. 
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Stock solutions of Salmonella flagellar filaments were diluted 100 times using 

pH 7.0 buffer solution (10 mM PBS), and then imaged using tapping mode AFM 

in air on mica (Figure 3-1; detailed sample preparation see section 2.2). 

 

 

Figure 3-1 Tapping mode AFM height images of Salmonella flagellar filaments in air on 

mica. Stock sample solutions were 100 times diluted. The Z-range is 37.3 nm. 

 

The contour length of Salmonella flagellar filaments was found to be 1.0 ± 0.4 

μm (Figure 3-2). The shorter filaments are most likely the fragments resulted from 

the mechanical shearing during the filaments preparation (see section 2.2.1). The 

average height of the filaments was 4.5 ± 0.6 nm.  
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Figure 3-2 Histogram of the contour length measured for Salmonella flagellar filaments on 

mica in air. The mean contour length measured was 1.0 ± 0.4 μm (N = 125). 

 

3.1.2 Dissociation of Flagellar Filaments in Low pH Environment 

Salmonella flagellar filaments are known to dissociate in acid environments 

(Namba and Vonderviszt 1997). Here, in order to directly monitor this 

dissociation process, the conditions required to image the filaments in aqueous 

environments first needed to be established. 

 

 

Figure 3-3 A sketch demonstrates that Mg2+ works as a bridge between flagellar filaments 

and the mica surface in pH 7.0 buffer solution. 
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Because the isoelectric point (pI) of flagellin is 5.2 and the amino acid residues 

on the outer surface of Salmonella flagellar filaments are mostly charged residues 

(Namba and Vonderviszt 1997), in pH > 5.2 solution, the surface of Salmonella 

flagellar filaments will be negatively charged; as is the surface of the mica 

substrate (Vesenka et al. 1992). Therefore, without the inclusion of additional ions, 

the imaging of the Salmonella flagellar filaments on mica substrates is 

problematic due to poor immobilization. Two methods were explored to resolve 

this problem. First, magnesium ions (Mg2+) were added into solution to 

immobilize the Salmonella flagellar filaments onto the mica surface (Figure 3-3) 

(Vesenka et al. 1992, see section 3.1.1 and 3.1.3); second, AFM images were 

obtained at a pH at least lower than 5.2 (see section 3.1.2). 

3.1.2.1 Salmonella Flagellar Filaments in Neutral Condition 

Salmonella flagellar filaments were first imaged in pH 7.0 solution. A height 

image taken in pH 7.0 buffer solution (10 mM PBS & 10 mM MgCl2) using 

tapping mode AFM is displayed on Figure 3-4. To prepare samples for imaging, 

stock solution of Salmonella flagellar filaments (for preparation of stock solution 

see section 2.2.1) was diluted 100 fold using pH 7.0 buffer solution (10 mM PBS 

& 10 mM MgCl2). A 10 μL droplet of diluted sample solution was spread on a 

freshly cleaved mica surface, and left for 1hour on mica, before covering with pH 

7.0 buffer solution (10 mM PBS & 10 mM MgCl2) for AFM imaging. There are 

two long filaments and two short filaments visible in Figure 3-4. Some very short 

flagellar filament fragments can also been seen in Figure 3-4, which were probably 

produced during the mechanical shearing process when the flagellar filaments 

were removed from the living cells (see section 2.2.1). 
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Figure 3-4 A height image of Salmonella flagellar filaments taken in pH 7.0 buffer solution 

(10 mM PBS & 10 mM MgCl2) using tapping mode AFM. The Z-range is 9.3 nm. 

 

3.1.2.2 Salmonella Flagellar Filaments in Weak Acidic Condition 

As stated above, in low pH solution (pH<5.2), Salmonella flagellar filaments 

would be positively charged, therefore, they could be immobilized directly onto 

the mica surface via electrostatic attraction. A height image taken in pH 4.4 

solution using tapping mode AFM is displayed in Figure 3-5. Stock solution of 

Salmonella flagellar filaments was diluted 100 fold by HCl to achieve a final pH 

of 4.4 for AFM imaging. A 10 μL droplet of sample solution was spread on a 

freshly cleaved mica surface and left for 1.5 h before covering with HCl (pH 4.4) 

solution for AFM imaging. 
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Figure 3-5 A height image of Salmonella flagellar filaments taken in HCl solution (pH 4.4) 

using tapping mode AFM. The Z-range is 14.2 nm. 

 

3.1.2.3 Salmonella Flagellar Filaments in Alkaline Condition 

Salmonella flagellar filaments were also imaged in alkaline solution, with the 

presence of Mg2+ ions. A height image taken in pH 10.0 solution (0.1mM NaOH 

& 10 mM MgCl2) using tapping mode AFM is displayed on Figure 3-6. The stock 

solution of Salmonella flagellar filaments was diluted 100 fold with solution 

(0.1mM NaOH & 10 mM MgCl2) to a final pH of 10.0 for AFM imaging. A 10 

μL droplet of sample solution was spread on a freshly cleaved mica surface and 

allowed to stand for 1h before covering with solution (0.1mM NaOH & 10 mM 

MgCl2, pH 10.0) for AFM imaging. 
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Figure 3-6 A height image of Salmonella flagellar filaments taken in pH 10.0 solution 

(0.1mM NaOH & 10 mM MgCl2) using tapping mode of AFM. The Z-range is 22.6 nm. 

 

The results of AFM experiments of Salmonella flagellar filaments in acidic, 

alkaline and neutral environments are presented in Table 3-1 for comparison. The 

dimensions were measured using SPIP software (see section 2.1.3). 

The cross section of Salmonella flagellar filaments is known to be circular 

(Mimori et al. 1995; Morgan et al. 1995). However, measured from AFM images, 

the diameters were found to be bigger than the height measurements (Table 3-1). 

This may because of three reasons: First, it may be due to tip broadening 

phenomena. Tip broadening arises when the radius of curvature of the tip is 

comparable with, or greater than, the size of the feature being imaged (West and 

Starostina n.d.). The diagram in Figure 3-7 illustrates this problem. As the tip scans 

over the filament, the sides of the tip make contact before the apex, and the 

microscope begins to respond to the feature. Second, the pressure caused by the 

AFM tip may also result in compression of the Salmonella flagellar filaments 
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(Morris et al. 1999). Third, the attraction between the Salmonella flagellar 

filaments and the mica surface may also result in some compression and a 

decrease the height of the filaments (Israelachvili 1992). 

 

Table 3-1 The dimensions of Salmonella flagellar filaments observed in AFM images 

obtained in liquid.  

pH of the solutions pH 4.4 pH 7.0 pH 10.0 

Diameter D (nm) 33.7 ± 0.8 26.8 ± 0.8 34.2 ± 0.9 

Height H (nm) 7.2 ± 0.6 9.1 ± 0.5 7.1 ± 0.6 

Length L (μm) 1.0 - 3.0 

N 5 8 10 

 

N is the number of Salmonella flagellar filaments measured; D is the average diameter of 

Salmonella flagellar filaments; H is the average height of Salmonella flagellar filaments; L is 

the length range of the most Salmonella flagellar filaments observed. All the images were 

taken in liquid using tapping mode AFM and analyzed using SPIP software (see section 

2.1.3). 

 

Example of 
an AFM tip

A 
filament

AFM image: apparent width

Example of 
an AFM tip

A 
filament

AFM image: apparent width  

Figure 3-7 Sketch of an example of "tip broadening" effect on a filament. On the bottom a 

resulting scan line is shown. 
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Although the dimensions of Salmonella flagellar filaments in AFM images may 

be affected by the difference of the AFM tips and/or the imaging conditions 

employed (e.g. set point), the observed dimensions may still provide useful 

information on the environmental effect on the filaments. For example, the 

average diameter of Salmonella flagellar filaments measured in pH 4.4 solution 

was ~33% wider than in pH 7.0 solution; while the average height measured in pH 

7.0 solution was ~24% less in pH 4.4 solution. This may because Salmonella 

flagellar filaments were “softer” and more compressible by AFM tip under low 

pH environment. 

The height and the diameter of the filaments in alkaline solution are close to the 

dimensions of the filaments in weak acidic solution, which indicates that the 

conformations of Salmonella flagellar filaments in acidic and alkaline 

environments may be similar (Kamiya and Asakura 1976; also see section 1.2.2.3). 

3.1.2.4 Dissociation of Salmonella Flagellar Filaments in Acidic Condition 

Salmonella flagellar filaments are not stable in low pH environments (pH<4.4), 

where they are likely to be dissociated into single flagellin proteins (Namba and 

Vonderviszt 1997). 
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Figure 3-8 A height image of Salmonella flagellar filaments taken in pH 4.0 solution using 

tapping mode of AFM. The Z-range is 8.8 nm. 

 

A height image of Salmonella flagellar filaments taken in pH 4.0 solution using 

tapping mode AFM is displayed in Figure 3-8. Sample solution was allowed to 

stand for 1 h on mica before imaging. The average height of the particles observed 

in this image is 2.4 ± 0.3 nm. The particles are most likely single flagellin or 

subunits of several flagellins (Namba and Vonderviszt 1997). From the sample 

preparation of these images it was clear that Salmonella flagellar filaments 

dissociated in pH 4.0 solution within 1 h. Therefore to directly observe the 

process of dissociation, the experiment of changing the pH of solution while 

imaging was performed. 
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3.1.2.5 Direct Observation of the Dissociation of Salmonella Flagellar 

Filaments in Acidic Condition 

The dissociation of Salmonella flagellar filaments in acidic solution is shown in 

Figure 3-9. Three filaments were initially imaged in pH 7.0 PBS solution. Image (a) 

was taken right after the injection of 1mM HCl into the fluid cell (see section 

2.2.5), no visible dissociation was observed. Image (b) was taken 20 minutes after 

the injection. Most parts of the three filaments had undergone a dissociation 

process, though several fragments of filaments could still be seen (e.g. a fragment 

in the centre of the cross) in image (b). Image (c) was taken 40 minutes after the 

injection. There were almost no fragments remaining in image (c). Image (d) was 

taken 1 hour after the injection. The filaments were completely dissociated into 

particles and diffusing away from the original site. 

 

 

Figure 3-9 Height images of Salmonella flagellar filaments in liquid using tapping mode 

AFM. The sample was in pH 7.0 buffer solution (10 mM PBS & 10 mM MgCl2) at first, then 

1mM HCl was injected into the sample solution. (a) was taken right after injection; then (b) 

was taken 20 min after injection; (c) was taken 40 min after injection; (d) was taken 1 h after 

injection. The Z-range is 9.9 nm. 
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This was the first time that the dissociation process of Salmonella flagellar 

filaments in low pH solution has been visualised by AFM. This study provided 

highly valuable information for the development of applications for Salmonella 

flagellar filaments. Most of the intersubunit interactions found within the outer 

tube of flagellar filaments are polar–polar or charge–polar (Yonekura et al. 2002; 

2003; also see section 1.2.2). When basic residues are protonated, the interactions 

between flagellin break down. All parts of a filament exposed to the low pH 

solution were found to break down instantly. The centre piece fragment of the 

cross in image Figure 3-9 (b) was probably a fragment from the lower filament of 

the cross on image (a), which survived in the first 20 minutes because of the 

protection of the upper filament of the cross from the low pH solution. This could 

be used advantageously in the controlled digestion of flagellar filaments when 

flagellar filaments are used as scaffolds to obtain nanowires (Kumara et al. 2006; 

2007; Woods et al. 2007, also see section 1.2.3). 

3.1.3 Flagellar Filaments on Gold Surface 

Salmonella flagellar filaments on gold substrate also studied. It is part of the 

study to explore the imaging capability of AFM in different environment, as well 

as the foundation for studies on physical properties in later chapters (e.g. chapter 4 

and 6). 

3.1.3.1 Salmonella Flagellar Filaments imaged in Air on Gold Surfaces 

  Gold substrates were prepared by coating gold onto freshly cleaved mica 

surface using evaporation gold coater (see section 2.2.5). Stock solutions of 

Salmonella flagellar filaments were diluted 100 times using pH 7.0 buffer solution 
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(10 mM PBS) and then imaged using tapping mode AFM in air on gold (Figure 

3-10; detailed sample preparation see section 2.2). The average height of the 

Salmonella flagellar filaments observed on the gold substrates was 4.4 ± 0.6 nm 

(N = 20). 

 

 

Figure 3-10 Tapping mode AFM height images of Salmonella flagellar filaments in air on 

gold. Stock sample solutions were 100 times diluted. The Z-scale is 351.5 nm. 

 

3.1.3.2 The Salmonella Flagellar Filaments in Propanol on Gold Surface 

It was found difficult to immobilize Salmonella flagellar filaments onto gold 

substrate while scanning in aqueous buffer solution. However, in propanol or 

water mixed with propanol (>80% propanol), Salmonella flagellar filaments were 

found to bind to the substrate firmly enough to allow imaging (Figure 3-11). This 

may be due to the dehydration and/or the insolubility of Salmonella flagellar 

filaments in propanol solutions. The dehydration may help to expose the filaments 
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surface to the probing tip (Hansma et al. 1992; 1993; Lyubchenko et al. 1993). 

The influence of imaging condition on the observed filament dimensions was 

investigated by imaging in a series of propanol-water mixtures (Table 3-2) (Figure 

3-12).  

 

 

Figure 3-11 Tapping mode AFM height images of Salmonella flagellar filaments in 80% 

propanol on gold. Stock sample solutions were 5 times diluted.  

 

Table 3-2 The average height of Salmonella flagellar filaments on gold surface in a series of 

propanol-water mixtures. 

Buffer 100% propanol 90% propanol + 10% water 80% propanol + 20% water 

Height (nm) 5.4 ± 0.5 12.2 ± 0.9 17.0 ± 1.1 
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Figure 3-12 A plot of average height of Salmonella flagellar filaments vs. percentage of 

propanol in propanol-water buffer. 

 

In 100% propanol, the average height of Salmonella flagellar filaments was 

close to that observed in air; the average height increased proportionally while the 

percentage of propanol in buffer decreased. In below a concentration of 70% 

propanol, Salmonella flagellar filaments could not be immobilized onto gold. 

3.2 Fibrillization Processes of Lysozyme 

Unlike the dissociation of Salmonella flagellar filaments in low pH 

environments which occurred within an hour, the fibrillization of lysozyme takes 

up to two weeks in laboratory (Krebs, et al. 2000, also see section 2.2.2). 

Therefore, real-time monitoring of this fibrillization process by AFM imaging is 

not feasible. In order to observe it, the assembly process has to be interrupted, so 

that samples can be prepared for AFM analysis. 
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3.2.1 Preparation of Lysozyme Samples 

Lysozyme protein dissolved in glycine buffer was incubated at 57 ± 2 °C 

(details see section 2.2.2). After a certain incubation time, the sample was 

removed from the oven to room temperature and a 10 µL droplet of sample 

solution spread onto a fleshly cleaved mica surface. After 2 minutes, the mica 

surface was rinsed with distilled water, and then dried under a gentle flow of 

nitrogen gas. The sample then was imaged with AFM using tapping mode in air 

(Figure 3-16 to Figure 3-23). This AFM sample preparation process, especially the 

drying procedure stopped the continuous fibrillization of lysozyme. 

Glycine buffer was imaged under the same conditions before and after 

incubation as the control experiment (Figure 3-13). A few particles (height range 

from ~2 nm to ~10 nm) were observed on the images, which we attribute to 

undissolved glycine powder produced when the buffer was prepared. 

The initial lysozyme sample was also imaged prior to incubation (Figure 3-14). 

Lysozyme protein is known to have hydrodynamic diameter of 4.1nm (Merrill, et 

al., 1993). Particles of lysozyme proteins were observed on the AFM images. The 

average height of lysozyme particles measured from AFM images was 1.6 ± 0.5 

nm. A histogram of the height of lysozyme particles was displayed in Figure 3-15. 

The particles observed are most likely single lysozyme proteins or clusters of 

several lysozyme proteins. The average height obtained however was smaller than 

the previously known diameter of lysozyme protein. The reduction of the diameter 

is most likely due to the drying process during the sample preparation and/or the 

pressure caused by the AFM probe while scanning (Rossell 2003).  
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Figure 3-13 An AFM height image of 10 mM glycine buffer obtained using tapping mode 

AFM before (a) and after (b) incubation at 57 ± 2 °C for 2 weeks. The Z-range is 8.1 nm. 
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Figure 3-14 An AFM height image in tapping mode of 10mg/mL lysozyme in 10mM glycine 

buffer at pH 2.0. The Z-range is 9.8 nm. 

 

 

Figure 3-15 Histogram of the height of lysozyme particles before incubation measured from 

AFM images taken on mica in air. The average height of lysozyme particles was 1.6 ± 0.5 nm 

(N = 136).   
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3.2.2 The Early Stages of Lysozyme Fibrillization 

Samples from different batches were found to have slightly different rates of 

fibrillization. Highly flexible protofilaments of elongated lysozyme proteins were 

however always observed after 2 to 3 days of incubation (Figure 3-16).  

 

 

Figure 3-16 An AFM height image of lysozyme after 3 days of incubation. A 3D image 

(generated by SPIP software) of one protofilament, which is indicated by the black arrow, is 

displayed on the left. The Z-range is 10.4 nm. 

 

The protofilament appeared to be a chain of single particles (Figure 3-16, Jansen 

et al. 2005; Goldsbury et al. 2005). The lengths of the protofilaments were from 

~80 nm to ~700 nm. The average height of the higher points of the protofilaments 

was 4.4 ± 0.6 nm; while the average height of the lower points of the 

protofilaments was 2.9 ± 0.2 nm. Compared to the height of the single lysozyme 

proteins (1.6 ± 0.5 nm), the elongated particles were (4.4 / 1.6 =) 2.8 times in 
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height. This suggested that lysozyme proteins had undergone a dramatic structural 

change in order to form protofilaments (Dobson et al., 1998). 

After 2 to 3 days of incubation, along with the protofilaments, a few fibrils with 

clear periodicities began to be observed. One such fibril is shown in Figure 3-17. 

This fibril has a pitch of 85 ± 4 nm, an average height 5.3 ± 0.9 nm with the 

average height of the higher points 7.0 ± 0.3 nm and average height of the lower 

points 3.5 ± 0.1 nm (Jansen et al. 2005). 

 

 

Figure 3-17 AFM image of one lysozyme fibril with clear periodicity after 2 days of 

incubation; (a) is the height image, (b) is the profile along the axis of the fibril on (a), and (c) 

is a 3D image of the fibril on (a) generated by SPIP software (see section 2.1.3). The pitch of 

this fibril is 85 ± 4 nm. The average height of this fibril is 5.3 ± 0.9 nm with the average 

height of the higher points 7.0 ± 0.3 nm and average height of the lower points 3.5 ± 0.1 nm. 

The Z-range is 20.5 nm. 
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3.2.3 The Middle Stages of Fibrillization 

Fibrils with distinct branches splaying apart (Figure 3-18, indicated by green 

arrows) were observed after 4 days of incubation. The highly flexible 

protofilaments (Figure 3-18, indicted by blue arrows) have an average height of 2.3 

± 0.2 nm.  

 

Figure 3-18 AFM height image of lysozyme fibrils after 4 days of incubation. The green 

arrows indicate fibrils with distinct branches splaying apart. The pink arrows indicate highly 

flexible protofilaments connected to rigid mature fibrils. The Z-range is 15.9 nm. 

 

Lysozyme fibrils from three different batches on the middle stages of incubation 

(2 to 10 days) were imaged and categorised according to their heights into 6 types 

(Table 3-3). 

As described in section 1.3.1.3, Khurana and co-workers (2003) proposed a 

general hierarchical assembly model of amyloid fibrils. For example, the 

assembly model of insulin into amyloid fibrils is as shown in Figure 3-19. Two 

identical subunits intertwine with each other to form fibrils of a higher assembly 
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level. The subunit can be a protofilament or a fibril consisting of 2 or 4 

protofilaments, and the average height of a fibril is 1.5D (D is the diameter of the 

cross section of a subunit), with the height of the higher points 2D and the height 

of the low points D.  

 

Table 3-3 The average heights of 6 types of lysozyme fibrils observed. Types II to VI fibrils 

have clear periodicity. Type I fibrils did not have clear periodicity. 

 Type I Type II Type III Type IV Type V Type VI 

Average height of 

higher points (nm) 
4.5 ± 0.3 5.7 ± 0.1 7.0 ± 0.3 7.2 ± 0.2 10.2 ± 0.2 

Average height of 

lower points (nm) 

2.3 ± 0.2 

2.5 ± 0.2 3.8 ± 0.1 3.5 ± 0.2 5.4 ± 0.2 6.0 ± 0.1 

N 50 30 30 20 9 6 

 

If the assembly of lysozyme fibrils also followed the same model as in Figure 

3-19, from the height of lysozyme protofilaments (2.3 ± 0.2 nm), the Type I fibrils, 

the heights of the fibrils would be predicted as shown in Table 3-4. 

Compared Table 3-4 with Table 3-3, Type II lysozyme fibrils fit well into “1+1” 

model; Type IV fibrils fit well into “2+2” model; and Type VI fibrils fit well into 

“4+4” model. However, other types of fibrils do not fit into Khurana’s model.  

As indicated by pink arrows in Figure 3-18, highly flexible protofilaments were 

observed connected to fibrils of different types. This may therefore suggest a new 

assembly model i.e. an “n+1” model (where n is the number of protofilaments in 

one subunit) (Table 3-5). In other words, a protofilament might intertwine with a 

fibril already consisting of more than one protofilament (Figure 3-20). The average 
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height of an “n+1” fibril is (Dn + D1)/2 (Dn is the diameter of the cross section of 

the subunit consisting of more than one protofilaments; D1 is the diameter of the 

cross section of one protofilament), with the height of the higher points (Dn + D1) 

and the height of the lower points Dn. 

 

Figure 3-19 A model for the hierarchical assembly of insulin into amyloid fibrils. 

Protofilament pairs wind together to form “1+1” fibrils, and two “1+1” fibrils wind to form a 

“2+2” fibril. “4+4” fibrils are the result of winding of two “2+2” fibrils (figure adapted from 

Khurana 2003). 

 

Table 3-4 The predicated heights using Khurana’s model (2003). 

 Protofilaments 1+1 Fibrils 2+2 Fibrils 4+4 Fibrils 

Height of higher points (nm) 4.6 6.9 10.4 

Height of lower points (nm) 
2.3 

2.3 3.4 5.2 
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Figure 3-20 “n+1” model for lysozyme fibrils assembly.  Protofilaments intertwine with each 

other to form “1+1” fibrils. Two “1+1” fibrils intertwine into a “2+2” fibril. A protofilament 

can intertwine with a “1+1” fibril to form a “2+1” fibril or with a “2+2” fibril to form a “4+1” 

fibril. 

 

Table 3-5 The predicated heights using the “n+1” model. 

 Protofilaments 2+1 Fibrils 4+1 Fibrils 

Height of higher points (nm) 5.8 7.5 

Height of lower points (nm) 
2.3 

3.4 5.2 
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Compared with Table 3-5 with Table 3-3, Type III lysozyme fibrils fit well into 

“2+1” model, and Type V fibrils fit well into “4+1” model. The data is summed 

up in Table 3-6 for comparison. 

 

Table 3-6 The summary of the experimental data of the heights of lysozyme fibrils and the 

heights predicted by Khurana’s model and “n+1” model. 

Fibrils model 1+1 2+1 2+2 4+1 4+4 

Average height of  

higher points (nm) 
4.5 ± 0.3 5.7 ± 0.1 7.0 ± 0.3 7.2 ± 0.2 10.2 ± 0.2 

Experimental 

data Average height of 

lower points (nm) 
2.5 ± 0.2 3.8 ± 0.1 3.5 ± 0.2 5.4 ± 0.2 6.0 ± 0.1 

Height of higher 

points (nm) 
4.6 5.8 6.9 7.5 10.4 

Predicted by 

model Height of lower 

points (nm) 
2.3 3.4 3.4 5.2 5.2 

 

Note that for the heights of the higher points, the experimental data are 4% less 

to 2% more than predicated by the model. However, for the heights of the lower 

points, the experimental data are 3% to 15% more than predicated by the model; 

especially for the “4+4” fibrils, the experimental data is ((6.0-5.2) / 5.2 =) 15% 

more than predicated by the model. This might be because the fibrils were raised 

from the mica surface at the lower points due to the stiffness of the fibrils and 

intertwining, which would increase the height of the lower points measured from 

the profile of AFM images. Since the stiffness increased with the increasing of the 

assembly level (a detailed discussion of the elasticity of the lysozyme fibrils will 
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be presented in section 4.3), the increasing of the height of the lower points of 

“4+4” fibrils was more observable than other fibrils.  

Using both Khurana’s model and “n+1” model, the fibrils observed on AFM 

images can therefore be explained. An example is given in Figure 3-21: a “1+1” 

fibril intertwines with a protofilaments to form a “2+1” fibril.  

 

 

Figure 3-21 An AFM height image of a lysozyme fibril after 4 days of incubation.  The fibril 

indicated by green arrow has height of 2.4 ± 0.1 nm, which could be a protofilament; the fibril 

indicated by pink bracket has average height of higher points 4.6 ± 0.1 nm and lower points 

2.8 ± 0.1 nm, which could be a “1+1” fibril; the fibril indicated by the blue bracket has an 

average height of higher points 5.5 ± 0.5 nm and lower points 3.5 ± 0.1 nm, which could be a 

“2+1” fibril. The Z-range is 9.1 nm. 

 

Some fibrils were observed to be connected to more than one fibril (Figure 3-18), 

suggesting that the formation of mature fibrils from the intertwining of subunits 
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might happen starting from the two ends or even in the middle of the subunits; 

also that fibrils of different assembly levels might be forming at the same time. 

3.2.4 The Late Stages of Lysozyme Fibrillization 

After 11 to 14 days of incubation (Figure 3-22), the sample solution started to 

have a gel-like appearance. Most lysozyme fibrils appeared to have clear 

periodicity with a periodicity to diameter ratio of ~20. Interestingly, some fibrils 

appeared to have sinusoidal shape (Figure 3-22, indicated by pink arrows), which 

might be due to some degree of unwinding of the subunits created during the 

adsorption process of the fibrils to the substrate. 

 

 

Figure 3-22 An AFM height image of lysozyme fibrils after 11 days of incubation. The pink 

arrows indicate some fibrils with sinusoidal shape. The Z-range is 26.6 nm. 
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Circular fibrils, the diameter of which was typically 250~350 nm, were also 

observed after 14 days of incubation (Figure 3-23).  

 

 

Figure 3-23 AFM height images of lysozyme fibrils after 14 days of incubation. The green 

arrows indicate several fibrils with circular structures. The blue arrows indicate two fibrils 

with half circular structures. The image on the right has better resolution, with one circular 

fibril on the middle. The Z-range of the left image is 24.3 nm. 

 

Previous studies on solvational and hyperbaric tuning of amyloidogenesis with 

insulin fibrils suggested that circular structures of amyloid fibrils are probably a 

lower void volume alternative to straight fibrils (Jansen et al. 2004; Grudzielanek 

et al. 2005; also see section 1.3.1.3). The fact that the circular structure of 

lysozyme fibrils were only observed at the late stages of fibrillization when fibrils 

became “crowded”, agreed with this theory. However, no high hydrostatic 

pressure and addition of cosolvents or cosolutes were required in this case, which 
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suggests that simpler conditions could be applied to manipulate the conformation 

of amyloid fibrils. 

3.3 Alternative Assembly of Tubular and Spherical 

Nanostructures from FF Peptides  

The self-assembly of FF peptide monomers into nanotubes happens very rapidly 

(Reches and Gazit 2003). In order to observe the formation of FF nanotubes, the 

sample for AFM operation needs therefore to be prepared immediately after the 

FF nanotubes are formed, so that further self-assembly is interrupted. 

FF nanotubes prepared by Reches and Gazit’s method (2003), where FF peptide 

was dissolved in HFIP at high concentrations (100mg/mL) and then diluted into 

the aqueous solution at a final μM concentration range (for detailed preparation 

see section 2.2.4), were typically several micrometers in length and 50 to 300 nm 

in diameter (Figure 3-24). However, short and thin fibrillar structures of 2 to 4 nm 

in height were also sometimes observed along with the long and thick nanotubes 

(Figure 3-24). Associating with the tentative model proposed by Görbitz (2006) 

(see section 1.3.3.2), the long and thick nanotubes may have their proposed 

multilayer tubular wall, while the short and thin fibrils might well be single-wall 

nanotubes. 

 

 

 
90 



Chapter 3 Dynamic Processes 

 

Figure 3-24 AFM image of typical long and thick FF nanotubes along with short and thin 

fibrilar structures. The long and thick FF nanotubes lying from the top left to the bottom right 

on the middle of this image is whitened because the colour scale has been adjusted in order to 

enhance the appearance of the short and thin fibrilar structures. The Z-range is 107.2 nm. 

 

Song and co-workers reported (2004) another nanotube preparation method, 

where FF peptide was dissolved in water to 2mg/mL at 65 °C, and the sample 

equilibrated for 30 min and then gradually cooled to room temperature (Figure 

3-25 a). They noted that when 0.1 mL of the nanotube mixture was diluted by 

adding 0.1 mL of water, vesicles were present in addition to the nanotubes (Figure 

3-25 b; also see section 1.3.3.1). Song suggested that the concentration of the 

peptide is a key factor in the formation of the nanotubes. However, by noticing the 

presence of vesicles in the SEM image of FF nanotubes before dilution in Song’s 

paper (Figure 3-25 a, indicated by pick arrows), I suspected that the temperature 

might play an important role in the alternative formation of tubular and spherical 

structures. Bearing this in mind, I used modified Reches and Gazit’s (2003) 
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method to investigate the effect of temperature on the formation of FF 

nanostructures. 

 

 

Figure 3-25 SEM images of (a) peptide nanotubes and (b) a mixture of nanotubes and 

vesicles (figure and caption adapted from Song et al. 2003, Fig 1) 

 

FF peptide HFIP stock solution (100mg/mL) and distilled water were pre-

warmed in a 40˚C water bath. The AFM sample (2mg/mL) was then prepared 

using this stock solutions and distilled water (detailed preparation see section 

2.2.4). An AFM topography image of this sample is displayed in Figure 3-26. 

Spherical structures of 2 to 4 nm in height were observed. Thin fibrilar structures 

of ~1 nm in height, 200 to 300 nm in length were also observed.  

In a similar manner, the FF peptide HFIP stock solution (100mg/mL) and 

distilled water were pre-warmed in 65˚C water bath. The AFM sample (2mg/mL) 

then prepared using these stock solution and distilled water. An AFM topography 
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image of this sample is displayed in Figure 3-27. Spherical structures of 2 to 4 nm 

in height were observed. However, no tubular structures were observed. 

As stated before, results from original Reches and Gazit’s (2003) method had 

only nanotubes but no spherical strutures observed. Comparing the results from 

modified Reches and Gazit’s method, it seemed that the temperature is likely to be 

a key factor in the alternative assembly of tubular and spherical nanostructures 

during FF self-assembly. The tubular structures might be kinetically favoured 

(Reches and Gazit 2004). 

Reches and Gazit have also reported (2004) the formation of spherical 

nanostructures of diphenylglycine peptide, a highly similar analogue of 

diphenylalanine peptide. Comparing this to the formation of spherical 

nanostructures of FF peptides, the diphenylglycine peptide might have lower 

energy barrier to form spherical nanostructures. By controlling the temperature, 

the formation of tubular structures from diphenylglycine peptide or other 

analogues of FF peptide might therefore be possible. 
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Figure 3-26 An AFM image of FF nanostructures self-assembled at 40˚C. A few thin fibrilar 

structures of ~1 nm in height, 200 to 300 nm in length were observed along with spherical 

structures of 2 to 4 nm in height. The Z-range is 21.7 nm. 

 

 

Figure 3-27 An AFM image of FF nanostructures self-assembled at 65˚C. Spherical 

structures of 2 to 4 nm in height were observed. The vesicles lie in lines, which is most likely 

due to the drying process during sample preparation. The Z-range is 6.2 nm. 
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3.4 Conclusion 

In this chapter, the imaging capability of AFM has been explored and a range of 

imaging studies monitoring the dynamic processes of protein nanotubes have been 

presented. A better understanding of the dynamic processes of protein nanotubes, 

provides the information on manipulating these protein nanotubular materials, 

which is desired in order to utilize them in applications. 

The dissociation process of Salmonella flagellar filaments in low pH solution 

was found to happen within an hour; therefore, real-time monitoring was possible. 

All parts of a filament exposed to the low pH solution were found to instantly 

break down to single flagellin proteins at the same time.  

If the dynamic process of protein nanotubes occurs on timescales that are too 

long or too short for real-time AFM monitoring, the process has to be interrupted 

so that the sample can be prepared for AFM operation. For example, the 

fibrillization process of lysozyme fibrils takes up to two weeks, while the 

formation of nanostructures from FF peptides takes only a few seconds to a few 

minutes. 

By observing the fibrillization process of lysozyme fibrils, the “n+1” model has 

been proposed: a protofilament may intertwine with a fibril consisting of more 

than one protofilament to form higher assembly level fibrils. This model 

complements the hierarchical assembly model proposed by Khurana (2003). 

The effect of temperature on the alternative formation of tubular and spherical 

nanostructures of FF peptides was also investigated, which may suggest a general 

way of controlling the formation of nanostructures from FF peptides and its 

similar analogues.  
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Chapter 4 Persistence Length Study of 

Protein Nanotubes 

 

From Chapter 4 to Chapter 6, I will present the different approaches which were 

employed to access the physical properties of protein nanotubes using AFM. In 

this chapter, a persistence length method will be applied on three different 

nanotubes. Persistence length is a mechanical property quantifying the flexibility 

of a filament, in this case a protein nanotube, which provides an indication of how 

much a filament “persists” in its initial orientation. Associating the geometry of 

the cross section of the filament studied, the elasticity of the filament is also able 

to be estimated. 

 

4.1 Theory and Method 

4.1.1 Persistence Length is a Measure of the Flexibility of a Filament 

The definition of persistence length is “the average projection of the end-to-end 

vector on the tangent to the chain contour at a chain end in the limit of infinite 

chain length” (IUPAC Gold Book). Considering a filament as succession of 

segment vectors of length l, as demonstrated in Figure 4-1, the angle between the 

end-to-end vector from position 0 to position 1 and the tangent vector at position 0 

is θ. The projection of the end-to-end vector on the tangent vector is lcosθ. The 

average of this projection is l<cosθ> (<> denotes the average). If the contour 
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length of the filament becomes sufficiently long, consequently the number of 

segments becomes sufficiently large, the average projection approaches a constant 

value, which is termed the persistence length P (Equation 4-1).  

 

( )Ple−=θcos  

Equation 4-1 

In other words, the persistence length is the length over which correlations in 

the segment directions are lost. The expectation value of the cosine of the angle 

falls off exponentially with distance. A more detailed explanation of persistence 

length can be found in Frontali’s (1979) and Hagerman’s (1988) work. 

 

 

Figure 4-1 A sketch of a thin flexible filament. The segment vector from position 0 to 

position 1, the tangent vector at position 0, and the angle θ between these two vectors are 

shown. The projection of the segment vector on the tangent vector is shown by a red arrow. 

 

Persistence length is independent of the contour length of the filament 

(Hagerman, 1988). However, the persistence length is related to the end-to-end 

distance of the filament. The relation between the mean-square end-to-end 

distance R and the persistence length P is given by Equation 4-2 (Flory 1969; 

Rivetti et al. 1996). 
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( )⎥⎦
⎤

⎢⎣
⎡ −−= − Pse

s
PPsR 22 1214  

  Equation 4-2 

where s is the contour length of the filament. 

 

The persistence length is a measure of the flexibility of a filament. The higher 

the persistence length, the more rigid the filament; the lower the persistence 

length, the more flexible it is. The flexibility of a filament is related to its 

elasticity through Equation 4-3 (Landau and Lifshitz 1980; 1986). 

            TPkEI B=     

 Equation 4-3 

where E is the Young’s modulus, I is the area moment of inertia of the cross 

section of the filament (I = πD4/64, for a circular area with diameter D), kB is the 

Boltzmann constant and T is the absolute temperature. If the persistence length of 

the filament can be obtained from AFM images, together with the geometry of the 

cross section, the Young’s modulus can therefore be estimated. 

4.1.2 Analysing AFM Images of Nanofibrils and Nanotubes to Obtain Their 

Persistence Lengths 

AFM images of nanofibrils or nanotubes were analysed using Veca, an image 

processing software developed by A. Orta (LBSA, University of Nottingham, 

UK). The analysis process is as follows: 
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Figure 4-2 An AFM tapping mode height image of Salmonella flagellar filaments observed 

on mica in air. The size of the image is 1µm×1µm. The filament of interest is the long 

filament lying approximately vertically on the middle of this image.   

 

Figure 4-3 Use of “Freehand” tool to trace the contour of a filament within Veca. The layout 

of Veca is shown. The AFM image of Figure 4-2 is open inside of Veca. The black line along 

the filament is the trace line drawn with the mouse using the “Freehand” tool of Veca. 
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First, AFM height images were exported from SPIP software (Figure 4-2) (see 

section 2.1.3 for the details of using SPIP software). After calibration of the scale, 

the contours of nanofibrils or nanotubes were traced using the “Freehand” tool 

within the Veca software. The layout of Veca is displayed in Figure 4-3. 

Second, the contour of the filament then was digitalised and recorded as a set of 

XY-coordinate by Veca. In order to minimise experimental data acquisition errors, 

a smoothing procedure using the weighted average of five contiguous XY-

coordinates centred about a given XY-coordinate was performed (Mucke et al. 

2004).  

10
12421 2112

,
++−− ++++

= iiiii
correcti

VVVVV
V   

Equation 4-4 

where Vi is the vector of the tangent to the curve on XY-coordinate i. This 

procedure removes two points at each end of the filament.The smoothed XY-

coordinates of the filament shown in Figure 4-2 are displayed in Figure 4-4. 

Third, Equation 4-1 or Equation 4-2 was used to compute the persistence length. 

If Equation 4-1 was used, the filament contour was split into segments of 

increasing segment length l, and for each set of segment length, the mean cosine 

angle θcos  and the persistence length P calculated. The persistence length was 

then plotted as a function of contour segment length l (Figure 4-5). A clear 

maximum value of persistence length Pθ was discerned using this method, which 

corresponding to the value of the persistence length of the filament.  
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Figure 4-4 The contour of the filament shown in Figure 4-2 is digitalised to XY-coordinate 

sets here. The blue curve is plotted with smoothed XY-coordinates. The part enclosed by the 

square is enlarged and shown on the inset. The pink curve on the inset is plotted with the 

original XY-coordinates before smoothing.   

 

As shown in Figure 4-5, the value of persistence length typically was found to 

decrease at lower and higher contour segment length l. At lower l, the 

discretization during data processing results in an underestimation of persistence 

length. At higher l, the small angles are overlooked; therefore the number of small 

angles is undercounted, which leads to underestimation of persistence length as 

well. 
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Persistence length vs. contour segment length
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Figure 4-5 Persistence length P against contour segment length l. A peak value of persistence 

length Pθ = 13.6 μm in the range l = 120 nm to 200 nm can be discerned, which is the value of 

persistence length of the filament shown on Figure 4-2. 

Mean-square end-to-end distance vs.contour length

0

200000

400000

600000

800000

1000000

1200000

0 200 400 600 800 1000 1200 1400
Contour length s  (nm)

M
ea

n-
sq

ua
re

 e
nd

-to
-e

nd
 d

is
ta

nc
e 

< R
2 > 

(n
m

2 )

 

Figure 4-6 The plot of the mean square end-to-end distance <R2> against the contour length s 

of the filament on Figure 4-2. The pink line is the fitted curve using the Levenberg-

Marquardt algorithm (Press et al. 1992). The persistence length computed for this filament is 

PR = 474 nm. 
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If Equation 4-2 was used, the filament was split into segments of increasing 

contour length s, and for each set of contour lengths, the mean-square end-to-end 

distance 2R  calculated. The mean-square end-to-end distance was then plotted 

against the contour length s. The experimental data then is fitted into Equation 4-3 

to obtain the persistence length PR, using the Levenberg-Marquardt algorithm 

(Press et al. 1992). 

4.2 The Persistence Length of Flagellar Filaments in Different 

Environments 

As discussed in section 3.1, Salmonella flagellar filaments were imaged under 

different conditions in order to investigate the effects of the environment on their 

structures. Here, in order to investigate the environmental effect on their elastic 

properties, the topography images obtained in section 3.1 (e.g. Figure 3-1, Figure 3-

10 and Figure 3-11) were used to compute the persistenc length. 

Although images of Salmonella flagellar filaments on mica in aqueous 

environments have been obtained, imaging in aqueous environments is difficult to 

operate and time consuming. As bulk data was needed for persistence length 

calculation, images of Salmonella flagellar filaments on mica in air (see section 

3.1.1) were used to obtained persistence length. The limited on mica in liquid 

images obtained (see section 3.1.2) agreed with the on mica in air persistence 

length results. 

A typical data analysis of a Salmonella flagellar filament obtained by applying 

Equation 4-1 is displayed in Figure 4-5. The peak values of persistence length 

obtained in my experiments lied between l = 100 nm to 200 nm. As explained 
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above (section 4.1), underestimation of persistence length at lower l values is 

expected. Therefore only filaments with contour length longer than 400 nm were 

selected for measuring persistence length. This selection rule also had an 

advantage of giving a clear peak value of persistence length in the chart of 

persistence length versus contour segment length. The persistence length of 

Salmonella flagellar filaments on mica in air obtained was Pθ = 11 ± 2 μm. 

A typical data analysis of a Salmonella flagellar filament through the 

application of Equation 4-2 is displayed in Figure 4-6. The persistence length of 

Salmonella flagellar filaments on mica in air was found to be PR = 0.46 ± 0.08 μm. 

The distribution of PR is displayed in Figure 4-7. 
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Figure 4-7 Histogram of the persistence length obtained for Salmonella flagellar filaments on 

mica in air through the application of Equation 4-2. The mean persistence length measured 

was found to be PR = 0.46 ± 0.08 μm (N = 82). 
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The topography images of Salmonella flagellar filaments on gold in air and in 

propanol-water (80:20) mixture obtained in section 3.1.3 were also used to 

compute persistence length.  

Salmonella flagellar filaments were found to be broken over the gaps between 

the gold islands of gold substrates (indicated by a blue arrow in Figure 4-8 (left)). 

This is most likely due to the drying process during sample preparation, and/or by 

the force applied by the AFM probe during scanning. The two pink arrows in 

Figure 4-8 (left) indicate the ends of two filaments which lie down over the edge of 

a gold island. This can be observed more clearly in the 3D picture (Figure 4-8 

(right), also indicated by two pink arrows). In addition to the selection rule 

described above, which was employed to select the filaments with contour lengths 

over 400 nm, another selection rule was applied for on gold analysis, which was 

that only those filaments or part of the filaments lying upon one plateau were 

selected for measurement persistence length.  

 

  

Figure 4-8 Tapping mode AFM height image of Salmonella flagellar filaments in air on gold. 

The right picture is a 3-D picture of the left image generated by SPIP software. Stock sample 

solutions were 100 times diluted. The Z-scale is 240.0 nm. 
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In a similar manner, the persistence length for Salmonella flagellar filaments on 

gold in air was found to be Pθ = 13 ± 3 μm and PR = 0.20 ± 0.05 μm. The 

persistence length of the Salmonella flagellar filaments imaged on gold in 

propanol-water (80:20) mixture were found to be Pθ = 4.1 ± 0.4 μm and PR = 0.19 

± 0.04 μm. 

The average persistence lengths (PR, Pθ) of Salmonella flagellar filaments on 

mica and gold in air, and on gold in propanol-water mixture are displayed in Table 

4-1. 

 

Table 4-1 Salmonella flagellar filaments in different environments. 

On mica On gold 
Environment 

In air In air In 80% propanol 

PR (μm) 0.46 ± 0.08 0.20 ± 0.05 0.19 ± 0.04 
Persistence length 

Pθ (μm) 11 ± 2 13 ± 3 4.1 ± 0.4 

PR/ Pθ 4.2% 1.5% 4.6% 

 

 

AFM images of the filaments showed the contour of the filaments transformed 

from three dimensional (3D) to two dimensional (2D) surfaces. If the energy of 

the interaction between the filaments and the substrate was in the range of the 

thermal energy, the filaments would be able to freely equilibrate on the substrate 

prior to adsorption, and the elastic properties would be conserved during the 

adsorption process. In this case, the value of the persistence length obtained in 2D 

is identical to the persistence length of the same filament in 3D (Mücke et al. 

2004).  
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However, if the energy of the interaction between the filaments and the 

substrate is bigger than the thermal energy, the filaments would be kinetically 

trapped by the support before having equilibrated. In this case, the persistence 

length of the filaments in 2D will yield a smaller apparent persistence length, 

which depends on the surface adsorption mechanism (Mücke et al. 2004).  

As displayed in Table 4-1, in all the environments that have been investigated, 

the persistence lengths (PR) obtained by applying Equation 4-2 were less than 5% 

of the persistence lengths (Pθ) obtained by applying Equation 4-1. One way to 

explain this could be, the kinetics of trapping, which likely initiates through the 

pinning of a few arbitrary points of the filament to the substrate and proceeds by 

the adsorption of the intermediate parts of the molecule. This suggests that the use 

of a global property such as end-to-end distance R to deduce persistence length 

may lead to an underestimation of the value of persistence length (Abels et al. 

2006). However, assuming during kinetic trapping the angular distribution of the 

filament in 3D is preserved and the mechanical information is transferred onto the 

2D plane, using local properties such as angle θ may obtain a more accurate value 

of persistence length. 

The values of persistence length obtained above agreed with the persistence 

length obtained by Trachtenberg and Hammel (1992), which was from 4.5 to 

41.14 µm. Using the persistence length obtained on gold in air (13 ± 3 µm), the 

Young’s modulus of Salmonella flagellar filaments could be estimated (Equation 

4-3), which was E = 22 ± 4 MPa. 
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4.3 Change of Flexibility during Fibrillization of Lysozyme Fibrils 

The fibrillization process of lysozyme fibrils was visualised using AFM (see 

section 3.2). Under certain conditions, lysozyme proteins were found to self-

assemble from single proteins to protofilaments, and then the protofilaments 

intertwine with each other to form mature fibrils. An “n+1” model has been 

proposed to complete Khurana’s model (2003) to explain the hierarchical 

assembly levels of lysozyme (see section 3.2 for a detailed explanation of the 

fibrillization pathway). 

 

Table 4-2 Persistence length of lysozyme protofilaments and fibrils of different assembly 

levels during fibrillization. 

Fibrils 
Models Protofilaments 

1+1 2+1 2+2 4+1 4+4 

Persistence length 

Pθ (μm) 
0.42 ± 0.07 16 ± 2 25 ± 3 28 ± 3 29 ± 3 52 ± 4 

Young’s molulus 

E (GPa) 
1.3 ± 0.6 8.9 ± 1.0 4.1 ± 0.8 3.1 ± 0.9 1.5 ± 0.3 1.0 ± 0.1 

 

The fibril models are explained in detail in section 3.2. For example, lysozyme proteins self-

assemble to protofilaments; two protofilaments intertwine with each other to form a “1+1” 

fibril; two “1+1” fibrils intertwine with each other to form a “2+2” fibril; a “1+1” fibril 

intertwine with a protofilament to form a “2+1” fibril; etc. The Young’s modulus E was 

obtained by bringing Pθ into Equation 4-3. 

 

In order to obtain elasticity information during the fibrillization process for 

lysozyme fibrils, the persistence lengths were computed from the same AFM 
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topography images obtained to monitor structural changes during fibrillization 

(e.g. Figure 3-16 and Figure 3-18; see section 3.2). Lysozyme protofilaments or 

fibrils were categorised by their heights, then through the application of Equation 

4-1, their persistence lengths were obtained (see section 4.1). All calculated 

persistence lengths are displayed in Table 4-2.  

The persistence length of a “1+1” fibril, which is the fibril composed of two 

protofilaments intertwining with each other, was found to be 16 ± 2 µm (Table 

4-2), which was 38 times of the persistence length of the protofilaments (0.42 ± 

0.07 µm) (Table 4-2). However, the persistence lengths of fibrils of different 

assembly levels were all found to be of the same order of magnitude. The 

persistence length of the “4+4” fibrils, which is that of the highest assembly level 

observed, was found to be 52 ± 4 µm, only 3 times the persistence length of the 

“1+1” fibrils. By bringing the persistence lengths into Equation 4-3, the Young’s 

moduli E were calculated (Table 4-2). Although the persistence length increased 

with the increasing of the assembly level, the Young’s modulus only increased 

from the protofilaments to “1+1” fibril, and then the Young’s modulus actually 

decreased with the increasing of the assembly level from “1+1” fibril to “4+4” 

fibril. In other words, the higher the assembly level of the fibrils, the less flexible 

the lysozyme fibrils appear to be, but the softer the fibrils are.  

Gere stated in his book “Mechanics of Materials” (2004) about the elasticity of 

cables, which are constructed from wires wound together. “Under the same tensile 

load, the elongation of a cable is greater than the elongation of a solid bar of the 

same material and same metallic cross-sectional area, because the wires in a cable 

“tighten up” in the same manner as the fibers in a rope. Thus, the modulus of 
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elasticity (Young’s modulus) of a cable is less than the modulus of the material of 

which it is made.” 

Assuming a lysozyme fibril is constructed from fibrils of a lower assembly level 

intertwined together, in the similar manner as a cable constructed from wires, the 

Young’s modulus of this fibril could be less than the Young’s modulus of the 

fibrils of the lower assembly level from which this fibril constructed. For instance, 

the “2+2” fibril is constructed from two “1+1” fibrils, and the Young’s modulus 

of “2+2” fibril is 3.1 ± 0.9 GPa (Table 4-2), which is lower than the Young’s 

modulus of “1+1” fibril (8.9 ± 1.0 GPa). The “4+4” fibril is constructed from two 

“2+2” fibrils, and the Young’s modulus of “4+4” fibril is 1.0 ± 0.1 GPa, which is 

even lower than the Young’s modulus of “2+2” fibril (3.1 ± 0.9 GPa). However, 

the Young’s modulus of a protofilament is 1.3 ± 0.6 GPa, which is only ~15% of 

the Young’s modulus of “1+1” fibril (8.9 ± 1.0 GPa). The intertwining of 

protofilaments to form a “1+1” fibril, seemed however to increase the Young’s 

modulus. A reason could be that protofilaments do not simply intertwine with 

each other to form “1+1” fibrils; instead, protofilaments might undergo some 

structural change, in order to form “1+1” fibrils; which results the increasing of 

Young’s modulus from protofilaments to “1+1” fibrils. 

The average Young’s modulus of protofilaments and fibrils of different 

assembly levels was found to be 3.3 GPa, which is consistent with that reported 

for insulin fibrils 3.3 GPa (Smith et al. 2006). Smith and co-workers obtained this 

3.3 GPa value as an average value of insulin fibrils without specifying their 

assembly level. 
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4.4 Flexibility of diphenylalanine Fibrils 

The diphenylalanine fibrils (FF fibrils) were found to range from several 

micrometers to over 100 µm in length (Reches and Gazit’s 2003; Song et al. 

2004). AFM images of FF fibrils on mica surface were obtained using a 

Nanoscope multimode AFM equipped with a J-scanner (Veeco, Santa Barbara, 

CA, USA), which has a maximum X-Y scan size 120 × 120 µm2 (data sheet is 

available to download on manufacturer’s website http://veeco.com/). However, 

with large X-Y scan sizes, or X-Y scan size close to the maximum, drift artefacts 

become common on AFM images (West and Starostina n.d.). A typical AFM 

image of FF fibrils taken during my experiments had X-Y scan size 10 × 10 µm2 

to 50 × 50 µm2, and therefore most of the FF fibrils observed under AFM imaging 

exceeded the X-Y scan size. In other words, an AFM image could only capture 

fragment of a FF fibril, or fragments of FF fibrils. The obtained AFM images, 

most fragments of FF fibrils appeared to be “straight” and have infinite 

persistence length. Only a few fibrils with thinner diameter (40 to 50 nm in height) 

were captured with their whole length on one AFM image. Those fibrils were 

used to compute the persistence length and the Young’s modulus. 
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Figure 4-9 AFM image of FF nanotubes.  The nanotubes indicated by a pink arrow is 40 ± 1 

nm in height and has a persistence length Pθ 22 ± 2 µm. The Z-range is 441.4 nm. 

 

A FF fibril with thinner diameter is shown in Figure 4-9 (indicated by a pink 

arrow). The height of this fibril is 40 ± 1 nm. The persistence length Pθ is 22 ± 2 

µm. Using this persistence length, the Young’s modulus of this fibril was 

computed 0.8 ± 0.2 MPa. This value is much smaller than the value of the 

Young’s modulus obtained by Kol and co-workers (2005), which was ~19 GPa. 

Kol and co-workers studied FF fibrils with diameters ranging from 150 to 300 nm, 

and noted that the diameter of FF fibrils had no apparent effect on the elasticity of 

FF fibrils. One possible reason could be the effect of the diameter of FF fibrils on 

their elasticity falls off with the increasing of the diameter. In other words, within 

a lower diameter range (e.g. 40 to 150 nm), the elasticity of FF fibrils increases 

rapidly from MPa to GPa; within higher diameter range (e.g. 150 nm to 300 nm), 

the effect of the diameter on the elasticity of FF fibrils is within the experimental 

error. Unfortunately, as explained above, the persistence length method as a 
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means to calculate elasticity is not suitable for FF fibrils with bigger diameters. 

Therefore, a full assessment of the relation between the elasticity and the diameter 

of FF fibrils could not be achieved with the persistence length method (see section 

6.3.1 for comparison).   

4.5 Conclusion 

Persistence length is a measure of the flexibility of a filamentous structure. If 

the geometry of the cross section of the filament is known, its Young’s modulus 

of this filament can be obtained. AFM topography images of such structures show 

the contour of the filaments transformed from three dimensional to two 

dimensional surfaces. By analysing AFM images, the persistence lengths of 

filaments can be obtained. 

In this chapter, the work of achieving the Young’s moduli of Salmonella 

flagellar filaments, lysozyme fibrils and FF fibrils through measurement of 

persistence length has been presented. On gold surfaces and imaged in air, 

Salmonella flagellar filaments were found to have a persistence length of 13 µm, 

lysozyme fibrils of different assembly levels had a persistence lengths from 16 to 

52 µm, and thin FF fibrils had a persistence length of 22 µm. Accordingly, 

Salmonella flagellar filaments have a Young’s modulus 22 MPa, lysozyme fibrils 

an average Young’s modulus 3.3 GPa, and thin FF fibrils a Young’s modulus 0.8 

MPa.  

As limited by the range of scan size and the resolution of AFM imaging, the 

persistence length method presented here is not suitable for nanotubes or fibrils 

with too high or too low persistence length. The major errors of the persistence 

length methods include: the underestimation of the persistence length caused by 
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the transformation of nanotubes or fibrils from 3D to a 2D plane; the inaccuracy 

in determination of the diameter of the cross section of nanotubes or fibrils for 

calculation of the Young’s modulus.  
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Chapter 5 Using the Adhesive Interaction 

between AFM Tips and Sample Surfaces to 

Measure the Elasticity of Protein Nanotubes 

 

The adhesive interaction between the AFM tips and the sample surfaces can be 

used to provide the elastic information about the sample (Sun et al. 2004). Unlike 

indentation methods (Kol et al. 2005), this technique does not require location of 

the tip onto the centre of a protein nanotube and also minimises interference from 

the substrate (Akhremitchev and Walker 1999). In this chapter, the effect of the 

ionic strength on the elasticity of Salmonella flagellar filaments was investigated 

using the adhesive interaction method.  

 

5.1 Theory and Method 

5.1.1 The JKR (Johnson, Kendall and Roberts) Model 

When an AFM tip approaches a soft sample, the adhesive force can draw the tip 

into the sample; when the AFM tip retracts from the soft sample, the tip can also 

pull the sample up because of the adhesive force (Sun et al. 2004). Considering 

the AFM tip as a sphere and using a spring to represent the AFM cantilever, the 

adhesive interaction between the AFM tip and a soft sample is shown in Figure 5-1 

(a). A typical force-versus-indentation curve is also shown in Figure 5-1 (b).  
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Figure 5-1 The adhesive interaction between the AFM tip and the sample. In (a), the AFM tip 

is represented as a sphere and the spring represents the AFM cantilever. The sequence shows: 

the AFM tip approaches (i) and contacts (ii) the sample; then the tip is drawn into the sample 

by the adhesive interaction (iii); when the tip retracts from the sample (iv, v), the sample will 

be pulled up by the adhesive force (vi) before it finally ruptures from the sample (vii).  A 

typical force-versus-indentation curve is shown in (b). The blue curve is the approaching 

curve and the red curve is the retracting curve. On the retracting curve, point “0”, “1” and “2” 

are the moments represented on (iii), (iv) and (v), respectively (Sun et al. 2004). 

 

The details of how to obtain a force-versus-indentation curve and how to define 

the zero indentation point is explained in section 2.1.1.3. Upon approach, the tip 
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jumps into contact with the sample surface at the point of mechanical instability, 

when the gradient of the interaction force exceeds the force constant of the 

cantilever. Once the tip contacts the surface, the tip is pulled into the sample by 

the adhesive interaction. At point “0” (Figure 5-1 (a, iii) and (b)), there is zero 

external force on the AFM cantilever; the indentation of the sample is purely due 

to the adhesive interaction; and the stored elastic energy and the surface energy 

are balanced. At point “1” (Figure 5-1 (a, iv) and (b)), the tip has a maximum 

external force. At point “2” (Figure 5-1 (a, v) and (b)), the indentation is zero. 

Upon retraction of the tip from the sample, the tip pulls up the sample, and 

eventually becomes detached from the sample surface. 

If the AFM tip and the sample are both treated as spheres and the radius a of the 

contact area is small (much smaller than both of the sphere radii), a theory 

proposed by Johnson, Kendall and Roberts (JKR theory) (1971) can be applied. 

The relationship between the external load P and the contact radius a, and the 

relationship between the indentation δ of the sample and the contact radius a are 

given by Equation 5-1 and Equation 5-2, respectively. 
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Equation 5-2 
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where γ12 is the interfacial energy, aP=0 is the contact radius under zero external 

load, K is a constant related to the elastic constants of the AFM tip and the 

sample, and R is the normalised radius of the two spheres. K and R are given by 

Equation 5-3 and Equation 5-4, respectively. 
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Equation 5-3 
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Equation 5-4 

where ktip and ksample are the elastic constants of the AFM tip and the sample 

respectively, and Rtip and Rsample are the tip radius and the sample radius, 

respectively. ktip and ksample are related to the elastic modulus of the tip and the 

sample as given by Equation 5-5 and Equation 5-6, respectively. 
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where ν is the Poisson ratio and Etip and Esample is the Young’s modulus of the tip 

and sample, respectively. Because the sample radius is much larger than the tip 

radius, the normalised radius is equivalent to the tip radius: R = Rtip (Rtip << 

Rsample). 
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The generally used AFM silicon nitride tip has a Young’s modulus ~220 GPa 

while the Young’s modulus of the silicon cantilever ~190 GPa (Cuenot et al. 

2000). The protein nanotube of interest has a Young’s modulus only ~20 MPa 

(Trachtenberg and Hammel 1992 and also see section 4.2.4). Therefore, 

combining Equation 5-3, Equation 5-5 and Equation 5-6: 

2
sample

sample

3(1 )

4
E K

ν−
=  (Etip >> Esample) 

Equation 5-7 

For each point on the force-versus-indentation curve, there are three variables: 

the contact radius a, interfacial energy γ, and Young’s modulus of the sample 

Esample. The external load P and the indentation δ can be read directly from the 

force-versus-indentation curve. Combining any two points on the force-versus-

indentation curve, using Equation 5-1 and Equation 5-2, a, γ and Esample can be 

obtained (Sun et al. 2004). For the ease of data processing, special points on the 

force-versus-indentation curve are chosen: the point where P = 0 (Figure 5-1 b, 

point “0”) and the point where δ = 0 (Figure 5-1 b, point “2”).  

At the point P = 0, Equation 5-1 and Equation 5-2 become: 
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At point δ = 0, Equation 5-1 and Equation 5-2 become: 
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Equation 5-11 

Combining Equation 5-8 and Equation 5-10, then Equation 5-11: 

=0 12
4
3

P Rδ π γ= −  

Equation 5-12 

where the negative sign means the external load is on the direction of retraction 

from the sample. 

Combining Equation 5-8, Equation 5-9 and Equation 5-12: 
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Equation 5-13 

Bringing Equation 5-13 into Equation 5-7: 
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Equation 5-14 

From Equation 5-14, the Young’s modulus of the sample can be obtained. 
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5.1.2 Applying JKR Model to Obtain the Young’s Modulus of a Sample  

 In this section, the details of data processing of a typical force-versus-

indentation curve will be explained with an example. 
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Figure 5-2 A force-versus-displacement approach curve. A silicon nitride tip was used, with 

the spring constant kc of 0.07292 N/m determined by thermal method (see section 2.1.1.3). 

Salmonella flagellar filaments were deposited onto mica surface (see section 2.2). The 

experiment was carried out in PBS buffer with MgCl2 (I = 0.1 M, cPBS = 0.01 M, cMg2+ = 0.01 

M, pH 7.0). The blue curve is the experimental data curve. The pink curve is the fitting curve 

with Hertzian model (see section 2.1.1.3). ZP0 = -434.7 ± 0.1 nm were obtained by the fitting. 

 

The force-versus-displacement approach curve of a silicon nitride tip (kc = 

0.07292 N/m) on Salmonella flagellar filaments in buffer solution is shown on 

Figure 5-2. In order to find the zero piezo displacement point, the experimental 

data in the range when the tip and sample came into contact were fitted with a 

Hertzian model (see section 2.1.1.3).  
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Figure 5-3 The force-versus-indentation retract curve from the same experiment of Figure 

5-2.  (a) is the whole retract curve and (b) is zoomed part of the curve. Reading from (b), there 

are Pδ=0 = 0.69 nN and δP=0 = 6.7 nm. 
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Using the zero piezo displacement obtained from fitting to the approach curve, 

the force-versus-indentation retract curve could be obtained (Figure 5-3). The 

values Pδ=0 = 0.69 nN and δP=0 = 6.7 nm were read directly from the force-versus-

indentation retracting curve. Tip radius R = 3.0 nm was obtained using blind 

reconstruction method with SPIP software (see section 2.1.3). Blind reconstruction 

is a technique of estimating the geometry of AFM tip from the topographic image 

data (Villarrubia 1997; Williams et al. 1996). A thin film of porous aluminum 

consisting of hexagonal hollow cells (Mikromash, USA) was imaged using the 

same tip used in the adhesive interaction experiment in order to estimate the 

geometry of the tip. Bringing all these values to Equation 5-14 resulted E = 11.2 

MPa. 

A number of force curves under the same conditions were then obtained in 

order to calculate the average Young’s modulus (Figure 5-4). The average Young’s 

modulus E of Salmonella flagellar filaments under this condition was E = 7.2 ± 

0.8 MPa. 

A control experiment has also been done under the same condition. A retract 

force curve obtained on mica surface in buffer solution is displayed in Figure 5-5. 

The mica surface is hard with a high Young’s modulus (140 to 200 GPa, 

manufacturer’s data), and it can be treated as a non-deformable surface with 

attraction force (see section 2.1.1.3). 
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Figure 5-4 Histogram of Young’s modulus E of Salmonella flagellar filaments on mica in 

PBS buffer with MgCl2 (I = 0.1 M, cPBS = 0.01 M, cMg2+ = 0.01 M, pH 7.0) obtained using 

adhesive interaction method. The mean Young’s modulus E = 7.2 ± 0.8 MPa (N = 40).  
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Figure 5-5 The force-versus-indentation retract curve from the control experiment. The force 

curve was obtained on mica surface in PBS buffer with MgCl2 (I = 0.1 M, cPBS = 0.01 M, 

cMg2+ = 0.01 M, pH 7.0). The same tip was used as in the experiment of Figure 5-2 and 

Figure 5-3. 
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5.2 The Effects of the Ionic Strength on the Elasticity of 

Salmonella Flagellar Filaments 

In a similar manner as explained in the previous section, force curves of 

Salmonella flagellar filaments on mica in different buffer solutions were obtained 

and the Young’s modulus calculated using the JKR model (Johnson, Kendall and 

Roberts 1971).  

Keeping the ionic strength I constant (I = 0.5 M, cPBS = 0.01 M, pH 7.0), while 

changing the concentration of Mg2+, the Young’s modulus E of Salmonella 

flagellar filaments was obtained (Table 5-1).  

 

Table 5-1 Young’s modulus E of Salmonella flagellar filaments in buffer solutions with 

different concentrations of Mg2+. 

Ionic strength I (M) Concentration of Mg2+ cMg2+ (M) Young’s modulus E (MPa) 

0.5 0.01 13.0 ± 1.8 

0.5 0.05 12.0 ± 2.6 

0.5 0.1 13.5 ± 2.2 

 

Salmonella flagellar filaments were deposited on mica surfaces in buffer solutions (cPBS = 

0.01 M, pH 7.0, pH adjusted using HCl or NaOH, I adjusted using NaCl). The Young’s 

modulus E was obtained using adhesive interaction method explained in previous section. 

 

There was no statistically significant difference among the three Young’s 

modulus groups with cMg2+ of 0.01M, 0.05M and 0.1M. Therefore there was no 

obvious relation between E and cMg2+ (Table 5-1). However, when the 

concentration of Mg2+ was kept constant, the Young’s modulus of Salmonella 
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flagellar filaments increased with the increasing of ionic strength of the solutions 

(Table 5-2). 

 

Table 5-2 Young’s modulus E of Salmonella flagellar filaments in buffer solutions with 

different ionic strength. 

Ionic strength I (M) Concentration of Mg2+ cMg2+ (M) Young’s modulus E (MPa) 

0.1 0.01 7.2 ± 0.8 

0.5 0.01 13.0 ± 1.8 

1.0 0.01 18.6 ± 4.5 

 

Salmonella flagellar filaments were deposited on mica surface in buffer solutions (cPBS = 0.01 

M, pH 7.0, pH adjusted using HCl or NaOH, I adjusted using NaCl). The Young’s modulus E 

was obtained using adhesive interaction method explained in previous section. 

 

Table 5-3 Summary of Young’s modulus E of Salmonella flagellar filaments in different 

buffer solutions. 

Ionic strength I (M) Concentration of Mg2+ cMg2+ (M) Young’s modulus E (MPa) 

0.1 0.01 7.2 ± 0.8 

0.5 0.01 13.0 ± 1.8 

0.5 0.05 12.0 ± 2.6 

0.5 0.1 13.5 ± 2.2 

1.0 0.01 18.6 ± 4.5 

1.0 0.2 20.5 ± 5.3 

 

Salmonella flagellar filaments were deposited on mica surface in buffer solutions (cPBS = 0.01 

M, pH 7.0, pH adjusted using HCl or NaOH, I adjusted using NaCl). The Young’s modulus E 

was obtained using adhesive interaction method explained in previous section. 

 
126 



Chapter 5 Adhesive Interaction Method 

All the experimental results of Young’s modulus E of Salmonella flagellar 

filaments obtained using adhesive interaction method were summed up and 

displayed in Table 5-3. Young’s modulus E was plotted against the ionic strength I 

of the buffer solutions (Figure 5-6). 
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Figure 5-6 Young’s modulus E of Salmonella flagellar filaments versus the ionic strength I of 

buffer solutions. Salmonella flagellar filaments were on mica surface in buffer solutions (cPBS 

= 0.01 M, pH 7.0, pH was adjusted using HCl or NaOH, I was adjusted using NaCl). Data is 

from Table 5-3. The error bars are not shown for clarity. 

 

As explained in section 3.1, Mg2+ acts as a bridge between Salmonella flagellar 

filaments and the mica surface in pH 7.0 buffer solution to immobilise the 

filaments onto the substrate. Using the adhesive interaction method, the 

concentration of Mg2+ (from 0.01M to 0.2M) in buffer solutions was found not to 

have an effect on the elasticity of Salmonella flagellar filaments. However, when 

the ionic strength of the buffer solutions (regulated by NaCl) increased, the 
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Young’s modulus of Salmonella flagellar filaments increased. In other words, the 

higher the ionic strength of the buffer is, the harder Salmonella flagellar filaments 

appeared to become (Adami et al. 1999; Srigiriraju et al. 2005). This discovery 

showed the potential of flagellar filaments as smart materials. The alteration of 

elasticity of flagellar filaments can be easily controlled by modifying the ionic 

strength of the fluidic environment they are in.  

One systematic error of the resulting Young’s modulus from this adhesive 

interaction method is caused by the determination of the tip radius R. As 

explained in section 5.1.2, the tip radius R was obtained by using the blind 

reconstruction method provided by SPIP software (Villarrubia 1997; Williams et 

al. 1996). However, only the radius of the “worst case tip” can be obtained by this 

method. This “worst case tip” is the tip that is able to scan all parts of the surface 

with its apex, but the tip might be sharper in reality. This brought a possible error 

on the Young’s modulus obtained using Equation 5-14. If the tip in reality is 10% 

sharper, the value of the Young’s modulus would be 5% greater than calculated. 

In order to apply the adhesive interaction method to Salmonella flagellar 

filaments in buffer solutions without Mg2+, the force-versus-indentation curves in 

these solutions were obtained. However, the force-versus-indentation curves in 

buffer solutions without Mg2+ did not show an adhesive part, instead, they had 

plateaux.  
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5.3 Investigating the Interaction between Salmonella Flagellar 

Filaments and Mica Substrates in Electrolyte Environments 

As presented in section 3.1, the AFM tapping mode images of Salmonella 

flagellar filaments on mica in pH 7.0 buffer solution containing Mg2+ were 

obtained. If Mg2+ was not present, the Salmonella flagellar filaments could not be 

immobilised onto the mica surface and allow scanning of AFM tip. However, the 

force curves of Salmonella flagellar filaments could be obtained within this 

environment. Unlike the force curves of Salmonella flagellar filaments on mica in 

pH 7.0 solution with Mg2+, there were visible plateaux in those force curves. The 

force-versus-indention curves collected had either one or two plateaux (e.g. the 

force curve in Figure 5-7 has two plateaux). Force curve consisting more than two 

plateaux was not found during my experiments. A typical force-versus-indentation 

curve of Salmonella flagellar filaments on mica in pH 7.0 buffer without Mg2+ is 

shown in Figure 5-7.  

There are two visible plateaux in the force-versus-indentation curve in Figure 

5-7. The heights of the plateaux most likely reflect the constant equilibrium 

desorption forces resulting from the process of peeling off one or more individual 

filaments from the surface with the AFM tip (Friedsam et al. 2004). In this 

particular sample (Figure 5-7), the heights of the two plateaux are F1 = 0.11 nN 

and F2 = 0.21 nN. These two values are the average of the heights of all the 

experimental points of each plateau respectively. The more negative end (the end 

on the direction of retracting the tip from the surface) of each plateau could 

represent the rupture of the filament from the mica surface or from the AFM tip. 

The lengths of plateaux, which will be referred as desorption lengths in this 
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section, correspond to partial or full lengths of the desorbed filaments. In this 

particular sample (Figure 5-7), the lengths are l1 = 151 nm, l2 = 183 nm. 

 

 

Figure 5-7 A force-versus-indentation retracting curve of Salmonella flagellar filaments on 

mica surface in pH 7.0 buffer (cPBS = 0.01 M) without Mg2+. A silicon nitride tip was used. 

There are two visible plateaux with heights F1 = 0.11 nN and F2 = 0.21 nN and length l1 = 

151 nm and l2 = 183 nm. 

 

In order to do batch analysis of the plateaux, I developed a programme 

“Stepfinder” written in Visual Basic for Application (VBA) language for 

Microsoft Excel. The stepfinder programme reads the X-Y coordinates of force-

versus-indentation curves and calculates the central difference of the function P = 

f(δ) (where P is the force and δ is the indentation) (Abramowitz and Stegun 1972). 

The central difference is then plotted against the indentation δ. The peaks on the 

central difference curve correspond to the starting and ending points of the 

plateaux on the force-versus-indentation curve. Using the points between the 
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starting and ending points of the plateaux, the average of the forces and the 

lengths of the plateaux can be obtained. All the experimental points between the 

starting and ending points of a plateau were used to calculate the average 

desorption force and the desorption length. This programme considerably 

accelerated the speed of the data process. The following histogram of the 

desorption forces was obtained (Figure 5-8).  

 

 

Figure 5-8 Histogram of desorption forces of Salmonella flagellar filaments from mica 

surface in pH 7.0 buffer without Mg2+. Two peaks on this histogram are F1 = 0.11 ± 0.1 nN 

and F2 = 0.20 ± 0.1 nN (N = 344). 

 

As shown in Figure 5-8, there are two peaks on the histogram of desorption 

forces (F1 and F2). By fitting Gaussian distributions to the two peaks separately, 

F1 = 0.11 ± 0.1 nN and F2 = 0.20 ± 0.1 nN were obtained. The peaks on the 

histogram of desorption force reflect the force required to peel off one or more 

flagellar filaments from the mica surface (Friedsam et al. 2004). The F1 and F2 on 
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the histogram correspond to the F1 and F2 plateaux on the force-versus-

indentation curve (Figure 5-7). Considering F2 is approximately two times of F1, if 

F1 is the force required to peel off a single flagellar filament from the mica surface, 

F2 could be the force required to peel off two flagellar filaments from the mica 

surface at the same time. 

The desorption length of Salmonella flagellar filaments on mica surface in pH 

7.0 buffer without Mg2+ was found to be from 4 nm to 197 nm. This value range is 

lower than the value range of the length of Salmonella flagellar filaments obtained 

by AFM imaging 1.0 to 3.0 µm (see section 3.1). One way to explain this 

difference could be that the desorption length of the filament is only part of a 

whole filament. In other words, the picking up and peeling off process by AFM 

tip were only applied to part of the filament. The reason why this happened is 

most likely that the AFM tip picked up a filament from the middle of the filament 

instead of from the end, or the rupture of the filament from the AFM tip could 

happen before the full length of filament had peeled off the surface. 

This experiment showed that the adhesive interaction method requires the 

filaments to be immobilised onto the substrate surface. In pH 7.0 buffer, with 

Mg2+, Salmonella flagellar filaments could be immobilised onto mica surface and 

the adhesive interaction method could be applied to obtain the elasticity (see 

previous section 5.2). However, without Mg2+, in pH 7.0 buffer, Salmonella 

flagellar filaments would be picked up and peeled off the mica surface by AFM 

tip. This peeling off experiment could be utilised to access the desorption forces 

between the protein nanotubes and different substrate surfaces, which could 

provide the information of manipulating protein nanotubes individually. 
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5.4 Conclusion 

If a protein nanotube is properly immobilised onto a substrate surface, when an 

AFM tip retracts from the surface of the soft protein nanotube, the tip can pull up 

and deform the sample because of the adhesive force. This deformation of the 

protein nanotube is related to its elasticity. In this chapter, the JKR (Johnson, 

Kendall and Roberts 1971) model has been applied to obtain the elastic 

information of Salmonella flagellar filaments, and the effect of the ionic strength 

on the elasticity of Salmonella flagellar filaments investigated.  

The Young’s modulus of Salmonella flagellar filaments was found to be from 

7.2 MPa to 21.5 MPa. The concentration of Mg2+ (from 0.01 M to 0.2 M) in 

buffer solutions was found not to have effect on the elasticity of Salmonella 

flagellar filaments. However, when the ionic strength of the buffer solutions 

increased, the Young’s modulus of Salmonella flagellar filaments increased. 

The adhesive interaction method requires the protein nanotubes to be 

immobilised onto the substrate surface. Without Mg2+, in pH 7.0 buffer, 

Salmonella flagellar filaments could be picked up and peeled off the mica surface 

by AFM tip with a desorption force of 0.11 nN. 
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Chapter 6 Using the Bending Beam Model 

to Estimate the Elasticity of Protein 

Nanotubes 

 

If a protein nanotube can be placed over a cavity of the substrate, a suspended 

beam configuration is produced at the nanoscale. The beam will have different 

degrees of bending with different loading forces acting on it, related to its elastic 

properties. By using an AFM probe to apply loading forces on a protein nanotube, 

its elastic properties can therefore be obtained. In this chapter, the bending beam 

model is explained and then applied to protein nanotubes for this type of analysis. 

 

6.1 Theory 

6.1.1 Deformation of a Fixed-End Bending Beam 

As explained in Gere’s book “Mechanics of Materials” (1991) for the case of a 

concentrated load acting at the midpoint of a suspended fixed-end beam, using a 

unit-load method, the deflections at the midpoint of the beam when considering 

the effects of both bending moments and shear forces is as follows: 

GAFLfEIFL S

SB

4/192/3 +=

+= δδδ
 

Equation 6-1 
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where δ is the deflection, δB is the deflection due to bending, δS is the deflection 

due to shearing; E is the Young’s modulus, G is the shear modulus; F is the 

loading force; L is the suspended length; fs is a cross-sectional property called the 

form factor for shear, which is a dimensionless quantity that can be evaluated for 

each particular shape of beam (fS = 10/9 for a cylindrical beam); A is the cross-

sectional area of the fibril; I is the moment of inertia of area A (I = πD4/64 for a 

filled circular area with diameter D, I = π(Do
4 – Di

4)/64 for a tubular circular area 

with outer diameter Do and inner diameter Di). 

We define Ebending as the bending modulus that corresponds to the Young 

modulus that would be deduced if shear deformations were neglected: 

IEFL

GAFLfEIFL

bending

S
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4/192/
3

3

=

+=

+= δδδ

 

Equation 6-2 

From Equation 6-2, there is: 

)/1)(/48(/1/1 2LGAIfEE Sbending +=  

Equation 6-3 

For a beam with several different suspended lengths, the Young’s modulus can 

be obtained from the intercept of the plot of 1/Ebending versus 1/L2 and the shear 

modulus can be obtained from the gradient. 

6.1.2 Applying the Bending Beam Model to Nanotubes 

If a protein nanotube can be placed over a cavity of the substrate, a suspended 

beam configuration at the nanoscale is produced (Figure 6-1). Assuming the two 

ends are clamped, the elastic deformation in the middle of the suspended part of 
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the fibril resulting from a concentrated load can be expressed as Equation 6-1 

(Salvetat et al. 1999; Kis et al. 2002; Niu et al. 2007). 

 

 

Figure 6-1 Schematic of the suspended beam configuration produced by a protein nanotube 

lying over a cavity on the substrate. The AFM is used to apply a loading force to the protein 

nanotube and to determine directly the resulting deflection (figure adapted from Niu et al. 

2007). 

 

The deflection δ, the suspended length L and the second moment I can be 

obtained from the profiles of the AFM images of the protein nanotubes. F is the 

AFM loading force on the nanotube, which is considered as a concentrated force 

midway along the suspended length of the nanotube. In contact mode AFM 

images, the loading force is equal to the product of the cantilever deflection, the 

deflection sensitivity and the spring constant of the AFM probe (see section 2.1.1.3 

for the details of calculating force). From Equation 6-2, Ebending can be calculated. 

Because Ebending depends on the dimension of the protein nanotube from which it 

is calculated (Equation 6-2), in order to compare the elasticity under different 

experimental conditions by the means of comparing Ebending, the same nanotube 

was used. 
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In order to obtain Young’s modulus E and shear modulus G from Equation 6-3, a 

protein nanotube lying across several holes of the substrate with different 

suspended length L was found. Assuming the geometry of the cross section 

remains the same along the protein nanotube, the Young’s modulus can be 

obtained from the intercept of the plot of 1/Ebending versus 1/L2, and the shear 

modulus from the gradient. 

 

6.2 β2-microglobulin Fibrils Lying over Gaps within the Gold 

Substrate 

An attempt to apply the bending beam model to β2-microglobulin fibrils was 

made. The β2-microglobulin protein solution was incubated at 37ºC for 5 days 

(see section 2.2.3 for the details of sample preparation). The resulting fibrils 

(Figure 6-2) were found to have an average height of 5.8 ± 0.8 nm and lengths 

from ~200 nm up to ~4 μm (N = 100). Some fibrils with clear periodicity were 

observed (Figure 6-2) (detailed morphology studies of β2-microglobulin fibrils by 

AFM can be found in Kad et al. 2003 and Gosal et al. 2005).  
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Figure 6-2 AFM height image of β2-microglobulin fibrils after 5 days of incubation. The Z-

range is 21.6 nm. 

 

 

Figure 6-3 AFM image of β2-microglobulin fibrils obtained in water on gold surfaces. The 

image on the left is a tapping mode height image. The picture on the right is a 3D 

representation (generated by SPIP software; see section 2.1.3) of the fibril in the centre of the 

left image indicated by the white dot-line rectangle. 
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The gold substrate obtained using evaporation gold coater (see section 2.2.5) has 

atomically flat islands (typically 0.2 μm to 1.0 μm in width), separated by gaps 

~30 nm to ~150 nm in width. If a β2-microglobulin fibril can be placed over a gap 

of gold substrate, a suspended beam configuration is produced. However, in order 

to obtain the value of the loading force (see section 6.1), AFM contact mode 

images of β2-microglobulin fibrils needed to be obtained. Contact mode AFM 

imaging applies higher lateral forces on a sample than tapping mode (see section 

2.1.1.2). A β2-microglobulin fibril lying over a gap on a gold surface (Figure 6-3) 

was imaged in tapping mode. When switched to contact mode (in order to 

calculate the forces applied, for the bending beam model), the fibril broke over the 

gap. No contact mode images of β2-microglobulin fibrils lying over gaps were 

obtained throughout these studies. 

An attempt to apply the bending beam model to Salmonella flagellar filaments 

was also made and the similar situation as for β2-microglobulin fibrils was found: 

both Salmonella filaments and lysozyme fibrils did not survive the imaging 

process i.e. they broke over the gaps of gold substrate, most likely due to the force 

applied by the AFM tip during contact mode imaging.  

6.3 Elasticity of diphenylalanine Fibrils 

The bending beam model was successfully applied to AFM images of 

diphenylalanine nanotubes (FF nanotubes) suspended across cavities. A 

micropatterned silicon substrate (with holes of 5 µm × 5 µm and 200 nm deep) 

(see section 2.2.5) was used to provide cavities for the suspended beam 

configuration (Gere 1991). 
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To prepare samples an aliquot of 10 μL of fresh FF nanotubes sample solution 

(see section 2.2 for the details of sample preparation) was dropped onto a UV 

cleaned micropatterned silicon substrate and subsequently dried under a gentle 

flow of nitrogen. This protocol produced fibrils which were found to occasionally 

lie over the holes of the substrate.  

6.3.1 Elasticity of FF Nanotubes at Room Temperature 

What is a “good” deflection? 

From Equation 6-2, with the same loading force F and the suspended length L, 

the deflection δ increases with the decrease of the diameter D of the cross section 

of the fibril. The range of the loading force in AFM experiments can vary from 

nN to µN in an ambient atmosphere (Seo and Jhe 2008). The micropatterned 

silicon substrate employed had square shaped holes of 5 µm × 5 µm, which meant 

that the suspended length was up to 7 µm (the length of the diagonals of the holes). 

The deflection was up to the depth of the holes of the substrate, which was 200 

nm. In practice, FF nanotubes with the cross section of around 150-200 nm in 

diameter were found to provide good bending beam configurations.  

Examples of FF nanotubes lying over holes of the silicon grid with different 

deflections are displayed in Figure 6-4 (details of AFM analysis see section 2.1.2). 

The deflection of the fibril is the vertical difference between the middle of the 

suspended part and the part of the nanotube lying on the silicon substrate before or 

after the hole. The two points taken to measure the deflection theoretically also 

need to be on the centre of the cross section of the fibril (Figure 6-4 (i)) (Gere 

1991).  
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Figure 6-4 Examples of FF nanotubes lying over holes of the silicon substrate with different  

deflections. (i) A schematic showing a fibril lying over a hole. The depth of the hole is 200 

nm. The red broken line indicates where the profiles in (ii) are. (ii) (a) A FF nanotube over a 

hole with negligible deflection. The profile on the right shows that the vertical difference 

along the fibril was ~10 nm. (b) A FF nanotube touching the bottom of the hole of the 

substrate. The profile on the right shows the deflection was ~200 nm. However, ~2 μm (from 

~4 μm to ~6 μm on the x axis) of the fibril seems horizontal, which indicates that it is most 

likely touching the bottom of the hole. (c) A FF nanotube over a hole with a “good” deflection. 

The profile on the right shows the deflection was 160 nm. The size of each image in (ii) is 10 

µm × 10 µm. The Z-range of each image in (ii) is 1.035 μm, 1.137 μm and 966.5 nm, 

respectively. 
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However, the profiles obtained from AFM height images only show the heights 

of the upper surface of the sample. Therefore, assuming the geometry of the cross 

section remains the same along the fibril, the surface profiles on the top along the 

fibril (Figure 6-4 (i), indicated by red dot-line) also represent the profiles along the 

centre of the fibril. A FF nanotube over a hole with negligible deflection, a FF 

nanotube touching the bottom of the hole of the substrate and a FF nanotube over 

a hole with a “good” deflection are shown in Figure 6-4 (ii). 

Is the deflection reversible? 

In order to verify that the deflection of the suspended parts of the fibrils was 

reversible, the following experiment was performed. For example, a fibril of 155 

nm in diameter lying over a hole with suspended length 3.88 µm was imaged. The 

loading force was increased and then decreased back to approximately the original 

value. The parameters and results are shown in Table 6-1. It can be seen that for 

this filament the deflection was reversible and increased with increasing loading 

force.  

 

Table 6-1 The reversible indentation of a FF nanotube over a hole under the loading force of 

AFM tip. 

Loading force F (nN) Indention δ (nm) Ebending (GPa) 

21.5 155 1.53 

22.6 164 1.52 

24.7 177 1.54 

26.8 190 1.55 

21.9 162 1.49 
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A fibril of 155 nm in diameter lying over a hole with suspended length 3.88 um 

was imaged. The loading force was increased from 21.5 nN to 26.8 nN and then 

decreased back to 21.9 nN. The indentation was increased with the loading force 

from 155 nm to 190 nm and then be no more than 200 nm (which is the depth of 

the holes of the silicon substrate). If the loading force exceeded this limit, the 

fibril would probably be touching and sticking to the bottom of the hole and 

therefore the indentation might not be reversible any more. In this particular 

sample above (Table 6-1), the loading force could not exceed 27.7 nN. 

As stated in section 6.1, from the profile of a fibril over a hole with “good” 

deflection, the Ebending could be calculated. In order to calculate E and G, a fibril 

lying across several holes with at least three different suspended lengths was 

however needed (Salvetat et al. 1999; Kis et al. 2002), which was particularly 

difficult to obtain.  

Obtaining E and G 

An example of a fibril lying across five holes of the silicon grid is displayed in 

Figure 6-5. As can be observed, the fibril has different suspended lengths over 

each hole. For this fibril, its length also exceeds the maximum scan size.  

Using the height determined from the profile of the cross section as the diameter 

D, Ebending was obtained from Equation 6-2. The graph of 1/Ebending against 1/L2 for 

this fibril is displayed in Figure 6-6. From Equation 6-3, assuming the geometry of 

the cross section was constant, the Young’s modulus E was determined as 27 ± 4 

GPa and the shear modulus G as 0.21 ± 0.03 GPa (Niu et al. 2007). 
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Figure 6-5 AFM images of a single FF nanotube on a silicon grid. One fibril lying across five 

holes of silicon grid, consequently with different suspended lengths L. The diameter of the 

fibril was 236 nm and the loading force was 86.7 nN. The size of each image is 10 µm × 10 

µm and the Z-range is 704 nm (figure adapted from Niu et al. 2007). 
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Figure 6-6 The graph of 1/Ebending against 1/L2 of the fibril in Figure 6-5. The error bars of 

the three left points are within the marker size. 

 

From direct force measurement (indentation experiments) in a previous AFM 

study, the Young’s modulus of FF nanotubes was determined to be 19 GPa (Kol 

et al. 2005). The result obtained using bending beam model therefore agreed with 

the result from direct force measurement. The difficulty of using direct force 

measurements however, is the need to align the AFM tip on the middle of a single 
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fibril. The bending beam model avoids this serious difficulty and also allows the 

shear modulus to be obtained. 

The result showed that G is only ~1-3% of E. For ordinary materials which are 

homogeneous and linearly elastic, G is typically 0.3 to 0.5 times of E (Gere 1991). 

The low G/E ratio therefore suggests that FF nanotubes are anisotropic materials 

and the FF peptides are more strongly bound in the longitudinal direction than the 

axial direction. In FF nanotubes, there are hydrogen bonds and aromatic stacking 

interactions between the individual FF peptides. It is highly possible that 

hydrogen bonds contribute more in the longitudinal direction while aromatic 

stacking interactions contribute more in the axial direction (Görbitz 2006). 

Determination of D effects the resulting E and G 

For the bending beam model, the boundary conditions are critical. The fibrils 

studied were usually several times longer than the size of the holes of the silicon 

grid; the position of the fibrils remained the same through AFM operation, so we 

could assume a fibril suspended on a hole was clamped at the two ends. The main 

source of experimental error therefore comes from the determination of diameter 

D, because the bending modulus Ebending is related to the fourth power of D (see 

section 6.1.1). If the cross section of the fibril is a filled circular area, using the 

height determined from the profile of the cross section as the diameter D, the 

Young’s modulus E is 27 ± 4 GPa and the shear modulus G is 0.21 ± 0.03 GPa. 

Using the width at the half height as diameter D (see section 2.1.3), E is 3.6 ± 0.6 

GPa and G is 0.08 ± 0.01 GPa. However, the FF nanotubes are actually hollow 

tubes (Reches and Gazit 2003; Song et al. 2004; also see section 1.3.3), but the 

inner diameter could not be obtained from AFM imaging. If the cross section of 
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the fibril is a hollow circular area, assuming the inner diameter Di is 70% of the 

outer diameter Do (Song et al. 2004), using the width at the half height as outer 

diameter Do, the resulting E is 4.7 ± 0.7 GPa and G is 0.15 ± 0.02 GPa, which 

does not change the order of magnitude. 

If as stated in Kol’s paper (2005), the diameter of the cross section (from ~150 

nm to ~300 nm) does not have effect on the Young’s modulus of FF nanotubes, 

the Young’s modulus obtained from any single one of FF nanotubes using this 

bending beam method represents the Young’s modulus of all the FF nanotubes. 

However, as described in section 4.4, this conclusion could not be drawn before 

all diameters (from under 150 nm to more than 300 nm) have been investigated. 

The bending beam method has the potential to be used to investigate the 

relationship between the diameter of the cross section and the Young’s modulus, 

provided substrates with different sizes and/or depths of cavities are to be used.  

6.3.2 Effect of Temperature on the Elasticity of FF 

For temperature studies, samples were placed onto the stage of EnviroScope 

AFM (Digital Instruments) and initially imaged at room temperature. The 

temperature was then increased from 30 ºC to 130 ºC with increments of 10 ºC. 

Following each temperature increase the system was allowed to equilibrate for 5 

minutes before imaging commenced (see section 2.1.2 for the details). 

A sequence of images of the same two fibrils from room temperature (24 ºC) to 

130 ºC is displayed (Figure 6-7 (i)). There was no visible change on the 

morphology of the fibrils at temperatures up to 100 ºC. Higher temperatures 

caused the fibrils to begin to loose their structural integrity (Sedman et al. 2006; 

Kol et al. 2005). The three lines on Figure 6-7 (ii) show the value of Ebending for the 
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three holes (a, b, c) correspondingly of the left fibril on Figure 6-7 (i) at 

temperatures from 24 ºC to 100 ºC. The value of Ebending gradually decreased 

~30% over this temperature range. 

 

(i) 
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(ii) 

Figure 6-7 AFM images of FF nanotubes at different temperatures. (i) A sequence of images 

of the same two fibrils at the temperature from 24 to 130 °C. The size of each image is 30 μm 

(height) × 10 μm (width). The Z-range of all the images in (i) is 1.18 ± 0.08 μm. Three lines 

on (ii) show the Ebending at three holes (a, b, c) corresponding to the left fibril on (i) at 

temperature from 24 to 100 °C (Niu et al. 2007). 
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A previous high-resolution scanning election microscope (HRSEM) study 

showed that the FF nanotubes kept the same morphology at temperatures up to 

150 ºC (Adler-Abramovich et al. 2006). In previous AFM study however, Sedman 

and co-workers (2006) showed that during in situ heating experiments FF 

nanotubes kept their wall integrity at temperatures up to 100 °C. On increasing the 

temperature further to 150 °C, the nanotubes lost spatial volume. They suggested 

that this was possibly because of the loss of water from the FF nanotubes, and that 

the elevated temperature made the nanotubes more deformable as they became 

distorted by the AFM probe as part of the imaging process. Time-of-flight 

secondary ion mass spectrometry (ToF-SIMS) analysis suggested that at 

temperatures at and above 150 °C, the loss in mass and apparent degradation in 

the nanotubes morphology is due to the loss of phenylalanine (Sedman et al. 

2006).  

The present study showed that the value of Ebending gradually decreased ~30% at 

temperature from 24 ºC to 100 ºC. A possible reason could be that the increase in 

temperature increases the movement of FF peptides within the FF nanotube, 

which decreases the strength of the interactions between them. This, in-turn 

results in a decrease in E and G, also Ebending. However, since the decrease of 

Ebending was only ~30% at temperature from 24 ºC to 100 ºC, without changing the 

order of magnitude, the conclusion could be drawn that the elasticity as well as 

morphology of FF nanotubes remained stable (on the experimental time scale) as 

the temperature was increased from room temperature (24 ºC) up to 100 ºC. This 

is consistent with the previous studies (Adler-Abramovich et al. 2006; Sedman et 

al. 2006). 
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6.3.3 Effect of Humidity on the Elasticity of FF Nanotubes 

In a similar manner to the temperature studies described in section 6.3.2, a study 

of the relation between the elasticity of FF nanotubes and humidity was carried 

out. The relative humidity was first decreased to near 0, and then increased to 

70% in increments of 10%. Following each humidity increase the system was 

allowed to equilibrate for 5 minutes (details see section 2.1.2). 

A sequence of images of the same fibril lying across a hole at humidities from 0 

to 70% RH is displayed (Figure 6-8 (i)). The Ebending of three different fibrils in 

three different humidity experiments is also displayed (Figure 6-8 (ii)). There was 

no visible change in morphology of the fibrils from 0 to 70% RH. Nor was there 

an obvious relation between the Ebending and the relative humidity. For each fibril, 

the maximum difference of the Ebending at different relative humidity was less than 

50%. 
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(i) 
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(ii) 

Figure 6-8 AFM images of FF nanotubes at different relative humidities. (i) A sequence of 

images of a same fibril lying across a hole at relative humidities from 0% to 70%. The size of 

each image is 10 μm × 10 μm. The Z-range of all the images in (i) is 1.07 ± 0.02 μm. (ii) 

Ebending of three different fibrils in three different humidity experiments (Niu et al. 2007). 
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6.4 Conclusion 

A suspended beam configuration at the nanoscale can be produced when a 

protein nanotube is placed over a cavity within an underlying substrate. The 

elastic deformation of the suspended part of this nanoscale beam depends on the 

dimension of this beam, the suspended length, the loading force on the beam and 

also the elasticity of this beam (Gere 1991). When imaging a protein nanotube 

over a cavity using AFM in contact mode, the AFM probe applies a certain 

loading force on the nanotube; at the same time information on the dimension of 

the nanotube and the suspended length can be obtained from AFM images. 

Therefore, the elasticity of the protein nanotube can be obtained (Salvetat et al. 

1999; Kis et al. 2002; Niu et al. 2007). In this chapter, the work of applying 

bending beam model to FF nanotubes has been presented.  

Using bending beam model, the Young’s modulus 27 ± 4 GPa and the shear 

modulus 0.21 ± 0.03 GPa of FF fibrils were obtained. It has also been shown that 

FF nanotubes retained their rigidity at temperatures from room temperature up to 

100 ºC, and also relative humidities from 0 to 70%. This study has therefore 

provided a better understanding of the structure and properties of FF nanotubes. If 

FF nanotubes are to be used as biomaterials, such as scaffolds for metal wires and 

nanoelectromechanics (see section 1.3.3.3 for the applications of FF nanotubes), 

the knowledge of how their elastic properties vary with simple parameters such as 

temperature and humidity is essential. 

For the type of investigation performed within this chapter, the bending beam 

method avoids difficulties with aligning the AFM tip on the middle of a single 
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nanotube, as is needed in direct force measurement (Kol et al. 2005). It also 

allows the shear modulus to be obtained along with the Young’s modulus. The 

bending beam method also can provide a way to study the relation between the 

elasticity and the dimension of the nanotubes, as well as the environmental 

conditions (such as temperature, humidity and solution). However, the bending 

beam method is only suitable for protein nanotubes with relatively high Young’s 

modulus.  

Salvetat and co-workers (1995) applied bending beam model to single-walled 

carbon nanotube and obtained the Young’s modulus ~1 TPa; Kis (2002), Kasas 

(2004) and co-workers applied the bending beam model to microtubules and 

suggested that the Young’s modulus was ~2 GPa, with a lower limit of 100 MPa.  

The Young’s modulus of FF fibrils obtained in the presented study was 27 GPa. 

Neither the attempt to apply bending beam model to β2-microglobulin fibrils nor 

to Salmonella flagellar filaments was successful. These protein nanotubes broke 

over the cavities of gold substrate under the forces associated with sample 

preparation and/or applied by the AFM tip during imaging. From other elasticity 

studies presented in the previous chapters (chapter 4 and 5) and in the literature 

(Trachtenberg and Hammel 1992; Gosal et al. 2005), these protein nanotubes 

have the Young’s modulus on the order of 101 to 102 MPa. From all these 

available data, it seems that the lower limit of the Young’s modulus of nanotubes 

or fibrils that the bending beam model can be applied to is on the order of 1 GPa. 
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Chapter 7 Final Conclusions: AFM is a 

Powerful Tool for Investigating the Properties 

of Protein Nanotubes 

 

Protein nanotubes have a wide range of potential applications in biotechnology 

(see section 1.2.3, 1.3.2 and 1.3.3.3). A comprehensive understanding of their 

properties has therefore become a prerequisite for their use in rational materials 

design. In this thesis, a range of protein nanotubes have been investigated by 

AFM as examples to develop methods of obtaining the structural and mechanical 

information of protein nanotubes. In this final chapter, the methods presented in 

previous chapters will be compared, in addition to a summary of the protein 

nanotube property data obtained.  

 

7.1 AFM Methods of Investigating Protein Nanotubes 

AFM is capable of visualizing and monitoring dynamic processes. Not only 

could the change in morphology of protein nanotubes be visualized, but also 

changes in their mechanical properties were monitored as dynamic processes. For 

example, changes in the morphology (see section 3.2) and flexibility (see section 

4.3) of lysozyme fibrils during fibrillization were investigated. As another 

example, the morphologies and the elasticities of FF nanotubes were monitored as 

temperatures were increased from room temperature to 100 ºC (see section 6.3.2). 
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Chapters 4 to 6 describe a range of different methods to obtain the mechanical 

properties of protein nanotubes. Historically, the indentation method has been 

used to obtain the elastic properties of samples using AFM. The indentation 

method is based on pressing the AFM probe into the nanotube sample surface, and 

the contact region of the resulting force-versus-distance curves used to provide 

quantitative information on its elastic properties. However, this method was not 

suitable for most of the protein nanotubes analysed within this thesis. For instance, 

the diameters of the protein nanotubes investigated in this thesis were typically in 

the range of 5-200 nm. Commonly used silicon nitride AFM probes have a 

nominal tip radius of 20 nm (manufacturer’s data; Veeco Probes, Camarillo, CA, 

USA; also see section 2.1.2). Practically it was therefore difficult to accurately 

locate the tip onto the centre of a protein nanotube. Even if possible, a small 

uncertainty in location can result in a significant error in calculating the elasticity 

of the protein nanotubes (Sun et al. 2004). In addition, since the protein nanotubes 

are soft and thin, the underlying substrate modulus may interfere with the force-

versus-distance curves, therefore interfere with the resulting elasticity of the 

sample obtained by indentation method. Active indentation into the protein 

nanotubes may also break the stress-strain linearity of the protein nanotubes. 

Therefore, alternative AFM methods needed to be developed/utilized to obtain the 

mechanical properties of protein nanotubes under investigation within this thesis.  

The persistence length method, adhesive interaction method and bending beam 

method were described and utilized within chapters 4-6. All of these methods had 

the ability to investigate relationships between the elastic properties of protein 

nanotubes and other factors, such as the solution environment (section 4.2 and 5.2), 
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substrate (section 4.2), temperature (section 6.3.2) and humidity (section 6.3.3). 

However, each method was found only to be suitable for protein nanotubes with 

elasticities within a certain range. For example, the bending beam method was 

found to be suitable for protein nanotubes with Young’s moduli above 1GPa. The 

persistence length method was found to be suitable for protein nanotubes with 

Young’s moduli on the order of 101 to 102 MPa. Although, theoretically the 

adhesive interaction method was suitable for protein nanotubes with a wider range 

of Young’s moduli, it required the protein nanotubes to be immobilised onto the 

substrate surface in liquid.  

7.2 The Mechanical Properties of Protein Nanotubes 

The protein nanotubes investigated by AFM in this thesis included Salmonella 

flagellar filaments, lysozyme fibrils and FF nanotubes. Salmonella flagellar 

filaments were found to have a Young’s modulus of 22 ± 4 MPa (from the 

persistence length method) or from 7.2 MPa to 20.5 MPa (from the adhesive 

interaction method). Lysozyme fibrils of different assembly levels were found to 

have an average Young’s modulus 3.3 GPa (from persistence length method). FF 

nanotubes were found to have a Young’s modulus 27 ± 4 GPa (from the bending 

beam method).  

The Young’s modulus of a range of materials (Alonso and Goldmann 2003) is 

shown in Figure 7-1. Putting the presented results in this thesis onto this Young’s 

modulus scale (shown by blue arrows in Figure 7-1), provides us better idea when 

it comes to rational materials design. All of the investigated protein nanotube 

structures had Young’s moduli lying between that of gelatin and bone (Figure 7-1). 

This strongly highlights their potential, in terms of mechanical properties, for a 
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range of applications including drug-delivery systems, tissue-engineering 

scaffolds, 3D cell culture and templating.  (see section 1.2.3, 1.3.2 and 1.3.3.3). 

 

Flagellar
filaments

Lysozyme
fibrils FF 

nanotubes
Flagellar
filaments

Lysozyme
fibrils FF 

nanotubes

 

Figure 7-1 Young’s modulus of different materials. The diagram shows a spectrum from very 

hard to very soft materials: steel > bone > collagen > protein crystals > gelatin > rubber > 

cells (figure adapted from Alonso and Goldmann 2003). 

 

7.3 Future Directions 

As summarised in section 7.2, the mechanical properties of three different 

protein nanotubes have been putting onto the Yong’s modulus scale of materials. 

In future, if a database of mechanical properties of protein nanotubes could be 

built up using the AFM methods developed and utilized within this thesis, the 

development of the applications of protein nanotubes will be well accelerated, as 

the right protein nanotubes will be utilized for the right applications. 
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As accessories of the main aim of this thesis, which has been summarised in 

section 7.1 and 7.2, some of the results also inspired other directions of study. For 

instance, the circular structure of lysozyme fibrils were observed at the later stage 

of fibrillization (see section 3.2.4) without the need of high hydrostatic pressure 

nor the addition of organic solvents (Jasen 2004; Grudzielanek et al. 2005). 

Further and more in depth investigation into this matter may provide better 

understanding on the fibrillization mechanism of amyloid fibrils, which may be 

useful for understanding the amyloid related diseases and manipulating 

fibrillization for applications. 
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