
Chapter 4 Persistence Length Study 

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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  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.  

 

 
100 



Chapter 4 Persistence Length Study 

 

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. 
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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. 

( )tip sample

4
3

K
k kπ

=
+

 

Equation 5-3 

tip sample

tip sample

R R
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R R
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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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Equation 5-5 
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Equation 5-6 

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: 

2
3 12

=0
6

P
Ra
K

π γ
=  

Equation 5-8 

2
=0

=0 3
P

P
a

R
δ =  

Equation 5-9 

At point δ = 0, Equation 5-1 and Equation 5-2 become: 
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( )
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Kδ δ δπ γ π γ π γ
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Equation 5-10 
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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: 

1
2

=0
3

=0

3
2 P

PK
R

δ

δ
⎛ ⎞−

= ⎜ ⎟
⎝ ⎠

 

Equation 5-13 

Bringing Equation 5-13 into Equation 5-7: 

 

1
2

2sample =0
sample 3

=0

3( 1) 3
8 P

P
E

R
δν

δ

− ⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 

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. 

 
124 



Chapter 5 Adhesive Interaction Method 

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. 
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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.  

 
128 



Chapter 5 Adhesive Interaction Method 

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

SB

192/

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. 
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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 

 
151 



Chapter 6 Bending Beam Method 

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). 
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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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