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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 /, 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 0. The projection of the end-to-end vector on the tangent vector is /cosf. The

average of this projection is /<cosf#> (<> 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).

(cos) = e U/P)
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 6 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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(R*) = 4Ps{1 2P e—s/zp)}

s
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).

El =k, TP
Equation 4-3
where E is the Young’s modulus, / is the area moment of inertia of the cross
section of the filament (I = nD"/64, for a circular area with diameter D), kg is the
Boltzmann constant and 7 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 1pmx1um. The filament of interest is the long

filament lying approximately vertically on the middle of this image.
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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).

W, 2V, AV, 2V, I,

I/vl',correc‘,t - 1 0

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 /, and for each set of segment length, the mean cosine

angle <cos 6’> and the persistence length P calculated. The persistence length was

then plotted as a function of contour segment length / (Figure 4-5). A clear
maximum value of persistence length Py was discerned using this method, which

corresponding to the value of the persistence length of the filament.
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XY-coordinates 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 /. At lower [, the
discretization during data processing results in an underestimation of persistence
length. At higher /, 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 /. A peak value of persistence
length Py = 13.6 um in the range /= 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 <R>> 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 <R 2> 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 Sa/monella 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 / = 100 nm to 200 nm. As explained
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above (section 4.1), underestimation of persistence length at lower / 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 Pp =11 + 2 pm.

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 pum.

The distribution of Py 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 um (N = 82).

104



Chapter 4 Persistence Length Study

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 (Ieft)).
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 Sa/monella 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 Py = 13 £ 3 pm and Pr = 0.20 £ 0.05 um. The
persistence length of the Salmonella flagellar filaments imaged on gold in
propanol-water (80:20) mixture were found to be Py =4.1 + 0.4 um and Pr = 0.19
+ 0.04 um.

The average persistence lengths (Pr, Py) 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(um) | 0.46+0.08 | 0.20 +0.05 0.19 £ 0.04
Persistence length

Py (um) 112 13+3 41+04

Pr/ Py 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 (Miicke 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 (Miicke 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 (Py) 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 8 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 um. Using the persistence length obtained on gold in air (13 £ 3 um), the
Young’s modulus of Salmonella flagellar filaments could be estimated (Equation

4-3), which was £ =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+1 242 4+1 4+4
Persistence length
0.42+0.07 16+2 25+3 28+3 290+3 52+4

Py (um)

Young’s molulus
1.3+£0.6 89+10 | 41+08 | 3.1+£09 | 1.5+03 | 1.0£0.1
E (GPa)

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 Py 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 pm (Table
4-2), which was 38 times of the persistence length of the protofilaments (0.42 +
0.07 um) (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 um, only 3 times the persistence length of the
“1+1” fibrils. By bringing the persistence lengths into Equation 4-3, the Young’s
moduli £ 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 “I1+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 “I1+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 pm 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 x 120 umz (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 x 10 pm?
to 50 x 50 um?, 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 Py 22 +£ 2 um. 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 Py is 22 + 2
um. 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

112



Chapter 4 Persistence Length Study

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 um,
lysozyme fibrils of different assembly levels had a persistence lengths from 16 to
52 pm, and thin FF fibrils had a persistence length of 22 pum. 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 @ 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 ¢ of the sample and the contact radius a are

given by Equation 5-1 and Equation 5-2, respectively.

1
. 1
a’ :E{P+37ZR712 +[67TRP712 +(3”R7/12)2}2}

Equation 5-1
Equation 5-2
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where y,; is the interfacial energy, ap-o 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.

4
37(ky, +K

tip sample )

K=

Equation 5-3

R. R

tip” “sample

) Rtip + Rsample

Equation 5-4
where kip and ksample are the elastic constants of the AFM tip and the sample
respectively, and Ry, and Rgmple are the tip radius and the sample radius,

respectively. kip 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.

2

1- Viio
k tip =
E, ,
Equation 5-5
2
k _ 1 - Vsample
sample E

Equation 5-6
where v is the Poisson ratio and Ej, and Egampie 1S 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 = Ry (Rip <<

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:

sample

31-v2 )
=— """ K (Etip >> Esample)

sample — 4

Equation 5-7

For each point on the force-versus-indentation curve, there are three variables:

the contact radius a, interfacial energy y, and Young’s modulus of the sample

Esample. The external load P and the indentation J 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, y and Egmple 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 ¢ = 0 (Figure 5-1 b, point “2”).

At the point P = 0, Equation 5-1 and Equation 5-2 become:

3 :671'R27/12
P=0 %
Equation 5-8
a
5. = 4r=0
0 3R

Equation 5-9

At point 6 = 0, Equation 5-1 and Equation 5-2 become:
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1
R 2 Tn
a_, = E{P&_O +37Ry,, +|:67Z'RP5:0712 +(37Ry,,) }2}

Equation 5-10

Equation 5-11

Combining Equation 5-8 and Equation 5-10, then Equation 5-11:
4
Py =- 3 7Ry,

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:
!
k="ho| 3 T
2 |\ RS,

Bringing Equation 5-13 into Equation 5-7:

Equation 5-13

1
E _ 3(Vszample - 1)P5=0 3 2
sample 8 Rév;:()

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.

Force vs. Zp
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Figure 5-2 A force-versus-displacement approach curve. A silicon nitride tip was used, with
the spring constant k. 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 MgCl, (I = 0.1 M, ¢pgs = 0.01 M, cppep+ = 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). Zpy = -434.7 = 0.1 nm were obtained by the fitting.

The force-versus-displacement approach curve of a silicon nitride tip (k. =
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 Ps—o = 0.69 nN and dp-g = 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 Ps—o = 0.69 nN and dp—9 = 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 £ = 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 £ = 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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E of Salmonella flagellar filaments on mica in buffer
(1 =0.1M, cyg=0.01 M, pH 7.0)

12

10 4

Occurance
(o]
L

4
2 4
0 ,
4 5 6 7 8 9 10 11 12
E (MPa)

Figure 5-4 Histogram of Young’s modulus £ of Salmonella flagellar filaments on mica in
PBS buffer with MgCl, (I = 0.1 M, ¢pgs = 0.01 M, cpg+ = 0.01 M, pH 7.0) obtained using

adhesive interaction method. The mean Young’s modulus £ = 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 MgCl, (/ = 0.1 M, c¢pgs = 0.01 M,
cmg+ = 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 / constant (/ = 0.5 M, cpgs = 0.01 M, pH 7.0), while
changing the concentration of Mg®’, 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 Mg,

Tonic strength / (M) | Concentration of Mg emge+ (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 (cpgs =
0.01 M, pH 7.0, pH adjusted using HCl or NaOH, [ 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 cyg+ of 0.01M, 0.05M and 0.1M. Therefore there was no
obvious relation between E and cmg+ (Table 5-1). However, when the

concentration of Mg®" 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 7/ (M) | Concentration of Mg2+ cmg+ (M) Young’s modulus £ (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 (cpgs = 0.01
M, pH 7.0, pH adjusted using HC1 or NaOH, [/ adjusted using NaCl). The Young’s modulus £

was obtained using adhesive interaction method explained in previous section.

Table 5-3 Summary of Young’s modulus £ of Salmonella flagellar filaments in different

buffer solutions.

Tonic strength / (M) | Concentration of Mg~ cmg+ (M) Young’s modulus £ (MPa)
0.1 0.01 72+0.8
0.5 0.01 13.0+1.8
0.5 0.05 12.0+2.6
0.5 0.1 13.5+22
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 (cpgs = 0.01
M, pH 7.0, pH adjusted using HCI or NaOH, [ adjusted using NaCl). The Young’s modulus £

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 £ was plotted against the ionic strength /

of the buffer solutions (Figure 5-6).

E of Salmonella flagellar filaments vs.
| of buffer solutions
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Figure 5-6 Young’s modulus £ of Salmonella flagellar filaments versus the ionic strength 7 of

buffer solutions. Salmonella flagellar filaments were on mica surface in buffer solutions (cpgs
=0.01 M, pH 7.0, pH was adjusted using HC] or NaOH, [ was adjusted using NaCl). Data is

from Table 5-3. The error bars are not shown for clarity.

As explained in section 3.1, Mg®" 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 Sa/monella 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 Mg*", the force-versus-indentation curves in
these solutions were obtained. However, the force-versus-indentation curves in
buffer solutions without Mg>™ 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 Mg*" were
obtained. If Mg”" 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 Sa/monella flagellar filaments on mica in
pH 7.0 solution with Mg®", 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 Mg*" 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 F; = 0.11 nN
and F> = 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 /; = 151 nm, /, = 183 nm.

F vs. Indentation

Fores [nN)

Figure 5-7 A force-versus-indentation retracting curve of Sa/monella flagellar filaments on
mica surface in pH 7.0 buffer (cpgs = 0.01 M) without Mg2+. A silicon nitride tip was used.
There are two visible plateaux with heights F; = 0.11 nN and F, = 0.21 nN and length /| =

151 nm and /, = 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(0) (where P is the force and ¢ is the indentation) (Abramowitz and Stegun 1972).
The central difference is then plotted against the indentation 6. 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).

Desorption force of Salimonelia flagellar filaments
from mica surface in pH 7.0 buffer
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Figure 5-8 Histogram of desorption forces of Salmonella flagellar filaments from mica
surface in pH 7.0 buffer without Mg®". Two peaks on this histogram are F; = 0.11 + 0.1 nN

and £, =0.20£ 0.1 nN (N = 344).

As shown in Figure 5-8, there are two peaks on the histogram of desorption
forces (F and F,). By fitting Gaussian distributions to the two peaks separately,
Fy =0.11 £ 0.1 nN and F, = 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 F; and F> on
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the histogram correspond to the F; and F, plateaux on the force-versus-
indentation curve (Figure 5-7). Considering F is approximately two times of F, if
F is the force required to peel off a single flagellar filament from the mica surface,
F, 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 Mg®" 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 um (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
Mg**, 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 Mg*", 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 Mg>" (from 0.01 M to 0.2 M) in
buffer solutions was found not to have effect on the elasticity of Sa/monella
flagellar filaments. However, when the ionic strength of the buffer solutions
increased, the Young’s modulus of Sa/monella flagellar filaments increased.

The adhesive interaction method requires the protein nanotubes to be
immobilised onto the substrate surface. Without Mg®", 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:

5 =03, +0
= FL’ /192El + fFL/4GA

Equation 6-1
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where ¢ is the deflection, g is the deflection due to bending, Js 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; f5 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); 4 is the cross-
sectional area of the fibril; 7 is the moment of inertia of area 4 (I = zD*/64 for a
filled circular area with diameter D, [ = 7z(D04 — Di4)/64 for a tubular circular area
with outer diameter D, and inner diameter D).

We define Epenging as the bending modulus that corresponds to the Young

modulus that would be deduced if shear deformations were neglected:

S=05,+0
= FL’ /192EI + f(FL/4GA
= FL' /192E 1

bending
Equation 6-2

From Equation 6-2, there is:

1/E

bending = 1/E+ (48fS]/GA)(1/L2)
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/Eyending Versus 1/L? 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).

s
X

AFM tip

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 o0, the suspended length L and the second moment / 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, Ependging can be calculated.
Because Epending 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 Epending, the same nanotube

was used.
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In order to obtain Young’s modulus £ 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/Epending Versus 1/L2, and the shear

modulus from the gradient.

6.2 p2-microglobulin Fibrils Lying over Gaps within the Gold

Substrate

An attempt to apply the bending beam model to f2-microglobulin fibrils was
made. The B2-microglobulin protein solution was incubated at 37°C 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 pm (N = 100). Some fibrils with clear periodicity were
observed (Figure 6-2) (detailed morphology studies of B2-microglobulin fibrils by

AFM can be found in Kad ef al. 2003 and Gosal et al. 2005).
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Figure 6-2 AFM height image of f2-microglobulin fibrils after 5 days of incubation. The Z-

range is 21.6 nm.

Figure 6-3 AFM image of f2-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 um to 1.0 um in width), separated by gaps
~30 nm to ~150 nm in width. If a B2-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 B2-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 B2-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 B2-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 f2-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 pum X 5 pm 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 pL 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 6 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 uN in an ambient atmosphere (Seo and Jhe 2008). The micropatterned
silicon substrate employed had square shaped holes of 5 um x 5 pm, which meant
that the suspended length was up to 7 um (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 (1)) (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 um (from
~4 pum to ~6 pm 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
pm x 10 pum. The Z-range of each image in (ii) is 1.035 pm, 1.137 pum 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 pm 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 ' (nN) | Indention d (nm) | Epending (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 Epending could be calculated. In order to calculate £ 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, Epending Was obtained from Equation 6-2. The graph of 1/Epending against 1/L? 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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AR -

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 pm x 10

um and the Z-range is 704 nm (figure adapted from Niu et al. 2007).

1/E pending VS- 1/L ? of a FF firil
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Figure 6-6 The graph of 1/Eycnging against 1/L? 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 £ (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 (Gorbitz 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 Eyenging 18 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 £ 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), £ is 3.6 + 0.6
GPa and G 1s 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 D; is 70% of the
outer diameter D, (Song et al. 2004), using the width at the half height as outer
diameter D,, the resulting £ 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 FIF

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 °C to 130 °C with increments of 10 °C.
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 °C) to
130 °C 1is displayed (Figure 6-7 (i)). There was no visible change on the
morphology of the fibrils at temperatures up to 100 °C. 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 (i1) show the value of Eyenging 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 °C to 100 °C. The value of Epending gradually decreased

~30% over this temperature range.
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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 pm
(height) x 10 um (width). The Z-range of all the images in (i) is 1.18 £ 0.08 um. Three lines
on (ii) show the Eyenging at three holes (a, b, ¢) 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 °C (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 Epending gradually decreased ~30% at
temperature from 24 °C to 100 °C. 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 £ and G, also Epenging. However, since the decrease of
Ebpending Was only ~30% at temperature from 24 °C to 100 °C, 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 °C) up to 100 °C. 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 (1)). The Ependging 0f three different fibrils in
three different humidity experiments is also displayed (Figure 6-8 (i1)). There was
no visible change in morphology of the fibrils from 0 to 70% RH. Nor was there
an obvious relation between the Eyenging and the relative humidity. For each fibril,
the maximum difference of the Epending at different relative humidity was less than

50%.
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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 um x 10 pm. The Z-range of all the images in (i) is 1.07 + 0.02 pm. (ii)

Epending 0f 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 °C, 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 f2-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 10' to 10> 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 °C (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 ef 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 10' to 10> 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).

Lysozyme
Flagellar fibrils FF
filaments nanotubes
collagen
bone
steel
cells protein +
gelatin crystals
| [ —

f T T T T T T T 1
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1 T 1
1kPa dictyostelium 10kPa 100kPa
' fibroblasts; F9 cells

platelets

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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The core recognition motif of the amyloidogenie f-amyloid polypeptide, diphenylalanine peptide, has previously
been shown to self-assemble into discrete, well-ordered, stiff nanotubes under mild conditions. The nanotubes keep
the same morphology from room temperature up to 100 °C. In the presented study, we applied the bending beam model
to atomic force microscopy images of diphenylalanine nanotubes suspended across cavities and obtained the Young's
modulus 27 £ 4 GPa and the shear modulus 0.21 + 0.03 GPa. We also showed that the elasticity of these nanotubes
is stable within the same temperature range and at relative humi dity from0% to 70%. This study furthers our understanding
of the structure and properties of these nanotubes, which are important for their potential applications in biotechnology.

Introduction

Self-assembled protein and peptide nanotubes are attractive
as potential building blocks for a variety of applications, including
scaffol ds for tissue engineering, nanowires in microelectronics,
functionalized composite materials, and drug delivery devices,
not only because of their biocompatibility and chemical
manipulability, but also because of their large-scale production
ability and simple experimental conditions.! ¢ Anunderstanding
of the physical properties of such nanotubes is important for
applications which demand structural performance.

The diphenylalanine peptide, NH;-Phe-Phe-COOH, the core
motif of the S-amyloid polypeptide, efficiently self-assembles
into FF fibrils under mild conditions.”~" Previous studies have
shown that FF fibrils are hollow, water-filled structures ranging
from 50 to 1000 nm in diameter and are discrete nanotubes with
no branching. Studies have also suggested that there are pores
on the FF nanotube walls, which run parallel to the axiz of the
fibril

In the current study, the elastic properties of FF nanotubes at
different temperatures and humidities have been investigated
uszing atomic force microscopy (AFM).

Materials and Methods

Preparation of FF Fibrils. FF peptide was purchased from Sigma-
Aldrich (Gillingham, Dorset, UK). Fresh stock solutions were
prepared by dissolving the lyophilized peptide in 1,1,13,33-
hexafluoropropan-2-ol (HFIP) (Sigma-Aldrich) at a concentration
0f100 mg/mL. Peptide stock solution was diluted in double distilled
{dd) H,0 to a final concentration of 2 mg/mL. An aliquot of 10 4L
of the sample solution was then irmediately dropped onto a UV-
cleaned micropatterned silicon substrate (with holes of 5 im x 3
sm and 200 nm deep) and subsequently dried under a gentle flow
of nitrogen. This protocol produced fibrils which occasionally lic
over the holes of the substrate.

*Enail: zaultendler@nottingham acuk
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Atomic Force Microscopy. For clasticity measurements at room
temperature, AFM images were generated using a MultiMode AFM
(Digital Instruments, Veeco Metrology Group, Santa Barbara, CA)
with a J-type scanner. For elasticity at elevated temperatures and
modified humidities, an FnviroScope AFM (eScope AFM) (Digital
Instruments) was used. This AFM has an enclosed sample chamber
allowing temperature control and a humidity range of 0—80% RIL
All imaging was performed in air in contact mode using V-shaped
levers (Veeco Metrology Group) with nominal spring constants of
0.06 N/m (manufacturer's data). Scanrates employed were 1.0—2.0
Hz. Data was analyzed using Scanning Probe Image Processor
program (Image Metrology A/S, Denmark).

For temperature studies, samples were placed onto the stage and
initially imaged at room temperature. The temperature was then
inereased from 30 to 130 *C with inerements of 10 “C. Following
cach temperature increase, the system was allowed to equilibrate for
5 min before imaging commenced.

Inasimilar manner, the relative humidity was decreased to nearly
0% and then increased to 70% with increments of 10%. Following
each humidity inerease, the system was allowed to equilibrate for
5 min.

Theoretical Basis

As stated, the FF fibril s occasionally lie over the holes of the
silicon grid, producing a suspended-beam configuration at the
nanoscale. In contact mode of AFM operation, while the AFM
tip is scanning over the fibril, it applies a loading force on the
fibril, which can be considered as a concentrated load midway
along the suspended length of the fibril (Figure 1). The elastic
deformation of the suspended part of the fibril resulting from a
concentrated load can be regarded as the sum of deflections due
to bending and shearing. Neglecting end effects, the deflection
in the middle of the suspended part of the fibril is

8 =3y + 6
= FI}192E] + f,FLI4GA
= FL 1192 ypping] (1)

where 4§ is the deflection, dg is the deflection due to bending,
Jg is the deflection due to shearing; F is the Young's modulus,
“izsthe shearmodulus; Fistheloading force, L is the suspended
length, A4 is the cross-sectional area of the fibril; is the moment
of inertia of area .4 (I = 5064 for a filled circular area with
diameter 1, T = m(D,* — D{)/64 for a circular area with outer
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AFM tip

Figure 1. Schematic of the measurernent. The FF fibrnls occasionally
lie over the holes of the silicon grid, producing & suspended bearn
configuration at the nanoscale. The AFIis used to apply a loading
fiorce to the fibil and to deterraine divec fly the resultng deflection.

i ameter [ andirwer diam eter D5 fz 1sthe form factor for shear
determinedbyrthe geometry{ecual to 1009 for acylindricl beam);,
By 15 the hending modulus that corr esponds to the ¥ oung’s
modilus that wodd be deduced if shear deformations were
regected?-11

The deflection 4, the sugended length I, and the secand
moment [ can be obtained from the profiles of the AFM images
of the fibrils The Fis AFL loading force on the fitwil, which
1g considered as a concertdrate dforce mide ay alongthe suspended
lenzth of the fiteil.

From egl

Y Byine = 1V + (48150 GA 1LY o)

Hetice, for a fibwil 1yng across several holes with different
suspenided lengths L, assuming that the geometry of the cross
section remains the same along the fiteil, the ¥ oungs modulus
can he ohtainedfrom the intercept of the plot of 1/ B versus
1/L? and the shear modulus can be dhtained from the gradient.

Resulis

Elsticity at Room Temperature. &n example of a fibwil
Iyitg across five holes of the silicon grid is displawed (Figae
2. &z cat be obserwed, the fiteil has different suspende d lengths
over each hiole, For fhus fitwil, its length exceeds the moammoam
scat gz The deformation of the suspended parts of the fiteils
was reversible and icreased linearly with increasing loading
force (data not shown). Tsing the height determined from the
profile of the cross section asthe diameter D) Bragee could be
ohtained from eql. The graph of 1/ Bhaune against 1/07 for this
fibril 15 displayed in Figure 20110, From eq 2, assuming the
geom etry of the cross section was constant, the ¥ oung” smodulus
Eiz 27 £ 4 53FPa and the shear modulus G1s 021 &£ 0.03 GPa

Ehsicity vs Tenp erature. & secuence of image softhe same
taro fitmls from room temperature to 130 9C 15 displ ayred (Fi gare
3010, There was no Wable change in the morphology of the
fibirils at temperatures up to 100°C . Higher temperabr es caused
the fibril stobegintolose their stuctural integrity. 205 The three
linesin Figure 3(10) showr the value of B gee for the three holes
{a, b, ) coresponding to the left fibel m Figre (1) at
temperatur es from 24 1o 100 72, The walue of Bheade gradually
decreased ra30% over fhis temperature range.

Ehsticity ve Humidity, & sequence of images of a same
fitwil lyitig actoss a hole at bamddity from 0% to TOWEH is

(9 Sabwretat, J. P Brigzs, . 4. I; Boward, T B Bacsa B E; Enlil, 4,
I, Stodkli, T,; Bumduen, H. A, Foro, L. s, Rew Zow 1009, 5, 044 —047,

(1070 B, 0 Elacas, 5 Babic B, Fhalils, &, T Bevwodt, W Briggs, 7. 0. T
Schomerberger , C; Cateicas, 5,; Fomo, L. PRs. Ren Legt D002, 37, 248101,

(11} Crere , T B Timoshenboo, 5. P Mechmacs of Jdzerdal; Chapeman and
Hall: Lorudor, 1991,

(127 Adker- Sbranerrich, Lo Beches, B Sedman, W L Sllen, 5 Terdler,
5 I B; Camt,E. Longmeny 2006, 3, 13131320,

(13) Sedman, V. L; Sdler- Shranendch, L &llen, 5 Gamit, E.; Tadler, 3.
LE. T dw Chaw. Soc. 2006, 37, 69036908,
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Figure 2, LFLimages of 2 single FF nanotubes on a silicon grid.
(1) ome fibnl lang across five holes of abeon gnd, conssquently
with differentsuspended lengths L. The size of each itnage is 10 g
w10 gare. Frora (1), the graph of 1y against 1L of this ﬁbnl
wras obtained as shown in (11).

displayed (Figure 410 . The Frag of three different fibrils in
three ciffererd eladieity welnenidity experimentsis also d golaved
(Figare 410 . There wasno visible chatgze in motphol ogy of the
fittils from 0% to TO%EH, not was thete an obvdous relation
betwr eety the Phanding atd the relative bomidity. For each fikeil
the maximum difference of the Fadng at different relative
boarwd it es was less than 50%.
Discussion

From ditect force meamwem ent (inderntation experimerts) in
a previous AFM stady, the ¥ oung’s moddus of FF nanotibes
was determined to be 19 GFa ¥ For direct force measwement,
it order to obtain the ¥ oung's moddus, the AFL tip has tobe
aligred at the certer of a single nanohube swface and force—
distatice curves are acouired at the same position. The bending
beam model avoids the serious difficulty of aligning the AFW
tip and also allows the shear modulus to be obtained.

For the bending beam model, the houndary conditions are
critical. The fitwils were usually several times longer than the
size of the holes of the slicon grid, the position of the fitels
remanedthe same through AFM operation, sowe could assume
a fikeil suspended on a hole was clamped at the two ends. The
mansouce of experimental error comesfrom the determinati on
of diameter D, because the bending modulus By, 15 related
to the fourth power of D As statedinthe Resdts section, if the
crogs sectionofthe fiteil is a filled cireular ares, using the height
determined from the profile of the cross section as the diameter
D the Voung smoodulus B 18 27 &+ 4GP a andthe shear modulus
iz 021 £ 003 Gpa Using the width at the halftheight as
diameter D, Fis36 £ 06 GPaand §is 008 £0.01 GFPa The
FF natiotiubes are actoally hollow fbes, tat the itmer diameter
could not be obtaned from AFM imaging If the cross section
of the fiteil iz a hollow citou e area, assuming the irmer diam eter
D iz 70% of the outer diameter Dy, using the width at the half
height as outer diam eter Dy, the resulting B is 47 £ 0.7 GPaand
Fiz 0,15 £ 002 GPa, which does niot change the order of

(147 Eol, F; Adler- Sbramwonich, L Barlan D Shmeck B E; Guxit K
Fosso, 1. o Lett, s, 7, 1343 1346,
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Figure 3. AFNimages of FF nanotubes at different temperatares. (i) Sequence of rnages of the same oo fibrils at the terpe ratore from

2410 130 °C. The size of eachi

e 15 30 gern (height) > 10 gra (width). Three lines on Figure 3 (i) show the Framamg at three holes (a,

b, ) cortespomding to the left fiboil on (i) at teraperatore fror 24 0 100 *C.
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Figure 4. &FMIimages of FF nanotibes at different relatiee haraidities . (1) Sequence of itmage s of a sare fibril 1ying across a hole at relatme
boveiditsr frora 0% to 70%. The size of each image 1s 10 gan 10 gan. (1) Franng of three different fibrls in theee different elasticity ws

horeidityr expe rirne nts.

magritude. Cha results agreed with the resut from direct force
meanwement 1t Owr results also showed that & is only 1—3%
of . For ordinary moaterial, which is hom ogeneous atd linealy
elastic, F1s0.3 to 0.5 times B The low &/F ratio means FF
fibrils are anisctropic materials and the FF peptide s & erelati velsy
srongly bound m the longbadinal direction compared to the
avial cirection In FF fikels, there are hydrogen bonds and
arctatic stacking irteractons between the ind-ddual FF pep-
tides® It is possitle that byrdrogen bonds contribute more in the
longituding direction, while aromatic stacking inferactions
cordribute more in the arial direction.

& prevous highrresolition scarming elechion microscope
(HESEM) study showed that the FF nanotibes kept the same
motphology a temperatures up to 130 %0 210 aprevious AFM
stacky, Sedman et al. showed that FF nanotubes kept the wall
integrity o temperabwes up to 100 °C in situ. Onincteasing the
temperature farther to 1 50 °C, the nanotubes lost spatial wolume.
They suggested that this was possitly because of the loss of
wrater fr o the FF nanctubes, snd that the elevatedtemperatre
made the nanotubesmoore def orm able and they became distorted
by the AFM probe as part of the imaging process.D Time off

flight secondary ion mass spectrometry (ToF-3IMEY) andysis
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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 free phenylalanine.!* The present AFM study
showed that the elasti city as well as morphology of FFnanotubes
remained stable from room temperature up to 100 °C during the
experimental time scale. This consists with all the previous studies.
The present study also shows that the value of Fyending gradually
decreased ~30% at temperature from 24 to 100 °C. A poszible
reazon could be that the increase in temperature increases the
movement of FF peptides in the FF fibril, which decreases the
strength ofthe hydrogen bonds and aromatic stacking interactions
between them. This causes the decreasing of ¥ and &, which
resulis in the decrease of Eypngq.
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Conclusions

We investigated the elastic properties of FF nanotubes by
applying the bending-beam model to AFM images. We obtained
the Young's modulus # of 27 + 4 GPa and the shear modulus
& of 0.21 + 0.03 GPa of FF fibrils. We also showed that FF
nanotubes kept their rigidity at temperature from room temperature
up to 100 °C and relative humidity from 0% to 70%. Our study
provided a better understanding of the structure and properties
of FF nanotubes, which are important for their potential
applications in biotechnology, such as biogensors, nanoel ectro-
mechanics, and medical devices.
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