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ABSTRACT

Amyloid fibrils are most often associated with their pathological role in diseases like
Alzheimer’s disease and Parkinson’s disease, but they are now increasingly being
considered for uses in functional engineering materials. They are among the stiffest
protein fibers known but they are also rather brittle, and it is unclear how this combination
of properties affects the behavior of amyloid structures at larger length scales, such as in
films, wires or plaques. Using a coarse-grained model for amyloid fibrils, we study the
mechanical response of amyloid nanowires and examine fundamental mechanical proper-
ties, including mechanisms of deformation and failure under tensile loading. We also
explore the effect of varying the breaking strain and adhesion strength of the constituent
amyloid fibrils on the properties of the larger structure. We find that deformation in the
nanowires is controlled by a combination of fibril sliding and fibril failure and that there
exists a transition from brittle to ductile behavior by either increasing the fibril failure
strain or decreasing the strength of adhesion between fibrils. Furthermore, our results
reveal that the mechanical properties of the nanowires are quite sensitive to changes in
the properties of the individual fibrils, and the larger scale structures are found to be more
mechanically robust than the constituent fibrils, for all cases considered. More broadly,
this work demonstrates the promise of utilizing self-assembled biological building blocks
in the development of hierarchical nanomaterials.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

though, amyloids are also exploited in nature for functional
roles, and their mechanical and adhesive properties and

Amyloid fibrils are a class of misfolded proteins that have
garnered much interest lately because of their pathological
role in neurodegenerative diseases such as Alzheimer’s dis-
ease and Parkinson’s disease (Dobson, 1999, 2003; Knowles
and Buehler, 2011). In addition to their role in disease,

propensity to self-assemble make them a promising building
block for use in hierarchically assembled nanomaterials
(Fig. 1(a)) (Chapman et al.,, 2002; Chiti and Dobson, 2006;
Fowler et al.,, 2007; Knowles and Buehler, 2011; Maji et al.,
2009; Zhang, 2003). Some progress has been made in the
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development of protein based materials and structures,
including some made with amyloid fibrils, but only limited
mechanical characterization has been performed and the
underlying deformation mechanisms that control the beha-
vior of these materials remains largely unexplored (Knowles
et al., 2007, 2010; Knowles and Buehler, 2011; Kol et al., 2005;
Zhang, 2003; Zhang et al., 1993).

The underlying structure of amyloid fibrils comprises a
dense hydrogen-bonded network that results in p-sheets that
extend the length of the fibril (Dobson, 1999, 2003; Jaroniec
et al, 2004; Luhrs et al., 2005; Sawaya et al.,, 2007). This
secondary structure makes amyloid fibrils among the stiffest
protein materials known; previous computational and experi-
mental work has consistently shown that their Young’s
modulus can be as high as 10-30 GPa (Knowles et al., 2007;
Kol et al., 2005; Paparcone and Buehler, 2010, 2011; Paparcone
et al., 2010b; Smith et al., 2006; Solar and Buehler, 2012; Xu
et al., 2010). However, amyloid fibrils are also quite brittle,
and they become more brittle as their length is increased
(Paparcone and Buehler, 2011). This feature is a found to have
a profound effect on the growth kinetics of amyloid fibrils
(Aguzzi, 2009; Collins et al., 2004; Shorter and Lindquist, 2006;
Tanaka et al., 2006). What is still unclear is the extent to
which the intrinsic brittleness of amyloids at the fibril scale
affects properties at larger length scales; it is very important
to have a clear understanding of this in order to further the
development of de novo materials based on amyloid fibrils.
Specifically, will assemblies of amyloid fibrils in films, pla-
ques or wires have useful mechanical properties in spite of
the intrinsic brittleness of their constituents? The natural
existence of amyloid-based adhesives suggests that mechani-
cally useful properties emerge, but the mechanism by which
this occurs remains unclear.

In the present work we employ a simple model to system-
atically study the deformation behavior and mechanical
response of a nanowire structure composed of amyloid fibrils.
Much theoretical work has been performed on similar geome-
tries including bundles of carbon nanotubes, and it was shown
that the properties of the bundle structures depend greatly on
the properties of the constituent nanotubes (which vary due to
both geometry and the presence of defects) (Pugno, 2007a, b,
2010). While the nanowire studied here is a relatively simple
structure, it can provide key insight into the dominant deforma-
tion mechanisms and elucidate trends that emerge upon varying
the properties of the constituent amyloid fibrils. By varying both
the fibril failure strain and the strength of adhesion between
fibrils (mimicking different solvent conditions and amino acid
sequence variations), we explore how the use of such brittle
building blocks affects the mechanical response of larger scale
structures, and examine the extent to which new deformation
pathways that exist in these structures can effectively mitigate
the brittleness of the amyloid fibrils.

2. Methods
2.1. Mesoscale bead spring model

A coarse-grain model is used to enable the exploration of the
mechanical response of amyloid structures that are beyond the

size scale accessible with a fully atomistic description. Individual
amyloid fibrils are described by a simple bead-spring model as
described in a series of earlier papers (Paparcone et al., 2010a,
2011). In this model three layers of the B-sheet structure of the
amyloid fibril are represented by a single bead with an inter-bead
separation of 1.272nm; all parameters in that model were
identified from full-atomistic simulations. The total energy of
the system is given by Etotal = Epond + Eangle+ Eadhesions Where Epong
describes the axial deformation of the individual fibrits, Eange
describes the bending deformation of the fibrils, and E.dnesion
describes the interfibral adhesion.

The amyloid fibrils studied in this work feature a stiffening
behavior in both compression and tension. For small deforma-
tion the elastic modulus is 2.34 GPa but for compressive strains
exceeding 0.1% and tensile strains exceeding 0.2%, the modulus
increases to 12.43 GPa and 18.05 GPa, respectively (Paparcone
et al., 2010b). To account for this behavior, the bonding energy is
described by Epmg= > ¢, and the energy between bonded

b
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The parameters k| are the spring constants for the relevant
strain ranges (c for compression, t for tension, and s for small
strain) and are parameterized so that the fibrils have the moduli
given above. The bending behavior of the amyloid fibrils is
described by a harmonic angle potential; the total bending
energy is given by Egge= > ¢, Wheregp,= 1/2kg(0—6)>.

angles
A Lennard-Jones potential is used to model the interfibral
adhesion where Eggpesion = > ¢1; With ¢p; =4A[(B /r)n—(B/r)G].
pairs

All amyloid fibrils studied in this work have an initial length of
100 nm, and the nominal values of all parameters are given in
Table 1. The parameters used are specific to the Ap(1-40) amyloid
fibril, but the model can be easily changed to describe any num-
ber of other amyloid or similar protein fibrils. This mesoscale
model is implemented in the LAMMPS code (Plimpton, 1995).

2.2. Nanowire assembly and nanomechanical
characterization

To create the amyloid nanowire geometry used in this study,
100 coarse-grain amyloid fibrils, each 100 nm long, are ran-
domly positioned along the nanowire axis. The fibrils are
oriented along a random angle within 30 degrees of the fibril
axis in both transverse directions, and the ends of the fibrils
are placed within 10 A of the nanowire axis. Energy mini-
mization is performed to bring the fibrils together into a
single structure followed by equilibration to eliminate any
residual stress. Fig. 1(b) shows images of both the starting
configuration with randomly oriented fibrils as well as the
equilibrated structure. The initial length of the amyloid
nanowire structure is approximately 575 nm.
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Table 1 - Summary of mesoscopic parameters for the Ap(1-40) amyloid fibril model.

Parameter Units Nominal value
Stiffness in small strain, k; keal molt A2 18.72
Stiffness in compression, kj keal molt A2 99.42
Stiffness in tension, kj, keal mol™! A2 144.37
Bending stiffness, ky kcal mol™?! 4369.8
Equilibrium bead spacing, ro A 12.72
Bead spacing for onset of stiffening in compression, Tetiff A 12.70
Bead spacing for onset of stiffening in tension, rgnﬁ A 12.75
Bead spacing for bond breaking, rpeq A 12.78
Equilibrium angle, 6o Deg 180
L] parameter, A ezl eI Aq 27.94
LJ parameter, B A 38.15
a Plaques, Biofilms, Atoms, Hydrogen
Nanowires Fibrils Protofilaments. Beta-Strands Bonds
>10 ym 1um 100 nm 10 nm 1nm

p

Fig. 1 - Amyloid structure and nanowire geometry. Panel (a) shows the hierarchical structure of amyloid biomaterials,
displaying the range of organization from the atomic to the micrometer scale. Panel (b) shows the initial structure with

randomly oriented fibrils and the nanowire structure after equilibration. Panel (c) shows a schematic of the loading conditions
used. The red sections are those to which the boundary conditions are applied. The left end is held fixed and the right end is
moved at a constant displacement rate. The blue section in the middle is unconstrained and free to deform. Panel (a) adapted
from Knowles and Buehler, 2011. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Two parameters are varied in order to examine the effect of
the fibril properties on the response of the overall nanowire
structure: the breaking strain (controlled by changing ryreax)
and the strength of the interfibral adhesion (A). The breaking
strain is varied between approximately 0.8 and 2 times the
nominal breaking strain (0.48%) and the adhesion strength is
varied between 0.1 and 3.5 times its nominal value. In all
cases an additional equilibration run is performed after
varying the fibril properties to ensure that each structure
starts from a stress-free configuration.

The amyloid nanowire structures are subjected to uniaxial
tension to examine their mechanical properties and defor-
mation behavior. Deformation is applied by holding one end
of the nanowire fixed and moving the other end at a constant

velocity of 0.5 m s~ (Fig. 1(c)); the groups of particles to which
the boundary conditions are applied are each approximately
150 nm in length. During pulling, both the virial stress and
the engineering strain in the unfixed section are recorded.
Since the virial stress is reported as a stress-volume product,
all stress values are calculated by dividing by the initial
volume of the free section of the nanowire with nominal
fibril properties. Furthermore, to more clearly show changes
in behavior that result from varying the fibril properties, all
calculations are normalized by the results from the nominal
fibril property nanowire structure. Visual analysis is per-
formed with VMD (Humphrey et al., 1996) to examine
changes in deformation mechanism that result from varying
the fibril properties.
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3. Results and discussion

3.1.  Deformation mechanism

One of the most apparent changes that the amyloid nanowire
structures undergo upon varying the fibril properties is seen
in the mechanism by which they deform. We note that even
when varying the fibril failure strain, the individual amyloid
fibrils are always quite brittle—the maximum failure strain is
below 1%. However, in the nanowire structure, deformation is
not limited to axial stretching and bending as it is for single
fibrils. Instead, deformation is controlled by a competition
between two mechanisms: sliding of fibrils passed each other
and failure of individual fibrils (due to axial stretching beyond
the breaking strain).

In the case of the nominal fibril properties, the nanowire
displays mostly brittle behavior. While some fibril sliding is
observed, the majority of the deformation is accommodated
by failure of individual fibrils. As seen in Fig. 2(a), as the fibril
breaking strain is increased and the individual fibrils become
more resistant to failure, there is a clear transition to ductile
behavior. Very little fibril failure is observed and the large
amount of fibril sliding results in the nanowires exhibiting
some necking before ultimately failing due to the finite length
of the fibrils.

A similar transition between ductile and brittle behavior is
observed upon varying the interfibral adhesion strength. For
low adhesion strengths, there is little resistance to fibril sliding
and the nanowires feature ductile behavior, but increasing the
adhesion strength results in much more fibril failure and an
overall brittle response in the nanowire (Fig. 2(b)).

3.2.  Young’s modulus

We next examine the effect of varying the fibril properties on
the Young’s modulus of the nanowire structures. To provide a
consistent measure between all cases, the modulus is
obtained by performing a linear fit on the stress-strain curve
up to 0.05% strain. As seen in Fig. 3(a), the fibril failure strain
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Fig. 3 - Effect of amyloid fibril properties on the Young’s
modulus of the nanowire structure. Panel (a) shows that
varying the fibril failure strain has little effect on the
modulus of the nanowire structure, while panel (b) shows
that the interfibral adhesion strength strongly affects the
nanowire modulus. The dashed lines in each panel
qualitatively demonstrate the trends.

Increasing Adhesion Strength

<

Fig. 2 - The deformation mechanisms seen in the amyloid nanowires depend strongly on the properties of the fibrils. Panel
(a) shows the clear transition from brittle to ductile behavior that occurs upon increasing the fibril failure strain; the opposite
trend is observed in Panel (b) upon increasing the interfibral adhesion strength. For small fibril failure strains and large
interfibral adhesion strength, deformation is dominated by failure of individual fibrils and the fracture surface of nanowire is
mostly flat. In contrast, for large fibril failure strains and small interfibral adhesion strength, fibril sliding is the dominant
deformation mechanism and a necking behavior is seen before failure.
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has little to no effect on the modulus of the nanowire.
This result is not surprising; in the very small strain range
from which the Young’s modulus is determined, the strain in
individual fibrils does not exceed the breaking strain and thus
the nanowire properties remain constant.

In contrast, varying the interfibral adhesion strength has a
large effect on the modulus of the nanowire (Fig. 3(b)).
Increasing the adhesion strength reduces the ability of the
fibrils to slide passed each other and thus results in an
increased stiffness. These results indicate that in the elastic
regime, the mechanical response of larger scale amyloid
structures is dominated by the interactions between fibrils
rather than the elastic properties of the fibrils themselves.

We note that the value we find for the Young’s modulus of
the nanowire structure with the nominal fibril properties is
0.612 GPa, about one fourth of the modulus of an individual
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Fig. 4 - Variation of the ultimate tensile strength and strain
to failure of the amyloid nanowire with the amyloid fibril
properties. Panel (a) shows that increasing the failure
strength of individual fibrils results in a higher ultimate
strength and failure strain for the nanowire. In contrast,
panel (b) demonstrates the tradeoff between enhanced
strength and reduced ductility that occurs upon increasing
the interfibral adhesion strength. The dashed lines in each
panel qualitatively demonstrate the trends.

fibril (in the small strain regime). This result is not surprising
since the fibril sliding deformation mechanism in the nano-
wire allows the structure to deform without axially stretching
the individual fibrils and thus significantly reduces the
modulus of the larger structure.

3.3.  Ultimate strength and failure strain

Fig. 4 shows how the ultimate tensile strength and failure
strain of the nanowires varies with the fibril properties. As
expected, increasing the fibril breaking strain allows the
nanowire to achieve a higher strength and strain to failure
(Fig. 4(a)). However, since the deformation mechanism shifts
to one dominated by fibrils sliding past each other as
described above, once the fibril breaking strain is increased
sufficiently such that the fibrils will always slide out before
breaking, the ultimate strength and failure strain of the
nanowires are not expected to continue to increase with
increasing fibril failure strain. Instead they are limited by the
amount of overlap among the fibrils in the structure. Nano-
wires constructed from longer fibrils or with a higher linear
density of fibrils would be expected to achieve higher strains
before failure, but these effects are not examined in the
present work.

The effect of the interfibral adhesion strength is shown in
Fig. 4(b). The ultimate strength increases initially with
increasing adhesion strength but levels off when the adhe-
sion becomes too large because the strength of attraction
between fibrils begins to exceed the strength of the bonds
within the fibrils. This causes the fibrils to break even under
small applied loads. The dramatic decrease of failure strain
with increasing adhesion strength demonstrates the transi-
tion to brittle behavior and highlights the inherent tradeoff
between enhanced strength and reduced ductility.

3.4. Toughness modulus

Finally, the toughness modulus of the amyloid nanowires is
calculated from our in silico experiments to explore how varying
the fibril properties affects the ability of the structures to absorb
energy during deformation. Since increasing the fibril failure
strain resulted in an increase in both the ultimate strength and
strain to failure, it is not surprising that a large increase in the
toughness modulus is also observed (Fig. 5(a)). This indicates
that by finding ways to increase the failure strain of individual
fibrils, structures can be created that are very mechanically
robust. In contrast, the tradeoff of enhanced strength and
increased brittleness with increasing interfibral adhesion
strength causes the toughness modulus to remain mostly
unchanged over the range of adhesion strengths studied as
shown in Fig. 5(b).

More notably, the toughness modulus of an individual amyloid
fibril is indicated in each plot by the dashed red line, and in
almost every case the toughness modulus of the nanowire
structure exceeds that of the individual fibril. For the nanowire
with nominal fibril properties, the toughness modulus is almost
2.5 times the value for the single fibril. Thus the robustness of
larger scale structures is not limited by the brittle nature of the
constituent fibrils; the existence of new deformation mechan-
isms such as fibril sliding in the nanowires provides an avenue to



48 JOURNAL OF THE MECHANICAL BEHAVIOR OF BIOMEDICAL MATERIALS 19 (201I3) 43-49

Normalized Toughness Modulus @
o

05 1 1.5 2 25
Normalized Fibril Failure Strain
? L L L]

Normalized Toughness Modulus ©

Normalized Interfibral Adhesion Strength

Fig. 5 - Effect of fibril properties on the toughness modulus of
the amyloid nanowire structures. The dashed red line in each
panel shows the toughness modulus of a single amyloid fibril.
Panel (a) clearly shows that increasing the fibril failure strain
results in a large increase in the toughness modulus. However,
due to competition between enhanced strength and reduced
strain to failure, increasing the interfibral adhesion strength
has little effect on the toughness modulus as shown in

panel (b). Also noteworthy is the fact that in almost every case,
the larger scale amyloid nanowire has a higher toughness
modulus than the individual fibrils. The dashed lines in each
panel qualitatively demonstrate the trends. (For interpretation
of the references to color in this figure legend, the reader is
referred to the web version of this article.)

offset the brittleness of amyloid fibrils and increase their utility
in large scale structures.

4, Conclusion

Our results demonstrate a clear link between the properties
of individual amyloid fibrils and the mechanical behavior of
larger scale structures made from them. Small changes in
either the fibril breaking strain or the interfibral adhesion

strength result in dramatic changes in deformation mechan-
ism and a transition from a rather brittle to a more ductile
behavior, and changes in the mechanical properties of the
nanowires are in general strongly correlated with the chan-
ging deformation mechanisms that result from varying the
fibril properties. We also show that structures such as the
nanowires studied in this work can be made from brittle
building blocks like amyloid fibrils but still display ductility
and robustness; and the emergence of new deformation
mechanisms at larger length scales mitigates some of the
brittleness of the individual fibrils.

The scope of our results is not limited to amyloid protein
fibrils. The large increase in performance that we observe upon
increasing the fibril failure strain indicates that the use of other
protein structures could give better results than amyloid fibrils
for different applications. For example, p-helical protein fibrils
have a B-sheet rich secondary structure like amyloid fibrils, but
they also possess a continuous covalently bonded backbone (Cox
et al, 2005) which could allow them to reach much higher
strains before failing, and thus nanowire structures made from
them could have a very large toughness modulus.

The analysis presented here shows the promise of using
protein based materials in the design of larger scale func-
tional materials. We only studied one particular protein
fibril—ApB(1-40) amyloid fibrils. There is much opportunity
in exploring the huge space of amyloid and other fibril
forming proteins to find those that give the optimal perfor-
mance for various applications and allow for the develop-
ment of a new class of nanomaterials.
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