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Abstract

Amyloid and amyloid-like proteins are a broad class of misfolded protein structures
known for their their roles in a variety of neurodegenerative diseases, but also for
their impressive mechanical properties and their propensity to self-assemble at diverse
length scales. These properties make amyloid and amyloid-like proteins excellent can-
didate materials for the design of engineered functional biomaterials. However, many
of the fundamental structure-property relationships which could guide the design of
amyloid-based functional materials for various applications are not well understood.
In this thesis, a multiscale modeling and simulation approach is used to investigate
these structure-property relationships at multiple length scales. Full atomistic sim-
ulations are used to study the tensile and bending response of single fibrils, as well
as the inter-fibril interaction strength. It is found that in tension, the specific geom-
etry of the fibrils does not significantly influence the deformation behavior, but the
mechanical properties, most notably the tensile strength, depends strongly on the
areal density of hydrogen bonds in the fibril cross-section. The mechanical response
at the molecular scale is used to guide the development of a coarse-grained descrip-
tion of amyloid and amyloid-like fibrils. Next, the adhesive behavior of amorphous
polymers is studied to identify design principles which enhance adhesive performance
and could be applied to aid in the design of amyloid-based adhesives, an exciting po-
tential functional role for amyloid-based biomaterials. Finally, mesoscale structures
are investigated including a nanowire-like geometry and adhesive films. These studies
demonstrate that the mechanics of larger scale amyloid based structures are largely
determined by the inter-fibril interactions; the specific intra-fibril properties become
less significant at larger scales. The results presented in this thesis form the founda-
tion for the development of basic materials selection criteria to aid in the design of
functional amyloid-based biomaterials for diverse applications.

Thesis Supervisor: Markus J. Buehler
Title: Professor of Civil and Environmental Engineering
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Chapter 1

Introduction and Motivation

The goal of this thesis is to provide fundamental insights into the structure-property

relationships in amyloid and amyloid-like protein based materials across multiple

length scales, which will inform and enable the future development of novel functional

biomaterials. This chapter provides background on amyloid and amyloid-like proteins

including their general structural features and mechanical properties, as well as a

description of the pathological, and more importantly in the context of this thesis,

functional roles, of these proteins in both natural and engineered structures.

1.1 General Features of Amyloid and Amyloid-Like

Proteins

Amyloid proteins are broad class of proteins that may undergo a structural transfor-

mation from their native, functional folded state, into structures that self-assemble

into highly organized, insoluble fibrilar structures. This process is illustrated schemat-

ically in Figure 1-1 [1]. During this transformation, the proteins lose their native

form and functionality and take on a β-sheet rich structure (the amyloid form) which

has new properties and functions. The specific structural details of the amyloid

form as well as the resulting properties are discussed in more detail below (see Sec-

tions 1.1.1 and 1.1.2).
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Figure 1-1: A schematic representation of a possible process by which an amyloid fibril
is formed. A small β-sheet region which results from a misfolding event can promote
further folding into the amyloid form which eventually leads to the formation of an
amyloid fibril. β-sheet regions are indicated by purple color; figure adapted with
permission from [1].

Amyloid proteins have garnered much interest in the past few decades mostly

due to their roles in a wide variety of diseases, [1–7]; the role of amyloid proteins in

pathological roles such as these will be discussed briefly below in Section 1.2.1. More

recently, however, there is considerable and growing excitement over the utilization

of amyloid and amyloid-like proteins in functional roles [4, 5, 8–11]. This excitement

stems from both the discovery of diverse natural functional roles for amyloid protein

fibrils as well as the characterization of their intrinsic structural and mechanical prop-

erties. Amyloid and amyloid-like fibrils feature impressive mechanical properties as

well as a high propensity for self assembly, making them excellent candidate materials

for building blocks of engineered functional biomaterials.

1.1.1 Structural Characteristics

Amyloid and amyloid-like proteins are defined by a set of common structural features,

most importantly the so-called cross-β secondary structure. Beyond this secondary

structural structural motif, however, amyloid and amyloid-like proteins (and super-

structures comprising these proteins) exhibit a rich hierarchical structure extending

from the atomic scale up to the centimeter scale.

18



Cross-β Secondary Structure

The cross-β secondary structure is the primary structural feature which is shared by

all amyloid protein fibrils. This structure is defined by individual β-strands oriented

perpendicular to a fibril axis, resulting in the formation of a dense hydrogen bonded

network which extends the entire length of a fibril [2, 3, 12–14]; the cross-β motif is

shown schematically in Figure 1-2. In this thesis, an amyloid-like protein fibril is

defined as any protein structure which exhibits this cross-β structure in a fibril-like

geometry.

Figure 1-2: Schematic of the cross-β secondary structure found in amyloid and
amyloid-like protien fibrils. Individual β-strands (represented by yellow arrows) are
oriented perpendicular to the fibril axis resulting in β-sheet structures which span the
length of the protien fibril.

In the context of functional amyloid based materials, the cross-β structure provides

the foundation on which many of the remarkable properties of amyloid protein fibrils

originate, most notably the mechanical properties discussed below in Section 1.1.2.

These mechanical properties derive from the clustering of hydrogen bonds in the β-

sheets which results in a cooperative effect that mitigates the innate weakness of

19



the individual hydrogen bonds [15, 16]. However, it is noted that since the cross-β

structure effectively creates a single extended β-sheet crystal, amyloid fibrils tend to

be rather brittle. This brittleness is found to be an important feature which controls

the growth kinetics of amyloid fibrils [5, 17, 18], but it presents a possible barrier

in utilizing amyloid and amyloid-like materials as structural building blocks in new

biomaterials.

Hierarchical Structure

Another defining feature of amyloid and amyloid-like protein materials is a rich hi-

erarchical structure, spanning length scales from angstroms to hundreds of microns

or even centimeters [4, 5, 11, 19, 20]. At the smallest length scales, hydrogen bonding

between domains in protein chains results in the formation of β-strands which fur-

ther organize into the typical β-sheet structure over short length scales, thus forming

oligomers or protofibrils. These small structures grow into longer fibrils which in turn

come together and form large scale structures such as plaques or films. Importantly

for the facile design and manufacture of amyloid based biomaterials, these hierarchi-

cal structures form naturally through various self-assembly processes at the different

length scales. The hierarchical structure of amyloid and amyloid-like materials is il-

lustrated in Figure 1-3 [11].
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Figure 1-3: Amyloid and amyloid-like protiens feature a rich hierarchical structure
with organization from the atomic to micrometer scale and larger. Figure reprinted
with permission from [11].

1.1.2 Mechanical Properties

Much of the interest in the functional roles of amyloid and amyloid-like protein fibrils

has its origin in their excellent mechanical properties; they are among the strongest

and stiffest purely proteinaceous materials known with Young’s moduli in the range

of 10-30 GPa and a tensile strength on the order of 100s of MPa [21–27]. Figure 1-

4(a) shows an Ashby plot of the strength and modulus of a variety of biological and

inorganic materials [5]; amyloid proteins are second only to silks in overall perfor-

mance of purely proteinaceous materials. Amyloid proteins have also been shown

to feature very high bending rigidities relative to their cross-sectional moments of

inertia; as shown in Figure 1-4(b) their performance approaches that of covalently

bonded materials even though their strength is derived from weak hydrogen-bonded

interactions.
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(a)

(b)

Figure 1-4: (a) shows an Ashby plot of the strength and modulus of a variety of purely
proteinaceous biomaterials, non-proteinaceous biomaterials, and inorganic materials;
the properties of amyloid fibrils are highlighted in orange. Amyloid fibrils are clearly
among the strongest and stiffest purely proteinaceous materials, second only to silks
in overall performance. (b) demonstrates that the bending rigidity of amyloid fibrils
approaches that of materials with much stronger bonding for a given moment of
intertia, again illustrating that amyloids are impressive materials in terms of their
mechanical properties. Figures reprinted with permission from [5].
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1.1.3 Diversity of Amyloid and Amyloid-Like

Structures

One of the major challenges in understanding the structure-property relationships

of amyloid and amyloid-like protein based materials lies in the diversity of amyloid

and amyloid-like structures. There are dozens of known amyloid structures [5, 7, 28],

and it has been suggested recently in the literature that the amyloid form is a more

general structure that a large fraction of all proteins may be capable of forming

[29]. Some of the diverse structures exhibited by amyloid and amyloid-like proteins

are shown in Figure 1-5; structures vary from simple stacked β-sheet structures in

either parallel or anti-parallel arrangements to β-helical structures, to even structures

which combine these two motifs. Furthermore, single protein sequences have been

found to exhibit multiple polymorphic structures, such as the two-fold and three-fold

symmetric arrangements of the Aβ (1-40) amyloid fibril (shown in the bottom right

of Figure 1-5).

This diversity stems from the different amino acid sequences that comprise the

primary structure of the proteins; each sequence gives rise to a different secondary

structure which can range from simple stacked β-sheet or β-helical arrangements to

more complex combinations of those simple motifs. In different pathological and func-

tional roles (discussed below) these structures have evolved to fulfill a specific biolog-

ical requirement. However, although all of the amyloid or amyloid-like fibrils possess

the same cross-β motif which provides the foundation for their excellent mechanical

properties (and also enables various functional roles), the specific structure-property

relationships in these materials remain poorly understood, and there are no clear

guidelines for choosing or engineering an optimal amyloid or amyloid-like fibril for a

specific application.
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Figure 1-5: Many different proteins are capable of forming amyloid or amyloid-like
structures, and the geometries realized by these proteins are quite diverse; the six
different structures shown here illustrate this idea. This presents a challenge in a
materials selection context; geometric and structural features which optimize the
properties of functional amyloid based materials have not been identified. Figure
adapted with permission from [30–32].
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1.2 Roles in Nature

1.2.1 Pathological Roles

As mentioned above, amyloid and amyloid-like proteins are most (in)famous for their

role in a variety of diseases, most notably Alzheimer’s disease, but also Parkinson’s

disease, Type II Diabetes, and a host of prion related diseases such as Cruetzfeld-

Jakob disease and "Mad Cow" disease [1–7]. The scope of these pathological roles

is very large and growing. In 2006, Alzheimer’s disease affected 26.6 million people

worldwide, and its prevalence is expected to grow to 1in every 85 people by the year

2050, and Parkinson’s disease is the next most prevalent neurological disease following

Alzheimer’s [33,34].

The common feature in many of these diseases is the formation of insoluble fibrilar

protein aggregates in both the intra- and intercellular spaces in various body tissues.

In Alzheimer’s disease, for example, the incorrect folding of a normally soluble protien

(Aβ) results in the formation of insoluble amyloid fibrils which aggregate into large

micrometer scale plaques (senile plaques) in the brain tissue (shown in Figure 1-

6 [35]). These plaques disrupt the normal neurological pathways in the brain and

eventually cause nerve cell death, leading to irreversible memory loss and dementia.

Furthermore, it has been shown recently that even small oligomers formed from the

Aβ and similar proteins are neurotoxic and can be a major contributing factor to the

symptoms experienced in Alzheimer’s disease [36–38] .

The scope of this thesis (discussed below in Section 1.4) is limited to investigating

amyloid-based materials in functional roles, and thus the understanding amyloids in

the context of aiding in the treatment of diseases lies outside of this scope. However,

furthering the understanding of structure-property relationships in amyloid proteins

could provide some important insights into the fundamental behaviors of amyloid

fibrils thus and have a large impact on the development of new drugs and therapies

to combat amyloid-related diseases.
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Figure 1-6: An image showing neurons (green) and two amyloid (Aβ) plaques (blue)
in mouse brain tissue. Figure reprinted with permission from [35]

1.2.2 Natural Functional Roles

In addition to their various pathological roles, naturally occurring amyloid and amy-

loid protein fibrils also play a variety of functional roles. Examples of natural func-

tional amyloid based materials include adhesive films, bacterial biofilms and coatings,

catalytic scaffolds, and structures for storage of hormones [4, 5, 8–10, 39–44]. An ex-

ample of an amyloid biofilm produced by the E. coli bacteria is shown in Figure 1-

7 [5,44]; this film aids in host cell adhesion and also provides resistance to desiccation.

The existence of these types of natural functional roles for amyloid and amyloid-like

proteins indicates that the amyloid structure is not simply a misfolded, pathological

state. Amyloids are also structures which are carefully designed by nature to take

advantage of a few distinct structural motifs in order to provide function in wide

variety of roles and environments.
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Figure 1-7: A micrograph of a functional amyloid-protein based bacteriral biofilm
produced by the E. coli bacteria. The film comprises curli fibers which aid in adhesion
of the bacteria to host cells and also provide resistance to desiccation. Figure reprinted
with permission from [5].
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1.3 Functional Amyloid-Based and Amyloid-Inspired

Biomaterials

Perhaps more exciting than the discovery of natural functional amyloid-based mate-

rials is the advent to engineered amyloid biomaterials which take advantage of the

unique combination of properties present in amyloid and amyloid-like structures. The

innate capacity of amyloids to self-assemble into highly organized structures over di-

verse length scales makes amyloids an excellent candidate material for the bottom-up

design and fabrication of novel biomaterials. Examples of how amyloids have already

been utilized include the fabrication of templates for conducting nanowires and or-

ganic photovoltaics, as well as mechanically robust biofilms [5, 19, 45–47]. There is

also considerable interest in exploiting the intrinsic "stickiness" of amyloid fibrils to

design engineered amyloid based adhesives which could have applications in a variety

of environments.

By controlling the structure of the proteins at the atomic scale through function-

alization or the introduction of mutations [48], and also by controlling the aggregation

and assembly process via environmental conditions such as pH or temperature, a di-

verse set of materials with highly tunable properties can be fabricated from a small

set of universal building blocks. This idea is captured schematically in Figure 1-8 [5].

In order to fully realize this idea, however, a more complete understanding of the

fundamental properties of the constituent amyloid fibrils (the basic building blocks)

is required.
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Figure 1-8: Amyloid proteins can be used as universal building blocks in the design of
new materials. By using different amyloid or amyloid-like protein fibrils, functional
groups, and processing condtions, a diverse set of structures and materials can be
realized from a small set of building blocks. Figure adapted with permission from [5].

Amyloid and amyloid-like protein fibrils can also be combined with other natural

or synthetic components to produce nanoscale composite materials that have inter-

esting and desirable properties. One such composite structure is a graphene-amyloid

nanocomposite, shown in Figure 1-9 [49, 50]. This structure exhibits tunable me-

chanical properties, shape-memory behavior, and enzyme sensing capabilities. By

incorporating amyloid protein fibrils directly into the composite structure, many of

the properties and characteristics that arise from the complex, multiscale structure

of the amyloids is captured in the composite. However, given the immense diversity

of amyloid and amyloid-like structures (see Section 1.1.3), there is much room for

improvement and optimization in terms of choosing the best amyloid or amyloid-like

protein for a given composite structure (and a given application of that composite).

Even without such optimization, it is clear that amyloids have an immense amount of

potential for the development of a new generation of novel biomaterials and nanocom-

posites.

1.3.1 Synthetic Amyloid-like Structures

In addition to utilizing naturally occurring amyloid and amyloid-like protein struc-

tures in engineered functional biomaterials, new synthetic structures are being devel-
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(a) (b)

Figure 1-9: A graphene-amyloid nanocomposite structure. (a) shows an SEM image of
a film comprising the composite structure, and (b) shows a cartoon representation of
the molecular scale structure of such a nanocomposite. (a) reprinted with permission
from [49].

oped which are inspired by the cross-β structure of amyloid proteins. One common

class of these structures are cyclic peptide nanotubes, such as the structures shown

in Figure 1-10 [51–53]. These structures are designed to form hydrogen bonds be-

tween rings which stack and form β-sheet like structures extending up the fiber or

nanotube axis. Furthermore, they can be readily functionalized with various poly-

mer side-chains can influence their assembly and also allow for the engineering of

the interactions between nanotubes. These structures offer an exciting opportunity

to take what is learned from amyloid and amyloid-like protein structures and create

engineered bioinspired materials with highly tunable properties.
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(a) (b)

Figure 1-10: Synthetic cyclic peptides stack are stabilized by hydrogen bonds which
result in the formation of a cross-β-like structure similar to that of amyloid and
amyloid-like protein fibrils. (a) shows a schematic of a cyclic peptide structure as
well as an assemble of multiple nanotubes, and (b) illustrates how the cyclic peptides
can be functionalized with polymer chains to influence their assemble and interac-
tions between nanotubes. (a) reprinted with permission from [51], (b) reprinted with
permission from [53].

1.4 Aim of the Present Study

As alluded to in the above discussion, the goal of this work is to improve the under-

standing of fundamental structure-property relationships in amyloid and amyloid-like

protein materials, with a specific focus on functional applications of these materials.

Specifically, the key topics that will be addressed in the present study are:

1. Furthering the understanding of specific structure-property relationships in amy-

loid proteins and amyloid-based materials across multiple length scales.

2. Identifying deformation mechanisms and mechanical properties which enhance

the performance of functional amyloid-based structures (and similar functional

materials).

3. Directly investigating the mechanical response of functional amyloid-based struc-
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tures.

4. Beginning the development of a set of materials selection criteria to allow for

the more effective utilization of amyloid and amyloid-like proteins in engineered

biomaterials.

1.4.1 Approach and Outline

A multiscale modeling and simulation approach is used in this thesis to address the

points listed above. This approach, discussed in more detail in Chapter 2, is well

suited to systematically study mechanical properties and deformation behavior at

both the molecular scale (via atomistic simulation) and at the micron and larger

scales (via coarse-grained, mesoscale modeling and simulation).

This thesis is organized as follows: Chapter 2 provides some general background

on the modeling and simulation techniques used throughout this work. In Chapter 3,

atomistic scale simulations are used to investigate the mechanical behavior of various

amyloid and amyloid-like protein fibrils under different boundary conditions includ-

ing tension, bending, and inter-fibril shear. Chapter 4 integrates the results of these

simulations into a new coarse-grained description of amyloid and amyloid-like protein

fibrils which can be used to study a variety of amyloid-based structures. In Chapter 5,

a model for polymer adhesion is discussed; while not a direct study of amyloid-based

structures, the results from the study are general and can be applied to guide the

development of functional amyloid materials, and the methods developed to study the

polymer adhesives can be directly applied to study amyloid-based adhesives. Chap-

ter 6 presents two studies of mesoscale amyloid structures using the model developed

in Chapter 4, and compares the results for structures based on two distinct amyloid

and amyloid-like fibrils with very different intrinsic properties. Finally, Chapter 7

summarizes the major findings of this work and provides some suggestions for future

research based on this thesis.
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1.5 Chapter Summary

Their impressive mechanical properties, combined with their high propensity for self

assembly at multiple length scales, makes amyloid and amyloid-like proteins excellent

candidate materials for the design of new biomaterials. Specific structure-property

relationships in these proteins have not been studied extensively, and thus clear ma-

terials selection guidelines which could aid in optimizing the performance of new

amyloid-based functional materials have not been suggested. This thesis investigates

amyloid and amyloid-like structures using a multiscale modeling approach in order

to elucidate these structure-property relationships and aid in the design of de novo

amyloid-based biomaterials.
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Chapter 2

Methodology

This chapter provides a brief overview of the computational modeling and simulation

techniques used in the present work. A broad description of the multiscale modeling

approach is presented first, followed by a description of each of the different simulation

techniques used to investigate the structural features and mechanical response at

the different length scales investigated. This chapter is intended to only provide the

background for the computational techniques; specific simulation details are discussed

in more detail in later chapters.

2.1 Multiscale Modeling Approach

A multiscale modeling approach is employed in order to study structure-property-

function relationships across multiple length and time scales. Figure 2-1 schematically

demonstrates this approach by showing the relevant length and time scales accessible

via a variety of simulation techniques. The primary advantage of utilizing a multiscale

modeling approach is in the ability to link disparate length scales and understand

the interplay between structural features at the atomistic and molecular scales and

the mechanical response of mesoscale and larger structures. For example, subtle

changes in the the amino acid sequence of a protein can have effects on its larger

scale structure which in turn can affect the function and mechanical performance of

the protein molecule and larger assemblies based on the protein. Understanding these
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types of relationships is crucial for designing new materials and ultimately optimizing

their performance for various applications. The work in this thesis will focus on non-

reactive molecular dynamics and coarse-grained molecular dynamics (both described

below), but even just these two techniques allow for the investigation of material

properties and behaviors from sub-nanometer to micron length scales.

Figure 2-1: Multiscale Modeling Paradigm. Combining different simulation tech-
niques allows for the study of the same materials across multiple lenght and time
scales. Information learned at smaller length scales is used to build and paramterize
larger scale models in which the important and relevant mechanisms and behaviors
are represented appropriately. Figure adapted from [54]

2.2 Molecular Dynamics Simulations

The primary computational technique used in this thesis is Molecular Dynamics (MD)

simulations. Although this technique originated with simple studies of small collec-

tions of noble gas atoms in the 1950s and 60s [55,56], the dramatic scaling of computa-

tional power and the development of sophisticated interatomic potentials has allowed

MD to remain a relevant and immensely useful computational tool. The main idea

behind MD is to solve Newton’s laws of motion for a collection of particles which

interact through a prescribed interaction potential, resulting in a trajectory for each

36



particle through time. At each point in time, the equation of motion for each atom

or particle is solved:

Fi = miai (2.1)

where Fi, mi, and ai are the force, mass and acceleration of the particle, allowing for

the determination of the position and velocity of each particle at each time step, ri(t)

and vi(t), respectively. The total energy of a collection of N particles is given by the

sum of the kinetic and potential energies of all of the particles:

E = K + U (2.2)

where the kinetic energy K is given by:

K =
1

2

N∑
i=1

miv
2
i (2.3)

and the total potential energy depends on the position of the relative positions of

each of the particles in the system:

U(r) =
N∑
i=1

Ui(r) (2.4)

The equation of motion to be solved then becomes:

Fi = miai = mi
d2ri
dt2

= −∇riU(ri) i = 1...N (2.5)

This equation is iteratively solved by updating the positions of the particles based

on their old positions their current accelerations. With the Verlet Algroithm, this is

expressed as:

ri(t+ ∆t) = −ri(t−∆t) + 2ri(t) + ai(t)(∆t)
2 +O((∆t)4) (2.6)
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At each time step, the acceleration is calculated as:

ai =
Fi
mi

=
−1

m
∇riU(ri) i = 1...N (2.7)

Although the equations to be solved are quite simple on the surface, the difficulty

comes in the definition of a good potential energy function U(r), the so called force

field. The force fields used for both atomistic scale molecular dynamics and coarse-

grained molecular dynamics studies are discussed briefly below, and the specific sim-

ulation details including atomistic scale force field parameters and coarse-grain model

parameterization techniques are discussed in more detail in later chapters.

2.2.1 Atomistic Scale Molecular Dynamics

Atomistic scale molecular dynamics, also known as all atom MD, involves perform-

ing MD simulations on a system that includes explicit representations of each atom,

often (but not always) including any water molecules which may solvate the system.

The challenge in performing reliable all-atom MD simulations is in choosing an ap-

propriate force field (potential energy function) for a given system. The discussion

here will focus on force fields for describing biological and polymeric materials, since

those are the focus of this thesis. A few of the widely used classical force fields for

describing these types of materials are the CHARMM force field [57], AMBER force

field [58], DREIDING force field [59], UFF force field [60], GROMOS force field [61],

and the OPLS force field [62,63]. These force fields share a similar description of the

interactions between atoms; in general the total system energy is defined as the sum

of the bonded, angle, torsional, electrostatic, and van der Waals interactions:

USystem = Ubond + Uangle + Utorsion + Uelectrostatic + UvdW (2.8)

These interactions are shown schematically in Figure 2-2. In some more modern force

fields, additional terms are added which couple these basic interactions. These force

fields are typically parameterized based on quantum mechanics (Density Functional
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Theory) simulations and the resulting parameters are often tuned to better match

experimental observables, including structure and mechanical and thermodynamic

properties. This results in force fields with a large number of "atom types" to describe

the changes in the interactions that atoms have in different chemical environments.

Often, mixing rules are defined to describe the interactions between atom types which

have not been explicitly parameterized. Furthermore, since water is often a major

component of biological systems, these force fields also include specific interaction

potentials for water molecules, most commonly the TIP3P, TIP4P, and SPC models

[64].

Figure 2-2: Schematic representation of the different interactions which make up a
typical all atom force field. Figure reprinted with permission from [54].

In the present work, the CHARMM force field is used for all of the atomistic

scale MD simulations as it has been successfully used to study the mechanical prop-

erties of amyloid and similar protein molecules [15, 16, 24, 25, 48, 65–68]. Mechanical

characterization techniques in MD simulations are discussed below in Section 2.2.4.
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2.2.2 Coarse-Grained Molecular Dynamics

Coarse-grained MD, in contrast to all atom MD, is a modeling technique in which

groups of atoms are described by a single particle. The degree of "coarse-graining"

ranges widely from united atom models in which hydrogen and carbon atoms are

combined into a single "united atom" or the MARTINI force field in which whole

amino acids are combined into one to two coarse-grained beads [69, 70], all the way

to models with a much coarser description in which hundreds or thousands of atoms

are coarse-grained into a single bead. The coarse-grained MD used in this thesis will

follow the latter description as it is intended to describe larger scale structures rather

than molecular scale features. Coarse-graining has two primary benefits in terms of

computational cost reduction. Most obviously, since many atoms are described by

a single particle, coarse-graining allows for the study of systems at scales which are

beyond the computational capability of an all atom description, and thus allows MD

simulations to be used to study structures into the micrometer and larger scales. Fur-

thermore, the potential energy functions in coarse-grained descriptions are typically

simpler than those used in all atom simulations, particularly in coarse-grained mod-

els which do not have explicit electrostatic interactions as these are typically some

of the most computationally expensive calculations. These simpler potential energy

functions further speed up coarse-grained simulations and allow for larger systems to

be studied or longer time scales to be investigated.

Much as all atom force fields like those described above are often parameterized

from smaller scale quantum mechanics based simulations, coarse-grained potentials

are often parameterized from atomistic scale simulations using the aforementioned

all atom force fields; this method is summarized in Figure 2-3. This is the so-called

fine-trains-coarse approach, and it follows from the multiscale modeling approach de-

scribed above in Section 2.1. By feeding the results of smaller scale simulations into

coarser models, the relevant physics are preserved and the behavior of larger scale

structures can be investigated. It is noted that it is often a good practice to validate

these types of coarse grained models by comparing a property of interest, for example
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the mechanical response, to experimental measurements when they are available.

Figure 2-3: Schematic of the "fine-trains-coarse" approach for the parameterization
of a coarse-grained model based off of atomistic scale simulation results.

2.2.3 Langevin Dynamics Simulations

Langevin Dynamics is a common extension to classical MD and is often a better

description of the equations of motion for coarse-grained models as it includes the

effects of an implicit solvent interacting with the coarse-grained particles. In Langevin
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Dynamics, the standard equations of motion (Equation 2.5) are replaced by:

Fi = miai = −∇riU(ri)− γmivi +
√

2miγkBTR(t) i = 1...N (2.9)

where the first term is the classic conservative force, the second term is a frictional

term that is proportional to a given particle’s velocity, and the third term is a random

force which simulates an interaction with an implicit solvent [71]. The R(t) term is a

stationary Gaussian process with 〈R(t)〉 = 0 and 〈R(t)R(t′)〉 = δ(t− t′). The γ factor

controls the frictional drag on the particles and is related to the size of the particles

by:

γ = 3πηD (2.10)

where η is the dynamic viscosity of the solvent (water) and D is the particle diameter.

2.2.4 Steered Molecular Dynamics

In order to characterize mechanical response of a system in an MD (or Langevin

Dynamics) simulation, appropriate boundary conditions must be applied to induce

deformation. One of the main methods used in this thesis to accomplish this Steered

Molecular Dynamics (SMD). SMD is a non-equilibrium technique in which the system

is "steered" along a prescribed reaction coordinate in order to investigate a particular

response response. In an SMD simulation, a moving harmonic restraint (spring) is

attached to the center of mass of an atom or group of atoms (the SMD group),

effectively pulling on that group. This adds an additional term to the total energy of

the system:

USMD =
1

2
KSMD (vt− (r− r0) · n)2 (2.11)

where KSMD is the spring constant of the SMD spring, r and r0 are the position and

original position of the group to which the SMD spring is attached, respectively, v is

the pulling velocity, and n is the pulling direction [54]. This results in a force being
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applied to the SMD group of:

FSMD = KSMD (vt− (r− r0) · n) (2.12)

This force can be monitored over the course of an SMD simulation to obtain the

force-displacement response along the pulling direction. The SMD method is shown

schematically in Figure 2-4 along with its similarity to an AFM pulling experiment

in which the AFM tip is attached to a portion of a molecule and displaced while the

force is recorded.

Figure 2-4: Schematic representation of (a) an AFM experiment and (b) an equivalent
SMD simulation. The force-displacement response of a molecule can be measured by
recording the force in the SMD spring (c). Figure reprinted with permission from [54].
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2.3 Chapter Summary

This chapter presented a brief overview of the modeling and simulation methodology

employed in this thesis. A multiscale approach is used to enable the development

of a bottom up model of of amyloid and amyloid-like protein fibrils which can be

used to study the mechanical response of structures at multiple length scales. At the

atomistic or molecular scales, full atomistic MD simulations are used in which each

atom, including water molecules, is explicitly represented and an all atom force field

is used to describe their interactions (the CHARMM force field). To study larger

length scales, a fine-trains-coarse approach is used to parametrize a coarse-grained

description. Finally, steered molecular dynamics is a versatile tool for probing a

variety of responses in MD simulations and it is one of the primary methods used in

this thesis to investigate the mechanical response of systems in both full atomistic

and coarse-grained simulations.
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Chapter 3

Structure-Property Relationships at

the Atomistic Scale

Understanding the behavior of amyloid and amyloid-like protein fibrils at the atom-

istic scale is crucial for building a foundation for understanding larger scale proper-

ties and behaviors, and ultimately for engineering de novo amyloid-based functional

materials. One of the key challenges in understanding the structure-property rela-

tionships in these materials, however, lies in the diversity of the secondary structures

exhibited by different amyloid and amyloid-like fibrils. This chapter focuses on ex-

ploring these structure-property relationships at the atomistic scale and developing

simple guidelines for choosing or engineering optimal amyloid fibrils for use in func-

tional amyloid-based biomaterials. Furthermore, the work in this chapter also lays

the groundwork for the development and parameterization of a larger scale model of

amyloid and amyloid-like fibrils; this work is described in Chapter 4.

3.1 Tensile Response

Perhaps the most notable and exciting property of amyloid and amyloid-like fibrils

in the context of functional material design is the tensile response. Amyloid fibrils

are among the strongest and stiffest purely proteinaceous materials known; previous

experimental and computational work has found their Young’s Moduli to be in the
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range of 10-30 GPa and their strength in the 100s of MPa [21–24, 26, 68, 72]. As

described above, these impressive mechanical properties originate from the cross-β

secondary structure motif, but what is not clear is the relationship between the size,

shape, and connectivity in these cross-β protein fibrils and their specific mechanical

responses. In this section, the relationship between molecular geometry and the tensile

and failure response in amyloid and amyloid-like fibrils is investigated; a qualitative

and quantitative analysis of the deformation mechanisms and mechanical response

is performed, and the role of hydrogen bond organization and rupture dynamics in

determining the mechanical response is closely examined.

3.1.1 Model and Methods

Six different protein structures spanning three distinct secondary structure motifs are

investigated by performing full atomistic molecular dynamics simulations: two fibrils

comprising stacked β-sheets (Figure 3-1(a)), three β-helical fibrils (Figure 3-1(b)),

and a mixed structure comprising stacked β-helical units (Figure 3-1(c)). All three

motifs possess the cross-β structure characteristic of amyloid fibrils, yet they differ in

the specific connectivity within the fibril as well as the size and shape of the structure.

It is noted that these six structures do not span the entire range of possible amyloid

or amyloid-like structures. However, they are representative for many commonly

observed structural motifs and thus cover a broad range of structures.

The two stacked β-sheet structures considered are the Aβ (1-40) amyloid fibril

[31,72] and the Iowa Mutant Aβ amyloid fibril (Protein Data Bank (PDB) [73] code

2LNQ [74]) as shown in Figure 3-1(a)(i) and (a)(ii), respectively. The two structures

have a rectangular cross-section but differ in the stacking of the β-sheets; the Aβ (1-

40) fibril features parallel stacking while the Iowa Mutant fibril features antiparallel

stacking. The three β-helical fibrils are the Yersinia Adhesin (YadA) collagen-binding

domain (PDB code 1P9H [75] ), the Lolium perenne ice-binding protein (PDB code

3ULT [76]) and the C-terminal domain of the GlmU enzyme from E. coli (PDB code

1FWY [77]) shown in Figure 3-1(b)(i), (b)(ii), and (b)(iii), respectively. The structure

based on the GlmU enzyme is constructed by replicating residues 276-311 up the
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(a) (b)

(c)

Figure 3-1: Amyloid and amyloid-like protein fibril structures considered. All of the
structures posses the cross-β secondary structure motif but differ in their connectivity,
size, and shape. (a) Stacked Structures: (i) the Aβ (1-40) amyloid fibril and (ii) the
Iowa Mutant Aβ amyloid fibril. (b) β-helix structures: (i) the YadA collagen-binding
domain, (ii) the Lolium perenne ice-binding protein and (iii) the C-terminal domain
from the GlmU enzyme in E. coli. (c) A mixed structure from the HET-s amyloid
fibril; color indicates separate β-helical subunits.
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helix axis to form a continuous backbone [72]. The first two β-helical fibrils feature

a rectangular cross-section while the third has a triangular cross-section; all three

structures are left-handed β-helices. The mixed structure is the HET-s prion fibril

(PDB code 2KJ3 [78]) as shown in Figure 3-1(c); it features a stacked arrangement

of 2-layer β-helical units.

All structures are initially prepared with the Visual Molecular Dynamics package

(VMD) [79] and all simulations are performed with GROMACS version 4.6.2 [80–83]

and the CHARMM27 force field [57]. The simulations are performed on a multicore

workstation with an NVIDIA Tesla K20 to enable GPU acceleration. A 1.4 nm cutoff

is used for short-range interactions, and the particle mesh Ewald algorithm [84, 85]

is used to calculate long-range electrostatic interactions. Each protein structure is

placed in a periodic box with explicit TIP3P water molecules and 0.1 M NaCl. Energy

minimization is performed followed by a three step equilibration procedure. NVT

simulation is performed for 50 ps at 300K followed by NPT simulation for 100 ps at

300K and 1 bar; during these first two steps, the positions of the heavy atoms are

restrained. The final equilibration step is 5000 ps of NPT simulation at 300K and

1 bar without position restraints. In all simulations, temperature and pressure are

controlled by the Nosè-Hoover thermostat [86,87] and a Parrinello-Rahman barostat

[88, 89], respectively, and the LINCS algorithm [90, 91] is used to constrain bond

lengths and thus enable a 2.0 femtosecond time step.

Tensile deformation is accomplished by performing steered molecular dynamics

(SMD) simulations; SMD has been shown to be an effective method for probing the

mechanical response of protein molecules in silico [92]. The bottom layer of each

structure is held fixed; a spring with a spring constant of 5000 kJ mol-1 nm-2 is

attached to the center of mass of the top three layers of each structure and is pulled

upward along the fibril axis at a constant velocity of 5 × 10−5 nm ps-1 for a total

of 100 nanoseconds in each case. The force in the spring is recorded as a function

of the displacement in the protein in order to obtain a stress-strain curve for each

structure. This SMD setup is similar to atomic force microscopy (AFM) experiments

which have been successfully used to probe the mechanical properties of small protein
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molecules including amyloid fibrils [5, 19, 21, 92]. In order to account for stochastic

effects, a total of three SMD runs are performed for each structure and the results

are averaged; an additional 500 ps equilibration is performed on each structure prior

to the SMD run in order to sample a new configuration.

3.1.2 Results and Discussion

Mechanical Response

Representative stress-strain responses for the six protein structures investigated are

shown in Figure 3-2(a). The stress-strain curves are obtained from force-displacement

results from the SMD pulling simulations. The appropriate initial lengths and cross-

sectional areas are measured from the equilibrated structures using molecular visu-

alization, and are summarized in Table 3.1. It is interesting to note the similarities

in the stress-strain response across the six structures; despite the diversity of the

geometries, they each exhibit a large initial peak in the stress at low strains, followed

by an extended region of deformation at very low stresses. The stacked structures

(Figure 3-2(a)(i)) reach the lowest stress values and also exhibit the most brittle

behavior with a relatively smaller UTS and narrower initial peaks, indicating that

only a small amount of energy can be dissipated through tensile deformation in these

structures. In contrast, the helical structures (Figure 3-2(a)(ii)) and especially the

mixed structure (Figure 3-2(a)(iii)) are more robust as indicated by the higher peak

stresses and wider initial peaks.

Table 3.1: Summary of the geometric parameters used and the mechanical properties
extracted from this study. The values for Young’s Modulus and ultimate tensile
strength (UTS) are the average from three simulations for each structure.

Structure
Initial Length
(nm)

Cross-Sectional
Area (nm2)

Young’s Modulus
(GPa)

Ultimate Tensile
Strength (MPa)

Stacked
Aβ (1-40) 7.85 5.46 13.0 242.6
Iowa Mutant Aβ 6.96 3.64 11.7 402.3

Helical
YadA CBP 3.52 1.40 12.6 553.7
LpIBP 3.74 1.89 26.9 693.4
GlmU C-Terminus 5.37 2.20 23.3 629.8

Mixed HET-s Prion 5.38 2.10 9.8 917.0
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(a) (b)

Figure 3-2: Stress vs. Strain and Hyrdogen Bond Breaking vs. Strain. (a) Represen-
tative stress-strain curves for (i) stacked structures, (ii) helical structures, and (iii)
mixed structure. It is notable that the mechanical response across the three struc-
tures is quite similar; in each case there is an initial high stress regime followed by
an extended low stress regime as the strain is further increased. For both the stacked
and helical structures, the initial peak in stress occurs within approximately 10%
strain; for the mixed structure, the peak is broader, extending to approximately 30%
strain. (b) Number of hydrogen bonds broken in the failure process for (i) stacked
structures, (ii) helical structures, and (iii) mixed structure. All of the curves exhibit
an initial high slope regime at low strains corresponding to rapid rupture of hydrogen
bonds followed by a slow rupture regime at higher strains. The rapid rupture process
occurs in the same strain regime as the peak in the stress-strain curves indicating the
importance of hydrogen bond rupture in determining the mechanical response.
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The number of hydrogen bonds broken as a function of the tensile strain is shown

in Figure 3-2(b). Hydrogen bond analysis is performed in VMD with distance and

angle cutoffs of 0.35 nm and 30 degrees, respectively; only hydrogen bonds in the

regions which undergo permanent deformation are considered to isolate effects of

hydrogen bond rupture on the mechanical response. For each structure, two distinct

regimes are found for the hydrogen bond rupture dynamics: a fast rupture regime at

low strains and a slow rupture regime at higher strains. In the stacked and helical

structures, fast hydrogen bond rupture occurs within 10-15% strain, while in the

mixed structure, the fast rupture process takes place over approximately 25% strain.

In all of the structures, this fast hydrogen bond rupture process corresponds with the

peak in the stress-strain curve, indicating that the fast rupture of hydrogen bonds

is a key mechanism which determines the mechanical performance of these cross-β

protein structures. In contrast, the slow hydrogen bond rupture process which occurs

at larger strains requires very little stress. These results agree well with a previous

study which found that the instantaneous strength of a small β-helical nanotube

depends on the rate of hydrogen bond rupture, with faster rupture resulting in higher

strengths [67]; the present work demonstrates that this relationship persists across a

variety of secondary structural motifs in protein filaments.

The Young’s Moduli and ultimate tensile strength (UTS) are found from the small-

strain regime and are averaged over the three SMD runs; the results are shown in

Figure 3-3 and listed in Table 3.1. The results agree well with previous computational

and experimental reports on similar β-sheet structures which find the elastic modulus

in the range of 10-30 GPa and the strength on the order of 100 MPa [5,21,53,66,93].

We note that atomistic results for strength and elastic modulus can be sensitive to

the cross-sectional area used in their calculation and thus the shaded regions in the

"Ashby-like" plot in Figure 3-3 qualitatively illustrate the broad range of properties

accessible with these types of protein fibrils. In general, the stacked structures exhibit

lower moduli and UTS while the helical structures tend to be more stiff and robust

with higher moduli and UTS; the mixed structure exhibits a combination of these

properties with a large UTS and a low elastic modulus. These results indicate the
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emergence of an interesting pattern in the mechanical properties of these types of

cross-β protein fibrils, and could provide a basis for choosing or designing protein

fibrils with specific mechanical properties for functional materials; however, more

work is required to see if this pattern holds across many more protein structures.

Figure 3-3: Ashby-like plot to summarize the tensile strength over the moduls for the
six structures considered; the best performers can be identified in the top right corner
of the plot. The shaded regions qualitatively illustrate the broad range of properties
accessible with these different structures, and the error bars indicate the minimum
and maximum calues observed for each structure.

Deformation and Failure Pathways

In order to better understand the origins of the stress-strain responses, the deforma-

tion and failure pathways in the different protein structures are examined. Figure 3-4

shows snapshots from the SMD simulations for the three structural motifs. In the

Aβ(1-40) structure (Figure 3-4(a)(i)), the hydrogen bonds between two β-strands on

one side of the fibril break, and a two-strand segment is left which slowly peels off with

additional tensile deformation. The Iowa mutant fibril (Figure 3-4(a)(ii))deforms very

similarly, except that the initial fast rupture event involves two groups of hydrogen

bonds as shown in Figure 3-5(a). The helical structures exhibit the same two step

deformation pathway with the initial fast rupture process involving rupture of the
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hydrogen bonds making up approximately a full turn of the β-helix as shown in Fig-

ure 3-5(b) followed by a slow unwinding of the helical structure. In the YadA collagen

binding protein (Figure 3-4(b)(i)) and the ice binding protein (not shown), the initial

rupture involves breaking the hydrogen bonds between two sets β-strands due to the

rectangular cross-sectional shape of these proteins; in contrast, the GlmU C-terminal

β-helix (Figure 3-4(a)(ii)) has a triangular and thus hydrogen bonds between three

sets of β-strands are broken during the initial rupture process. Interestingly, the

rupture in the mixed structure HET-s fibril (Figure 3-4(c)) occurs within one of the

β-helical units, rather than between them. As with the GlmU C-terminal β-helix,

the triangular cross-section of the HET-s structure results in the disruption of three

sets of β-strands during the initial rupture event.

These deformation pathways, along with the analysis of the hydrogen bond rupture

dynamics, clearly demonstrate the importance of cooperative deformation and rupture

of hydrogen bonds for determining the mechanical response of these amyloid and

amyloid like protein fibrils. All of the useful mechanical properties originate from

the fast rupture of hydrogen bonds which occurs cooperatively in specific groups

of hydrogen bonds between β-strands along the fibril axis, rather than in random

positions along the fibrils.
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(a)

(b)

(c)

Figure 3-4: Deformation and faiulre pathways for (a) stacked structures, (b) helical
structures and (c) the mixed structure. In each case there is an initial rupture event
in which a large group of hydrogen bonds experience simultaneous rupture followed
by an extended unforlding or unpeeling process as additional hydrogen bonds rupture
one-by-one.
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(a)

(b)

Figure 3-5: Simultaneous hydrogen bond rupture in (a) the Iowa Mutant Aβ stacked
structure and (b) the YadA collagen-binding domain β-helix. The Iowa Mutant struc-
ture achieves a relatively large ultimate tensile strength due to the fact that the initial
rupture event involves breaking hydrogen bonds at two locations as indicated by the
arrows. In the β-helical structure, the hydrogen bonds in approximately one full turn
of the helix rupture concurrently

The relationship between the peaks in the stress-strain curves and this cooper-

ative hydrogen bond rupture provides an interesting opportunity to understand the

specific effect of the cooperative rupture of hydrogen bonds in determining the tensile

strength of these cross-β protein fibrils. Previous studies have demonstrated that in

β-sheet nanocrystals, geometric confinement effects control the rupture strength of

hydrogen bond assemblies loaded in shear [15, 16, 66, 94]. Figure 3-6 shows the rela-

tionship between the UTS and the number of hydrogen bonds per unit area broken
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during the initial rupture event; the number of hydrogen bonds broken is found from

the plots shown in Figure 3-2(b). We find that the UTS increases linearly as the

areal density of broken hydrogen bonds increases. Each additional hydrogen bond

per square nanometer of cross-sectional area results in an increase in the UTS of

approximately 100 MPa, indicating that each hydrogen bond adds an additional 100

pN to the rupture force of the fibril.

Figure 3-6: Variation in the ultimate tensile strength with the number of hydrogen
bonds which break per unit cross-sectional area in the initial rupture event; the eror
bars indicate he minimum and maximum values observed. A linear realationship is
found which indicates that each additional hydrogen bond in the cross-section which
ruptures results in a 100 MPa increase in the ultimate tensile strength, or an effective
increase of 100 pN in the rupture force.

This understanding of the relationship between hydrogen bond organization and

mechanical properties is quite significant in that it elucidates a clear design principle

for creating high strength protein filaments: maximize the areal hydrogen bond den-

sity in the cross-section of the protein fibrils. It is also very interesting that the two

structures which have a triangular cross-section (the GlmU β-helix and the HET-

s mixed structure) exhibit the highest UTS. It has recently been suggested that a

triangular core is a universal design pattern which is able to create stiff biological

nanostructures [95]; our results extend this result and show that a triangular geome-

try might be a good design pattern for achieving high strengths in protein filaments.
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The triangular geometry generally allows for a high areal density of hydrogen bonds

which deform and break cooperatively, giving rise to a higher UTS.

Finally, the cumulative work performed during the tensile test can provide an

interesting comparison of the relative energy scales involved in the tensile deformation

of the different structures considered in this study. The work is calculated from the

Potential of Mean Force (PMF), which is defined as the cumulative sum of the force

times the displacement. Figure 3-7 shows the PMFs for the tensile tests of the six

different structures. Again, these PMF curves illustrate the change in deformation

mechanism as the curves shift from a high slope to low slope; in the context of the

PMF, this corresponds with the fast accumulation of work as the structures reach

peak stresses at low strains compared to the slow accumulation of additional work as

the structures continue to unfold at low stresses. Interestingly, with the exception of

the mixed structure, the total work performed in the tensile tests is quite similar, even

though the structures feature very different geometries, however since this energy scale

is an extensive, direct comparisons cannot be made as in the stress-strain response.

3.1.3 Conclusions

This section described an atomistic scale investigation into the tensile response of

amyloid and amyloid-like fibrils featuring three distinct structural motifs. This work

revealed two important features of the mechanical response of these protein fibrils: the

deformation mechanisms by which these protein fibrils accommodate tensile defor-

mation are largely independent of the geometry of the fibrils, and conversely, that the

strength of the fibrils is dependendent on the fibril geometry. Regardless of the geom-

etry, the structures exhibited a similar deformation pathway; for small deformations,

the hydrogen bonds in the fibrils work cooperatively to provide the characteristic

high strength, and as the deformation is increased, multiple hydrogen bonds rupture

in rapid succession as the ultimate tensile strength is reached. The deformation pro-

cess then shifts to one in which the remaining hydrogen bonds break one-by-one and

provide very little additional tensile strength, much like a crack propagating through

a brittle material. In contrast, the specific strength of the amyloid fibrils is quite sen-
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(a) (b)

(c)

Figure 3-7: Potential of Mean Force curves fromt the tensile test simulations for (a)
the stacked structures, (b) the helical structures, and (c) the mixed structure. The
final (maximum) value of the PMF curve gives a measure of the total work performed
in deforming the structures during the tensile tests.
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sitive to the specific structure of the fibrils. Geometries which accommodate a higher

density of hydrogen bonds into the fibril cross-section are generally able to achieve a

higher strength since they allow for more hydrogen bonds to work cooperatively in

the small strain regime and enhance the mechanical response.

The results from this work demonstrate that the specific amino acid sequence in

these amyloid and amyloid-like fibrils is relatively unimportant compared to the or-

ganization and areal density of hydrogen bonds in the cross-β structure. Thus, the

complex problem of choosing an optimal amyloid protein for use in an engineered func-

tional role out of hundreds or thousands of potential proteins is reduced to identifying

structures which maximize the hydrogen bond density in the fibril cross-section. This

work provides some basic but important insights into the structure-property relation-

ships in amyloids and provides the foundation for a consistent framework for choosing

amyloid and amyloid-like fibrils for the design of novel functional biomaterials.

3.2 Bending Response

In addition to their impressive tensile properties, amyloid and amyloid-like protein

fibrils are also notable for their high bending rigidity [21]. As with the tensile response

discussed above in Section 3.1, the relationship between the secondary structure type,

the size of the structure, and the resulting mechanical properties of various protein

filaments and fibrils has not been extensively investigated. This section explores the

nanomechanics of filamentous proteins under lateral loading conditions to identify

key mechanical properties including the bending rigidity. Since the main structural

feature of amyloid and amyloid-like fibrils is the cross-β secondary structure which

only comprises hydrogen bonds along the fibril axis, the contribution of shear effects

in the bending response is also investigated. Hydrogen bonded interfaces may not

provide significant resistance to shear deformation, and the effects and importance of

this deformation pathway have not been studied significantly. As was done with the

tensile testing study (Section 3.1), multiple protein structures are investigated which

have unique defining geometric characteristics.
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3.2.1 Model and Methods

Molecular Models

Two widely found β-sheet rich protein structures are considered in this study which

both feature the cross-β motif characteristic of amyloid and amyloid-like fibrils: an

amyloid protein fibril comprising individual layers stacked upon each other and held

together by hydrogen bonds between the β-sheets, and a β-helix structure which has

a continuous covalently bonded backbone in addition to β-sheets parallel to the helix

axis. The stacked structures are the two-fold symmetric Aβ (1-40) amyloid fibril,

and are built according to [31] with lengths ranging from 1.92 to 9.58 nm. Figure 3-

8(a) shows a 3.83 nm Aβ fibril. Parallel left-handed β-helix structures are built with

coordinates obtained from the Protein Data Bank (identification code 1FWY) [73,77].

Residues 276-311 are copied and translate up the helix axis to form a continuous

backbone as shown in Figure 3-8(b). Structures ranging from 6 to 20 turns are

investigated, corresponding to lengths of 3.73 to 10.72 nm. Additionally, an alpha

helix structure is considered as a comparison to the two β-sheet rich structures; the

structure is shown in Figure 3-8(c). Initial coordinates are taken from the Protein

Data bank (identification code 1GK6) [73,96], and a segment comprising ten residues

(2.3 nm) is taken for this study. The choice of ten residues is motivated by recent

work which suggests that alpha helices of this length are most stable to self-unfolding

or formation of tertiary structures [97].

For all structures, the protein structure and coordinate files are created using tools

in VMD [79] and NAMD [98] with CHARMM topology and force-field parameter

files [57]. All simulations are performed with periodic boundary conditions in explicit

water boxes with system sizes ranging from approximately 6,000 to 100,000 atoms. All

structures are minimized and equilibrated with a NPT (isothermal-isobaric) ensemble

set to a temperature of 300 K and a pressure of 1 atm. A time step of 1 femtosecond

is used for each simulation, with a total simulation time ranging from 1.5 to 3 ns;

the simulations are stopped when the structure reaches a stable configuration. The

stability of all structures is verified from root-mean-square deviation (RMSD) data

60



(a) (b) (c)

Figure 3-8: Protein structures considered for the bending study. (a), (b), and (c) show
representative structures for the Aβ (1-40) amyloid fibril, the β-helical nanotube, and
the alpha helix, respectively.

from the molecular dynamics trajectory; all structures are considered equilibrated

once the RMSD has plateaued for at least 0.5 ns.

Loading Conditions

All three structures are subjected to loading conditions similar to those of a cantilever

beam under constant tip loading as shown in Figure 3-9. For the Aβ (1-40) fibrils,

the motion of the Cα atoms in the bottom layer are constrained and a constant force

is applied to four Cα atoms in the top layer as illustrated in Figure 3-9(a). For the

β-helix and alpha helix structures, the Cα atoms in the bottom turn of the helix

are held fixed and a constant force is applied to one Cα atom in the top turn as

shown in Figures 3-9(b) and 3-9(c). The choice of Cα atoms for the application of the

loading boundary conditions is based on the goal of probing the mechanical response

of the overall protein structure. Since the Cα atoms comprise the protein backbone,

applying the forces to these atoms allows for some degree of consistency across the

different structures considered, and it also prevents any effects that could arise from

restricting the motion of side-chain groups.
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(a)

(b)

(c)

Figure 3-9: Tip loading boundary conditions used for the bending study. The atoms
highlighted in blue in (a)(ii) and (b)(ii) are those to which the force is applied. For
the alpha helix structure shown in (c), the force is applied to the terminal Cα atom.

For each structure, an appropriate force is chosen in order to generate adequate

bending deformation while not resulting in failure. The forces applied range from

20 pN for the alpha helix up to 400 pN for the shortest (and stiffest) Aβ structure.

These force levels are on the same order of magnitude as those applied in AFM protein

unfolding experiments [27]. The tip displacement and bending profile measurements

are performed once the structure has equilibrated under the applied load; equilibration

is verified from root-mean-square deviation data. To reduce the effects of thermal

fluctuations, atom positions are averaged over the final 100 simulation steps when
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calculating tip displacements and bending profiles.

Continuum Theory and Bending Analysis

Analysis similar to that reported in [16] is performed here, incorporating shear de-

formation effects in an extended beam model [99] to describe the behavior of the

different protein structures considered. In this model, the displacement of the tip is

given by:

δtip =
PL

Dt

+
PL3

3Db

(3.1)

where P is the applied load, Db = EI is the bending rigidity, and Dt = GA is the

shear rigidity. The effective bending stiffness is given by:

keff =
P

δtip
=

(
L

Dt

+
L3

3Db

)−1
. (3.2)

For comparison, an analysis based on classical beam theory without any shear effects

(pure bending) is also performed. For this model, the tip displacement is given by:

δ∗tip =
PL3

3Db

(3.3)

and the effective bending stiffness is given by:

k∗eff =
P

δ∗tip
=

3Db

L3
. (3.4)

The ratio of the two terms in equation 3.1:

s =
3Db

L2Dt

(3.5)

is effectively a shear contribution factor and gives a quantification of the importance

of shear effects in the overall bending deformation; when s is less than one, pure

bending cannot adequately describe the behavior, but when s is greater than one,

pure bending theory should suffice. The length for which s is equal to one gives an

approximation of the critical length at which this transition occurs.
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The effective stiffnesses from tip displacement for both the extended beam model

(equation 3.2) and the pure bending model (equation 3.4 are used to estimate material

properties of the three protein structures, including the Young’s Modulus, Shear

Modulus, and persistence length (ξ = EI/kBT ) [100]. Values of Db and Dt are

obtained for each structure by fitting plots of the effective bending stiffness vs. fibril

length. A simple geometric analysis of the atomic coordinates is used to calculate I

and A for each structure; the calculated value for the Aβ structure agrees well with

previous experimental findings [21], but experimental values for the other structures

are not available in the literature and thus the geometric analysis alone is used.

Bending profiles are calculated from:

δ(y) =
Py

Dt

+
P

Db

(
Ly2

2
− y3

6

)
, 0 ≤ y ≤ L. (3.6)

As is done in [16], the values of Db and Dt are further refined from the original fit

for each bending profile, but they are kept within the 95% confidence interval of the

original fit from the tip displacement data.

Finally, fluctuations in the bending response are analyzed by recording the value

of the tip displacement over the final 100 simulation steps. Gaussian curves are fit

to the data in order to provide a quantitative measure of the magnitude of the tip

fluctuations in each of the three structures.

3.2.2 Results and Discussion

Figure 3-10 shows a plot of the effective bending stiffness as a function of length

for both the Aβ (1-40) amyloid fibrils and the β-helix structure. The simulation

results are plotted along with curves showing predictions from both the extended

beam model and the pure bending model. It is evident from Figure 3-10(a) that

for the amyloid structure, shear effects must be included to accurately describe the

bending behavior, and they are most important for shorter fibrils. For the smallest

fibril considered in this study, shear accounts for approximately 60% of the total

deformation as determined from the shear contribution factor. From the values of

64



Db and Dt calculated from the fit, the critical length at which shear deformation is

predominant in the amyloid structure is approximately 2.3 nm (about 6-7 layers).

Shear deformation has been shown to be important for describing the mechanical

behavior in many other hierarchically organized structures. Materials such as bone,

microtubules and collagen all feature shear dependent deformation at different length

scales; in particular, β-sheet nanocrystals in silk feature a structure similar to the

amyloid, and exhibit similar shear dominated deformation for small lengths [16, 20,

101,102].

In contrast, shear effects in the β-helix structure are rather unimportant. As seen

in Figure 3-10(b), the curves for both bending models are virtually indistinguishable;

pure bending describes the behavior of the β-helix very well. Furthermore, shear ef-

fects would not become important until the length of the β-helix structure is reduced

to a value less than the length of a single turn (L ≈ 0.6 nm). The stark difference

in bending behavior between the two β-sheet rich structures is explained by the dif-

ferences in their structural organization. The amyloid structure comprises individual

layers that are held together only by weak hydrogen bonds, and thus the layers are

easily sheared. The β-helix structure, however, has a continuous, covalently bonded

backbone, which provides an additional degree of resistance to shear deformation.

Figures 3-11(a) and 3-11(b) show a series of simulation snapshots of the deforma-

tion profiles of the different sizes of amyloid fibrils and β-helices considered in this

study. A simple visual comparison of the bending behavior of the two structures illus-

trates the difference between shear-dominated deformation in the Aβ (1-40) fibrils and

pure bending in the β-helices, especially for shorter lengths. The shear deformation

in the amyloid structure is evidenced by the linear shape of the deformed structures;

even a small amount of sliding of individual β-sheets in the direction of the applied

load (in the direction of the applied load) allows the structure to accommodate the

load without significant stretching of the hydrogen bonds along the fibril axis. As

the length of the amyloid is increased, however, the local strain induced by the tip

load becomes smaller and the energy penalty for bending diminishes to the point at

which the structure no longer exhibits a significant amount of shear deformation (and
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(a)

(b)

Figure 3-10: Effective bending stiffness as a function of length for (a) Aβ (1-40)
amyloid fibril and (b) β-helices. The curve labeled "Bending + Shear" is the fit from
equation 3.2 (extended beam model) and the curve labeled "Bending Only" is fit
from equation 3.4 (pure bending model). The divergence of the two curves in (a)
shows the predominance of shear deformation in the stacked amyloid structure for
shorter length fibrils. In (b) the curves for pure bending and bending with shear are
indistinguishable for all lengths considered, indicating that shear deformation does
not play a role in the bending deformation of the β-helical structure. The difference in
behavior between (a) and (b) is due to the structural differences between the amyloid
fibrils and β-helices. In the amyloid fibrils, individual layers are only held together by
weak hydrogen bonds and are easily sheared. The β-helix structure has a continuous,
covalently bonded backbone, which in addition to hydrogen bonds along the helix
axis, provides an additional layer of interaction and resistance to shear deformation.
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thus transitions to a pure bending dominated deformation pathway). The pure bend-

ing deformation in the β-helical structure is seen via the highly non-linear deformed

shape, even at the shortest length scales. In this structure, the additional connectivity

of the continuous covalently-bonded backbone combined with the triangular shape of

the fibril cross-section results in high shear resistance at all length scales.
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(a)

(b)

(c)

Figure 3-11: (a) and (b) show simulation snapshots of the bending deformation pro-
files for the different sizes of amyloid and β-helices considered in this study. The
smaller amyloid structure in (a) feature a more linear strain distribution due to the
larger shear contribution, while a nonlinear strain distribution consistent with pure
bending deformation can be seen in even the smallest structure in (b). (c) shows
three snapshots of the alpha helix structure under constant lateral loading from the
same simulation trajectory. The entropically driven behaviour of the alpha helix can
be seen in the unpredictable back and forth motion of the structure under constant
applied force.

Figures 3-12(a) and 3-12(b) plot the displacement profiles for each case. The solid
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curves show the continuum theory predictions from equation 3.6. It is notable that the

continuum theory predictions describe the bending profiles of the two cross-β struc-

tures quite well. This result, combined with the effective bending stiffness analysis

discussed above, indicate that although these structures are in no way "continuum

beams", the robust mechanical properties imparted to the fibrils by the cross-β sec-

ondary structure causes them to behave in a way commensurate with continuum

beams even at molecular length scales. Furthermore, as seen from the convergence of

the extended and classical beam models in Figure 3-10, for length scales greater than

∼ 5−10 nm, even just the classical bending theory (without shear effects) is an excel-

lent model to describe the bending response of these types of protein filaments. Thus

in the context of biomaterial design based on these types of amyloid and amyloid-like

fibrils, where the length scales of individual fibrils is generally on the order of 100

–1000 nm, any design considerations regarding flexural properties can safely be made

purely on the basis of the classical beam theory.
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(a) (b)

(c)

Figure 3-12: Bending profiles for the three structures considered in this study. (a)
Amyloid fibril, (b) Îš-helix, and (c) Alpha helix. The solid curves in (a) and (b) show
fits based on continuum theory (equation 3.6), and in general, the results agree quite
well with the theory. The deformation profiles for the alpha helix structure for two
different loads are shown in (c). The highly non-uniform nature of the deformation
profiles illustrates the predominance of statistical fluctuations in the bending behav-
ior. The dashed lines show fits to the profiles from equation 3.6 without the inclusion
of the shear term (pure bending). The predicted bending rigidity from these fits is
overestimated by up to two orders of magnitude (compared with experimental data),
further illustrating that the classical continuum mechanical theory cannot be applied
to describe the deformation behavior of the alpha helix structure.

In addition to the analysis of the importance of shear, material properties are

estimated from the fitted values of Db and Dt. For the amyloid fibril, the Young’s

Modulus is found to be E = 9.9 GPa and the bending rigidity EI = 2.41 × 10−25

Nm2. These findings are in good agreement with previous simulation results [21,
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24–26, 103] as well as experimental results [21, 22, 27] which find E in the range of

10 to 30 GPa and EI in the range of 0.1 × 10−25 to 2.5 × 10−25 Nm2. The shear

modulus is found to be G = 10.2 GPa for the amyloid fibril. This value is close to

simulation results [26], which report a shear modulus of 5.6 GPa for Aβ(1-40) amyloid

fibrils; the higher modulus reported here is possibly due to differences in loading

conditions and simulation techniques, however the difference (approximately 5 GPa) is

smaller than the spread in the experimentally measured values of the Young’s modulus

(approximately 20 GPa as indicated above). For the β-helical nanotube, the Young’s

modulus is found to be E = 29.1 GPa and the bending stiffness EI = 6.2 × 10−26

Nm2. These findings agree well with previous results which find E = 26.4 GPa [104].

Due to the very small contribution of shear in the bending deformation of the β-helix

structure, its shear modulus cannot be reliably extracted from these findings. The

material properties extracted from this study are summarized in Table 3.2.

Table 3.2: Summary of the geometric parameters used as well as the mechanical
properties extracted from this atomistic scale bending study.

Structure
Parameter/Property Aβ (1-40) Amyloid β-Helix Alpha Helix
Cross-Sectional Area A (m2) 1.34× 10−17 — —
Second Moment of Area I (m4) 2.52× 10−35 2.13× 10−36 —

Young’s Modulus E (GPa)
This Study 9.9 29.1 —
Previous Work 10-30 [21,22,24–27,103] 26.4 [20] —

Shear Modulus G (GPa)
This Study 10.2 — —
Previous Work 5.6 [26] — —

Bending Rigidity EI (Nm2)
This Study 2.41× 10−25 6.2× 10−26 2–4×10−28a,c

Previous Work 0.1× 10−25 –2.5× 10−25 [21, 22, 24–27,103] — ∼ 4× 10−30b

Persistence Length ξ
This Study ∼ 60µma ∼ 15µma ∼ 60− 100nma,c

Previous Work 0.5-100 µm [5,25] 1.4µm [67] ∼ 1 nm [105]

a These values are calculated from the bending rigidities found in this study
b This value is calculated from the persistence length reported in reference [105]
c These values are expected to disagree with literature findings. Since they are based on fits to continuum theory, the fact that they disagree to
such a large extent further supports the idea that continuum theory cannot be used to describe the mechanical response of the alpha helix with
a length greater than its persistence length.

A final analysis of deformation behavior of protein filaments is made on the basis

of persistence length. Broadly, the persistence length provides a limiting length scale

above which statistical/entropic fluctuations dominate and continuum mechanics does

not well describe the deformation behavior. To examine this directly, we compare the

behavior of the two β-sheet rich proteins, both with lengths on the order of 1–10

nm and ξ > 1µm, to that of an alpha helix with a length of 2.3 nm and ξ ∼ 1

nm [105]. As established through the analyses above, both β-sheet rich structures
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are well described by continuum theory. The alpha helix, however, is not. Figure 3-

11(c) shows three snapshots from the lateral loading simulation of the alpha helix.

Although a constant force is applied, the alpha helix moves back and forth erratically

over the simulation trajectory. Figure 3-12(c) plots the average deformation profile

of the alpha helix over the final 250 ps of the simulation for two different applied

loads. Both profiles show the highly non-uniform bending behavior that originates

from the large influence of entropic effects. The dashed curves in Figure 3-12(c) show

fits to the bending profiles based on equation 3.3. The bending rigidities obtained

from these fits are EI = 4 × 10−28 Nm2 and EI = 2 × 10−28 Nm2 for the 20 pN

and 45 pN force levels, respectively. Based on a persistence length of 1 nm, however,

the bending rigidity of the alpha helix should be ∼ 4 × 10−30 Nm2, a factor of up

to 100 smaller than the values obtained from the continuum theory fits. This large

discrepancy again demonstrates that the continuum theory cannot be used to describe

the mechanical behavior of the alpha helix.

Figure 3-13 shows the distribution of tip displacements over the final 100 simula-

tion steps for the three structures considered in this study (the distributions shown

for the amyloid fibril and β-helix are for the shortest length of each structure); a

Gaussian function is fit to each distribution. It is found that the fluctuations in the

tip distribution for the amyloid fibril and the β-helix are quite small; the standard de-

viations of both distributions are approximately 0.05 nm (smaller than one Angstrom,

the characteristic length of typical chemical bonds). In contrast, the distribution for

the alpha helix spans a much larger range of tip displacements, and the standard devi-

ation of approximately 0.5 nm. This distribution is consistent with the emergence of

entropic elasticity, where the deformation behavior is dominated by fluctuations. This

fluctuation analysis further shows that continuum mechanical theory breaks down for

length scales that exceed the persistence length of filamentous protein structures, and

that in this regime, the mechanical response can only be described by theories that

incorporated statistical effects [106].
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Figure 3-13: Fluctuation analysis for the three structures considederd in thebending
simulations. The tip displacement dristributions are plotted as well as Gaussian fits.
The amyloid and β-helix structures exhibit some small fluctuations (∼ 0.1 nm) in the
tip displacement ove the simulation trajectory, but in contrast, the tip displacement
for the alpha helix is much larger, spanning over 1 nm. This analysis demonstrates
that for the amyloid and β-helix structures with lengths well below their persistence
lengths, fluctuations due to entropic effects play a negligible role in descrbing the
overall mechanical response. In contrast, the deformation behavior of the alpha helix
is dominated by fluctuations; continuum beam theory, which does not account fro
these entropic fluctuationsm cannot provide an accurate description of the mechanical
response of the alpha helix.
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3.2.3 Conclusions

These results provide additional insight into the ways in which protein secondary

structure type, size, and organization, affect mechanical behavior and properties.

They also illustrate key differences in deformation behavior that arise from different

structural motifs. It is found that both amyloid fibrils and β-helical nanotubes, with

predominantly cross-β secondary structures and lengths well below their persistence

lengths, are very well described by continuum mechanical theory. For the amyloid

structure, the inclusion of shear deformation in the overall description of the bending

behavior is essential at the smallest length scales owing to the fact that the hydrogen

bonded Îš-sheet layers are easily sheared, but shear effects become negligible at longer

lengths, specifically those that would be useful for functional materials based on these

types of fibrils (typically > 100 nm). The behavior of the β-helix structure, however,

can be described with just the contribution from pure bending. The continuous, co-

valently bonded backbone of the Îš-helix prevents significant shear deformation under

lateral tip loading even for the shortest lengths considered. Further, mechanical prop-

erties calculated from this study are in good agreement with previous computational

and experimental results (Table3.2).

The comparison of behavior on the basis of persistence length is very much in line

with theoretical predictions. The two structures studied with lengths below their per-

sistence length feature deformation behavior consistent with continuum theory, while

the alpha helix structure with a length greater than its persistence length is char-

acterized by more erratic behavior dominated by statistical (entropic) fluctuations.

The persistence length is found to be an excellent metric for separating length scales

at which continuum theory is applicable, and those for which a statistical treatment

must be used to describe mechanical response [106].

3.3 Inter-Fibril Interactions

Amyloids are considered to be quite "sticky" and readily aggregate, and thus under-

standing the strength of the interaction which mediates this aggregation behavior can
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provide some basic insights into the mechanics of larger scale amyloid based struc-

tures. This section discusses the atomistic simulations used to investigate the energy

scale for the inter-fibril interactions. In particular, the inter-fibril sliding (shear)

behavior is investigated which is closely related to the inter-fibril adhesion strength.

3.3.1 Methods

Two structures are considered in this study: the Aβ (1-40) amyloid fibril and the

YadA collagen binding β-helix. The significant geometric differences in these two

structures discussed above, including size and connectivity, allow for a comparative

analysis which can elucidate important features of these amyloid and amyloid-like

protein fibrils which impact and control their inter-fibril interactions.

As discussed later in Section 4.3.2, the dominant inter-fibril interaction for mesoscale

and larger amyloid-based materials is the shearing interaction, or inter-fibril sliding.

Thus for each of the two structures, a small scale shear test is set up to directly in-

vestigate this response. Figure 3-14 shows the initial structures for each of the fibrils

investigated as well as a schematic of the boundary conditions applied (the struc-

tures are not shown to scale). Each structure comprises two protofibrils of length

∼ 3.5− 4.5 nm; after generating the initial configurations with VMD, the same equi-

libration procedure is followed as described in Section 3.1. For the shear test, one of

the protofibrils is restrained and SMD pulling is performed on the other fibril with a

velocity of 0.1 m s−1. All other simulation parameters are identical to those described

above in Section 3.1 for the tensile test simulations.

For each of the two structures, three independent shear tests are run; an additional

100 ps of equilibration is performed from the end of subsequent equilibration runs to

obtain a new starting configuration. The results from the three runs are averaged

together to reduce any stochastic effects in the inter-fibril response.
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(a)

(b)

Figure 3-14: Initial structures and schematics of shear test boundary conditions for (a)
the Aβ (1-40) amyloid fibril and (b) the YadA collagen binding β-helix. Each panel
shows the side and top view. For the shear test, the right protofibril is restrained and
SMD pulling is applied to the left protofibril at a constant velocity of 0.1 m s−1. The
two structures are not shown to scale, however it is noted that the Aβ structure in
(a) features a much larger shear interface than the YadA structure (b).
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3.3.2 Results and Discussion

Figure 3-15 shows the potential of mean force (PMF) for the two structures inves-

tigated and clearly shows a significant difference in the strength of their inter-fibril

interactions. The shapes of the two curves are qualitatively quite similar, and both

feature small "bumps" indicating a stick-slip behavior. This is verified via molecular

visualization of the shear test trajectories with VMD; as the fibrils are pulled against

each other, the β-strands find favorable configurations and stick for a short period of

time, resulting in a small scale stick-slip response.

Although the two structures behave qualitatively similarly, they are quantitatively

quite different. The energy scale for the inter-fibril interactions for the Aβ (1-40) fibril

is ∼ 17 times greater than that of the YadA collagen binding β-helix. The This is in

stark contrast to the tensile test results in which the Aβ fibril was found to require only

∼ 1.4 times the work to deform than the Yada collagen binding fibril. These results,

as well as the relative interaction strengths of the inter- and intra-fibril interactions,

are summarized below in Table 3.3. Importantly, in the Aβ (1-40) structure, the

inter-fibril interactions are much stronger than the intra-fibril interactions, while in

the Yada collagen binding β-helix, the opposite effect is observed as the intra-fibril

interaction is stronger than the inter-fibril interaction.

Table 3.3: Summary of the energy scales for the inter- and intra-fibril interactions.

Structure
Maximum of PMF in Tension

(kcal mol−1)
Maximum of PMF in Shear

(kcal mol−1)
Relative Strength of Inter-
vs. Intra-Fibril Interactions

Aβ (1-40) Amyloid Fibril 105.5 578.3 5.5
YadA Collagen Binding β-helix 74.8 33.6 0.45

The adhesion strength per unit length is estimated for the two structures by

dividing the maximum of the PMF by the length of the shear interface. For the Aβ

structure, this is found to be 13.8 kcal mol−1 Å−1. This is in reasonable agreement

with previous computational results which estimated a value of 4.39 kcal mol−1 Å−1

[107]; the difference is attributable to the different boundary conditions used (dynamic

(in the present work) versus static). For the Yada collagen binding structure, it is

estimated to be 2.02 kcal mol−1 Å−1.
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(a)

(b)

Figure 3-15: Potentail of Mean Force Curves from inter-fibril shear tests. (a) shows
the response of the Aβ (1-40) amyloid fibril and (b) shows the response of the YadA
collagen binding β-helix. The drastic difference in the scales of the two plots indicates
the siginificant difference in the strength of the inter-fibril interactions for these two
structures.
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Figure 3-16 shows snapshots from the shear tests for the two structures and qual-

itatively illustrate the differences in deformation. The Aβ (1-40) (Figure 3-16(a))

fibrils maintain strong adhesion and alignment throughout the shear test, again indi-

cating a strong inter-fibril interaction. In contrast, the YadA collagen binding β-helix

fibrils with their much weaker inter-fibril interactions, do not maintain a strong inter-

fibril interface during the shear as water molecules (not shown) are able to disrupt

the interface (see Figure 3-16(b)).

(a) (b)

Figure 3-16: Snapshots from the shear test simulations for the two structures con-
sidered. (a) shows the Aβ (1-40) amyloid fibril which maintains a parallel interface
throughout the shear test due to its strong inter-fibril interactions. (b) shows the
YadA collagen binding β-helix which exhibits deformation out of the plane of the
inter-fibril interface due to its relatively weak inter-fibril interactions.
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3.3.3 Conclusions

A simple shear test was performed to asses the strength of the inter-fibril interaction

in two amyloid or amyloid-like structures with very different geometries and connec-

tivities. The inter-fibril response, and more importantly the strength of the inter-fibril

response relative to the strength of the intra-fibril interaction was found to be very

different between these two structures. These significant differences in the relative

interaction strengths could provide a very useful criterion for choosing amyloid or

amyloid-like fibrils which optimize the mechanical response in different functional

roles. Structures like the Aβ (1-40) fibril which have very strong inter-fibril interac-

tions could form very strong adhesive films where the inter-fibril interactions serve as

the foundation for the strength of the larger structure. However this may come at the

cost of reduced deformability, as the relatively weak intra-fibril interactions can fail

(fibril fracture) to facilitate maintaining existing inter-fibril connections. In contrast,

structures like the YadA collagen binding β-helix structure may be preferable for ap-

plications requiring enhanced deformability, and it is possible that even in spite of

the relatively low inter-fibril adhesion strength, these fibrils may yield robust larger

scale structures. These effects will be investigated and discussed more thoroughly

in Chapter 6. Furthermore, the results discussed here for the shear test are similar

to those discussed above for the tensile tests (see Section 3.1) in that the qualitative

features of the mechanical response are found to be mostly independent of the specific

structure, but the specific mechanical properties are found to vary significantly across

the different structures.

3.4 Chapter Summary

The origin of the excellent mechanical properties of amyloid and amyloid-like protein

fibrils has long been known to be their cross-β secondary structure with a hydrogen

bonded network extending the length of the fibril. What was not clear, however, is

how the specific geometrical details of the structures affect the specific mechanical

response. In a materials selection context, this becomes a problem considering the
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fact that there are a large number of proteins which form amyloid or amyloid-like

structures, and as new synthetic amyloid-inspired structures are created, guidelines

are needed to aid in their design. This chapter explored the specific structure property

relationships in amyloid and amyloid-like fibrils at the molecular scale and identified

key features which control the mechanical behavior of individual fibrils.
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Chapter 4

Coarse-Grained Model for Amyloid

and Amyloid-like Fibrils

This chapter describes the development of a coarse-grained model to understand

the mechanics of functional amyloid structures; the implementation of the model

to investigated the mechanical properties of structures based on different amyloid

or amyloid-like fibrils is discussed in Chapter 6. This modeling work builds on the

atomistic scale results from Chapter 3 to continue the development of a bottom-up

model which describes the behavior and mechanical response of amyloid and amyloid-

like fibrils at multiple length scales.

4.1 Motivation

Existing Coarse-Grained Models

Previous studies in the literature have employed a variety of coarse-grained descrip-

tions to study various properties of amyloid fibrils, including a aggregation kinet-

ics [108] and elastic properties [109]. In particular, a series of papers by Paparcone

et al. report the development of a bead-spring amyloid fibril model used to study

the mechanical properties of amyloid fibrils and mesoscale assemblies of amyloid fib-

rils [24, 25, 68, 107]. This model, described in detail in Appendix A, provides the
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framework on which the model described in this chapter is developed, and is imple-

mented in a preliminary coarse-grained investigation of the properties of amyloid-

based "nanowire" structures. The results of that study reveal some interesting be-

haviors in amyloid-based materials (see Appendix A for discussion); however, the

model is very limited due to the fact that it was parameterized from force-controlled

atomistic simulations. These boundary conditions do not allow for drops in the force

to be observed as the displacement is increased, and thus do not capture many of the

important features of the force-displacement response of amyloid structures which

were identified and discussed in Chapter 3.

New Coarse-Grained Model

The new model developed and discussed here is simple by design but captures the

relevant physics necessary to describe and investigate the mesoscale response of func-

tional amyloid-based materials, in particular the drops in the force that occur due to

hydrogen bond rupture during tensile deformation. Although the model is parame-

terized to quantitatively match the behavior and mechanical properties observed at

the atomistic scale, the model is not intended to be quantitatively predictive for the

mechanical properties at the mesoscale. While the mechanical properties should be

on the correct order of magnitude, a simple model like the one described in this chap-

ter is not intended to be truly quantitatively predictive. However, since the model is

consistent between parameterizations of different amyloid and amyloid-like fibrils, it

allows for excellent qualitative and comparative analysis of the relative performance

of different constituent fibrils, and can allow for the identification of general features

which optimize the mechanical performance of the mesoscale structures.

The goal of the coarse-grained modeling described in this chapter is to provide

simple insights into the hierarchical mechanics of amyloid-based functional materials,

and to allow for the development of the first materials selection guidelines for for de

novo amyloid-based materials.
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4.2 Functional Description

This section describes the functional formulation of the mesoscale amyloid fibril

model. Amyloid and amyloid-like fibrils are described with a bead spring model

in which three layers of the cross-β structure are coarse-grained into a single bead,

and the properties of the beads and and springs are chosen to match the atomistic

scale simulation results described in Chapter 3. The total energy is given by:

E = ENB + Eb + Eθ =
∑

NBPairs

ϕLJ(rij) +
∑
Bonds

ϕb(rij) +
∑
Angles

ϕθ(θijk) (4.1)

Here ϕLJ is the typical 12-6 Lennard-Jones potential:

ϕLJ(rij) = 4ε

[(
σ

rij

)12

−
(
σ

rij

)6
]

rij < rc (4.2)

(a) (b)

Figure 4-1: A simple schematic of the (a) bonded interaction and (b) angle interaction.
The bonded interaction is calculated as a function of the separtion between bonded
beads and the angle interaction as a function of the angle formed by bonded triplets.
The non-bonded interaction (not shown) is calculated for all non-bonded pairs within
a prescribed cutoff distance.

The bond potential ϕb is described by a breakable Morse-potential with a shift

to match the tensile response of the amyloid and amyloid-like fibrils described in
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Section 3.1:

ϕb(rij) = D
(
1− e−α(rij−r0)

)2
+ δ (rij − r0) rij < rbreak (4.3)

where D and α are the parameters which control the energy scale and shape of the

bond potential, and r0 is the equilibrium bond length; a simple schematic of the

bonded interaction is shown in Figure 4-1(a). Since the spacing between β-sheets in

all of the amyloid and amyloid-like fibrils is controlled by the length of the hydrogen

bonds along the fibril axis rather than the specific amino acid sequence, the value

for r0 is the same for every structure considered with r0 = 14.4 Å (the spacing

between β-sheets is 4.8 Å and each bead comprises 3 β-sheets). An example force-

displacement response for this bond potential is shown in Figure 4-2; this functional

form captures the initial peak and drop in the stress-strain response of the amyloid

and amyloid-like fibrils which results from the cooperative deformation and failure of

a group of hydrogen bonds in the fibril cross-section, and the addition of the shift

(the δ(rij − r0) term) captures the small stress response observed at larger strains

during the one-by-one rupture of hydrogen bonds.

As discussed in Section 3.2, shear effects are found to be unimportant in determin-

ing the bending response of these cross-β structures beyond very short fibril lengths.

Thus in defining the angle potential for this coarse-grained description, shear effects

are ignored and the angle term is defined up to describe classical bending with a

harmonic bending function:

ϕθ(θijk) = Kbend (θijk − θ0)2 (4.4)

with θ0 = 180◦ for all structures considered. The bending stiffness is derived by

utilizing an energy equivalence between the coarse-grained bending potential (Equa-

tion 4.4) and the elastic energy from classical bending theory [107]. Under bending

deformation for three beads in angle triplet (similar to three point bending), the
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Figure 4-2: An example bond potential (force vs. extenstion) for the coarse-grained
amyloid and amyloid-like fibril model. The breakable Morse bond with a shift is
able to describe the relevant tensile behavaior for the amyloid and amyloid-like fibrils
described in Section 3.1.
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displacement perpendicular to the fibril axis is given by

δ =
PL3

48EI
(4.5)

where P is the applied load and L = 2r0 is the axial length of the angle triplet. The

total elastic energy in bending resulting from such displacement δ is given by

U(δ) =
6EI

r30
δ2 (4.6)

By setting this energy equal to the energy for the angle interaction ϕθ (Equation 4.4)

and noting that for the triplet of beads in the angle with the displacement applied to

the central bead (and for small deformations), θ− θ0 ≈ 2δ/r0. The resulting bending

stiffness is given by

Kbend =
3EI

r0
(4.7)

The coarse-grained model is implemented and run with the LAMMPS simulation

package on a multicore linux workstation and utilizes GPU acceleration to enhance

the performance of the simulations [?, 110–112].

4.3 Model Parameterization

In general, a fine-trains-coarse approach is used to parameterize the coarse grained

model; this approach is described in Section 2.2.2. The parameters for the coarse-

grained amyloid fibril model are determined by matching the mechanical response

measured from fully atomistic simulations to the response of an equivalent coarse-

grained description. This is essentially a "force-matching" method for parameterizing

the force field [113].

In order to provide more reliable fits, the matching of the mechanical response is

carried out via the potential of mean force (PMF) for each interaction which is pa-

rameterized. The PMF is defined as the cumulative work performed along a desired

reaction coordinate; in this case the reaction coordinate is the tensile or shear dis-
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placement for the tensile and inter-fibril shearing tests, respectively, and the PMF is

the cumulative sum of the force times the displacement. Since the PMF is essentially

an integral of the force-displacement response, it is much smoother than the actual

force-displacement curve and thus fitting the coarse-grained PMF to the atomistic

scale PMF is more reliable and diminishes the effects of noise in the data. Further-

more, by comparing the PMFs for the different deformation pathways both for single

structures and between structures, insights into the relative importance of different

deformation pathways can be highlighted by comparing the relevant energy scales.

4.3.1 Fitting Procedure

The fitting of the coarse-grained model is carried out by performing a brute force

parameter sweep over the relevant parameters in the coarse-grained model. Small

coarse-grained systems are set up which match the size of the atomistic scale simula-

tions described in Chapter 3, and equivalent mechanical test simulations are defined.

These simulations are run while sweeping through a range of parameters for the po-

tential function being fitted, and the set of parameters which minimize the square

error between the PMF of the coarse-grained response and the PMF of the atom-

istic response are chosen as the best fit. This procedure is iterated over successively

smaller intervals with a smaller loop increment for each parameter to refine the fits.

This procedure is carried out in MATLAB (see Appendix B).

4.3.2 Non-Bonded Interactions

The two parameters which describe the non-bonded interactions are the Lennard-

Jones parameters ε and σ. In the coarse-grained description, the non-bonded in-

teractions control the inter-fibril mechanics; the inter-fibril properties discussed in

Section 3.3 are used to parameterize the coarse-grained model. It is noted that there

are many methods which can be used to parameterize these kinds of interactions; per-

haps the most common is to match the potential energy as a function of inter-fibril

separation between the coarse-grained and fully atomistic representations. In the
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present work, however, the parameterization is carried out such that the inter-fibril

shear response of the coarse-grained model matches that of the atomistic response.

The work described later in Chapter 5 and Appendix A shows that sliding of chains

or fibrils (inter-fibril shear) is an essential deformation pathway in determining the

global mechanical response of the systems of interest, and thus the coarse-grained de-

scription described here is parameterized using the relevant deformation pathways. A

parameterization based on the potential energy as a function of inter-fibril separation

might be a better description for a model meant to describe static structures, but for

the dynamic mechanical response investigated with the present model the inter-fibril

shear response is a more appropriate training test.

First, the parameter σ is directly related to the physical size of the amyloid or

amyloid-like fibrils. The mean of the radii of gyration in the two directions perpendic-

ular to the fibril axis are used to define the equilibrium non-bonded distance, which

is related to σ by

rNB0 = 2
1
6σ (4.8)

It is noted that this value defines the radius of the spherical beads, which is always

larger than the bond distance between adjacent beads within a fibril (14.4 Å). To

account for this and to prevent the non-bonded potential from creating a compressive

stress in the fibrils, the non-bonded interaction is suppressed for first, second, and

third nearest neighbors which are bonded within a fibril (the so-called 1-2, 1-3, and

1-4 interactions). Thus there is significant overlap of the beads and the σ parameter

essentially defines the radius of cylindrical fibril.

The energy scale for the non-bonded interactions is defined by the ε parameter;

it defines the depth of the potential energy well in the Lennard-Jones potential. The

value of ε for each amyloid or amyloid-like structure is determined through the fit-

ting procedure described above (see Appendix B for the MATLAB code). Figure 4-3

shows an example of the atomistic scale shear test alongside the coarse-grained rep-

resentation.

An example of the atomistic scale PMF for the inter-fibril shearing response and
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(a)

(b)

Figure 4-3: Schematic of the shear test setup for the non-bonded interaction param-
eterization. (a) shows the initial structure and (b) shows a snapshot after some shear
deformation has been applied. In each panel the atomistic structure is on the left and
the equivalent coarse-grained representation is on the right.
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the corresponding coarse-grained PMF with the best fit ε is shown in Figure 4-4. The

coarse-grained model shows good overall agreement with the atomistic scale results;

the humps in the coarse-grained PMF are due to the spherical nature of the beads

which results in larger scale roughness a the shear interface compared to the atomistic

fibrils. Importantly, the coarse-grained description does an excellent job on average

of capturing the relevant energy scales involved in inter-fibril shearing.

Figure 4-4: Representative atomistic and best fit coarse-grained PMF curves from
inter-fibril shearing simulations; this particular set of curves are for the YadA collagen
bindinig domain β-helix fibril. The coarse-grained description shows good agreement
with the atomistic response.

4.3.3 Bonded Interactions

The bonded interaction in the coarse-grained model is described by the four param-

eters D, α, δ, and rbreak. The values of D and α together define the energy scale and

shape of bonded interaction potential, δ sets the force in the bond for large strains,
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and rbreak defines the cutoff for the bonded interaction (the bond distance at which

the bond breaks). The parameterization for D, α, and δ is carried out using the

fitting procedure described above and fitting the results to the atomistic scale tensile

test results from Section 3.1. Figure 4-5 shows a representative setup of the atomistic

and coarse-grained tensile test used to parameterize the bond potential.

In the present work, rbreak is set to 45 Å for all structures; while there is some

variation in the breaking distance between structures, the force values at large bond

strains are very small and thus are not expected to contribute significantly to the

mechanical response. It is noted that the β-helical structures do not have a true

failure point like the stacked structures do after all of the hydrogen bonds between

two β-strands are broken due to the addition of the continuous covalently bonded

backbone. However it was seen in Section 3.1 that the stress-strain response of the

β-helices is very similar to the stacked structures, so a similar cutoff is implemented;

this cutoff is also necessary for computational efficiency.

A representative tensile test PMF for an atomistic and coarse-grained representa-

tion is shown in Figure 4-6, in this case for the Aβ (1-40) amyloid fibril. Again the

coarse-grained model exhibits excellent agreement with the atomistic scale results.

4.3.4 Angle Interactions

The angle interactions which define the bending properties in the coarse-grained

model are controlled by the bending stiffness, Kbend, defined above in Equation 4.7.

The bending stiffness is directly related to the bending rigidity EI which in the

present work is calculated from the elastic properties determined from the atomistic

scale tensile test results discussed in Section 3.1. The cross-sectional moment of area

I is calculated for each structure from the atomistic geometry and is multiplied by

the Young’s modulus E to obtain the bending rigidity and ultimately the angular

bending stiffness Kbend for each amyloid or amyloid-like structure. It is noted that

the bending rigidity is also related to persistence length of the fibrils by

ξ =
EI

kBT
(4.9)
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(a) (b)

(c)

Figure 4-5: Schematic of the shear test setup for the non-bonded interaction param-
eterization. (a) shows the initial structure, (b) shows a snapshot after some tensile
deformation has been applied, and (c) shows a snapshot in which the deformation has
exceeded the breaking distance for the coarse-grained bond potential. In each panel
the atomistic structure (shown with a cartoon representation) is on the left and the
equivalent coarse-grained representation is on the right.
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Figure 4-6: Representative atomistic and best fit coarse-grained PMF curves from
tensile test simulations; this particular set of curves are for Aβ (1-40) amyloid fibril.
As in the inter-fibril shearing simulations, here the coarse-grained description shows
good agreement with the atomistic response.
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where kB is the Boltzmann constant and T is the temperature. It follows that the

bending stiffness can be defined through the persistence length by

Kbend =
3kBTξ

r0
(4.10)

This allows for a simple validation of the value for the bending stiffness for structures

with persistence lengths which have been measured experimentally.

4.3.5 Other Simulation Parameters

The final parameters required to complete the coarse-grained description are the

bead mass, as well as the specific simulation parameters used to define and integrate

the equations of motion for the coarse-grained model. The mass of each bead is

simply defined by the total mass of the atoms which comprise three β-sheet layers

in the atomistic structures. For stacked structures this definition is straightforward;

for helical structures, the mass per layer is defined by taking the total mass of an

atomistic structure and dividing by the total number if periods of the helix structure.

Langevin Dynamics simulations (described in Section 2.2.3) are performed with

the coarse-grained description. A time step of 100 fs is used for all coarse-grained

simulations, and the damping parameter (γ) is calculated for each amyloid-or amyloid-

like fibril from the bead size (discussed above in Section 4.3.2) and using the dynamic

viscosity of water η = 128.3 kcal fs mol−1 Å−3.

4.4 Film-like Geometry Generation

Many of the applications of functional amyloids utilize the fibrils in a film-like ge-

ometry, and thus the coarse-grained modeling discussed in this chapter will focus on

the properties of amyloid-based films. One of the simplest methods by which these

amyloid-based films are generated experimentally is by simply casting a solution con-

taining amyloid fibrils and allowing the solution to evaporate [19]; alternatively, a

vacuum filtration method has been used in which a solution of amyloid fibrils is
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drawn through a filter, resulting in a thin film being deposited onto the filter which

can then be removed to achieve a free standing film [49]. The film-like geometry is

created in silico with a deposition process which is meant to emulate these types of

deposition methods. Initial structures are generated with fibrils randomly oriented in

a direction parallel to the film plane and a random height above the film; an example

structure is shown in Figure 4-7(a). It is noted that periodic boundary conditions

are used in the film directions to create an "infinite" film geometry. The film is "de-

posited" by adding a wall potential parallel to the film plane to create a surface onto

which the film can be deposited and then by imposing a gravitational force onto the

fibrils in the direction perpendicular to the film plane. The wall potential is defined

by a 9-3 Lennard-Jones interaction:

ϕwall (z) = εwall

[
2

15

(σwall
z

)9
−
(σwall

z

)3]
(4.11)

where z is the height of a particle above the wall and εwall and σwall define the

interaction strength and equilibrium distance for the wall potential, respectively. The

values for these parameters are chosen to be similar in magnitude to those of the non-

bonded interactions within the fibrils; the actual values for the wall potential are not

considered important as the wall potential is implemented to simply provide a surface

onto which the fibrils can be deposited.

After the deposition process, the wall potential is removed, and the free-standing

film is allowed to equilibrate. During this equilibration process, the lateral dimension

of the film is allowed to change in order to relax the structure and prevent the buildup

of any residual stresses. Figure 4-7(b) shows a representative amyloid film structure

following the equilibration procedure. As evidenced by the differences between the

initial configuration with relatively uniform coverage of the film and the final equi-

librated film structure, the equilibration process results in significant aggregation of

the fibrils and the film structure resembles a network of small scale bundles (similar

to the structures discussed in Appendix A). The strong attraction between the amy-

loid and amyloid-like fibrils combined with their typically high bending rigidity and
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brittleness results in a significant amount of fibril fracture during the equilibration

process; the extent to which this effects the mechanical properties of the mesoscale

structures is examined in Chapter 6.

(a)

(b)

Figure 4-7: Representative simulation snapshots demonstrating the method used to
generate film-like geometries with the coarse-grained amyloid and amyloid-like fibrils.
(a) shows the side and top view of the initial structure with parallel to the film plane
but with random orientations and a random height above wall potential (effectively
the deposition substrate). (b) shows the top and side view of the same structure
following the equilibration runs.
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4.5 Model Validation

As stated above, the primary goal of the model described in this chapter is to allow

for qualitative and comparative analysis of the performance of mesoscale structures

based on different amyloid or amyloid-like fibrils. However, the model should provide

reasonable quantitative agreement with experimental results for the mechanical prop-

erties of similar functional amyloid-based structures to be considered a valid model.

A simple study is discussed in this section which provides such validation for the

model fitting procedure described above.

A bending simulation is performed to emulate the three point bending experiments

performed by Knowles, et al. [19] on free-standing amyloid-based films. This study is

one of the few in the literature which has directly reported the mechanical properties

of a functional amyloid-based structure. They found the Young’s modulus for films

based on β-lactoglobulin or lysozome protein fibrils to be in the range of 5-7 GPa.

It is noted that a direct comparison for these structures cannot be made since the

atomistic structures of the amyloid form these proteins are not available in the Protein

Data Bank and therefore atomistic scale simulations from which a coarse grained

model could be parameterized could not be performed. In this validation study, a

film structure comprising fibrils of the Aβ (1-40) amyloid fibril are used; although the

structures are different, the general similarity of the mechanical properties of amyloids

should allow for a reasonable comparison with this structure.

The bending simulation is set up to emulate the boundary conditions of the three-

point bending test; the boundary conditions are shown schematically in Figure 4-8a.

The film is square with initial dimensions of 341 × 341 × 21 nm. 15 nm on the

edges of the film in one of the film plane directions are held fixed, and a cylindrical

indenter with a radius of 25 nm is created parallel to the film and subsequently moved

downward into the film at a constant velocity of 1 m s−1. The indenter interacts with

the film via a harmonic interaction with a spring constant of 100 kcal mol−1 −1. The

force on the indenter is recorded as a function of the indentation depth and a linear

fit is performed on the results to obtain an effective stiffness, keff . The analysis of
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the effective stiffness is performed as in [19] to obtain the modulus from the measured

stiffness of the film. The modulus is given by:

E =
keffL

3

48I
(4.12)

where the cross-sectional moment of inertia is:

I =
wh3

12
(4.13)

where w is the width of the film (in the direction parallel to the axis of the cylindrical

indenter in the present study), L is the free (unclamped) length of the film, and w is

the film thickness [114].
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(a)

(b)

Figure 4-8: The indentation test setup used to emulate the three point bending of
the amyloid-based film. The edges of the film are held fixed and a cylidrical indenter
is depressed into the film at a constant velocity. (a) shows the initial setup and (b)
shows the structure after the indenter has casued significcant bending in the film.

Figure 4-9 shows the force-displacement curve for the three point bending valida-

tion study along with a linear fit from the first 10 nm of displacement. The bending

stiffness keff is found to be 1.177 N m−1 which corresponds to an elastic modulus

of 2.7 GPa. This value is smaller than the values reported by Knowles et al. by a

factor of ∼ 2, however this difference could be attributed to a number of differences

between the simulation and the experiment including the different structures tested

or the small differences in the boundary conditions.

Importantly, the the modulus measured in the indentation study described here

is on the same order of magnitude as the experimental results; this is considered to

be reasonable quantitative agreement for a coarse-grained model of this nature. Even
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Figure 4-9: Force vs. indentation depth for the bending validation study. The blue
line shows a linear fit from the first 10 nm of indentation from which the bendinging
stiffness keff is determined. The elastic modulus of the film calculated from the
bending stiffness agrees well with experimental values for similar structures.
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though the model was not trained against any experimental data and was constructed

purely in a bottom-up fashion, the results agree well with experimental results for

similar systems, and thus this study provides validation for the model and the pa-

rameterization methods described in this chapter.

4.6 Chapter Summary

This chapter described the development of a new coarse-grained model for amyloid

and amyloid-like protein fibrils. As discussed in Chapter 3, the specific amino acid

sequence or molecular geometry of the amyloid or amyloid-like fibrils has very lit-

tle effect on the deformation behavior and the character of the force-displacement

(stress-strain) response. Thus the functional form of coarse-grained model was de-

veloped to capture this "universal" force-displacement response including the failure

of the fibrils, and a parameterization method was followed such that the mechani-

cal properties of the coarse-grained descriptions match those found in the atomistic

scale training simulations. A method for creating film geometries was also discussed;

these geometries are relevant in the broad field of functional amyloid based materi-

als. Finally, since the parameterization method used in this work is based only on

other simulation results, a simple validation study was performed to ensure that the

coarse-grained description developed here can provide reasonable agreement with the

results of experimental studies on similar functional amyloid-based materials. This

study did find reasonable agreement with an experimental result for a three point

bending test on amyloid-based films; the young’s modulus found in the simulation is

of the same order of magnitude as that found for similar protein fibrils, indicating

the validity of the model.

The model discussed here is simple by design, but still captures the relevant physics

and mechanical properties of amyloid and amyloid-like fibrils and thus can be easily

extended to study a variety of cross-β protein fibrils and other similar structures. An

investigation of the adhesive response of two different cross-β fibrils using this model

is discussed in Chapter 6.
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Chapter 5

Adhesive Modeling

This chapter takes a brief detour from the discussion of amyloid protein based materi-

als; it describes the development and validation of an adhesion model for amorphous

polymer adhesives. Although these types of adhesives are quite different in form and

function from typical amyloid-based biomaterials, including amyloid-based adhesives,

the model is general and is easily extended to investigate the adhesive properties of

such materials (see Sections 5.2 and 6.3). Furthermore, the work described in this

chapter elucidates some basic design principles which lead to optimal adhesive per-

formance and which can be applied to amyloid-based functional materials to further

aid in the materials selection and design processes. In addition, this chapter explores

the interesting synergy between enhancing the design of de novo biomaterials via the

study of synthetic materials (such as amorphous polymer adhesives), and the im-

provement and optimization of such synthetic materials through bioinspired material

design.

5.1 Polymer Adhesive Model

In this section, a simple coarse-grained polymer model is developed and used to study

the effects of crosslinking on the adhesive response of amorphous polymer films. Im-

portantly the mechanical characterization methods discussed in this chapter provide a

foundation on which the mechanical properties of functional amyloid-based materials
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can be evaluated; this work is described in Chapter 6.

5.1.1 Background

Amorphous polymers are major components of both naturally occurring and syn-

thesized adhesive materials, yet many simple effects including the interplay between

crosslink density and the molecular scale mechanisms which control adhesive perfor-

mance remain poorly understood. In nature, such adhesive materials are often found

to play an important functional role at diverse interfaces. For example, spider silk

uses groups of branching silks as glued to achieve it adhesion that is able to secure the

edges of web structures subjected to wind or impact loading [115,116]. Other exam-

ples include gecko feet, muscle and barnacle adhesion plaques, and amyloid protein

biofilms, which generally also achieve impressive adhesion through amorphous protein

structures which have only weak interactions such as Van der Waals forces [5,117–121].

The fascinating interfacial mechanics of these materials are found to be derived from

the cooperative and synergistic integration of their building blocks [122], and these

natural adhesives possess mechanisms to maximize adhesive performance in a va-

riety of environments; they could prove invaluable as inspiration for the design of

new synthetic adhesives. To apply these concepts to synthesized amorphous polymer

adhesives, however, it is critical to understand how the mechanics and chemical in-

teraction of the constituent polymer chains can be designed and tailored to control

deformation mechanisms at the molecular scale and ultimately optimize the adhesive

response.

One of the most common applications of synthesized amorphous polymer adhe-

sives is in pressure sensitive adhesives (PSAs), used both in industrial and consumer

grade tape and label products, in which temporary adhesion to diverse surfaces is

required. These adhesives are characterized by their ability to form an adhesive

bond just by the application of a small compressive force, as well as the ability to

be completely removed without leaving a residue upon bonding [123, 124]. PSAs are

commonly made a variety of polymers of low glass transition temperatures including

natural rubbers, acrylics, and styrenic block copolymers [123, 125]. They are very
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different from many irreversible adhesives such as epoxies that undergo some form of

curing or setting process with phase transformations, which result in a drastic change

in rheological properties, as well as the formation of chemical bonds between the ad-

hesive and the adherend. In contrast, amorphous polymer PSAs do not undergo any

phase transformations and they achieve adhesion in a similar manner to many natural

adhesives, solely in the solid state via Van der Waals interactions [123,125–127].

The performance of amorphous polymer adhesives is strongly dependent on the

rheological properties of the constituent polymers. There is a clear trade-off in per-

formance with changes in the stiffness of the polymer film. In general, the stiffness

must be low enough that the adhesive is able to deform and make sufficient contact

with the surface as described by the Dahlquist criterion [128], but the stiffness must

also be large enough to provide sufficient resistance to deformation and to prevent

cohesive failure [125]. Furthermore, a significant viscous response is desirable to pro-

mote energy dissipation during debonding (and thus achieve a more robust adhesive

bond) [129]. Molecular weight can also have an important impact on the adhesive

response via modulation of the rheological response [123–125, 130–133]. Low molec-

ular weight polymers are found to perform well in peel and tack tests due to their

ability to flow (and increased wettability) but they perform poorly in shear, and thus

a higher molecular weight can lead to an optimal adhesive response [131]. Another

factor which has been investigated extensively is the inclusion of tackifying resins

and fillers [125, 134–137]. As with the molecular weight, the tack response is found

to increase initially with increased concentration of tackifier and reaches an optimal

response before decreasing with further addition of tackifier.

The extent of crosslinking in amorphous polymer films is yet another factor which

plays an important role in PSA performance. Previous work has shown that an

optimal degree of crosslinking in terms of the tack response exists just above the gel

point [138], however the extent to which crosslinking affects mechanical properties

such as the elastic modulus and the total work required to debond an adhesive film,

as well as the molecular mechanisms which play a large role in adhesive performance

have not yet been extensively studied.
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Simple coarse-grained polymer models have proven extremely useful in elucidating

polymer properties and behaviors at scales which currently are not accessible with

experimental techniques. Such models have successfully been used to investigate a

broad range of polymer systems and properties including basic dynamics and struc-

ture of amorphous polymers [139, 140], adhesion of end-tethered polymers [141, 142],

and properties of highly crosslinked network polymer adhesives [143–146]. Similar

models have also been used to demonstrate the importance of coupled effects of

polymer-polymer and polymer-surface interaction in determining the elastic and ad-

hesive properties of polymer films [147, 148]. In this section, a simple coarse-grained

polymer model is used to directly investigate the extent to which crosslinking af-

fects the adhesive response of amorphous polymer adhesives. Both qualitative and

quantitative insights into how crosslinking affects adhesive response are provided and

molecular scale mechanisms which can be harnessed to tune and ultimately optimize

the adhesive performance are examined.

5.1.2 Methods

A simple bead-spring-like polymer model is used based on that of Kremer and Grest

[139,140]. The polymer chains are treated as spherical beads of massm which interact

via a total energy function described by the sum of non-bonded, bonded, and angle

interactions:

E = ENB + Eb + Eθ =
∑
Pairs

ϕLJ(rij) +
∑
Bonds

ϕb(rij) +
∑
Angles

ϕθ(θijk) (5.1)

ϕLJ(rij) = 4ε

[(
σ

rij

)12

−
(
σ

rij

)6
]

rij < rc (5.2)

ϕb(rij) = −0.5KbR
2
0 ln

[
1−

(
rij
R0

)2
]

+ ϕLJ(rij) (5.3)

ϕ(θijk) = Kθ (1 + cos θ) (5.4)

All parameters used in this work are described in reduced Lennard-Jones units;
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all distances and energies are defined in terms of the parameters σ and ε, respectively,

and all other quantities are derived from those parameters. Here the cutoff distance

rc = 2.5σ, the bond stiffness Kb = 30ε/σ2, the maximum bond length R0 = 1.3σ,

and the bending stiffness Kθ = 1.5ε. The model is implemented in the LAMMPS

simulation package [110–112,149]; visualizations are performed with VMD [79].

Structure Generation

Amorphous polymer melt structures are created by following a simple three-step

process shown schematically in Figure 5-1. First, the initial geometry is created by

defining the simulation box and building independent random walk chains inside the

box. The random walk chains are created in a stepwise manner; the position of the

first bead (monomer unit) is chosen randomly, and then subsequent beads are placed

by randomly picking a point on the surface of a sphere [150] of radius r0 (where r0 is

the equilibrium bond length between bonds or monomer units) and placing the next

bead at that point. Each generated structure comprises 1000 chains with 100 beads

per chain.

The second step of the process is a relaxation of the overlapped structure; this step

is implemented with a simple NVE ensemble. All MD simulations are run with the

LAMMPS simulation package [110–112, 149] with a time step of ∆τ = 0.006τ where

τ = σ(m/ε)1/2. During the relaxation process, the non-bonded (Lennard-Jones)

interactions are replaced by a soft repulsive potential of the form

ϕ∗(rij) = A

[
1 + cos

(
πrij
rc

)]
rij < rc (5.5)

where rc = 3σ. Over the course of the relaxation phase, the value of A (the strength

of the repulsive potential) is slowly ramped from zero to 15ε over 2× 105 steps, and

then the value is held at 15ε for an additional 3× 105 steps. The final structure after

relaxation comprises a dilute solution of extended chains as shown in Figure 5-1(a)(ii).

The final step for creating the polymer melt geometries is equilibrating the relaxed

structure with isothermal-isobaric (NPT) MD to form a dense amorphous geometry.
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(a)

(b)

Figure 5-1: Representative snapshots from the three phases of structure preparation.
The different colors indicate beads belonging to different polymer chains. (a)(i) shows
the initial random walk structure in which chains are highly overlapped. (a)(ii) shows
the structure following the relaxation process. This structure is a dilute collection of
mostly extended chains. (a)(iii) shows the final structure following the equilibration
and crosslinking steps. The structure becomes much more dense and the chains are
highly entangled. A single unit cell with adhesive walls is shown in (b) as well as a
9×9 array of unit cells which demonstrates the thin film geometry achieved with the
periodic boundary conditions.
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The equilibration consists of three steps: initial equilibration at high temperature

to promote dynamic mixing of the chains and to remove any structural artifacts

introduced through the initial structure definition and relaxation process, low tem-

perature equilibration and the formation of crosslinks, and final equilibration of the

crosslinked structure. The high temperature equilibration is performed at at tem-

perature of T = 2.5ε/kB for 7 × 105 steps, followed by a lower temperature run at

T = 1.0ε/kB for 8 × 105 steps. Following the crosslinking step (described below), a

final equilibration run is performed at T = 1.0ε/kB for 4.9× 105 steps.

Over the course of the structure preparation process, a film-like geometry is en-

forced by imposing periodic boundary conditions in the x− and y−directions and

fixed boundary conditions in the z−direction as shown in Figure 5-1(b). For the

relaxation and initial equilibration steps, simple reflecting walls are used to confine

the chains in the z−direction; fore the subsequent equilibration steps, the reflect-

ing walls are replaced by walls which interact with the polymer film through a 9-3

Lennard-Jones potential:

ϕwall = εwall

[
2

15

(σwall
r

)9
−
(σwall

r

)3]
r < rwallc (5.6)

with εwall = ε, σwall = 2σ, and rwallc = 6σ. This wall potential approximates the

interaction with the explicit walls used to investigate the adhesive performance (de-

scribed below) and the parameters are chosen such that the polymer-polymer and

polymer-wall interactions are similar in strength. All of the wall potentials are posi-

tioned such that the total thickness of the structure is maintained at ∼ 60σ. During

the equilibration phase, a zero pressure boundary condition is maintained in the x−

and y−directions to allow the structure to achieve a dense, stress-free configuration.

Polymer Crosslinks

Crosslinking is enabled in these structures via the incorporation of three distinct bead

types during the generation of the initial structure. Beads designated as "type 1" are

not allowed to form crosslinks, whereas those designated as "type 2" are able to form

111



crosslinks. Once a crosslink is formed, the two beads that comprise the new bond are

changed to "type 3". Aside from the ability to form crosslinks, the three bead types

are identical. When creating the initial random walk structure, each bead is assigned

as type 1 or type 2 with a prescribed probability ranging from 0 (no crosslinkable

beads) to 0.1, and the restriction that type 2 beads are not allowed to be adjacent on

the same chain in order to prevent forming a crosslink bond to beads which are already

bonded. During the structure equilibration process, a reaction step is implemented in

which two type 2 beads within 1.1r0 are allowed to form a crosslink; the final crosslink

density can be controlled by adjusting the initial concentration of type 2 beads as well

as by modulating the duration of the reaction step. In this work, 1 × 104 steps are

allowed for the reaction step for all systems considered. All crosslinks are described

by the same parameters as bonds within chains and are thus considered covalent

crosslinks.

Mechanical Characterization

A simple tack test is performed to characterize the adhesive response of the crosslinked

amorphous polymer structures; the tack test setup is shown schematically in Figure 5-

2. This test is performed with NVT MD with periodic boundary conditions in the

polymer film plane. The Lennard-Jones wall potentials (equation 5.6) used in the

equilibration process are replaced by three layers of beads arranged in an FCC lattice

with the (1 1 1) face oriented along the z−direction with a lattice constant of 1.204σ;

similar setups have been successfully used to asses adhesive performance in pervious

work [146]. These wall beads interact with the polymer beads via Equation 5.2 with

εwall = ε, σwall = 2σ, and rwallc = 6σ, but do not interact with each other. The walls

are treated as independent rigid bodies; the bottom wall is always held fixed and

the top wall is allowed to displace along the z−direction but not allowed to rotate.

Before performing the tack test, an initial compression step is carried out in which a

constant stress of −0.2ε/σ3 is applied to the top wall for 2.5× 105 steps to promote

adhesion between the polymer film and the walls. This compression step also mimics

the process by which PSAs are applied to surfaces in which a small amount of pressure
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is applied to achieve the adhesive bond.

The tack test is then performed by displacing the upper wall at a constant velocity

of = 0.002σ/τ . It is noted that the strain rate can be an important factor in polymer

film mechanics, but a single strain rate is used in the present work for all simulations

to isolate the effects of crosslinking in determining the mechanical response. Adhesive

performance is assessed through the stress-strain response, including changes in the

elastic modulus and the plateau stress. Importantly, the toughness modulus is calcu-

lated from the area under the stress-strain curve for each case to provide a measure

of the energy dissipated per unit volume during the debonding process. A total of

three tack test simulations are performed for each crosslink density to account for

stochastic effects; and additional 1 × 104 equilibration steps are performed prior to

the inclusion of the adhesive walls in order to sample a new configuration. The results

for the adhesive performance are then obtained by averaging over the results from

the three runs; error bars indicate the minimum and maximum values observed.
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Figure 5-2: A schematic of the tack test setup used to characterize the adhesive
response of the amorphous polymer films. Two adhesive walls are introduced to the
system which interact with the polymer film via a simple Lennard-Jones interaction.
The bottom wall is fixed, while the top wall is displaced at a constant velocity in the
direction perpendicular to the film plane.

5.1.3 Results and Discussion

Seven crosslink densities ranging from 0 to 5.81 % are investigated. Figure 5-3 shows

the final crosslink density in the amorphous structures as a function of the initial con-

centration of crosslinkable beads; here the crosslink density is defined as the fraction

of beads involved in crosslinks (type 3):

ρXL =
N3

NTotal

=
2NXL

NTotal

(5.7)
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The factor of two arises since two beads participate in each crosslink. We note that

these crosslink densities are not unique; the final value depends on the number of

steps allowed for the reaction phase. In the present work the number of steps allowed

for the reaction is limited to 1 × 104 in order to sample a representative range of

crosslink densities.

Figure 5-3: Variation of the final crosslink density with the concentration of crosslink-
able (type 2) beads. Seven crosslink densities are studied ranging from 0 to 5.81 %.

The stress-strain responses of the seven structures investigated are shown in Fig-

ure 5-4(a); the inset shows the small strain response. All of the structures initially

feature a similar elastic response followed by a sudden drop in the stress which corre-

sponds to the initial formation of a defect (void) in the material. These results show

excellent qualitative agreement experimental results for PSA tack tests in which an

initial peak in the force-displacement response is followed by a drop in the force to a

plateau value which extends to larger displacements 10-12, 14, 15, 25. The specific

responses in the elastic regime are plotted in Figure 5-4(b) with all values normalized

by the response of the non-crosslinked structure. As expected, the elastic modulus in-

creases with increasing crosslink density due to the extra connectivity in the network,
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however the increase is modest —the highest crosslink density studied only resulted

in an 11% increase in the elastic modulus. A similar trend is observed in the value of

the peak stress achieved in the elastic regime. For most of the structures considered,

crosslinking results in an increase in the peak stress compared to the non-crosslinked

structure, but again the effect is modest indicating that crosslinking alone is not an

optimal strategy for enhancing the mechanical response of amorphous polymers in

the small strain regime.

(a) (b)

(c) (d)

Figure 5-4: (a) shows the stress-strain response of the seven crosslinked structures
investigated; the inset plots the small strain (elastic regime) response. (b) shows the
variation of the elastic modulus and peak stress as a function of crosslink density.
(c) shows the strain-to-failure with increasing crosslink density. (d) plots the plateua
stress versus the crosslink density. The lowest two crosslink densities are excluded
since those structures failed before supporting any steady applied stress. The mean
values from three tack test simulations are plotted with error bars indicating the
minimum and maximum observed values.
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In contrast, crosslinking has a dramatic effect on the stress-strain response in

the post-elastic regime. For the lowest two crosslink densities (0% and 0.13%), the

response is quite similar with a gradual decrease in the stress until failure. Once the

crosslink density is increased to 0.73%, however, the structure is able to sustain a non-

zero stress (the plateau stress) to a much higher strain before failing. As the crosslink

density is increased to 2.12%, a very large change in the response is observed as the

additional connectivity allows for the polymer to achieve a much higher strain before

failing, however further increases in the crosslink density cause the strain to failure

to decrease as the additional connectivity causes the structure to respond in a more

elastic rather than viscous manner (Figure 5-4(c)). Additionally, the plateau stress

which is plotted in Figure 5-4(d) for the five structures which are able to sustain a

non-zero stress, is found to increase significantly with increasing crosslink density; it

increases 13-fold over the small range of crosslink densities investigated. This result

clearly demonstrates how sensitive adhesive properties can be to small changes in

crosslink density. In particular the plateau stress is an important indicator of the

load magnitudes that an adhesive is able to sustain during typical usage.

Figure 5-5 shows representative simulation snapshots from the post-elastic regime.

The snapshots demonstrate the key mechanisms that give rise to the dramatic varia-

tion in mechanical response. Figure 5-5(a) shows the fibril structures formed during

the deformation process. With higher crosslink densities, the stable fibril grows in

diameter due to the additional connectivity, and more importantly, it is clear from

the relative amount of the material involved in the fibril that crosslinking results in

a larger fraction of the polymer material being involved in the deformation response.

We note that the relatively small system size use of periodic boundary conditions

introduces a finite size effect into the systems which suppresses the typical crazing

geometry in a single periodic cell. The two lowest crosslink density structures exhibit

large volumes in which much of the polymer is not deformed, and only the small

number of chains in the fibril participate in the deformation which accounts for the

large global strain; this indicates that in these structures, the material is not utilized

efficiently. The two high crosslink density structures, in contrast, exhibit deforma-
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tion along most of the thickness of the sample, and thus the material is much more

efficiently utilized. Figure 5-5(b) shows the same structures right before failure. In

the structures with lower crosslink densities, the fibrils eventually neck down to a

single chain, whereas with higher crosslink densities, a larger fraction of the mate-

rial is extended and the deformed structure develops a more tortuous geometry with

numerous smaller scale features. Furthermore, the cross-sectional area of the fibrils

tends to increase with increasing crosslink density; this is likely the mechanism which

results in the increase in the plateau stress.
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(a)

(b)

Figure 5-5: Representative simulation snapshots from the post-elastic regime. The
crosslink density is shown under each snapshot. Representative fibril structures are
shown in (a); various degrees of deformation are shown to highlight the diversity of
the deformed geometries. Snapshots of the structures just prior to failure are shown
in (b).
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The failure response of the adhesives is shown in Figure5-6; a clear transition

is observed from a cohesive failure mode in which failure occurs within the polymer

material to an adhesive failure mode in which failure occurs by debonding of all of the

polymer material from one of the adhesive walls. We note that the relatively smooth

failure surfaces result from the fact that the polymers are tested above their glass

transition temperature and thus the extended material seen in Figure 5-5 snaps back

into the remaining material as the strain energy is relieved. It is interesting to note

that even though the structure with ρXL = 2.12% displays an impressive deformed

structure in which all of the material appears to be effectively utilized, it still fails

cohesively as a small amount of material is left on the bottom wall after failure.

Figure 5-6: Representative simulation snapshots after failure. In each case the struc-
ture relaxes quickly after failure. Lower crosslink densities result in cohesive failure,
while structures with larger crosslink densities fail adhesively. Adhesive failure is
typically desirable as PSAs are often used in reusable adhesive applications.

The toughness modulus (normalized by the non-crosslinked response) is shown
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in Figure 5-7(a). The toughness modulus is a measure of the energy dissipated per

unit volume during deformation and thus here it demonstrates changes in the work

required to debond the adhesive. We observe a very large range of responses, mostly in

line with the failure strain response; an optimal response is reached at a modest degree

of crosslinking, but the performance decreases with further increases in the crosslink

density. We also note the importance of the interplay between the failure strain and

the plateau stress in determining the toughness modulus as a function of crosslink

density. Although the failure strain increases rapidly at low crosslink densities, the

very small (or nonexistent) plateau stresses at these crosslink densities prevent an

appreciable increase in the toughness modulus. Thus the toughness modulus increases

more slowly than the failure strain for small amounts of crosslinking. In contrast, at

higher crosslink densities where the failure strain drops off rapidly, the toughness

modulus displays a less severe decline due to the increasing plateau stress.

Figure 5-7(b) shows schematics of competing molecular scale mechanisms which

explain the observed peak in the toughness modulus as well as the transition from

cohesive to adhesive failure. For low crosslink densities (Figure 5-7(b)(i)), crosslinks

have the effect of increasing the average chain length and increasing the overall de-

formability of the crosslinked structure; the crosslinks inhibit the chain sliding mech-

anism which cause the non-crosslinked structures to fail by breaking the non-bonded

interactions during the chain sliding at very low strains. As the crosslink density is

increased further (Figure 5-7(b)(ii)), the crosslinks begin to reduce the deformability

as an elastic network forms with short chains between connected nodes. Although

the strength and stiffness of such a structure can be higher as adding crosslinks helps

to stabilize the molecular conformation, the structure fails adhesively at the inter-

face before a significant amount of energy can be dissipated in debonding inside the

structure. This is made clear by the drop in the toughness modulus as the crosslink

density is increased above the optimal value. The increased connectivity causes an

increase in the plateau stress which would typically increase the toughness modulus,

but the drastically decreased overall extensibility becomes the important factor in

determining the amount of energy that the polymer can dissipate before failing at the
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(a)

(b)

Figure 5-7: (a) plots the toughness modulus vs. crosslink density normalized by
the value from the uncrosslinked structure; the mean result from three tack test
simulations is shown with error bars indicating the minimum and maximum values
observed. Increasing the crosslink density causes an initial increase in the toughness
modulus due to increases in the plateau stress and strain-to-failure. However, further
increases cause a drop in the toughness modulus due to the sharp decrese in the
strain-to-failure. A schematic of the competing deformation mechanisms responsible
for the observed response is shown in (b). For low crosslink densities (i), the chains
are able to extend and the crosslinks effectively increase the average chain length
and in turn increase the overall deformability. For larger crosslink densities (ii), the
deformability decreases and the structure transitions to an adhesive failure mode.
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interface.

Another mechanism that contributes to the transition between cohesive and adhe-

sive failures is that for low crosslink densities, the polymer chains within the structure

have weak interactions and behave more independently during failure, as a single de-

fect or crack does not significantly affect the extensibility of the rest piece of material.

For high crosslink densities, however, the interactions between polymer chains become

much stronger, making the material less flaw tolerant. Thus a single defect or crack

can cause stress concentration and can propagate by breaking the interfacial inter-

actions, as illustrated in Figures 5-5(b) and 5-7(b), dissipating less energy before

failure.

5.1.4 Conclusions

Molecular dynamics simulations were performed on simple coarse-grained polymer

systems to directly investigate the effects that crosslinking has on the adhesive per-

formance of amorphous polymer adhesives. Many properties were found to be highly

sensitive to crosslink density, most notably the plateau stress, strain to failure and

toughness modulus, all of which are important parameters to consider in the design

of new adhesive materials which seek to maximize mechanical performance as well

as to have predictable mechanical behavior before failure. The results demonstrate

that the mechanical response of amorphous polymer adhesives can be systematically

tuned by simply adjusting the crosslink density, and importantly, that optimal per-

formance is achieved at an intermediate degree of crosslinking which coincides with

the transition from cohesive to adhesive failure. This study also makes more clear

the mechanisms which contribute to these two different failure modes.

The results demonstrate good qualitative agreement with deformation behavior

of PSAs observed in experiments. The model described here is simple and general

and can be extended to include the specific physical parameters of many polymer

adhesives. Scaling of the adhesive properties with physical crosslink density could be

investigated further for specific polymer systems of interest to provide further valida-

tion. Furthermore, this model is capable of providing insight into diverse molecular
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scale mechanisms and thus it can be used to investigate many other properties which

could affect adhesion including the organization of crosslink sites, dispersity of the

polymer chains, the role of crosslinking in the presence of surface roughness, and the

interplay between crosslinking and strain rate or temperature effects in adhesive films.

Although the model is very simple, the results provide valuable insights which can

guide the design of future polymer adhesive materials which optimize the adhesive

response through careful engineering of crosslinks.

5.2 Extension to Amyloid-Based Adhesives

Although amyloid and amyloid-like fibrils are not amorphous polymers, the work de-

scribed in this chapter is broadly relevant and aids in the understanding and design

of a host of natural adhesive materials including functional amyloid-based biomate-

rials. Specifically, the model can be altered and parameterized to make the behavior

of the polymer chains reflect the mechanical properties of amyloid and amyloid-like

fibrils. More importantly, the methods for characterizing the polymer films can be

used without significant modification to characterize the adhesive properties of films

based on amyloid or amyloid-like fibrils (see Section 6.3).

Amyloid and amyloid-like fibrils constitute a diverse collection of materials with

similar building blocks but with widely varying mechanical properties. Specifically,

amyloid and amyloid-like fibrils are all based on the cross-β secondary structure motif

and thus posses impressive mechanical properties, but as shown in Chapter 3, the spe-

cific mechanical response can vary greatly between specific amyloid structures. This

is quite similar to the crosslinked amorphous polymer films described in this chapter

which all have the same constituent polymer chains, but vary just in the degree of

connectivity in the films and thus end up with a wide range of adhesive responses.

The work presented in this chapter demonstrates that a simple model (in this case

for polymer chains) is able to capture subtle relationships between available defor-

mation pathways at the molecular scale and global mechanical performance. These

types of relationships will be quite important to analyze when comparing amyloid and
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amyloid-like fibrils and ultimately choosing structures which optimize performance in

specific functional roles.

Besides the fact that the methods described in this section are broadly applicable

to the field of soft matter, the insights gained from this work are also relevant to the

problems addressed in this thesis. Specifically, the competition between enhanced

strength and reduced deformability which ultimately results in an optimal adhesive

response at an intermediate degree of crosslinking sheds light on some important com-

peting mechanisms in amyloid-based functional materials. As shown in Chapter 3,

amyloid and amyloid-like fibrils are brittle with tensile strengths that cover a wide

range, and the diversity of geometries in amyloid and amyloid-like fibrils leads to

very large differences in inter-fibril adhesion strength. The interplay between these

properties at the mesoscale should lead to a competition between increased mechani-

cal performance as the inter-fibril adhesion strength as increased (just as crosslinking

increases the mechanical performance of the polymer films) and decreased deforma-

bility as inter-fibril sliding is inhibited and the structures transition to a more brittle

failure mode. Thus, an intermediate set of fibril properties which provide a balance

between inter-fibril adhesion strength and fibril tensile strength (to mitigate brittle

failure) should provide an optimum in terms of the global functional response. It is

noted, however, that this optimum may be different for different functional roles, and

thus the amyloid or amyloid-like fibrils should be chosen or engineered appropriately

for a given application.

5.3 Chapter Summary

The specific effect of crosslinking in amorphous polymer adhesives has not been stud-

ied extensively in the literature. A simple coarse-grained model was used to study this

effect and examine the relationship between enhanced network strength and network

deformability with increased crosslinking. Optimal adhesive performance is seen in

those structures which effectively balance these effects. The results shown in this

chapter are broadly relevant to the field of soft matter and provide some clear guide-
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lines to aid in the design of functional amyloid-based materials including adhesive

films.
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Chapter 6

Mesoscale Modeling of Functional

Amyloid-Based Materials

This chapter builds on the modeling efforts described in Chapters 4 and 5 to directly

investigate mechanical properties of functional amyloid-based materials. A compar-

ative analysis is performed on two distinct amyloid and amyloid-like fibrils: the Aβ

(1-40) amyloid fibril and the YadA collagen binding β-helix. As demonstrated in

Chapter 3, these two structures exhibit very different mechanical responses and thus

a comparison of the behavior of large scale structures comprising these two fibrils can

elucidate fundamental features which enhance the performance of functional amyloid-

based materials.

First, the specific parameterization of the coarse-grained model for the two struc-

tures will be discussed. Next, a continuation of the preliminary coarse grained model-

ing discussed in Appendix A is performed to directly examine the properties of these

structures in a nanowire-like geometry. Finally, an extension of the work described

in Chapter 5 is be performed in order to directly investigate the performance of films

based on two amyloid and amyloid-like fibrils in adhesive roles and to provide some

basic insights into features of amyloid or amyloid-like materials which enhance and

ultimately optimize adhesive performance.
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6.1 Model Parameters

The two amyloid and amyloid-like fibrils investigated in this chapter are the Aβ (1-

40) amyloid fibril and the YadA collagen binding β-helix. These two structures are

chosen since they are qualitatively very disparate in their geometries and mechanical

response. Aside from the difference in connectivity discussed in Section 3.1 (stacked

vs. helical), the physical sizes of the two protein fibrils are quite different. More

importantly, they feature a large difference in the relative energy scales of the tensile

response versus the inter-fibril adhesion strength. As discussed in Section 3.1, these

two structures require a similar amount of work to deform (and fail) in tension.

However, as discussed in Section 3.3, the energy required for shear deformation is

quite different between the two structures. Thus by comparing these structures,

the effect of the relative strengths of the intra–and inter–fibril interactions can be

directly investigated. The differences in these two structures are captured in the

coarse-grained model via the specific parameters used to describe the behavior of the

respective fibrils. The coarse-grained model parameters are summarized in Table 6.1.

Table 6.1: Summary of the parameters used for the coarse-grained model of the
Aβ (1-40) amyloid fibril and the YadA collagen binding β-helix

Parameter Units Aβ (1-40) YadA β-helix
Bead Mass m g mol−1 10107 1256
Equilibrium bead spacing r0 Å 14.4 14.4
Bond Energy Parameter D kcal mol−1 48.1 23.1
Bond Shape Parameter α Å−1 0.9 0.55
Bond Shift Parameter δ kcal mol−1 0.9 0.5
Bending Stiffness Kbend kcal mol−1 1243 322
Equilibrium angle θ0 Deg 180 180
LJ energy parameter ε kcal mol−1 120.9 6.2
LJ distance parameter σ Å 25.0 18.0

These parameters highlight the differences between the two fibrils: the Aβ struc-

ture features much more massive beads, and the spatial extent of the beads (repre-

sented by σ via Equation 4.8) is somewhat larger as well, corresponding to a larger

cross-sectional area. More importantly, the large difference in the values for the bond
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and LJ energy parameters captures the difference in the relative strength of the intra-

and inter-fibril interactions.

6.2 Amyloid Nanowires Revisited

The preliminary coarse-grained modeling of amyloid "nanowire" structures discussed

in Appendix A provides some basic insights into the effects of varying the properties

of the constituent fibrils on the overall mechanics of larger scale amyloid-based struc-

tures. However, the model used in that work fails to capture some of the important

deformation behavior of the individual fibrils. This section describes an extension of

that work in which the same nanowire-like geometries are investigated but using the

new coarse-grained model developed in this thesis and with the model parameters

discussed above. The structures are generated via the same method as used in the

earlier study, and the boundary conditions are applied identically; see Section A.1.2

for details. For each of the two amyloid fibrils, three independent nanowire structures

are generated and tested, and the mean response is calculated by averaging the results

of the three simulations.

6.2.1 Results and Discussion

The equilibrated nanowire structures comprising the two amyloid and amyloid-like

fibrils reveal some interesting behaviors that result from the different intrinsic fibril

properties. Figure 6-1 shows representative equilibrated structures; the structure

based on the Aβ fibrils (Figure 6-1(a)) features many fractured fibrils, while the

structure based on the YadA fibrils (Figure 6-1(b)) does not show any. On average,

in the Aβ-based structure, 2% of the initial bonds in the structure broke during

the equilibration process, but in contrast no bonds broke in any of the YadA fibril

structures during equilibration. Clearly, the much stronger inter-fibril interactions in

the Aβ structure prevent relaxation via inter-fibril sliding, and thus tensile failure

is the favored deformation mechanism to alleviate residual stresses generated during

the structure creation process. The YadA fibrils, with their much weaker inter-fibril
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interactions, do allow for relaxation via inter-fibril sliding, and thus no tensile failure

is observed during equilibration, and the relaxed structure is much more ordered.

(a)

(b)

Figure 6-1: Equilibrated nanowire structures comprising (a) Aβ (1-40) amyloid fibrils
and (b) YadA collagen binding β-helix fibrils. The Aβ fibrils have a strong inter-fibril
interaction and thus the equilibration process results in siginificant tensile failure of
individual fibrils, whereas the YadA fibrils, with a relatively weak inter-fibril inter-
action, are able to equilibrate and relax via inter-fibril sliding. Color indicates beads
belonging to different fibrils (based on intial structure definition).

Figure 6-2 shows the stress-strain plots for the nanowire structures comprising the

two protein fibrils. A very large difference in the performance of the two constituent

fibrils is apparent; the Aβ (1-40) amyloid fibril far outperforms the YadA β-helix

in terms of the ultimate tensile strength and strain to failure (and by extension the

toughness modulus which provides a measure of the overall robustness of the struc-

tures). This is in stark contrast to the atomistic scale tensile test results (Section 3.1)

in which the YadA fibril was found to outperform the Aβ fibril.

The mechanical properties of the two nanowire structures are summarized in Ta-

ble 6.2. In general, the nanowire structures exhibit mechanical properties approxi-
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Figure 6-2: Stress-strain plots for the nanowire structures investigated in this study.
The structures comprising the Aβ fibrils far outperform the YadA fibril based struc-
tures in both ultimate tensile strength and strain to failure.
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mately one order of magnitude smaller than the properties of the constituent fibrils

as reported in Section 3.1. This drop in mechanical performance can be attributed to

the existence of deformation mechanisms at the mesoscale (sliding, unfolding of bent

regions, etc.) which are not available at the single fibril scale. Thus the strength and

stiffness achieved through the presence of the cross-β structure is mitigated by the

weaker inter-fibril interactions. These deformation mechanisms, however, also allow

the Aβ structure to achieve a failure strain of nearly twice the value achieved in the

atomistic structure (in this context, the failure strain for the atomistic structures is

defined by the onset of the low stress unfolding regime after which useful mechani-

cal properties are lost (see Section 3.1)). Thus, although the strength and stiffness

are reduced, the inter-fibril deformation mechanisms allow for the robustness of the

assemblies to exceed that of the constituent fibrils.

Table 6.2: Summary of the mechanical properties of the amyloid-based nanowire
structures calculated from this study

Property Units Aβ (1-40) YadA β-helix
Young’s Modulus GPa 1.5 1.25
Ultimate Tensile Strength MPa 87.6 30.9
Failure Strain — 0.22 0.14
Toughness Modulus MPa 14.0 1.6

Interestingly, the Aβ based structure also exhibits some flow-like behavior in which

the stress remains constant with increasing strain, before failing abruptly, similar to

brittle failure. In contrast, with the YadA β-helix fibrils, the stress continuously

decays after the peak. This behavior is similar to that seen in the polymer adhe-

sives discussed in Chapter 5 and also in the preliminary coarse-grained modeling

work (Appendix A). It suggests that the stronger inter-fibril interactions in the Aβ-

based structure allows for the structure to maintain its cross-sectional area during

deformation and thus support a non-zero flow stress. The weaker interactions in the

YadA-based structure simply result in necking down to a single fibril and the stress

drops accordingly. These deformation and failure modes are illustrated in Figure 6-4.

Finally, a comparison of the evolution of broken bonds in the nanowire struc-
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(a) (b)

Figure 6-3: Simulation snapshots illustrating the deformation and failure of nanowire
structures comprising (a) Aβ (1-40) amyloid fibrils and (b) YadA collagen binding
β-helix fibrils. The strong inter-fibril interactions in the Aβ fibrils result in mostly
brittle failure, while the weaker interactions in the YadA fibrils result in necking
before failure. Color indicates beads belonging to different fibrils (based on intial
structure definition).
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tures (fibril failure events) reveals some interesting behaviors as well. The nanowire

comprising the Aβ fibrils (Figure 6-4(a)) exhibits bond breaking almost immediately,

even in the linear (elastic) regime of the stress-strain curve. In contrast, in the YadA

fibril-based structures, no bond breaking is observed until the peak in the stress-strain

plot is reached, after which a relatively large number of bonds break rather quickly

(Figure 6-4(b). Also interesting is that in the Aβ-based structures, the onset of the

"flow" regime in the stress-strain curve is accompanied by a jump in the number of

broken bonds, corresponding to the formation of a "crack-like" defect such as that

seen in Figure 6-3(a). Importantly, even though the Aβ-based nanowires end up

with almost twice as many broken bonds as those based on the YadA fibrils, the

number of broken bonds at failure in either structure is very small, less than 1% of

the total number of bonds. This again indicates that the inter-fibril interactions are

the dominant interactions in determining the behavior of larger scale amyloid-based

structures.

6.2.2 Conclusions

Nanowire-like geometries were created from coarse-grained representations of two

amyloid and amyloid like fibrils with distinct intrinsic structural and mechanical

characteristics. Tensile tests were performed on these structures to investigate the

effect that the relative strength of the intra- versus the inter-fibril interactions has on

the overall performance of larger scale amyloid-based structures. The two structures

were found to have significant differences in their performance; the Aβ fibril with

its much stronger inter-fibril interactions produced nanowire structures with superior

mechanical properties. This result is somewhat surprising considering that on the

single fibril scale, the YadA structure was found to outperform the Aβ fibril.

Overall, this study demonstrates that as amyloid-based materials are scaled up

beyond the single fibril length scales, the mechanical response becomes dominated

by the inter-fibril interactions; the intra-fibril interactions are comparatively much

less impactful on the mesoscale performance. Furthermore, the drop in mechanical

performance due to the presence of new deformation mechanisms at the mesoscale
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(a)

(b)

Figure 6-4: Number of bonds broken vs. strain overlayed on the stress vs. strain
plots for (a) the Aβ fibrils and (b) the YadA collagen binding fibrils.

135



suggests that functional amyloid based materials may not in fact outperform sim-

ple polymer based materials in terms of overall mechanical performance; however,

the high propensity to self assemble may still make amyloid based materials highly

desirable.

The results of this study provide the initial steps towards developing materials

selection guidelines for the development and design of functional amyloid-based ma-

terials. Clearly, amyloid or amyloid-like fibrils should be chosen to have strong inter-

fibril interactions in order to enhance the mechanical properties of the large scale

structures. However, more work must be done to identify structures with properties

which optimize the behavior, and in particular mechanisms to tune the inter-fibril

interactions must be studied in order to more fully understand how to control the

mesoscale response.

6.3 Amyloid-Based Adhesives

In this section, the coarse-grained amyloid fibril model is implemented along with

methods described in Chapter 5 to directly investigate the adhesive performance

of amyloid-based films. As described in Sections 1.2.2 and 1.3, amyloid fibrils are

utilized in nature in adhesive roles and there is much interest in developing amyloid-

based engineered adhesive materials which could provide adhesion in a variety of

environments. Engineered amyloid-based adhesives are still in the earliest stages of

development, and thus the work described in this section can provide valuable insights

which can guide the future development of amyloid-based or amyloid-inspired adhesive

materials.

6.3.1 Methods

Thin film structures based on the two amyloid fibril parameterizations discussed above

in Section 6.1 are generated according to the methods described in Section 4.4; each

film structure comprises 100 fibrils with an initial length of 720 nm (500 beads). After

equilibration, an adhesion test is carried out following the methods described in Sec-
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tion 5.1.2, but with a small modification: in place of the explicitly defined wall beads,

implicit walls which interact with the amyloid fibrils according to Equation 4.11. The

9-3 Lennard-Jones wall potential simulates an interaction of an infinite half-plane of

particles which interact via the standard 12-6 Lennard-Jones potential. This modifi-

cation simplifies the simulation setup and improves simulation performance without

a loss of detail in the mechanical characterization. As with the polymer adhesive sim-

ulations, an initial compression step is performed to promote adhesion of the amyloid

film to the wall potential, followed by a constant velocity tack test (as illustrated in

Figure 5-2). A deformation rate of 10 m s−1 is used; although this is a very fast de-

formation rate, it allows for the large strains necessary to fully examine the adhesion

behavior to be observed in a reasonable amount of simulation time. Furthermore,

since the rate is consistent between structures based on the two constituent amy-

loid and amyloid-like fibrils, direct comparisons of their respective performance can

be made, including effects and behaviors resulting from the different intra- versus

inter-fibril interaction strengths.

Furthermore, for each film structure, tack test simulations are performed with

four values of the wall interaction strength, εwall; the four values of εwall investigated

are all greater than the inter-fibril interaction strength for the YadA collagen binding

fibrils, and less than that of the Aβ fibrils. This allows for the investigation of the

effects of interactions with different surfaces, and to understand the interplay between

the intra- and inter-fibril interactions and the interactions with the adhesive substrate

across a range of relative interaction strengths.

6.3.2 Results and Discussion

Figures 6-5(a) and 6-5(b) show the equilibrated structure of the Aβ amyloid fibril and

YadA collagen binding fibril based films, respectively. Interestingly, in both cases the

randomness of the starting structure (similar to that shown in Figure 4-7a is lost, and

the strong inter-fibril interactions result in the formation of small bundles which then

form a larger scale network. In the case of the Aβ fibrils, the stronger inter-fibril in-

teractions cause this effect to be more prominent. Furthermore, as with the nanowire
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structure, there is significant fibril fracture during the equilibration process; the fibrils

utilize this deformation mechanism as a method for relieving residual stresses which

build up due to the inter-fibril interactions.

(a) (b)

Figure 6-5: Equilibrated structure of a film comprising (a) the Aβ (1-40) amyloid
fibrils and (b) the YadA collagen binding fibrils. In each case, the inter-fibril interac-
tions result in the formation of small bundles and subsequently the loss of much of
the initial randomness exhbitied by the as-deposited structures.

The adhesive response of the films comprising the two structures is shown in

Figure 6-6 for the four different wall adhesion energies tested. Although the YadA

fibril based films slightly outperform the Aβ films in terms of the peak stress and strain

to failure for the smaller two adhesion energies, the Aβ films clearly outperform the

YadA structures for the larger adhesion energies. Furthermore, the results of these

tack test simulations compare quite favorably to results for amorphous polymer PSAs

which typically exhibit peak stresses in the range of 0.5 to 5 MPa, indicating that

amyloid based films could allow for the development of a new class of strong engineered

adhesives. [123,135,151].

As with the nanowire structures, the difference in performance stems from the

drastically different inter-fibril interaction energies. The strong inter-fibril interaction

in the Aβ structures allow the film to maintain cohesion during the adhesion test and
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(a)

(b)

Figure 6-6: Stress-strain curves for (a) the Aβ based films and (b) the YadA based
films. Both structures exhibit significant changes in their mechanical response with
varied wall adhesion energies, and for the larger adhesion stregnths, the Aβ based
films significantly outperform the YadA structures.
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behave similarly to medium to highly crosslinked polymer films. In contrast, in the

YadA fibril films, the interaction between the adhesive walls and the fibrils dominates

the inter-fibril interactions and the films fail cohesively before significant deformation

is applied. These deformation mechanisms are illustrated in Figure 6-7.

(a)

(b)

Figure 6-7: Deformation response of films comprising (a) the Aβ amyloid fibrils and
(b) the YadA collagen binding fibrils. The stronger inter-fibril interactions in the Aβ
structures result in increased cohesion and allow the structures to fail adhesively at
relatively large strains. In contrast, the weak inter-fibril interactions in the YadA
based fims lead to cohesive failure at small strains

Finally, the toughness modulus, measured as the area under the stress strain

curves, is shown in Figure 6-8. The results demonstrate that for the smaller adhesion

energies, the ability of the YadA based structure to deform via inter-fibril sliding
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allows the structure to achieve a somewhat higher strain to failure than the Aβ based

films, in which the much stronger inter-fibril interactions lead to adhesive failure

very early in the adhesion test. As the adhesion strength is increased, however, the

relatively weak interactions in the YadA films lead to cohesive failure at small strains,

while the Aβ films are able to maintain cohesion resulting in significantly superior

mechanical properties.

Figure 6-8: Toughness modulus vs. wall adhesion energy for the Aβ and YadA fibril
based adhesive films. The much stronger interfibril interactions in the Aβ structures
allow the films to maintain cohesion and significantly outperform the YadA based
structures as the wall adhesion energy is increased.

6.3.3 Conclusions

Simulated tack tests were performed on coarse grained systems comprising films of

two different amyloid or amyloid-like fibrils with four different adhesion strengths for

the tack test substrate. As with the study of nanowire structures, the results exhibit

significant dependance on the inter-fibril interaction strength, again indicating that

the specific properties of the individual fibrils are not as important in determining the

mesoscale response as are the inter-fibril properties. For the adhesive film structures,
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the Aβ based films with their stronger inter-fibril interactions allow the films to

maintain cohesion during the tack test and thus provide superior performance as the

wall adhesion strength is increased.

Both film structures also exhibit significant variation in the adhesion response

with variation of the wall adhesion strength. This again reinforces the idea that at

the mesoscale, it is the inter-fibril interactions which dominate the overall mechanical

response, and thus amyloid or amyloid-like fibrils should be chosen which optimize

the properties based on these interactions.

6.4 Chapter Summary

This chapter presented some simple modeling efforts to understand how the molecular

scale mechanics of single amyloid and amyloid-like fibrils translates into the mechan-

ical performance of larger scale functional amyloid-based biomaterials. The coarse-

grained model in this thesis was implemented to effectively compare the properties

of mesoscale structures comprising two distinct amyloid fibrils with very different

relative energy scales for the intra- and inter-fibril interactions.

Although amyloid fibrils are often noted for their excellent mechanical proper-

ties, the existence of new deformation mechanisms at the mesoscale (most notably

inter-fibril sliding) results in a significant decrease in the mechanical performance of

mesoscale assemblies of amyloid or amyloid-like fibrils. This also leads to a significant

dependence of the mesoscale properties on the inter-fibril interaction strength. For

both simple nanowire-like structures and more complex adhesive films, the inter-fibril

interactions are found to be much more important than the intra-fibril interactions in

determining the mesoscale mechanical response. Structures comprising fibrils which

feature stronger inter-fibril interactions are generally found to perform better. This is

likely due to the fact that stronger inter-fibril interactions limit the amount of inter-

fibril sliding, and thus allow the larger scale structures to better utilize the strength

and stiffness of the constituent fibrils.
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Chapter 7

Conclusions

7.1 Summary of Key Findings and Significance

This thesis presented an investigation of the mechanics of amyloid and amyloid-like

protein based materials at different length scales relevant to their hierarchical struc-

tures. A multiscale modeling and simulation approach was used to integrate the

results of studies on disparate length scales into a more unified description of the

mechanics of functional amyloid based materials, and to provide guidance in the de-

velopment of new engineered amyloid-based and amyloid-inspired biomaterials for

diverse applications.

The first step in understanding the structure-property relationships in amyloid and

amyloid-like materials is understanding their behavior at the smallest length scale of

their hierarchical structure. This was accomplished by performing full atomistic sim-

ulations on single amyloid and amyloid-like fibrils to directly probe their mechanical

response. The cooperative deformation of hydrogen bonds forming the backbone of

the cross-β structure was found to play a vital role in determining the overall mechan-

ical response of the protein fibrils. Structures with a higher areal density of hydrogen

bonds in the fibril cross-section were found to be the best performers. Although the

specific geometry of the fibrils had a large effect on mechanical performance, it was

not found to play a significant role in determining the deformation and failure be-

havior. Next the bending behavior of amyloid and amyloid-like fibrils was examined;
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it was shown that beyond the shortest length scales where shear effects can influence

the deformation response, the bending behavior of the fibrils is well described by clas-

sical bending theory. Finally the inter-fibril interactions were investigated through an

atomistic scale shear test, and the strength of the interaction, and importantly the

relative strength of the intra- versus inter-fibril interactions were found to vary greatly

among the amyloid and amyloid-like structures investigated. This range of mechan-

ical responses illustrates that amyloid and amyloid-like fibrils are a set of materials

with a rich diversity of mechanical behaviors, and thus they provide an excellent set

of building block materials for the design of functional biomaterials.

Next, these findings from atomistic scale simulations are synthesized into a coarse-

grained description which is capable of elucidating structure-property relationships

at larger length scales in the hierarchical structure of of amyloid and amyloid-like

protein fibrils. This model captures the relevant physics of single fibrils observed at the

atomistic scale, and is flexible in that it can be parameterized to study diverse amyloid

and amyloid-like structures. The model was validated by comparing results to a three-

point bending simulation to those of experiments performed on structures based on

similar protein fibrils; the good agreement to the experimental results demonstrates

the validity of the model as well as the methods used to train the model.

Since amyloids are widely regarded as being quite "sticky", much interest lies in

utilizing them in engineered adhesives. Thus,n investigation into the adhesive per-

formance of amorphous polymers was performed in order to identify fundamental

features which enhance the performance of adhesive films. The properties of the films

were modulated via crosslinking, which in the context of amyloid based materials,

can be thought of as relating to the inter-fibril interaction strength. An optimum in

the adhesive performance was identified at an intermediate crosslink density which

corresponded to the transition from cohesive to adhesive failure. These results indi-

cate that the response amyloid based or amyloid-inspired adhesives can be tuned via

the strength of the inter-fibril interactions, and that optimal adhesive performance

may be achieved in these materials by utilizing amyloid or amyloid-like fibrils which

feature an inter-fibril interaction strength which is strong enough to improve the me-

144



chanical performance while not being so strong as to inhibit deformation and limit

the overall adhesive performance.

Finally, the coarse-grained model developed in this thesis was implemented to di-

rectly study the deformation response and mechanical properties of mesoscale struc-

tures comprising two amyloid and amyloid-like fibrils, and to investigate the impor-

tance of the relative strength of the intra- versus inter-fibril interactions in deter-

mining the response of larger scale structures. A study of a nanowire-like geometry

revealed that stronger inter-fibril interactions produce better performing structures,

and that the intrinsic brittleness of the constituent amyloid fibrils does not limit the

robustness of the larger scale structures. However, the existence of new deformation

mechanisms at the mesoscale, notably inter-fibril sliding, results in a decrease in per-

formance relative to the single fibril properties. Thin films based on these amyloid

fibrils were also investigated to study their adhesive response. As with the nanowire

structures, the inter-fibril interaction strength was found to significantly affect the

response; films comprising weakly interacting fibrils fail cohesively before exhibiting

useful adhesive properties, while more strongly interacting fibrils are able to maintain

cohesion throughout the tack test and thus provide useful adhesive performance. The

strength of the interaction with the adhesive substrate was also found to be signifi-

cant in determining the adhesive response, especially in the case of the structures with

stronger inter-fibril interactions. These results clearly demonstrate that although sin-

gle amyloid or amyloid-like fibrils may exhibit impressive mechanical properties, the

properties of mesoscale assemblies of the same fibrils are limited by the strength of

the interactions between the fibrils; in many cases the inter-fibril interactions are not

strong enough to allow the mesoscale structures to take advantage of the intrinsic

strength and stiffness of the constituent fibrils. Thus when engineering functional

amyloid based materials for mechanical purposes, careful attention must be paid to

the inter-fibril interaction strength.
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7.2 Opportunities for Future Work

The work presented in this thesis addressed the aims of the study outline in Sec-

tion 1.4; however, amyloid and amyloid-like protein materials, as well as amyloid-

inspired structures, comprise a very rich field with many opportunities for further

research. This thesis developed uncovered some fundamental structure-property re-

lationships in amyloid and amyloid-like structures, but many more effects can be

considered, including strain rate, temperature, or environmental conditions includ-

ing effects of different solvents or pH. The understanding of these effects could have

an impact beyond functional amyloid-based materials, including in developing thera-

pies for amyloid-based diseases. Furthermore, while the work described in Chapter 3

aimed to study diverse amyloid and amyloid-like geometries, the structures studied

comprise only a small fraction of the known amyloid structures. Thus a more ex-

tensive investigation into additional amyloid and amyloid-like geometries may reveal

further avenues for optimizing the mechanical response of the structures at the single

fibril scale.

The application of the coarse-grained model developed in this thesis served as a

proof of concept of the model, and although the mesoscale studies uncovered some

basic design guidelines for the development of amyloid-based functional biomaterials,

further application of the model for various amyloid and amyloid-like fibrils (including

synthetic amyloid inspired structures such as those described in Section 1.3.1) could

reveal strategies for optimizing the design of amyloid-based materials. Furthermore,

since the inter-fibril interactions were found to be so important in determining the

mesoscale response, much work could be done on understanding the specific atomistic

scale features which control this response and ultimately could enable the response

to be tuned. Structures such as cyclic peptide nanotubes which can be readily func-

tionalized with crosslinkable polymer chains could provide a very interesting avenue

to accomplish this tunability of the inter-fibril interactions, and such systems could

be studied with only small modifications to the coarse grained model described in

Chapter 4.
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It is the hope of this author that the work discussed in this thesis will be built upon

to truly inform and enable the design of myriad amyloid-based functional materials.

These proteins, which have so long been studied for their destructive pathological

roles, exhibit tremendous opportunity for forming the foundation of a new class of

biomaterials with diverse applications, and their utilization in these roles could be

greatly enhanced by further study.
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Appendix A

Preliminary Coarse-Grained

Modeling of Amyloid "Nanowires"

This chapter describes preliminary coarse-grained modeling efforts to understand sim-

ple deformation mechanisms in amyloid-based materials. The model is based on

atomistic simulation results which were carried out under force-control boundary

conditions, and thus the functional form of the model as well as the specific mechan-

ical properties of the constituent amyloid fibrils do not match the results presented

in Section 3.1 or the updated coarse-grained modeling efforts described in Chapter 4.

Even so, the work in this chapter explores the interplay between intra- and inter-

fibril interactions and the model used here, along with that described in Chapter 5,

provide the foundation and motivation for the coarse-grained modeling described in

Chapter 4.

The mesoscale structure studied in this work is a "nanowire" structure composed

of many individual amyloid fibrils. Much theoretical work has been performed on

similar geometries 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) [152–154].

While the nanowire studied here is a relatively simple structure, it can provide key

insight into the dominant deformation mechanisms and elucidate trends that emerge

upon varying the properties of the constituent amyloid fibrils.
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A.1 Model and Methods

A.1.1 Mesoscale Amyloid 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 [68, 107]. In this model three layers of

the β-sheet structure of the amyloid fibril are represented by a single bead with an

inter-bead separation of 1.272 nm; all parameters in that model were identified from

full-atomistic simulations. The total energy of the system is given by

ETotal = EBonds + EAngles + ENB (A.1)

where EBonds describes the axial deformation of the individual fibrils, EAngles describes

the bending deformation of the fibrils, and ENB describes the non-bonded interactions

which control inter-fibril adhesion.

The amyloid fibrils studied in this work feature a stiffening behavior in both

compression and tension as determined from the force-controlled atomistic simulations

[68]. For small deformation 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. To account for this behavior, the bonding

energy is described by

EBonds =
∑
Bonds

ϕb (A.2)

ϕb =
1

2



ksb
(
rcstiff − r0

)2
+ kcb

(
r − rcstiff

)2
: r ≤ rcstiff

ksb (r − r0)2 : rcstiff < r < rtstiff

ksb
(
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)2
+ ktb

(
r − rtstiff

)2
: rtstiff ≤ r ≤ rbreak

ksb
(
rtstiff − r0

)2
+ ktb

(
rbreak − rtstiff

)2
: r > rbreak

(A.3)

The parameters kib are the spring constants for the relevant strain ranges (c for com-
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pression, 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 the harmonic angle potential; the total bending energy is given by:

EAngles =
∑
Angles

ϕa (A.4)

ϕa =
1

2
kθ (θ − θ0)2 (A.5)

A Lennard-Jones potential is used to model the non-bonded interactions which control

the inter-fibril adhesion with

ENB =
∑
Pairs

ϕLJ (A.6)

ϕLJ = 4A

[(
B

r

)12

−
(
B

r

)6
]

(A.7)

All amyloid fibrils studied in this work have an initial length of 100nm, and the

nominal values of all parameters are given in Table A.1. This mesoscale model is

implemented and run in the LAMMPS simulation package [149].

Table A.1: Summary of the parameters used for the mesoscale model of the Aβ (1-40)
amyloid fibril

Parameter Units Nominal Value
Stiffness in small strain ksb kcal mol−1 Å−2 18.72
Stiffness in compression kcb kcal mol−1 Å−2 99.42
Stiffness in tension ktb kcal mol−1 Å−2 144.37
Bending stiffness kθ kcal mol−1 4369.8
Equilibrium bead spacing r0 Å 12.72
Bead spacing for onset of stiffening in compression rcstiff Å 12.70
Bead spacing for onset of stiffening in tension rtstiff Å 12.75
Bead spacing for bond breaking rbreak Å 12.78
Equilibrium angle θ0 Deg 180
LJ energy parameter A kcal mol−1 27.94
LJ distance parameter B Å 38.15
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A.1.2 Nanowire Assembly and Mechanical Characterization

To create the amyloid nanowire geometry used in this study, 100 coarse-grain amyloid

fibrils, each 100 nm long, are randomly 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 Å of the nanowire

axis. Energy minimization is performed to bring the fibrils together into a single

structure followed by equilibration to eliminate any residual stress. Figure A-1(a)

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.

(a)

(b)

Figure A-1: Amyloid nanowire structure and boundary conditions. (a) shows the
initial structure with randomly oriented fibrils as well as the nanowire structure after
equilibration. (b) 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.

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 rbreak) and the strength of the inter-fibril adhesion (A). The breaking strain

is varied between approximately 0.8 and 2 times the nominal breaking strain (0.48%)
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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 deformation 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 as shown schematically in Figure A-1(b); 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 performed with

VMD [79] to examine changes in deformation mechanisms that result from varying

the fibril properties.

A.2 Results and Discussion

A.2.1 Deformation Mechanisms

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. 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
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behavior. While some fibril sliding is observed, the majority of the deformation is

accommodated by failure of individual fibrils. As seen in Figure A-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 inter-fibril 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 as seen in Figure A-2(b).
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(a)

(b)

Figure A-2: The deformation mechanisms seen in the amyloid nanowires depend
strongly on the properties of the fibrils. (a) shows the clear transition from brittle
to ductile behavior that occurs upon increasing the fibril failure strain; the opposite
trend is observed in (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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A.2.2 Elastic Properties

The effect of varying the fibril properties on the Young’s Modulus of the nanowire

structures is examined next. 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 A-3(a), the fibril failure strain 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 inter-fibril adhesion strength has a large effect on the

modulus of the nanowire as seen in A-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.

(a) (b)

Figure A-3: Effect of amyloid fibril properties on the Young’s Modulus of the nanowire
structure. (a) shows that varying the fibril failure strain has little effect on the mod-
ulus of the nanowire structure, while (b) shows that the interfibral adhesion strength
strongly affects the nanowire modulus. The dashed lines in each panel qualitatively
demonstrate the trends.

It is noted that the value found 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
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an individual fibril (in the small strain regime). This result is not surprising since the

fibril sliding deformation mechanism in the nanowire allows the structure to deform

without axially stretching the individual fibrils and thus significantly reduces the

modulus of the larger structure.

A.2.3 Ultimate Strength and Failure Strain

Figure A-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 as seen in

Figure A-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. Nanowires 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 this study.

The effect of the inter-fibril adhesion strength is shown in Figure A-4(b). The

ultimate strength increases initially with increasing adhesion strength but levels off

when the adhesion 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 transition to brittle behavior and

highlights the inherent tradeoff between enhanced strength and reduced ductility.

A.2.4 Toughness Modulus

Finally, the toughness modulus of the amyloid nanowires is calculated from these 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 fail-
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(a) (b)

Figure A-4: Variation of the ultimate tensile strength and strain to failure of the
amyloid nanowire with varying amyloid fibril properties. (a) shows that increasing
the failure strength of individual fibrils results in a higher ultimate strength and failure
strain for the nanowire. In contrast, (b) demonstrates the tradeoff between enhanced
strength and reduced ductility that occurs upon increasing the inter-fibril adhesion
strength. The dashed lines in each panel qualitatively demonstrate the trends.

ure 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

(Figure A-5(a)). This indicates that by finding ways to increase the failure strain

of individual fibrils or by identifying amyloid or amyloid-like fibrils which posses this

combination of properties (as discussed in Section 3.1), structures can be created that

are very mechanically robust. In contrast, the tradeoff of enhanced strength and in-

creased brittleness with increasing inter-fibril adhesion strength causes the toughness

modulus to remain mostly unchanged over the range of adhesion strengths studied as

shown in Figure A-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 mechanisms

such as fibril sliding in the nanowires provides an avenue to offset the brittleness of

158



(a) (b)

Figure A-5: Effect of fibril properties on the toughness modulus of the amyloid
nanowire structures. The dashed red line in each plot shows the toughness mod-
ulus of a single amyloid fibril. (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 inter-fibril
adhesion strength has little effect on the toughness modulus as shown in (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 blue lines in
each plot qualitatively demonstrate the trends.

amyloid fibrils and increase their utility in large scale structures.

A.3 Conclusions and Chapter Summary

These 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 inter-fibril adhesion strength result in

dramatic changes in deformation mechanism 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 changing 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
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fibrils.

The scope of these results is not limited to amyloid protein fibrils. The large

increase in performance that is observed upon increasing the fibril failure strain indi-

cates that the use of other protein structures could give better results than amyloid

fibrils for different applications. For example, β-helical protein fibrils such as those

described in Chapter 3 possess a continuous covalently bonded backbone [155] 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.

Although the specific model for the amyloid fibrils used does not match what

was found in Chapter 3, the results lay the groundwork for the updated coarse-

grained modeling described in Chapter 6 and demonstrate a proof of concept that

the diverse library of amyloid and amyloid-like fibrils could allow for the development

of functional amyloid based biomaterials with tunable mechanical properties.
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Appendix B

MATLAB Code for Coarse-Grained

Model Fitting

This chapter includes the MATLAB code used to perform the brute-force parameter

search method for the determination of the coarse grained model parameters which

provide the best fit to the atomistic scale simulation results. The code for the bond

potential parameterization is shown below; the code for the non-bonded potential

parameterization is not shown as it is identical to the bond potential code with the

exception that it only loops over a single parameter ε.

B.1 Main Code

1 clear a l l ; close a l l ; clc ;

2

3 load averagepmf.mat; % Load atomistic scale results

4 count = 1;

5

6 % Define Search Interval for D Parameter

7 Dmin =10;

8 Dmax =80;

9 Dint =2;

10 totalD = ((Dmax -Dmin)/Dint) + 1;

11

12 % Define Search Interval for Alpha Parameter

13 alphamin = 0.25;
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14 alphamax = .95;

15 alphaint = .05;

16 totalalpha = (( alphamax - alphamin)/alphaint)+1;

17

18 % Define Search Interval for Shift Parameter

19 smin = 0;

20 smax = 2;

21 sint =.1;

22 totals = ((smax -smin)/sint)+1;

23

24 total = totalD*totalalpha*totals

25

26 %% Perform Parameter Sweep

27 h= waitbar(0,’Running ...’);

28 for D = Dmin:Dint:Dmax

29

30 for alpha = alphamin:alphaint:alphamax

31

32 for shift = smin:sint:smax

33 waitbar(count/total ,h,[’Running ’,num2str(count),’/’,num2str(total)])

34 t ic

35 runlammps(D,alpha ,shift); % Run Coarse -grained Simulation in LAMMPS

36 processpull; % Process LAMMPS Output

37

38 outarray(count ,1) = D;

39 outarray(count ,2) = alpha;

40 outarray(count ,3) = shift;

41 outarray(count ,4) = sum((cgpmf - average_pmf.pmf).^2); % Calculate the

square error

42

43 count = count + 1;

44 toc

45 end

46 end

47 end

48 %%

49

50 close (h)

51 % Determine parameters which minimize the square error

52 [c,I] = min(outarray (:,4));

53 minvals = outarray(I,:);

54 min_D = minvals (1);

55 min_alpha = minvals (2);

56 min_shift = minvals (3);

57 sprintf (’D: %.3f alpha: %.3f shift: %.3f’,min_D ,min_alpha ,min_shift)
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58

59

60 runlammps(min_D ,min_alpha ,min_shift);

61 processpull;

62

63 plot_pmf;

64 save ’outaray.mat’ outarray

B.2 Additional Functions

This section includes the code for the additional functions called by the main code

above.

Run LAMMPS Simulation

1 function [] = runlammps(D,alpha ,shift)

2 %% This function edits the LAMMPS input file to include the current model parameters

from

3 $%% the parameter search loop and runs the LAMMPS simulation.

4 lammpscmd = ’lmp_29May14 < cgtest.in 1>NUL 2>NUL’;

5 insed = [’sed -i ’’28 cbond_coeff 1 ’,num2str(D),’ ’,num2str(alpha),’ 14.4 ’,num2str(

shift), ’’’ cgtest.in’];

6

7 system(insed);

8 system(lammpscmd);

9 end

Process LAMMPS Output

1 %% This script proccess the output from LAMMPS and calculates the PMF from the

2 %% coarse -grained simulation.

3 pull_file_cmd = ’sed -i ’’1,2d’’ forces.pull’;

4 system(pull_file_cmd);

5 a= load(’forces.pull’);

6 load averagepmf.mat

7 left = a(:,2);

8 right = a(:,3);

9 dispcg = right - left;

10 dispcg = (dispcg -dispcg (1));

11 force = -1*a(:,6);

12 [dispcg2 ,pmf] = calcPMF(dispcg ,force);

13 cgpmf=zeros( s ize (average_pmf.pmf));

14 cgdisp=zeros( s ize (average_pmf.pmf));
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15 for k = 1: length(average_pmf.disp)

16 [c,I] = min(abs(average_pmf.disp(k)*10 - dispcg2));

17 cgpmf(k) = pmf(I);

18 cgdisp(k) = dispcg2(I);

19 end

Calulate PMF from LAMMPS Output

1 function [ disp2 , pmf ] = calcPMF( disp ,force )

2 %% This function calculates the potential of mean force (PMF) from an array

containing

3 %% force -displacement data.

4 for i = 1: s ize (force ,2)

5 force1(:,i) = (force (1:end-1,i)+ force (2:end,i))/2;

6 disp2(:,i) = disp(2:end,i);

7 dx(:,i) = disp2(:,i) - disp(1:end-1,i);

8 pmf(:,i) = cumsum(dx(:,i).* force1(:,i));

9 end

10

11

12 end
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