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Abstract

Bundles of polymeric chains in biological systems represent the analogue of macroscopic fibrous
materials such as textile, wood or paper, scaled down to nanometric dimensions, and performing the
same mechanical functions of their macroscopic counter-parts. The scale reduction, however, does
not leave the physical picture unchanged, but it amplifies surface effects, fluctuations, and affects
phase transformations taking place into the system.

The thesis is devoted to the exploration of these size and time scale effects, using molecular
dynamics approach based on an idealised force field model. The focus of the investigation is on creep
and fatigue, that represent irreversible aging processes due to the thermal breaking of bonds. On the
long time scale, and under tensile load, both processes cause the breaking of fibre bundles.

For nearly a century the so called fibre-bundle model has been the method of choice to model
creep and fatigue in macroscopic materials.

My work, based on a preliminary study carried out in my host group, aimed at developing, imple-
menting and validating a simulation approach intermediate between the fibre-bundle model and the
atomistic simulation models prevalent in biophysics and materials science.

The main portion of the thesis reports results from representative simulations, showing that the
new model opens the possibility of investigating a wider range of phenomena than otherwise possible.

The thesis work has many possible developments and applications in biophysics and in nanotech-

nology, that are briefly outlined at the end of the thesis.






1l

Sammendrag

Polymeriske fiberbunter representerer en analog til makroskopiske fibermaterialer som tekstil, tre
og papir i biologiske systemer. Pa nanoskala fungerer fiberbuntene med samme mekaniske funksjona-
litet som sine makroskopiske motsetninger, men med forminsking av lengdeskalaen endres det fysiske
bildet. Systemets overflate-effekter, fluktasjoner og faseoverganger forsterkes.

Molekylerdynamikk basert pa en ideell kraft felt model ble brukt som fremgangsmate for a un-
dersgke tids- og stgrrelseseffekter pa nanoskala. Kryp og utmattelse representerer irreversible ald-
ringsprosesser i materialer forarsaket av termisk rykning av band. Over lang tid, og under pafgring av
kraft, resulterer disse prosessene i fiberbrudd.

Fiber bunt modeller har gjennom nesten et athundre vert den foretrukne metoden for a undersgke
kryp og utmattelse i makroskopiske materialer.

Mitt arbeid, basert pa en forhandsstudie gjennomfg@rt i min verstgruppe, har forsgkt & utvikle,
implementere og validere en simuleringsmetode som forener fiber bunt modellen og tilgjengelige
metoder i bio- og materialfysikk.

Oppgavens hoveddel fremlegger resultater fra representative simuleringer. Den nye modellen
apner dgrene til en dypere forstaelse av disse fenomenene pa nanoskala.

Arbeidet presentert i oppgaven har potensielle anvendelser i biofysikk og nanoteknologi. Disse er

skissert i siste del av oppgaven.
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This thesis completes the degree of Master of Science and Technology (Sivilingenigr) in Applied
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1|INTRODUCTION

Fibrous materials are ubiquitous in nature, since in the form of cellulose, wood, collagen and chitin
they represent a large portion of all the biomass produced every year on Earth. Moreover, these same
materials provided the basis for important early technologies from textile to paper production.

Scientists, and physicists in particular, strive to identify common structural motives and charac-
teristic properties in the observable reality, and natural or artificial inpolymer molecules, bundles and
fibres easily provide examples of such paradigmatic classes, and became the subject of systematic
studies [1].

Recently the interest in systems of this kind has been revived by the rapid development of bio-
physics and of nanotechnology, dealing with fibres and bundles of microscopic dimensions [2]. At the
size and time scale of interest for these new disciplines, the usual macroscopic laws can no longer be
taken for granted [3], and our general view of the the behaviour and properties of fibres and bundles
has to be re-assessed and validated anew.

My investigation targets the properties of fibres and bundles of biological origin and of nanometric
size. It focuses, in particular, on a characteristic phenomenon of materials, and polymers in particular,
that goes under the name of creep, consisting of the gradual degradation over time of the mechanical
resistance of fibre bundles under tensile solicitation, eventually leading to the bundle failing under a
subcritical load.

My study builds on the long tradition at our Physics Department of theoretical and computational
investigations of creep in fibre bundles based on the so called Fiber Bundle Model (FBM) that will be
discussed extensively throughout the thesis.

The FBM describes the system in terms of bond, organised into chains. A kinetic model of random
chain breaking is derived from very basic assumptions on the resistance of each bond, and from more
crucial assumptions about the redistribution of load following the progressive breaking of chains.
The results of computer simulations based on the FBM connect the kinetics of single bond breaking
to collective phenomena such as the sudden collapse of the bundle in the final stages of creep. The
collapse, in particular, occurs when the increase of the load on intact chains turns the random breaking
of bonds into a highly correlated sequence, causing an avalanche of bond breakings.

Because of its idealised character, the FBM is particularly able to give information on general or
even universal aspects, and on scaling relations. However, 1n its basic formulation, it lacks a micro-

scopic time scale, as well as a detailed description of the structure and dynamics of the polymeric
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material at the atomistic level.

The evolution of our interest for fibre bundles towards nanometric biosystems increasingly re-
quires a chemically accurate picture of fibre bundles as well as a detailed account of all interactions.
The quantitative inclusion of real time dynamics is also required.

In the last few years, the development of models and of computer methods and facilities has pre-
pared the stage for such a detailed description, especially through the development of a broad machin-
ery of approaches, from empirical force fields to ab-initio methods, and from Molecular Dynamics
(MD) to Monte Carlo.

It is well known that computer simulation methods are limited in their ability to cover size ranges
of interest for real-life systems, and, even more, the time scales relevant for complex mechanical phe-
nomena such as creep. However, the simultaneous growth in global computer capabilities, together
with the increasing focus on smaller and smaller systems is easing the matching of problems and
capabilities, bringing creep within the reach of present day methods.

A publication by G.Linga et al. [4] represents a recent development along these lines, since it
introduced MD to investigate creep in a still very idealised model. The system is described as an
assembly of bonds and particles of mass m, reintroducing real time evolution into the the picture and
allowing for a wider range of investigations than possible with the original FBM. For instance, the
model allows to investigate how dynamical modes and excitations of the polymer affect the onset of
creep, and to analyse the microscopic mechanisms leading to bond breaking and eventually to the bun-
dle failing. Moreover, the model allows to consider a time dependent load, and to investigate fatigue
in addition to creep. The model, however, neglects non bonded interactions among beads beyond
the nearest neighbours along each chain. As such, the model is unsuitable for the investigation of
important issues such as excluded volume effects, that tend to increase the size of chains, or the effect
of attractive forces among beads, that tend to shrink chains. The model is also unable to reproduce
transitions between different phases of the bundle, such as the liquid state at high temperature, and the
glassy state at low temperature. Moreover, no finite size or surface effect could be observed since the
interactions among beads in the transversal plane are neglected. Last but not least, the lack of surface
effects and of surface tension in particular, qualitatively modifies the way creep evolves during the
last avalanche stage, thus undermining the description of arguably the most important stage of the
phenomenon under study.

The aim of my project has been to re-introduce non-bonded bead-bead interactions into the basic
model used to investigate creep by MD. The model that I implemented represents the system to
a coarse grained level, and allows to simulate bundles of many thousand neutral particles over long

simulation times. The aim of the thesis is to define the model, discuss the details of its implementation



in a simulation code, and present the results of representative simulations.

As already anticipated, the focus of my work is represented by nanometric fibre bundles in systems
of biological origin. Since it is not easy to find in the literature a systematic account of this class of
systems and of their mechanical properties, in the first part of the thesis I provide an overview of
experimental and theoretical studies of bundles in biological systems. I discovered that most of the
recent experimental studies strived to reach the single-molecule limit. While the interest of such a
measurement is apparent, I argue that identifying and modelling the effect of joining chain molecules
into a bundle is at least as crucial, and deserves a larger effort than is now being made.

The importance of these topics is enhanced by the recent appreciation of the role of mechanical
forces in the life and functioning of cells. For instance, cells sense and respond to mechanical signals
from the environment as much as to biochemical ones. The stiffness of the Extracellular Matrix
(ECM), the compression applied by neighbouring tissue and by external forces impose changes in the
cytoskeleton [5]. Further, elucidating the time dependent properties of the cell nucleus, including its
response to external mechanical perturbations, is regarded as one of the ’grand challenges’ in modern
structural and molecular biology [6]. Application of single-molecule manipulation techniques has
advanced our knowledge of biomolecules such as Deoxyribonucleic Acid (DNA), Ribonucleic Acid
(RNA), proteins, and viruses [7]. During the last decade, a number of studies aimed at identifying the
signature of cancer in the response of cells to mechanical forces. Cancer cells have been identified as
softer than cells from normal tissue [8], and cell migration is the driving force behind tissue invasion
and the cancer metastasis [9]. Eventually, all these properties and phenomena will be amenable to
investigation by computer simulation, possibly based on multi-scale algorithms able to span a wide
range of length and time scale.

The thesis is organised as follows: Chapter 2 gives a short introduction to the statistical mechanics
describing biopolymeric chains and bundles, their mechanical properties, and existing measurement
techniques. Chapters 3, 4, and 5 present stretching experiments on paradigmatic biopolymers, i.e.,
polynucleoties, polysaccharides, and polypeptides. A minimal description of the MD-simulation tech-
nique is presented in Chapter 6. Our physical and numerical approach together with the results of the
simulations, are presented respectively in Chapters 7 and 8. Chapter 9 states a conclusion for my

investigations and outlines future developments for the subject of my thesis.
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“One Bundle to rule them all, One bundle to find them,
One Bundle to bring them all and in the darkness bind them.
In the Land of Mordor where the Shadows lie.”
— Adapted from J. R. R. Tolkien, Lord of the Rings

The first structural motif shared by the systems of interest for the present study is represented by
chains, that, in chemical terms, will consist of polymers, and in particular of biopolymers.

Each biopolymer is characterised by its chemical composition, that largely determines the number
and quality of the chemical bonds among atoms. Other properties such as the degree of polymerisa-
tion n! may depend also on the past history of the molecule, sometimes deviating from strict chemical
and thermodynamic equilibrium over macroscopic time intervals. Long term metastability may affect
many other properties of biopolymers. Proteins, for instance, are folded into their working confor-
mation while being formed within ribosomes, and might not reach their thermodynamic equilibrium
state during their entire lifetime.

Like most industrial polymers, biopolymers belong to the vast class of organic compounds. Biopoly-
mers, however, tend to be more complex than their artificial counterpart, at least because they tend to
be heteropolymers, sometimes to an extreme degree. Moreover, and more importantly, biopolymers
often interact with water and among themselves to give origin to a variety of supra-molecular struc-
tures. For instance, they might be joined into chain bundles, that represent the second structural motif
and the primary reason of interest of the systems discussed in the present thesis.

The first half of this chapter collects basic information on how chains and bundles are modelled
in statistical mechanics and in computational materials science. A crucial relaxation channel that
characterises non-equilibrium polymeric materials is creep, that will be defined in this section, and
will be discussed extensively throught the following chapters. The second half of the chapter is
devoted to a brief outline of the experimental methods that allow us to characterise the properties of

biopolymers and of their bundles, sometimes down to their atomistic details.

Determined by the number of monomers.
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2.1 Chain models

At the most idealised level of abstraction, we can picture a biopolymer molecule as a collection of
bonds and particles. Bonds can be flexible or semiflexible, giving origin to a large conformational
space, thus enhancing the role of the system entropy [10].

With increasing temperature, in particular, a huge number of rotational isomeric states might
become accessible to the system dynamics, opening the way to fluid phases. Polymers in the melt

visit distinct configurations according to the Boltzmann probability distribution [11, Chapter 2].

2.1.1 Statistical mechanics of ideal chains

General features of polymeric materials are captured even by idealised models, whose predictions can
be worked out analytically. Models of this kind are based (at least implicitly) on a simple Hamiltonian,
that is parametrised with the equilibrium value of bond lengths, bending and torsion angles of the
polymer under investigation.

Properties that need to be reproduced by the model include a variety of thermodynamic properties
such as density, cohesive energy, bulk modulus and Young’s modulus, together with a variety of
elastic constants from the harmonic dynamics of bonds to the Rouse dynamics of chains [6].

Although a few polymers tend to be partly or even fully crystalline at low temperature, most
polymeric materials turn into a glass upon decreasing temperature below the so called glass transition

temperature, marking a transformation of the system properties whose nature is still debated.

2.1.1.1 End-to-end vector

The first property of interest for idealised models of chains is the end-to-end vector R measuring the

overall size (and possibly orientation) of the polymeric chain. Mathematically it is defined as

ny
R=r, -1 =) a, (2.1)
=1

where a; describe the distance between bead number r; = ri;; — r; and r;. n; denotes the total
number of beads in the chain. In a homogeneous and isotropic system R averages to zero because all
orientations are equally likely.

The simplest non-zero average value that could be computed is the mean-square of the end-to-end
vector (R?). In ideal chains there typically exists no correlations between monomers separated by

a great distance. For bonds of the same length and no correlation along the chain the expression is
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given:

2
(R?) = < Z a > = < Z a - aw> = ny(|a|*Yor = Loy, le = mpay. (2.2)

LU=1 LI'=1

Where [, is the contour length of a chain. In the large limit Eq.(2.2) scale as the number of beads

<R2> ~ Typ.

2.1.1.2 Chain stiffness

The chain stiffness is formally characterised by the persistence length [,,. It is a statistically defined
measure of the length the tangent vectors becomes de-correlated. Equivalently it measures the dis-
tance along the chain over which bonds tend to align along the same direction. This quantity can be

derived from the expression for the end-to-end vector:

np Ny np Ny

(R?) =D > (ri-xy)=1rillrs] Y D (cosby), (2.3)

i=1 j=1 i=1 j=1

where cos 0“7 is the angle between the two neighbouring beads rj = r;; 1 — r; and r;

cos @I~ = o~=imn(eost) _ otimilfsy g oL 2.4)
In (0059)

sp 1s the number of bonds in a persistence segment. The length of the persistence segment is defined
as the persistence length [,,:

I, = ls,. (2.5)

At the length scale below [, chains behaves like rigid rods.

2.1.1.3 The radial distribution function

The pair correlation function g(r) measures the conditional probability of finding a particle at rg + r
provided there is one particle at ro. If (dN(r)) is the average number of particles in the volume

element dr at rg + r given the reference particle at ry, the pair distribution function is defined as:

(dN) = p(o +1)g(r)dr (2.6)

where p(ro + r) is the one-body density in the system at position rg + r.

In a homogeneous system, g(r) is a function of the scalar distance | r |, and g(r) is known as the

radialdistribution function. In a liquid, both g(r) and g(r) are expected to tend to a value of one in the
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Table 2.1: The most common statistical-mechanical models for describing the biopolymer elasticity [12]. F'
denotes the tensile load, x the equilibrium end-to-end separation, /. the contour length, kp the Boltzmann’s
constant, 7" the temperature, [, the persistence length, /5 the segment lenght, E, elastic constant of the segment
spring, and ¢ the specific stiffness of the polymer.

Model Expression

FIC z(F) = 1. {coth <15-TZT) — kT

WLC  F(r)=%T |1 15+ & — 4

FIC+ x(F)=1. [coth < Fl, ) _ kel . [1 + ”F}

[ 2
WLC+ F(x) = kel %<1—%+§) +£—1—E}

limit of large r, corresponding to the loss of correlation at large distances. This quantity is directly
related to the structure factor measured by X-ray, neutron- and light- scattering experiment. Thus it
gives a measure of comparison between numerical and physical experiments.

Successful models are able to predict at least qualitatively all the properties listed in the previous
subsections. Popular idealised chain models widely used by the polymer physics community include:
the Freely Jointed Chain (FJC), the Worm Like Chain (WLC), the Extensible Freely Jointed Chain
(FJC+) and the Extensible Worm Like Chain (WLC+) [12], that are briefly discussed in the following

sub-sections.

2.1.2 Statistical mechanical models of biopolymers

Applying a stretching force on the ends of a polymer bundle with progressively enhance the aligne-
ment of chains. The external load slowly reduces the overall entropy of the chain and a small reduction
of in the conformation numbers will give rise to entropic elasticity forces. Large extensions bring ten-
sion in the molecular backbone and may lead to enthalpic elasticity effects such as bond deformation
in the chain, rupture of the intramolecular hydrogen bindings and even conformational changes in the
molecule [13]. Four models to describe the polymer elasticity under an applied tensile load are given

in Table 2.1.

2.1.2.1 Freely Jointed Chain

The FIC, or the ideal chain, is the simplest possible description of a chain and serves as the starting
point for all other models [11, Chapter 2]. A FJC model describes the chain as a random walk with
properties determined by the number and the length of each segment. The bonds between neighbour-

ing beads are at a fixed length b%, with arbitrary coupling angles between. An illustration of the FCJ

’In the literature referred to as the Kuhn length.
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Figure 2.1: Illustration of a short FJC with arbitrary coupling angles between the beads 71, ..., 7,. The end-to-
end vector R is shown in red.

chain is given in Figure 2.1.
The FJC model cannot describe a chain extended beyond its contour length /., because the chain
would then be infinitely rigid. Flexible polysaccharides comply with the assumptions of the FJC,

hence they are will described by this model [10].

2.1.2.2 Extensible Freely Jointed Chain

The Extensible Freely Jointed Chain (FJIC+) accounts for elastic deformation of bonds and angles
neglected in the FJC. The polymer is modelled by n elastic springs with a third fitting parameter
accounting for the bond elasticity. At large elongations, forces contain also an additional enthalpic
term which allow the chain to be extend beyond its contour length. Despite its simplicity, the FIC+
model is able to reproduce the flexibility transition observed during the stretching of dextran and
amylose [12], due to the cleavage of their pyranose rings. Thus, polysaccharides behaving like a
series of loosely connected elastic (extensible) rods conform to the assumptions of FIC+, and are

well described by this model [14].

2.1.2.3 Worm Like Chain

The WLC or the persistent model, describes chains were the chain stiffness is accounted for with
an irregular curved filament linear on the scale of the persistence length [, [11, Chapter 2]. Even
though the model concider both entropic and enthalpic contributions the chains cannot extend beyond
its contour length. Rigid biopolymers and proteins behaving like deformable rods [10, 13] and single
DNA molecules [15] are generally described by the WLC model. The WLC+ model adds the stiffness
of the chains as a third fitting parameter to the WLC model [12].
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2.1.3 Real chains

The correspondence of polymer chains and random walks is lost in the case of real chains made of
beads of non-vanishing size. In this case, beads along the chain cannot occupy the same position at
the same time, a constraint that has a number of consequences that go under the name of ‘excluded
volume effects’. Although the non bonded bead-bead pair interaction might be short-ranged, the
excluded volume interaction might be felt even at length scales comparable to the chain size. The most
obvious manifestation of these effects is represented by expansion of the chain, whose configuration
can no longer be considered as the result of a Brownian process (random walk). More details on the

excluded volume effect are given in the following subsection.

2.1.3.1 The effect of the excluded volume

Historically, the effect of finite bead size, and therefore of excluded volume has been an important
topic in the general discussion of the spatial expansion of long chain molecules in solution. A fun-
damental contribution on this subject has been given by Pierre-Gilles de Gennes. According to his
theory of excluded volume, the effect is qualitatively different in poor solvent (low temperature) or in

good solvent (high temperature). In particular:
* Chains remain ideal (or Gaussian) at high temperature, following a standard Brownian statistics.

* At low temperature chains are expanded by excluded volume effects, and need to be modelled

as self-avoiding random walks.

Again according de Gennes, in the limit m — oo the change between the two regimes takes the form
of a critical phenomenon. Both experiments and simulations have shown that the properties of low
temperature chains expanded by finite volume effects scale like simple power laws. The transition is
rounded (no longer sharp) in chains of finite length.

Chains with a moderate molar mass often represents a mixed state where the characters of the
chains depends on the selected length scale. At the © — point the ratio between solvent and solution
is such that the excluded volume feature can be neglected. An illustration of the excluded volume

effect is given in Figure 2.2.

2.2 The phenomenon of creep

Creep is a relaxation mechanism in polymeric materials under moderate tension. It is due to the

irreversible breaking of covalent bonds accompanied by the slow increase of the sample length. On a
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Figure 2.2: Schematic illustration of the effect of the excluded volume displayed in a chain with beads approx-
imated as hard spheres.

time scale that is long compared to typical molecular processes, creep causes the failing of polymeric
samples.

In hard materials, such as oxides® and ceramics, applying stress under the critical limit gives no
surprises. The material will restore its original shape after the load is removed. Fractures will occur
if one apply ’stress’ o over a critical limit.

In soft materials, instead, the outcome is failing by creep. In material science, creep is charac-
terised by plotting the sample length whose change from the initial value is called ’strain’ € versus
rupture under a fixed load (stress). Typical stress-strain relations for a hard and soft materials and the
deformation curve in a soft material under a constant tensile load is given in Figure 2.3. From the
curve in Figure 2.3C different stages can be identified. This multistage creep process is a characteristic

behaviour of soft matter materials under load.

2.2.1 The Kelvin-Voigt Model

Creep is one of the important manifestations of the non-linear and irreversible properties of polymers
that go under the name of visco-elasticity. A large effort is routinely devoted to the experimental,
theoretical and computational analysis of these phenomena [11, Chapter 6].

A simple mechanical model of viscoelasticity was proposed long ago by Kelvin and Voigt. The
model represents the system as made by an elastic spring of modulus E in parallel with a dashpot
of viscosity 1 under a time-dependent stress. The system evolution is often given in real time. For

instance, the time dependence of stress o(t) is given by:

3Creep phenomena can also occur in metals, but only on time scales much longer than that of polymers.
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(A) Schematic stress-strain curve in a hard material. (B) Schematic stress-strain curve in a soft material.
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(C) Typical deformation curve of the strain € as a function of time under constant tensile load in a soft material
displayed. The creep rate decreases with time in the primary regime, corresponding to the hardening of the
sample under load (1). Under the secondary regime (2) the creep rate is a constant slope. In the tertiary regime
(3) the creep rate increases with time before a complete failure in the critical point ().

Figure 2.3: Typical deformation curves. The stress-strain relation in a hard (Figure 2.3A) material. The stress-
strain (Figure 2.3B) and the creep relations (Figure 2.3C) in a soft material.
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de(t)

o(t) = Ese(t) + N (2.7)

where €(¢) is the time dependent strain or time dependent deformation of the material. The equation
says that the time dependent stress is balanced by the normal (linear) elasticity, and by a term arising
from the sample deformation, due primarily to creep. Eq. 2.7 is easily solved by computational
approaches, and it can be solved analytically in many cases, depending on the choice of variables. A

schematic illustration of the Kelvin-Voigt model is given in Figure 2.4.
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Figure 2.4: Schematic view of the Kelvin-Voigt model. A system with a spring of modulus E' in parallel with
a dashpot of viscosity 7 reproduces viscoelastic behaviour under a constant stress o.

2.3 Fibre Bundle Models

A FBM aims to describe the rupture in a collection of fibres, a bundle, caused by an applied tensile
load. Detailed investigations of the rupture phenomenon in materials have been performed by exper-
imentalists in various contexts for a long time. 500 years ago Leonardo Da Vinci studied the strength
of iron wires of various lengths [16]. The first scientific treatment of a FBM was given by Fredrick
T. Pierce in the context of textile engineering in 1926 [17]. A detailed description of FBMs combin-
ing the fields of statistical physics, material science, and computational and simulation methods was

given by Hansen et al. in 2015 [1].

2.3.1 Traditional FBMs

A traditional FBM analyses a one-dimensional (1D) bundle consisting of /V elastic fibres of equivalent
length with both ends clamped to some sort of solid support. The fibres are in a two state condition of
intact or ruptured. Under an applied tensile load F' each fibre elongates as a Hookean spring before
it reaches an individual critical extension length x.(j). Elongation beyond this point causes the fibre

to fail, thus it does not contribute any longer to the bundle strength. [ is balanced by the combined
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Hookean forces from each intact fibre, thus the system is in equilibrium as long as F' is kept constant.
Figure 2.5 display a schematic illustration of a traditional FBM.

It is common to pick the maximum force a fibre can handle before it breaks, or equivalently
the threshold of critical length x.(j) from a probability distribution p(z.(j)). The force acting on

individual fibres is given by:

Exx, x<uxz.j)
fi(@) = (2.8)
0,  x=uxz(j),

where Fj is the elastic constant assigned to individual fibres*. The total force on the bundle is F' =
>3 i),

The probability distribution p(x.) for x and the reorganisation of the force upon intact fibres
determines the specific FBM. Two main categories of models are the Equal Load Sharing (ELS)
and the Local Laod Sharing (LLS) models. In the ELS, or global load sharing model, the force is
distributed equally among intact fibres every time a chain breaks. It is the oldest and simplest FBM.
This behaviour differs from the LLS model where the distribution of force on the remaining fibres
depends of the state of their neighbours. The fibres can now fail either because they are weak or
because they are highly stressed from their weak neighbours [1]. LLS was introduced by Harlow and
Phoenix in 1991. The two models approach each other with increasing dimensionality d, that causes
both models to approach the mean field limit [18].

Further sophistication of the model is possible, for example by assigning individual values of the
spring constants E! dependent on the position of the fibres. The breaking process of a fibre is a

probabilistic event, fluctuations around the average behaviour will therefor always exist.
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Figure 2.5: Illustration of a traditional FBM under an external tensile load F', adapted from [1]. One support
is fixed whereas the other support have been shifted a distance x by F'. This have caused failure of some fibres.
The combined Hookean forces of the intact fibres balance F'.

“In the literature often set to one for simplistic reasons.
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2.3.1.1 FBM and scaling relations

A strength of FBMs is their ability to identify scaling relations among the variables of an experiment.
An example is the power law dependence of avalanches. An avalanche is defined as the simultaneous
breaking of fibres in a bundle. It is a direct effect of correlated fluctuations. The expected asymptotic

distribution D(A) of total number of avalanches of a given size A is given by a power law dependence
= x AN, (2.9)

where the value of A was determined to A = —g of a LLS model of Hemmer and Hansen in 1992

[19].

2.3.1.2 FBM and creep experiments

The relations between traditional FBM and creep have been extensively studied [20]. In a FBM
model describing creep a two state description of the fibre state is no longer realistic. Such a fibre
should have the ability to be damaged without complete failure in such a way that the damaged fibre
contributes to the bundle strength with a reduction in the elastic constant of some factor a. The load
on a fibre ¢ is than changed from o; to ao;.

A creep experiment can be stress or strain controlled. A strain-controlled experiment use the strain
e as the independent variable. In such a case burst of the first fibre will cause a sudden decrease in the
elastic force at the value of x. The proportionality constant is smaller because the number of intact
fibres is less than N. In a stress-controlled experiment one slowly increase the applied force F' in
such a way that the stress o, given as the external force on each fibre 0 = F//N. The extension of a
fibre increases instantaneously while the bundle force remains constant at the breaking point. After
the failure of one fibre the extension again increase linearly with the force.

This form of load sharing differs from the previous described ELS because the stiffer fibres of the

bundle receive a higher load. Several local-load-sharing mechanisms are also possible [1, Chapter 7].

2.3.2 A first implementation of a particle based FBM

The creep modification and eventual failing of polymeric materials has recently been described by
a computational approach by Linga et al. [4]. In their study, they constructed a FBM in which the
structure and dynamics of polymers chains were given an explicit representation.

This approach, that in what follows will be labelled as ’particle based’ FBM, is in many was

intermediate between a traditional FBM, and the standard molecular dynamics approach widely used
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in computational investigations of condensed matter systems.

To ease computations and to give their results a paradigmatic role, Linga et al. adopted a rather
idealised model in which polymer beads interact with each other only along the polymer backbone
while inter-chain interactions are neglected.

Two variants of the basic model have been identified, allowing and disallowing the recombination
of broken chains.

In this way a number of real-life effects have been reintroduced into the model, such as interacting
chains.

The elongation process as a function of normalised time gave hints of an universality process
explained by a one-step FBM in the model allowing recombination. A power law dependence of the

bundle lifetime 7 ~ 77, v = 4 £ 0.1 was presented for chains disallowing recombination.

2.4 Biobundles

Mechanical forces plays an essential role in cellular processes. Muscle contraction and extension,
cell rolling, red blood cell deformation, division and fusion, endocytosis and exocytosis, spreading
adhesion, locomotion, endocytosis, and exocytosis are important examples [10, 13, 21-23].

Similarly with what happens in industrial mechanical systems, force transmission in cells is of-
ten carried out by fibrous materials, whose microscopic organisation is recognisable as a bundle. In
fact, there exists a lot of biopolymeric bundles in nature, that self-assemble through the usually com-
plex pathways of biochemistry. Their formation and stability depend on the intra-and inter-cellular
environment, according to equilibrium conditions and kinetic constraints.

However, the recent literature has focused primarily on single-molecule experiments and on biomolecule
networks (gels). With increasing sophistication of the experimental and computational methods, it is
reasonable to assume that the bundle structure will receive the attention it deserves, for the roles it
plays in cells and for the many potential applications in bio-nano-technology. A first review on the
properties of biopolymer bundles has appeared recently [24]. A short description of how one gener-
ates a biopolymeric bundle and the most imporant methods to measure their properties is given in the

following.

2.4.1 Building a macromolecule

A biopolymeric macromolecule is generated through the process of polymerization starting from a
substance of much simpler molecules. This can occur spontaneously within a cell, or it can take place

through artificial synthesis process, sometimes very complex. Most biopolymers, are frozen into their
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polymeric form, that normally doesn’t change with time.

A special role among biopolymers is played by the so-called living polymers (i.e., actin, tubulin,..),
whose polymerisation instead is an equilibrium process. Properties of living polymers, including
living bio-polymers, have been reviewed by Greer et. al. [25]. Their short review presents results
on sulphur, a-methylstyrene and actin, whose polymerisation is seen as a equilibrium polymerisation
and second-order phase transition of the n — 0 universality class.

New advances in the technology have broaden the scope of investigations of the non-equilibrium
thermodynamical case. In this picture the assembly rates of the systems are of key importance [26].

The main processing techniques to generate biopolymeric bundles for experiments at the nanome-

ter scale are: self-organisation and electrospinning.

2.4.1.1 Making nanobundles

The primary approach to generate nanobundles is represented by self-organisation, which happens
in a disordered system with pre-existing components that form an organised structure often out of
equilibrium conditions. Pattern formation in reaction and diffusion systems is an example of that
[27]. Protein folding or phase separation of lipids and proteins due to macromolecular interactions
are further examples concerning biopolymers.

Electrospinning is a technique to form minute fibrous structures using the electrostatic repulsion
of polymer jets emitted from a micro-metric nozzle. The method allows the preparation of fibres of
~ 100nm diameter. Electrospinning of proteins has been performed mainly on collagen, gelatin,
elastin, and silk fibroin [28, 29].

Structural DNA nanotechnology is a specially important self-assembly technique. It aims to con-
trol the hybriditisation, temporal and spatial three-dimensional (3D) structure of the components of
nucleic acid at the finest possible level [30]. The field is based on an original idea proposed by N.
C. Seeman in 1982. He suggested that one can use DNA as a physical material for the self-assembly
of structures at the nanoscale [31]. This technique can arrange the DNA strands into large two-
dimensional (2D) and 3D periodic lattices at the molecule level. DNA bundles can be assembled
from only oligonucleotides or by the DNA origami concept with the help of a long single-stranded

scaffold. Figure 2.6 shows a happy DNA 2D-lattice fabricated by a self-assembly process.
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(A) (B)

Figure 2.6: The happy face of bio-nano-technology. DNA in the form of smileys fabricated from a self-
assembly process adapted from [32]. Figure 2.6A shows the folding path to make a DNA ‘smiley’. Figure 2.6B
shows an AFM microscopy image of the finished product. The scale bar is 100 nm.

2.4.2 Experimental methods

“There’s plenty of room at the bottom.”

— R. Feynman, Lecture given at California Institute of Technology, 1959°

The structure of individual cell organelles were historically first recognised in optical or electron mi-
crographs and then isolated through biochemical work [34]. Our main interest in this thesis is the
connection between the micro- and macroscopic picture in biopolymeric bundles under external ten-
sile loads. Experimental measurements on these kind of systems requires access the “bottom level” of
nature, represented by the atomistic and molecular scales. The advanced techniques for the manipu-

lation of single molecules at the nanolevel had their dawn in the 1980s.

2.4.2.1 Fibre diffraction

The oldest weapon of choice to investigate the structure of fibrous molecules is X-ray fibre diffraction
representing a specialised version of the widely used X-ray diffraction of crystallography. Such an
instrument projects a beam of X-rays towards a sample. Scattered rays indicate the molecule structure

by forming a diffraction pattern, i.e. a Fourier transform of the electron density, on a photographic

SFeynman offered a prize of $1000 to the first person that could make an operating electric motor at the size of 1/64th
inch cubed. The challenge was solved by the electrical engineer W. H. McLellan in November 1960. This challenge has
been regarded by some as an inspirator of the development of nanotechnology [33].
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film. Chains arranged in the same orientation produce a similar scattering effect, thus the greater
percentage of crystallinity the better picture of the sample [35]. X-ray measurements are routinely
carried out at synchrotron radiation facilities. The data analysis is a crucial part of the experiments.
The method is most famous for the characterisation of the helical structure of DNA performed by

Franklin, Crick and Watson in 1953 [36].

2.4.2.2 Microscopy and fluorescence

Microscopy comes in two main varieties, optical microscopy and electron microscopy. Arguably,
optical microscopy represented the first scientific observational approach enhanced by advanced (for
the time) technology. By and large, its resolution is limited by the light wave length, that at ~ 500 nm
is much longer than the linear size of the structures one wants to observe and to measure. It remains
one of the main observational tools at the scale of cell, or major cellular organelles.

The power of optical microscopy is enhanced by fluorescence techniques, based on the addition to
the system of suitable chromophores, able to stain selected spots on macromolecules and on cells. The
time dependent distribution of chromophores can be measured and recorded by probing the sample
by a laser beam that excites chromophores’ luminescence.

The resolution of electron microscopy is limited by the ability to control electron beams in space,
and it reaches down to a fraction of nm. As such, it is suitable for observing the ultra-structure of cell
down to virtually molecular resolution. An important parameter to judge the resolution of an electron

microscope is the energy of its electron gun.

2.4.2.3 Force spectroscopy

Single Molecule Force Spectroscopy (SMFES) are techniques that allow direct manipulation of the sin-
gle molecule level. The measured force or extension of the molecule is proportional to the displace-
ment of the probe holding the molecule, but all instruments have individual precision and accuracy
due to distinct stiffness constants and pulling mechanisms [37].

The bonds that connects the surface of the sample and the probe, the temperature of the surround-
ing environment, mechanical vibrations, air currents, acoustic, and electrical noise could impact the
measurements [38]. Current manipulation of single-molecules are precise over six orders of magni-
tude in length and force®. The most common SMFS tools today are Atomic Force Microscope (AFM),
Optical Tweezer (OT) and Magnetic Tweezer (MT).

The current manipulation of single-molecules spans a range of 100 pm — 100 pum in length and a range of 0.01 pN —
10nN in force [38].
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Figure 2.7: A schematic illustration of an AFM unfolding the polyl27 protein, adapted from [10]. Left:
The unfolding process of different regions in the protein. Right: The measured force extension curve. Each
saethooth-peak corresponds to the unfolding of an individual folded domain.

2.4.2.3.1 Atomic force microscope

AFM is a mechanical surface sensing technique ideal for studying strong inter- and intra-molecular
interactions in single molecules [37, 39]. It measures forces in the pN range and can operate in liquid
environments at a chosen temperature. The AFM tip approaches and retreats from the sample surface
in a controlled manner. One can acquire two sorts of information from an AFM: topographical images
and force measurements [3]. The rupture location of the molecule in a force measurement is recorded
by the deflection of the cantilever spring [40]. A schematic representation of an AFM unfolding a

chain molecule is shown in Figure 2.7.

2.4.2.3.2 Optical tweezer

OTs have an excellent resolution suitable to study mechanical properties of biopolymers in the low-
force regime, F' < 100 pN, typically not accessible for an AFM [10]. The instrument optically traps
one end of the sample with a laser focus and sucks the other end through a micro pipette. A highly
focused laser beam provides an attractive or repulsive force to measure the 3D displacement of the
trapped sample with a time resolution of ms. Exerted forces and torques on individual molecules are
in the pN — uN order. The spring constant in the measurement depends on the focus of the laser and
on the dielectric constant of the trapped object. A drawback with the use OTs is the potential danger

of damaging the sample by the heat from the laser [38].
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2.4.2.3.3 Magnetic tweezer

MTs have the ability to apply torque and mechanically coil/uncoil a tethered molecule. The instrument
generates a magnetic force field that induces a moment proportional to the field gradient over the
sample. If the gradient is steep, one can achieve high forces with a relative small magnetic field. The
generated force can be approximated as constant over the length scale where the tethered bead moves.
The resulting torque exerted on the beads is in the order of 10* — 105 pNnmrad~!. It is likely that
the development of the instrument will include a high resolution camera and a large scale parallelism

that allows simultaneous measurements on as many molecules as 102 — 103 [41].

2.4.2.4 Modern in vitro tools

Microelectromechanical systems (MEMS) or in vitro’ ’lab on chip’ instruments are the newest tech-
nology devices to mimic the microenviroment of cells by controlling the mechanical strain [2]. They
are divided into hard silicon-based devices and systems made of soft polymers and gels [42] and are
mainly used to study the mechanics of the single cell. A majority of such instruments cannot mimic

the 3D micro environments that cells experience in vivo®.

7 A biological process occurring in a controlled experimental environment rather then within a living organism.
8 A biological process occurring in a living organism.
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3| POLYNUCLEOTIDES

The most famous examples of functional polynucleotides are DNA and RNA. Even though the helical
structure of DNA was discovered in 1950s we still lack a complete understanding of its properties.
The human body is made of 60 trillion cells each containing 2 m of genomic DNA. To pack DNA into
eukaryotic cell nucleus the molecules typically undergoes a length compaction of 10* —10° times. The
remarkable compression is made possible by protein-DNA-interactions giving origin to chromatin, an
important example of a polynucelotide in a closely packed phase.

Stretching experiments on polynucleotides have focused on unravelling the force-extension curves
and the underlying mechanics of the unfolding process of the double helix of DNA. How cells and
organelles respond to bio-mechanical signals is under investigation, but not properly described. Ex-
periments investigate how the movement of eukaryotic cells is coupled to deformations of the nucleus,
and how mechanical forces affect the reproduction of cells. The development of new measurement
techniques, such as structural DNA nanotechnology, have made important contributions to the field.

A brief outline of the structure of polynucleotides and of polynucleotide bundles is given in the
following section. Further sections and subsections review experiments identifying the mechanical

response of polynucleotides to an external force.

3.1 Molecule structure

The chemical structure of a mono and polynucleotide is given in Figure 3.1. Nucleotides represent
the monomeric building block of polynucleotides, and consist of a phosphate group and a nitrogen
base attached to the five carbon (pentose) sugar. The negatively charged phosphate-sugar backbone
are joined together by covalent bonds between the third carbon of the pentose ring and the phosphate
group of the next nucleotide. The helical structure of DNA originates in hydrogen bonds between
chains. RNA molecules usually adopt a single strand configuration, but fold into tertiary structures
of the same helical symmetry driven by a similar mechanism. The genetic information in eukaryotic

cells is stored in the cell nucleus.

3.2 Force-displacement curves

Stretching experiments performed in the early 90s focused on understanding the mechanical response

of a denatured double strand-Deoxyribonucleic Acid (ds-DNA) into single strand-Deoxyribonucleic
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(A) Deoxyadenosine monophosphate as an example of chemical structure of a monomeric unit in a polynu-
cleotide. The phosporic acid is indicated in blue, the pentose deoxyribose in black and the nitrogeneous adenin
group in green.
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(B) Schematic overview of the chemical structure of the polynucleotide DNA in courtesy of [43]. The phos-
phoester links between the phosphate-sugar backbone are indicated in red.

Figure 3.1: Schematic overview of chemical structures of a mononucleotide (Figure 3.1A) and a polynucleotide
(Figure 3.1B).

Acid (ss-DNA) [15, 44, 45].

The first reported stretching experiment on DNA was performed by Smith et al. in 1992 [15].
They investigated a single DNA molecule with length [, = 16.2 um tethered to a surface. The teth-
ered beads were subjected to various combinations of magnetic and hydrodynamic forces, typically
not greater than 1 pN. Using standard hydrodynamics model, the authors proved that a geometric
parameter (the angle 6, in [15]) grew monotonically with increasing value of the applied force F. This
one-to-one correspondence allows to estimate F' from optical measurements of «.The experimental
approach required a difficult calibration, because the effect of the viscous drug on the molecular mo-
tion depended on the position within the experimental cell. Once fully validated, the strain versus
stress curve obtained from experiments did not match the predictions of the FJC model. A better

match was achieved with the WLC model, suggesting that DNA behaves like a continuous flexible
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(A) Force-extension curves for single DNA fibres. (B) Force-extension curves for several DNA fibres.

Figure 3.2: Force-extension curves for single DNA fibres (Figure 3.2A) and several DNA fibres (Figure 3.2B)
adopted from [44]. The force profile for the single fibre is monotonic with one plateau followed by a steep
drop. In comparison, the force profile of the bundle displays several plateaus.

chain.

An important observations was made by Cluzel et al., reporting that the force-displacement curve
had a plateau around F' = 70 pN, corresponding to a length [, = 1.7 - [.[44]. An illustration of the
surprising result is given in Figure 3.2. The force-extension curves points towards a phase change of
the DNA state. The phase transitions was explained by a two state model with an energy difference
AEFE.

The paper by Smith et al. [45] also report the first observations of bundle effects in stretching
experiments of polynucleotides.

Current research appears to validate that the DNA molecule will adopt different regimes under a
tensile load. Under low forces, (F' < 10 pN), the molecule encounters an entropy dominated regime.
Under intermediate forces, (10 pN < F' < 70 pN), the molecule undergoes a Hookean regime where
it stretches like a spring. At large forces (F' > 70 pN) the molecule is extended by a large amount and
the DNA undergoes structural transitions.

The presence of cations in a DNA solution is crucial for the mechanical unzipping of the helix
[46]. Measurements of the DNA elasticity have turned out to be the most precise way of determening
the persistence length of the molecule [47].

Stretching experiments performed on RNA have revealed the same two state form of the force
extension curves as seen in DNA [48]. Collin et al. repeatedly measured the mechanical work asso-
ciated with the unfolding and refolding of a small artificial RNA molecule [49]. They illustrated how
non-equilibrium force measurements on single-molecules can provide equilibrium information, such

as the free energy, for the folding process.



26 | 3. POLYNUCLEOTIDES

3.3 Torsional constraints

Pulling DNA without constraining the molecular torsion results in a deformation that consist of a
combination of twist and stretch Some experiments apply the external load on DNA while keeping
fixed the orientation of the two chain terminations. Unfortunately, current research does not give a
sufficiently discussion of how the local structure of the DNA responds to mechanical forces under a
torsional constraint.

Nevertheless, results on stretching DNA while constraining the global torsion are available. Rotor
bead tracking experiments have shown that DNA reaches a maximum twist at /' ~ 30 pN before it
overwind [50].

King et al. showed in 2016 that DNA under torsional constraints display a heterogeneous and
rich plasticity as the applied tension is increased. They suggested that these structural rearrangements
make it possible for of the genomic DNA to absorb changes in torsional constraints imposed by the

surrounding environments [51].

3.4 DNA origami

DNA origami is a structural DNA nanotechnology based on DNA bundles. Joining multiple helices
allows the creation of stiffer structures where the bending rigidity increase and the torsional rigidities
are augmented moderately. Kauret et al. measured the bending and torsional rigidities of four- and
six-helix bundles assembled by DNA origami in 2011 [52]. The structures were made of 4, 6, 18 and

20 helix bases with molecule length in the range of 450 nm.

3.5 The cell nucleus

The nucleus of eukaryotic cells contains the chromatin made of DNA and associated protein. How
cells move in tissue is a central question in research on cancer and other diseases. Metastasis is the
spread of cancer cells to new areas of the body, that requires migration through tissues. Recent exper-
iments published within the last decade shows a direct link between nucleus and the 3D movement of

cells. The experiments on deformation of the nucleus during migration have just recently begun [53].

3.5.1 Mechanical properties of whole cells

Mechanotransduction is the name of various mechanisms that convert mechanical stimuli into elec-

trochemical signals in the cell [54]. The external environment of the nucleus is felt through the
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cytoskeleton [55]. The nuclei of healthy cells are typically an order of magnitude stiffer than the
cytoskeleton of the cell whereas the nucleus of metastatic cancer have abnormal shapes and stiffness.

Isolated nuclei respond to force by adjustments of their stiffness under applied tension. Guilluy
et al. have shown that isolated nuclei can respond to force by changing their rigidity within seconds
[56]. This suggests that nuclei can modify their rigidity whether the tension is applied on the cell
or generated within the cell it self. Further work is required to precisely determine how nuclear
mechanotransduction is regulated.

The diameter of pore sizes encountered during cell invasion range from 0.1 to 30 ym, comparable
and smaller than the size of the migrating cell [9]. The nucleus contain the genomic information of
the cell and is the site that houses DNA replication, transcription and processing of RNA. Mechanical
forces and deformation during migration in space can impact the cellular function and viability. It is
still not known if the mechanical stress during 3D migration is sufficient to damage the DNA. This is
an interesting question for the future.

These observations point to the crucial role of mechanical properties in the functioning of healthy
and diseased cells. Quantifying the molecule basis of these behaviours will open the way to innovative

bio-medical approaches.

3.6 Chromatin

Chromatin was discovered in 1880 by W. Flemming. The later discovery of DNA made chromatin
relevant as a carrier of the genetic information of cells [57]. The basic unit of chromatin is the
nucleosome, a short DNA segment of 200 Base Pair (bp)' wrapped around a core of eight histone
proteins [58]. In the cell cycle chromatin undergoes both condensation and decondensation processes.

The nucleosomes impacts the packing, replication, transcription, and repair of the DNA. How

enzymes are able to access the gene information within this structure is still under debate [59].

3.6.1 Transitions during stretching

The force-estansion curves produced during unwrapping of DNA from the histone linker and the
measured force to break chromatin are surprisingly close to the force measured to break DNA [60].
Single and intact chicken erythrocyte fibres were studied with tweezers by Cui et al. in 2000 [61].
The required force to remove the core particles from the native chromatin was then 20 pN or higher.
The observed force-extension curves clearly exposed a two state behaviour thus connecting transition

between two phases to the value of the external force. The transition between the two states occurred

I 1bp ~ 3.4A.
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when the work performed by the external force was equal to the difference in the chemical potential
between the phases. An explanation of how a fiber could acquire the ability to interconvert between a
condensed short state and a decondensed long state was required. An explanation is required also for
the correspondence of the measured force with the plateau at ~ 65 pN in the DNA force-extension
curves. Extension beyond 20 pN within a stretching cycle resulted in irreversible changes of the fibre.
These features were explained by the possible lack the histone linker.

A later experiment determined the required force to unwrap DNA from the histone to be 20—40 pN

[62].

3.6.2 The 30 nm-fibre

The two most important models to describe the chromatin fibre are the solenoid and the zig-zag model
[6].

Much of the current debate revolves around wherever or not the 30 nm-fibre exists or not. It
is evidence that isolated from the nucleus chromatin tends to adopt a fibre-like conformation that
resemble some kind of bundle structure [34, 60].

Maeshima et al. proposed that nucleosome fibres in the mitotic chromosome bulk does not form
30nm chromatin fibres, but exists in an interdigitated state locally similar to a polymer melt with
dynamic movements [57].

In situ® observations of nuclei by Transmission Electron Microscopy (TEM) have given results
where chromatin appears with non obvious fibre-like properties [34].

Measurements indicate that chromatin unfolds by adopting an open ended beads-on-a-string con-
formation with all the internucleosome contact lost [7]. A separate modelling performed later con-
firmed that a plateau is observed during fibre unfolding where all the nucleosomes remained intact.
Chromatin at low salt concentration is reported to exist in a loosely configuration known as ’bead-
on-a-string’. The compact and ordered 30 nm configuration have been questioned by some. Force
spectroscopy experiments on individual chromatin fibres is achieved by fixing the position of one of
the ends and stretching at a constant force or up to a fixed position.

The decondensation of chromatin leads to an increase in the nuclear size and softening. Chromatin
is thought to be a part of the nucleoskeleton that control the mechanical linking of the nucleus to the
cytoskeleton and makes the cell migration efficient [53].

In a recent experiment scientists tested the external membranes of hamster cells by magnetic beads
[22]. By maintaining the magnitude of the force, but changing the direction and the angle there were

observed a direct link with the out stretched regions in the chromatin of the nucleus. The degree

2Experiment performed in the natural or normal enviroment.
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of stretching and gene expression were varied based on the direction of the force in relation to the
cytoskeleton of the cell. The bundle did not seem to be affected when pulling in the opposite direction

of the fibre.
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Polysaccharides represents a class of materials which have renewable nature, tailorable surface chem-
istry, interesting optical properties, and anisotropic shapes [63]. They are generally highly solvable
and easily connected to the AFM tip for stretching tests [10].

The experiments testing the mechanical properties of polysaccharides have focused on identify-
ing the structural changes in the molecules when the sample is elongated and identifying if/how a
polysaccharide component will influence the mechanical properties of a material.

Engineered Nanocellulose (NC)'-materials and hydrogels have outstanding mechanical properties
and are especially interesting as biopolymeric bundles.

A presentation of the polysaccharide chain structure and experiments on their mechanical proper-

ties is given in the following.
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(A) The chemical structure of a monosaccharide. The pyranose ring of the glucose molecule is given in the
chair configuration. Reaction group is indicated in red.
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(B) Schematic overview of the chemical structure of cellulose, with a S-linkage, in courtesy of [64]. The
glycosidic bonds between pyranose rings are indicated in red.

Figure 4.1: Schematic overview of the chemical structure of a monosaccharide (Figure 4.1A) and polysaccha-

ride (Figure 4.1B). The fourth and the first carbon of the pyranose ring are indicated with numbers.

ICellulose is a product of the biosynthesis in plants. NC refers to processed materials or cellulosic extracts with

structural dimensions at the nanoscale [63].
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4.1 Molecule structure

An illustration of the chemical structure in a mono- and polysaccharide is given in Figure 4.1.
A polysaccharide? is composed of saccharides linked by glycosidic bonds. The structures of the
monomers are mostly 5 (pentoses) or 6 (hexoses) carbon atoms in ring configurations. The group are
also known as ’carbohydrates’ and is usually divided into starch, glycogen and cellulose.

A broad class of polysaccharides display isomerism where the chains have a similar molecule
structure, but different biological functions. Amylose and NC are isomers of the same formula but
different pyranose ring linking. Amylose is a-linked, dissolvable in water and function like an en-
ergy storage in compound plants. NC is S-linked, insoluble in water and function like a structural

compound for plants.

4.2 Structural changes during stretching

The first measurements on single polysaccharide molecules were performed on the branched glucon
molecules amylose and dextran under equilibrium conditions with an AFM [65, 66].

There were observed plateaus in the force-extension curves for both materials at a tensile load
F = 300pN for amylose and F' = 900 £ 100 pN for dextran. Both plateaus disappeared after
treatment with periodate evincing that the pyranose ring structure’s mechanical integrity must be
preserved when a plateau is detected. After splitting of the pyranosering both the materials displayed
identical behaviour.

These observations suggests that a force plateau indicates a transition from a chair-like to a boat-
like conformation of the pyranosering [40, 67]. Today, the general consensus is that these transitions
works as fingerprints for the individual polysaccharides in solution [68].

A schematic illustration of the chair-to-boat transition in a glycopyranosering is displayed in Fig-

ure 4.2.

4.3 Mechanical properties of nanocellulose

The viscosity of biological NC materials based on starch and chitin is dependent on the crystallinity
of the sample.
Guhados et al. investigated this correlation by measuring the deflection across a suspended fibre

of bacterial NC with an AFM in 2005 [69]. The Young’s modulus of the material, independent of the

The term ’Saccharide’ means sugar in Greek.
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Figure 4.2: Schematic illustration of the chair-to-boat transition a pyranose ring can undergo under an applied
tensile load.

material, was measured to be 78 + 17 GPa. A value in the same range as predicted by the Voigt model
indicating a homogeneous behaviour of the material.

Experiments performed on starch based foams have revealed that the mechanical properties of
the foams are dependent of the cell wall and the cell structure [70]. Significant improvements in the
yield strength, the plateau zone level, and the Young’s modulus were demonstrated in compression
tests. After enzymatic treatment 40% of the foam contained a mixture of closed and open cells. The
different cell structures in the foam influenced both the linear-elastic and cell collapse region. At a
low level of applied strain the elasticity was linear.

Wet-stretching experiments on rehydrated macroscale fibres composed of nanofibrillated NC and
chitin showed a high correlation between the degree of alignment of fibres and the macroscale stiff-
ness. The NC-based materials changed the original value of Young’s modulus by a fourth and im-
proved the tensile strength at maximum elongation by the double [71].

The tensile strength of polycaprolactone with a NC component also showed an improvement of
more than the double in maximum tensile strength [72].

The mesoscopic assembly of NC fibrils exists in the size gap between nanocrystals and nanofibrils.
Usov et al. in 2015 studied three different kinds of NC in 2015 [73]. The individual fibril and fibril
bundles displayed a right handed chirality. A non-Gaussian kink angel distribution is in conflict
with the accepted theory of alternating regions of crystalline and amorphous cellulose along the fibril
length supporting process induced kink formation.

There have recently been suggested that the hydrophilicity of amylose are regulated by the pyra-

nose linkage [74].

4.4 Polysaccharide hydrogels

Hydrogels are 3D polymeric networks with a high percentage of water. Potential applications of

hydrogels are implantable devices, tissue engineering, control of the enzyme activity, encapsulation
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substance for both food and medicine science, and wound care [75-77].

Individual polysaccharide fibrils have been identified as the microscopic origins of the distinct
mechanical response in marine gels, indicating that the structural and mechanical properties of the
gel are defined by the polysaccharide component [78]. Hydrogels were the first designed biomaterial
used in the human body [75], even though, engineered hydrogels often lack the ordered microstructure
of of natural tissue and display a different respond to load [29].

The hydrogel alginate is specially relevant as a biopolymeric bundle candidate and is extensively

investigated in our department.

4.4.1 Alginate

Alginate is a marine, nontoxic polysaccharide found in seaweed. It can form a gel in physiological
contact with divalent ions, often calcium, and is frequently used to structural biomimetic polysaccha-
ride foams by freeze-drying. A majority of the capsules in medicine science are based on alginate
[77].

Electorspun gelatin nanofibres of alginate have been added to brittle hydrogels to resist and
strengthen crack propagation [29]. By varying the orientation of the nanofibres as multilayer lami-
nents the elastic properties of the hydrogel was reinforced by two orders of magnitude. The greater
fraction of fibres laying in the direction of the applied load, the stronger and stiffer hydrogels where
generated. Hydrogels of single polymer alginate or gelatin were weak. A significant deviation in the
strength was observed when the force was applied in a diagonal or transverse direction. The elastic
modulus and tensile strength were respectively £ = 78 £19 kPa and o7s= 1949 kPa for the alginate
hydrogels and £/ = 240 + 25 kPa and o7¢ = 10 & 3 kPa for the gelatin hydrogels.

The influence of water and etanol on the properties of alginate have been investigated [76]. Ad-
dition of low up to moderate until concentrations of 15% ethanol increased the viscosity whereas
addition further than 20% reduced the intrinsic viscosity of the sample. The same trend were seen
in the moduli and the stress at break. Hermansson et al. proposed that biopolymeric networks are
composed of stress-bearing filaments or elastically active network of chains with a certain stiffness
contributing to the overall increase in the free energy linked to the material deformation. Both the
calcium and the polymer concentrations were the same through the experiment.

The Extracellular Matrix (ECM), a non-cellular part of tissue, providing structural support around
the cells are composed of a gel. Engineered biomaterial made to mimic the viscoelastic properties
of the ECM can often only display elastic response under application of external strain. Chen et al.
recently showed that the viscoelastic strain and elastic recovery of a methacrylate-alginate hydrogel

can be tuned by adding calcium ions to the substrate [79].
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From a chemical point of view, proteins are the most complicated molecules we know [80, 81]. They
play a major role in all aspects of cells’ life, including their regulation of cells [82].

The polymeric nature of proteins, and their role in the structural mechanics of cells, make proteins
ideal candidate to form bundles. Our main focus is is on collagen, on amyloid fibres, and on proteins
responsible for the structure and properties of the cytoskeleton. Since they are discussed in many
papers, only a brief account is given of arguably the most glamorous bio-fibre of all, i.e., silk and
of her close relative spider silk. In the following a presentation of the polypeptide structure and the

experiments unrolling the mechanical forces that control them is presented.

5.1 Molecule structure

An illustration of the chemical structure of a mono- and polypeptide is given in Figure 5.1. The
monomeric unit of polypeptides consists of an amin-group, which is a good hydrogen bond donor, a
carboxyl-group, which is a good hydrogen bond acceptor, and an individual functional group. Peptide
bonds link the amino group of one amino acid to the carboxyl group in another. When several amino
acids are linked in a chain they form a polypeptide. Natural polypeptide chains containing between
50 and 200 amino acid residues are referred to as proteins. Many proteins, however, are made of a

few peptides joined together by Coulomb and van der Waals interactions, and by hydrogen bonding.
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(A) The chemical structure of a monopeptide unit. The amino-group is indicated in green, the functional-group
in red and carboxyl-group in blue.
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(B) Schematic overview of the chemical structure of a polypeptide. Peptide bonds are indicated in red.

Figure 5.1: Schematic overview of the chemical structure of a monopeptide (Figure 5.1A) and polypeptide
(Figure 5.1B).
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5.2 Collagen

Collagen is a prime construction material in biology. It is known to be viscoelastic providing me-
chanical stability, elasticity and strength to organisms [83]. The helical structure of collagen has been
known since experiments performed by Ramachandran in 1951 [84]. The unravelling of the substruc-
tures of collagen in tissue began in the 1980s [85]. Tissue consisting of collagen, such as tendon or
bones, is organised in amino acids, collagen molecules, collagen fibrils, collagen fibre and tissue [86].
The effect of cross-linkers in collagen-based materials were investigated before the effect ofthe single
collagen fibrils [87].

The first experiment that measured the relaxation times of isolated collagen fibrils was performed
by Shen et al. in 2011 [88]. They performed in vitro coupled stress and creep relaxation tests on
type I collagen-firbils by a MEMS device. Their results indicated that isolated collagen fibrils in-
trinsically behave as viscoelastic materials. A time-independent elastic modulus was determined to
140+ 50 MPa upon initial loading of 20% strain by a Maxwell-Weichert model fit. The value dropped
to 115 4= 41 MPa for subsequent loads, a trend confirmed by paired Student’s t-tests.

Svensson et al. investigated the mechanical behaviour of individual collagen fibrils from human
and rat loaded to failure by an AFM in 2013 [89]. Their results show that the human fibril failed at a
significant higher stress than the rat fibril. The human fibrils displayed an initial rise in the modulus
followed by a plateau with reduced modulus before ending with an even higher increase in the stress
before failure. The differences were explained by variance in the cross-link maturity of the two tissue
types.

Collagen fibrils isolated from rat patellar tendon have been investigated by Scanning Electron
Microscope (SEM) [85]. The results gave a qualitatively difference in the shape between the stress-
strain curves in different tissue. Images show that the isolated collagen fibrils failed with a mechanism
involving the circumferential part of the fibril, whereas the core was partially intact. It is likely that the
specific location and energetics of fluid ions interacting with collagen moelcules within a fibril play
a central role in the mechanical behaviour. A SEM-picture of the surface of a mammalian collagen

fibril at the location of fracture is given in Figure 5.2.

5.2.1 Load transfer mechanisms

A central question for collagen fibrils is if they bear the load independently or if it is transferred be-
tween them, possibly by shear forces produced during sliding. An early explanation was that crumbled
fibrils would straightened and reoriented in the direction of the applied load. This was mechanically

tested in a multiscale experiment of Szczesnay et al. in 2014 [90]. Their results suggested that the
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Figure 5.2: SEM image of a mammalian collagen fibril at the location of fracture in courtesy of [85]. Scale
bars represent 1 pm in (A) and 200 nm in (B).

interfibrilliar sliding was produced the post-yield drop in the tissue stiffness. A shear lag model based

on load transfer between discontinous fibrils could predict the microscale deformations.

5.3 Amyloids

Amyloid was initially a term to describe the iodine stained deposits seen in liver autopsies. Today
the expression refers to abnormal fibrous, extracellular, proteinaceouse deposits found in tissues and
organs of people affected by neuro-degenerative diseases. Amyloids are insoluble and dominated
by a # — sheet structure [91]. Spectroscopy measurements have revealed that forces required to
mechanically fracture amyloid fibrils range from 300 — 500 pN. These high values are explained by
the interactions within the amyloid core. The hydrogen bonding in the cross [3-sheet structure, van
der Waals and electrostatic forces are responsible for the resistance to unfolding of native structural
motifs in proteins.

Measurements have revealed that the mechanical strength of the fibrils are very high [40]. The
uncontrolled folding procedure of amyloid fibres have been connected to a number of destructive
human diseases. In recent years the formation of amyloids have been placed as a central cause of
Alzheimer disease, bovine spongiform encephalopathy (mad cow disease), and Parkinson’s disease
[36].

Studies performed by Paul et al. in 2016 indicated a possible scaling law dependency of the
measured and calculated values of Young’s modulus on chains’ length [92]. They tested a range of

fibril by Deep Ultraviolet Resonance Raman Spectroscopy and AFM techniques. There results were
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compared with simulations and stress-strain calculations performed on linear and unbranched 3-sheet
fibrils. Theoretical and experimental results revealed that the structural and material properties of the
amyloid fibrils are size dependent.

In 2017 Lamour et al. demonstrated that different amyloid fibrils of different proteins covers a
broad spectrum in terms of Young’s modulus and tensile strength [93]. This suggests that the differ-
ence in the mechanical properties of amyloids are caused by variations in the content and packing of

the (-sheet structure within the fibril core.

5.4 The mechanics in the cytoskeleton

Microtubules, actin and intermediate filaments are the underlying bundle structures that control the
mechanics of the cell’s cytoskelton. There is a strong indication that strain hardening and softening,
the role of nonthermal forces, dynamic heterogeneity, and the cell’s ability to move, polarise and
divide are controlled by the cytoskeleton. Understanding these processes could give us a better insight

in the mechanisms of cancer and other diseases [94].

5.4.1 Actin

Actin filaments are two-stranded helical polymers built by actin proteins. They organise in linear
bundles, 2D branched or cross-linked networks, parallel bundles, antiparallel structures, and 3D gels
[80, Chapter 16]. The diameter of an actin filament is typically 5 — 9 nm with a persistence length
of a few micrometers. Individual filaments are flexible structures that easily bend, when the filaments
are cross-linked or bundled the macromolecule becomes strong. Short and stiff bundles of actin tend
to stay straight under an applied force, whereas the long actin bundles display a tendency to buckle
and deform.

The polymerization process that occurs by noncovalent interactions when actin goes from a glob-
ular monomer to a filamentary polymer can be treated as an equilibrium polymerization [25]. The
assembly process of actin is known to be under the influence of profilin, an abundant actin monomer
binding, to a great extent [95]. Various experiments have tested the required rupture force for dif-
ferent actin arrangements. An illustration of the organisation of actin filaments in the cell and their
mechanical properties is given in Figure 5.3.

The group of Ferrer et al. measured the molecular rupture forces between single actin filaments
and actin binding proteins to be in the order of 40 — 80 pN by OT force spectroscopy [96].

Blanchoin et al. stated later that the rupture force for bundles depends on the type of actin binding

proteins, ranging from 30 pN for a-actinin to 50 pN for filamin [95].
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(A) Organisation of the actin structures in the cell. 1) Displays the cortex as crosslinked networks. 2) Shows
the antiparallel contractile structures called stress fibres. 3) Illustrates the branched and crosslinked networks
called lamellpodium. 4) Displays the parallel bundles filopodia.

(B) Mechanical representation of the different actin structures in the cell: areas marked with green symbols
are active springs, areas with red symbols behave like viscoelastic systems of dashpots, and areas with black
symbols behave like rigid rods.

Figure 5.3: A schematic overview of the actin filaments of the cell (Figure 5.3A) and the mechanical abilities
of the different architectures (Figure 5.3B) adapted from [95].
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In a study from 2015 Palmieri et al. compared the mechanical and morphological features of a
tumour and lymphatic metastases of the same tumour. They found that the decrease in cell elasticity
was accompanied by a high isotropy of actin fibres [5].

Early experiments linked the cell elasticity to the presence of stress fibres, but recent experiments

have revealed that it is the total amount of actin is related to the cellular stiffness [8].

5.4.1.1 Stress fibres

Stress fibres are found in non-muscle cells and are especially interesting as a bundle structure. They
are composed of 10—30 actin filaments crosslinked by a-actinin with bipolar arrangements of myosin.
These bundles are responsible for fibre contraction and are often anchored to focal adhesions connect-
ing the ECM to the actin cytoskeleton.

It is suggested that the tension or contraction of stress fibres are the exact mechanism that convert
mechanical signals into biochemical signals [97].

Stress fibres are also coupled to the mechanical link between the intracallular actin bundles and
the ECM [98].

One have identified at least four types of stress fibres in the cell, but a complete determination
and characterisation of the morphological, functional and biological relationship between them is still

lacking [99].

5.4.2 Tubulin

The term tubulin refers to the globular proteins of the tubulin superfamily or a member of this family.
Tubulin proteins are assembled from six different structures. In eukaryotes the most common config-
uration is long, straight, and hollow cylinders of an outer diameter of 30 nm built by alternating a-
and [-tubulin. Due to their cylindrical structure tubulin polymers tends to be much bigger than actin
filaments [81, Chapter 34].

Microtubulin is a polar structure. The plus end of the helix is extended towards the surface of
the cell, whereas the minus end is anchored near the cell centre [80, Chapter 16]. Tubulin plays an
important role in determining the shape of cells and separating daughter chromosomes in the process
of mitosis. Our knowledge of the growth and shrinking of microtubules is primary based on in vitro
studies of pure tubulin.

Until 2011 one assumed that the tubulin dimers were the only substance able to form microtubules
and that the chemical state of the nucleotides of the cells were crucial for the incorporation. On the

contrary, observations performed in 2011 revealed that both tubulin dimers and oligomers can be
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added to the microtubule ends. The chemical state of the nucleotides are not crucial for tubulin
addition [100].

An experiment from 2016 have shown that the high surface density of kinesin motor proteins
are capable of longitudinally splitting of microtubules into protofilament bundles. The diameter of a
microfilament composed of thirteen protofilaments was 25 nm [101].

The dipole moment of tubulin have even been connected to the consciousness of cells [102]!

5.4.3 Intermediate filaments

Intermediate filaments are fibres with ropelike structures of approximately 25nm length made of
filaments of a large and heterogeneous family. They can form beneath the inner nuclear membran and
extend across the cytoplasm, giving the cell mechanical strength [80, Chapter 16].

Intermediate filaments provides the strength needed to pull the nucleus and have the highest resis-

tance to tensile force among the components of the cytoskeleton [9].

5.5 Spider silk

Spider silk is a natural material with remarkable properties. It is one of the toughest, strongest and
most robust matter we know. The remarkable properties have been attributed to the specific secondary
and tertiary structure of the silk molecule. It forms hierarchical fibrillar structures by self-assembly.
Spider silk and amyloids fibrils have some degree of structural similarity. They both experience
mechanical properties of similar magnitude and are both made of 3-sheet structures.

Because it is possible to produce long and continuous fibres of silk it is a material ideal for me-
chanical investigations [103, 104]. There excists a huge interest of capturing the mechanical proper-
ties of silk to synthetic reproduce silk inspired materials.

Both the hydration level and the solvent conditions affect the silk proteins [105]. Cooperative
deformation of hydrogen bonds in the tertiary structure transforms weakness into strengths in the
crystalline structure [83].

A bottom-up approach on artificial bundles generated by electrospinning experiments allowed
tensile testing of macroscopic artificial silk [103]. The interplay between physical 3-sheet cross-
linking and water-induced segment mobility of the amorphous matrix were tested on both single
fibres and bundles. The [3-sheet nanocrystallities had dimensions of 5-7nm. Figure 5.4 shows the
difference in the hierarchical structure of natural and the bottom-up fabrication of engineered spider

silk.
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Figure 5.4: Hierarchical structure of natural and the bottom-up fabrication of engineered spider silk adapted
from [103].
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MD is a simulation technique that reproduces the time evolution of coordinates and momenta of N
interacting classical particles by numerically integrating the corresponding Newton’s equations of
motion.

General concepts and methods of statistical mechanics connect the instantaneous and/or average
value of phase-space functions to quantities such as density, pressure, temperature, etc. that are
relevant on the macroscopic scale.

MD implementations require the definition of a potential energy surface as a function of the par-
ticle coordinates [106, Chapter 4].

Models for the potential energy surface, also known as force fields, may describe the system in
atomistic detail, or they may adopt a more coarse grained point of view [107]. Methods relying on the
computation of energy and forces by quantum chemistry (ab-initio) approaches arguably represent
the most sophisticated and certainly the most expensive way to define the potential energy surface.

Needless to say, the success of MD is largely due to the amazing progress of computer facilities
that has taken place during the last thirty years. State of the art methods and top computer facilities
now allow the simulation of systems made of ~ 10° particles (with Coulomb charges) at the rate of

20 ns per day.

6.1 Numerical algorithm

Newton’s equations of motion enjoy a number of geometrical properties that simplify their numerical
integration, provided the computational algorithms reflect these same properties. The simplest and
most useful property is that for a time independent Hamiltonian the total energy is a constant of
motion. A similar property holds for the angular momentum of an isolated system in an isotropic
medium. More in general, Liouville theorem applies to the flow of representative points in phase
space [108, Chapter 9]. Computational algorithms reflecting this same propert seem to enjoy decisive
advantages with respect to the methods that violate Liouville’s theorem.

The choose the best numerical algorithm for a given problem one should consider:

* Efficiency: does the algorithm scale favourably (i.e., nearly linearly) with the size N of the
system? At present this is the most relevant issue, since for systems of 106 particles linear and

quadratic scaling differ by a factor of 10° in their computational cost. Central Processing Unit
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(CPU) memory is seldom an issue, while surprisingly disk space might be a problem, since for

large systems simulation trajectories might occupy a vast amount of disk storage.

* Stability: Is the energy conserved on a long term basis for systems having a time-independent

Hamiltonian? Is the integration scheme stable for different values of the parameters?
* Simplicity: Is the scheme easy to implement?

* Preservation ability: Hamiltonian dynamics is symplectic, i.e. volume and area preserving, so

should the algorithm also be.

An observable in a MD-simulation is measured by expressing it as a function of particle position
and momenta, set up an initial configuration for the system of interest, assign initial velocities to
all particles, and prepare the sample under investigation at equilibrium. The algorithm repeatedly
compute the interactomic forces between particles and the forces caused by the chosen potentials
until the results are satisfactory. A flow chart of the essential steps of the MD algorithm is given in

Figure 6.1.

Initialize system at equilibrium: V(r;), ri, vi, &

repeat

Force on
each particle:

Solve equations
of motion:
dr; _ F;
dt2 = m;

Fulfilled
the
required
number of
steps?

Output=Input

Save com-
putation

Figure 6.1: Typical flow chart of a MD algorithm.

Requirements for a MD-simulation are comparable to those of real experiments: one must prepare

the numerical ’sample’ carefully at equilibrium conditions, the duration of the measurements must be
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long enough to give a satisfactory picture of the average behaviour in the system, or one can easily

measure a different effect than one thinks [106, Chapter 4].

6.1.1 Verlet algorithms

The Verlet algorithm is usually the best choice of integration scheme for a MD-simulation. It is
simple, long-term stable and has a low computational cost. The original method has been used to
solve stiff differential equations since the late 18th century. Verlet introduced the algorithm in the
context of MD in the late 1960s [109].

The scheme identifies the first and second derivative of the position coordinate r as velocity I = v

and acceleration ¥ = a by expanding the position coordinate of particle 7 in time:

r(t + At) = r(t) + v(t)At + la(t>At2 + lr'('i)Aﬁ + O(AY
A o
r(t — At) = r(t) — v(t) At + 5a(vt)At2 — 5r(t)Azt""’ + O(Ath).

Taking the sum side by side of the two expressions in Eq. (6.1) one obtain expressions for the next

time step in position and the current time step of the velocity:

r(t + At) = 2r(t) — r(t — At) + a(t)At* + O(AtY)

r
1 (6.2)

v(t) = 3 [r(t+ At) —r(t — At)].

where the terms of order O(At) and O(At?) cancel out. Thus Eq. (6.2) is more stable than the
original expression.

Eq. (6.2) is now formulated as a ’leapfrog’ scheme. The velocity at time ¢ can only be computed
after evaluation of r(¢ + At). This feature can be a problem for equations of motion that depend on
the velocity. This difficulty is solved by expressing the next time step of the velocity v (¢ + At) by the

acceleration:

r(t+ At) = r(t) + v(t) At + %a(t)Aﬁ
A (6.3)
v(t+ At) = v(t) + > [a(t) +a(t + At)] .

Eq. (6.3) represents the mathematical expression of the so-called velocity Verlet algorithm.



46| 6. MOLECULAR DYNAMICS

6.2 Impact of bead-bead interactions

Controlling the scaling of the computational cost with the number of particles /V is crucial for the ef-
ficiency of a computation. The calculation of the force upon each particle in the system is responsible

for the main use of the CPU in a MD-simulation. Essentially such a computation requires evaluation

of N(V=1)

5— pair interactions. In principle the computation time scales like N 2, a number that quickly

becomes enormous!.

For neutral particles, a common trick to decrease the running time from N2 to almost N is the use
of a list of neighbours or an improved Verlet’s List (VL) [109]. Instead of calculating the interaction
from all particles on particle 7 one introduces a cut off radius 7. for a sphere around the particle. When
evaluating the interaction among particles one takes into account only the contributions of those in
the list. The list must be updated every time a neighbouring particle enter or leave the sphere. The
VL identifies all the distinct pairs in the system, and avoids redundant pairs such as (7, j) and (7, 1).
For large system of particles the storing and testing of the pair separation might become expensive
because the size of the list increases linearly with the size of the system [106, Appendix F].

For Coulomb systems, achieving a nearly linear scaling requires state of the art approaches to
compute long-range sums over charges. These are represented, for instance, by particle-particle-

particle-mesh Ewald algorithms.

Tn some computations the number of particles, N can reach 106 [110] or even 500 - 10 [111].
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As anticipated in the introductory chapters, the rapid growth of computer power and the increasing
ability of experimentalists to make and manipulate systems of nanometric size is bringing within
reach the computational analysis of mechanical problems of biopolymers.

Nevertheless, there is still a broad range of sizes and expecially of characteristic times that exceed
our ability to reproduce the time evolution of the systems of interest at the atomistic level. For this
reason, a coarse grained and fairly idealised model has been developed, in many ways intermediate
between atomistic simulation models and the traditional FBM.

A comprehensive study developed along these lines is reported in [4]. In this model, that we
propose to call particle-based FBM, bundles consist of chains, made, in turn, of particles interacting
only along the polymer backbone. The model introduces real time dynamics, temperature and entropy
into the picture. All aspects that depend on particle-particle interactions are still missing, thus the
model is unable to describe density and surface effects, or the formation of different phases (liquid,
crystal, amorphous, liquid crystal, ...) throughout the sample.

The major methodological development provided by the present work consists of introducing
non-bonded bead-bead interactions, reflected in a non-vanishing size of beads in the polymer chain.
The numerical model originates from the Hamiltonian of [4], but with an additional potential term
to describe the non-vanishing bead size. The system under study is a fibre bundle clamped to two
solid-like plates. A force of equal intensity and opposite direction is applied to each of the plates,
representing the tensile load on the sample. Now the potential energy of the system is the sum of
pair interactions of the Morse form along the chain backbone, and a non-bonded contribution among
chains. The non bonded interaction is described by the same functional form with, however, different
coefficients. Despite this change of the basic Hamiltonian, the change of behaviour from the ideal
chain is hardly recognisable from a superficial observation.

The introduction of general bead-bead ineractions changes the computational task. Simulations
require more time to account for intra- and inter-chain interactions, and might need Ewald sums in
the case of polymers carrying an electrostatic charge.

The system evolution has many similarities with the non-interacting case. At variance from tradi-
tional force fields such as Gromacs, Amber or CHARMM, the covalent bonds of our model can break.
Hence, the Morse pair potential acting along the chain is cut at a finite range, to make the breaking

of bonds unambiguous. Moreover, our simulations are carried out by MD, whose computational via-
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(A) Periodic system.

(B) Finite system.

Figure 7.1: The initial configuration of a system with PBC (Figure 7.1A) and non-PBC (Figure 7.1B) before
starting the stretching simulation. The bundle consists of 400 chains each made of 100 beads. Gray dots
represent beads connected by intact bonds. Red dots represent the end points of the chains attached to two
solid-like planar surfaces perpendicular to the z-axis.

bility requires a force field that is continuous everywhere together with its gradient. An illustration of

the system is given in Figure 7.1.

7.1 System Hamiltonian

The system under study is made of n. chains attached to two planar surfaces prependicular to the
z-axis. The two opposite chain terminations are free to move in the z- and y-directions, but along the
z-direction they are kept on the boundary planes. The instantaneous length of the system is defined
by L, = z, — 2, requiring z, > z,.

Each chain n. contains n;, regular beads. The position vector for bead + = 0,1, ..., 14, npsq 18
denoted r;. The z-coordinate of the two end points is defined as zy = z, and 2,1 = 2;,. Each end
point of a chain j interacts with the nearest regular bead through a harmonic potential V,,4(r) given
by:

1 2

‘/;nd(r) = 5 endX ", (71)

where r describe the distance between interacting beads and K.,; denotes the corresponding spring
constant. Nearest neighbours along each chain interact exclusively through a truncated Morse poten-
tial:

(

DO [e—an(r—re) _ 2e—a0(r—r6) . r<r,
Vi(r) = S as (r — o) + by (r — 1), re<r<r.+A (7.2)

0 r>r.+ A

\
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Table 7.1: Parameters used to mimic the higher strength and shorter range of bonded versus non-bonded
interactions.

Dy ay 19
Bonded 6 2 1.5
Non-bonded 0.1 2 2

R describes the distance between neighbouring beads, Dy the potential well depth, r. is the equi-
librium distance and a, the well width. A differentiable and continuous potential is guaranteed by
smoothly switching off the bead-bead potential V), (r) in between 7. and . + A. The requirement of
a continuous definition of V), (r) and V},(r) determines the coefficients a5 and b;.

The same analytical term with different coefficients has been used to model non-bonded interac-

tions:

Erony(r1,--.tn) = > U([ri, 1)), (7.3)

pairs
where U (r) is defined as

;

D6 e—2a6(r—7’é) - Qe—aé(r—ré)‘| , T < 7’2

U(r) = a;(r—ré)2+bg(r—ré)3, r<r<r.+A (7.4)

/
C

0 r>7r,+ A

\

To mimic the lower strength and longer range of non-bonded versus bonded interactions we used

the parameters given in Table 7.1.

7.1.1 Two different but related chain models

Following the standard practice in force field models, we neglect non-bonded interactions among the
closest neighbours of each chain. Atomistic force fields neglect three or four nearest neighbours.
Since our force field is simple, we neglect only up to second neighbours. More precisely most of
the simulations have been carried out using a model neglecting non-bonded interactions on nearest
neighbours only. We call this our regular chain model. Remarkably, we noticed that neglecting non-
bonded interactions up to second neighbours (along the chain) gives a model reproducing some of
the most intriguing features shown by single chains and bundles of polynucleotides. As shown in the
following chapters, the stress-strain relation for this model, that we will call extensible chains model,
shows two distinct regimes at low and at high tensile load. The apparent non linearity in the system
response is due to the possibility of second neighbours to occupy the same position since they lack

short range repulsion. In this way they gain additional non-bonded attraction when the chain is not
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highly strained. The compact configuration, however, is a disadvantage when the applied load is high.
In such a case the bundle adopt a more extended configuration, loosing part of the cohesive energy,
but gaining from the work performed by the external load. This mechanisms endows the model with
a two-states phase diagram, that closely corresponds to the DNA behaviour as introduced in Section
3.2.

An analytic expression for the wall potential V,,,;(r) is added to the Hamiltonian to restrict the
movements of the beads in space and enclose the system by the separation plates at z, and zy:

1

Vwa”(r) = ékwall (Z — ZL)QG(ZL — Z) + (Z — 23)29(2 — ZR) . (75)

r is the position vector of the interacting bead and 6 denotes the Heavyside step function defined as:

0, forz <0,
0(z) = (7.6)

1, forz > 0.

Describing the bead-bead interaction in the system by a potential term U (r; ;) the total system poten-

tial energy becomes:

, e (1 . .
VT =>" {§%nd ey — ) 2+ (1.7)

Jj=1

nb—l TLb—l

" : 1 . :
Z V(| g —riga |) + Z U(ri,j> + Z Vwazz(rgj)) + §Vemz | I‘ﬁfb) - rf:fb)ﬂ !2

i=1 i>j i=2

The kinetic energy is given by

ne np+1

K=om 33 [P, (1.8)

j=1 i=0

where m, describes the mass of the end-point bead. The total system Hamiltonian is given by contri-

butions from both the potential and the kinetic energy:

H{r?}, {59} = v({r?}) + K({1)). (7.9)

Writing and integrating the equations of motion of the Hamiltonian in Eq. (7.9) leads to the
dynamics of a microcanonical (V, £/, N) ensemble with conserved quantities for volume, energy and
particles. During stretching of the bundle we apply a tensile load, thus our numerical system is not
isolated and the constant energy condition is not fulfilled. To keep the state of the system constant we

imagine our sample to be in contact with a pressure and temperature bath. In our simulation approach
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these conditions have been met by introducing a Lagrangian of the particle coordinates with a few

additional variables. We then turn to a Lagrangian formulation.

7.1.2 The Lagrangian

All simulations are carried out at constant temperature (see below). Simulations for bundles extended
in 2D are carried out at constant pressure. The pressure in the simulations of finite bundles identically
vanish since the sample exposes free surfaces in the three directions.

To keep pressure constant during the simulation of systems periodic in 2D, we let the size of the
simulation box fluctuate in time. The fluctuation of the box is denoted as £. By the use of Periodic
Boundary Condition' (PBC) and treating £ as an additional parameter we preform a coordinate trans-
formation along the z- and y-direction (z,y, z) — (£S,,£S,, 2). Following Ref. [112] we postulate

an extended Lagrangian:

Potential term

~

- % (Si T Sj) + %ZZQ + 5 - ZZ¢ rm Z (zi) — P2D§2. (7.10)

=1 =1 =1 7>t %

[

vV
Kinetic term

The individual bead mass is denoted by m, the derivative of the transformed position coordinates
are described by S, Sy, W the phenomenological mass of the system, a pairwise additive potential
is denoted qb(rm-) and a kinetic 2D pressure along x- and y-direction is denoted F»p. The systems

equations of motion are derived from the from the Euler-Lagrange equation [108, Chapter 2]

=5 lm S48 | o
5 — l |: 8¢ I'z] Grzg _ V(Z)Z (711)
m or,;, 0z

G 1 ¢ rzj) — Iy 5 : _
S = m52 Z ors, - 2§Sk, k=uxvy.
7> ?

'PBC is based on the infinite replication of the system dividing space into periodic boxes. A particle leaving the box
at one side reenter through the opposite side.
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7.1.3 Temperature with Langevin Dynamics

As suggested in Section 6.1 one solves Newton’s equation of motion by the velocity Verlet algorithm.
The application of the external load, however, implies that work is performed on the system during
its time evolution, continuoudsly changing the thermodynamics parameters during the experiment.
In real-life experiments, temperature is kept nearly constant by the unavoidable thermal contact with
the environment. To mimic the same effect and to control temperature we resort to the well known
Langevin Dynamics (LD). During the stretching we preform work on the system, and thus the energy
will increase. However, the temperature can be kept constant by a slight modification of the inte-
gration algorithm and by introducing LD [113]. To change from Newton’s to Langevin’s dynamics
we add two forces, representing thermal noise 3(¢) and a frictional force proportional to the velocity

v; > 0. Hence, the equations of motion of Langevin’s dynamics take the form:

F; —vq+ B(t) = miq;. (7.12)

The forces derived from the potential energy is still described by F;. The random force 3(¢) must

satisfy the relations

</31> =0
(B(t) - B;(t")) = 6ikpT0; 0t — ).

(7.13)

where 7' is the target temperature in the simulation, kg denotes the Boltzmann constant and ¢ is the
Dirac delta distribution.

The singular character of the white noise contribution prevents the straightforward application of
the Verlet or velocity Verlet algorithm. To overcome this problem, a slightly modified version of the

velocity Verlet is adopted, using the approach of [113].

7.2 Investigated values

All the values in our simulations were given in scaled units, most computed quantities turn out to be
of the order of unity. This gives the advantage of results with scalability. Chosen parameters in the

simulations are given in Table 7.2.



7.3. LIMITATIONS OF THE MODEL |53

Table 7.2: Parameters used in simulations.

Physical quantity Variable Value
Number of chains in the bundle n, 400
Number of beads per chains ny 100
Mass of the beads Mpeads 1
Time step At 0.005
Smooth cutoff for the potentials 7. 3
Cutoff length for the potentials A 0.5
External pressure P 40
Boltzmann constant kg 1

7.2.1 The choice of time step At

Following standard practice and experience a stable solution of the equations of motion requires
~ -10% simulation points over an oscillator period. In this way each oscillation needs to be covered
by 100 points. To be on the safe side we took the time step At = 5-1073. An efficient way to validate
the implementation is to show that energy is conserved when Langevin dynamics is replaced by the

Newtonian dynamics.

7.3 Limitations of the model

The very idealised description of of microscopic interactions throughout the system is certainly the
first and major limitation of the model. Polymers are described at the coarse grained model, without
any detail of the (often complex) atomistic structure. Bead-bead interactions are isotropic, while in
reality hydrogen bonding and complex molecular structures impart a strong anisotropy to the inter-
actions. Beads are neutral, and including Coulomb interactions would require much longer compu-
tations. Moreover, the realistic and quantitative description of bond breaking events requires at least
standard approximations for the electronic structure, usually formulated within density functional
theory.

The second major limitation is represented by the short size and time scales covered by MD-
simulations. Although the reach of the method is expanding, we are still short of realistic simulations.

The equations of motion underlying our simulations describe the time evolution of classical parti-
cles. At the molecular level, all systems are quantum mechanical, at least to some degree. No current
method is able to cover the quantum mechanical aspects of complex systems.

Our samples interact only with the clamps. In reality, and especially in biological systems, bundles
are embedded into a relevant environment, often represented by electrolyte-water solutions.

In our model, covalent bond can break but they cannot recombine. However, more than a limita-
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tion of the model, this is our choice of model to be simulated, that in this case describes systems in
which covalent bonds, once broken, do not form again.
Despite these limitations, we think that our models and simulations provide a general view of

bundles, and might represent a useful tool to understand their role in biological systems.
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Simulations concerned four distinct versions of the particle-based FBM. In all cases, bundles are
limited along their longitudinal axis by the planar clamps.

Two variants, one regular and one extensible, concerned fibres of finite size in all directions,
exposing a free polymer surface limiting a bundle of approximately cylindrical shape. Two other
variants, again for a linear and for an extensible polymer, concerned bundles extended along the plane
perpendicular to the fibre axis. To limit size effects, PBC are applied along the x- and y-directions
perpendicular to the longitudinal z-axis of the bundle.

Two types of stretching experiments have been simulated, corresponding to constant applied load,
and to stretching at a constant strain rate, closely corresponding to the approaches used to characterise
creep in real-life experiments.

The presentation of the results is based on the finite bundle case. When needed similarities and

differences are given in the second part of the chapter.

8.1 Sample preparation

For each of the four variants of the basic model, a first generating sample has been prepared by
equilibrating a bundle of 400 chains, 100 beads long at 7' = 0.8 (in our scaled energy units) a
temperature at which the sample appears to be liquid. A short further equilibration lasting 10° steps
was carried out at the same 7' = 0.8 with the addition of a moderate tension /' = 40 in scaled units.
No bond breaking was allowed during equilibration.

Then, a representative population of twenty samples was generated by running further 10 MD
steps at constant conditions, selecting one configuration every 50 - 103 MD steps. These samples have
been used for all the simulations discussed below.

At first, these samples were brought to the different low temperatures of 7' = 0.24, T = 0.30, and
T = 0.33. At these temperatures, both the finite and the extended samples appeared to be solid-like.
More precisely, they appear to be in a glassy state, since no local and, even less, long range ordering
was identifiable. Annealing took place by reducing at a constant rate the target temperature in the
Langevin equations. In all these standard cases, temperature was decreased a the rate of 1 - 1075 per
MD step.

At this stage, and before allowing for bond breaking, we characterise a few basic properties of

the bundles. The elongation of the bundle under increasing load at 7' = 0.24 is compared to the
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(A) A comparison of the length of a finite regular and
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The solid dots represent the values of the simulations.
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Figure 8.1

prediction of the FJC model in Figure 8.1A. Both curves display a linear behaviour at low load, and
saturate to high load. The results depend on temperature, and Figure 8.1B shows this reproduced in a
graphical form. Interesting, but as expected, bundles get shorter with increasing 7". This observation
shows that even in the case of interacting beads, the entropy of ideal chains will largely determine the
size and elastic properties of the bundle.

To verify the ability of our sample preparation protocol to approach equilibrium before the stretch-
ing experiment takes place, we carried out a longer annealing of a linear, finite sample (i.e., without
PBC), at a rate of 10~7 per MD step. A short movie of the sample evolution during the 6 - 10° steps of
the annealing is shown online here. The first simulation took place with an applied force of F' = 40.

The temperature dependence of the potential energy per particle u(7") and of the bundle length
L.(T) during the annealing is shown in Figure 8.2. The results are reproducible and reversible,
meaning that if we cycle the temperature, the system follows the same «(7") and L.(7T') curves with
almost no hysteresis. In simpler systems, the change of slope in u(7") at 7' ~ 0.4 would mark
the glass point of the fluid. In this case the interpretation is less obvious, since the u(7") result is
complemented by the reversal of slope in L,(7") taking place at nearly the same temperature. At
T > 0.4, in particular, the sample displays the normal thermal expansion behaviour. At 7" < 0.4, the
system becomes longer with decreasing 7', very likely because in polymers entropy represent a major
factor in limiting the system size to ~ N'/2, instead of the lim N scaling expected for a chain relaxed
atT = 0.

As already stated, data shown in Figure 8.2A have been collected with F' = 40. A series of curves

for different [ values clarify the meaning of the change of behaviour at 7' = 0.4. Figure 8.2B collects
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the results of annealing the same bundle with an applied tensile load of /' = 100 and F' = 150. The
anomaly in the «(7") curve has evolved into a kind of jump probably broadened by finite size effects,
taking place at higher temperature with increasing value of F'. Analysis of snapshots suggests that
anomaly and jump mark the crystallisation (low 7" portion of the data) transition out of a liquid like
sample. Crystallisation requires a non-negligible load. Below a threshold that we did not locate the
bundle transforms into a glassy structure. The results for L,(7") under tension reflect the changes of
u(T), and show additional features that we not discuss to limit the size of the thesis.

Explicit tests of stretching and failing by creep show that the one order of magnitude reduction
of the annealing rate increases the creep resistance of the sample. In this respect, the result of the
text contradicts the hypothesis that the standard annealing is able to produce equilibrated systems.
Nevertheless, we decided to proceed with the standard population of 20 samples at 7' = 0.24, T" =
0.30 and T" = 0.33 as representative of systems in the amorphous state, close but, strictly speaking,
not at equilibrium. The bundle life time 7 of the samples was defined to be the required time to break

400 chains.
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(A) Energy per particle u(7") during the annealing ~ (B) Sample length L.(7) during the annealing of a
process of a finite regular bundle. finite regular bundle.

Figure 8.2: Energy per particle (Figure 8.2A) and sample length (Figure 8.2B) during the annealing process
fromT = 0.8 to T = 0.2 at a rate 1077 per MD step. A low tension F' = 40 was applied during the entire
annealing

8.2 Regular finite bundle

We regard our regular finite bundle as the most important of our systems, since it might represent a

numerical model for some of the nanometric biopolymers described in the 3, 4, and 5.



58] 8. RESULTS

8.2.1 Evolution under tension

The time evolution during a stretching experiment at 7' = 0.24 and F' = 550 is displayed in Figure
8.3. The snapshots clearly show that the sample grows thinner and thinner on the middle during
the simulation because the broken fibres coil around their clamped end points to minimise the free
energy of the bundle surface. Surprisingly the bundle fractures at two points. The first fracture occurs
close to the left clamp, the second fracture occurs close to the right clamp. Roughly 50% of the
original bundle remains isolated in the middle, no longer in contact with the clamps. The surface
produced by the fracture are rather chaotic and certainly not smooth. Two remarkable observations
are worth emphasising already at this point: creep represents a very slow relaxation process taking
place in the system. Before the avalanche stage one hardly detects the irreversible increase in the
length of the bundle, lasting many million periods of the fastest (stretching) oscillation modes. The
second observation is that the slow irreversible sample evolution of the first stages turns violent in the
avalanche stage, breaking many bonds on chains already broken, and ejecting high energy fragments
of low energy. This last observation might provide a new approach to detect fracture in its early

stages.

8.2.2 The effect of the force

The instantaneous length of a regular finite bundle at 7' = 0.24 and load F' = 450 is displayed
in Figure 8.4A. Due to a small applied tensile load in the post annealing stage the length of the
equilibrated bundle is Ly ~ 144 att = 0. As the time evolves the elongation curve clearly follows the
typical behaviour of soft viscoelastic materials described in Section 2.2. First, the system undergoes
a short elastic region where the bundle length increases suddenly. This primary regime is followed by
a long creep regime lasting most of the simulation time in which the bundle length slowly increases.
In the tertiary regime the creep rate increases before the bundle rupture.

The marked region in Figure 8.4A displays a neck in the elongation curve where the curvature
seems to change at slightly more than 50% of the simulation time. The steady rate of the change in
bundle length is caused by the slow process of chain breaking, the system would set to an equilibrium
state with out this effect.

Figure 8.4B displays the number of broken chains 7. and broken bonds 7; in the bundle as a
function of time. As expected, the breaking of bonds and chains follows the exact same curve before
the bundle life time 7 is reached and the sample fractures. After this point only bonds can break. The
rate at which chains and bonds break increases slowly over the creep region before it accelerating

when approximately 25% of the chains have been broken and starts an avalanche of chain breaking
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Figure 8.3: Snapshots taken at non-uniform times in a simulation of a regular finite regular bundle (Figures
8.3A, 8.3C, 8.3C, 8.3E, 8.3G, 8.31, and 8.3K.) and a single fibre (Figures 8.3B, 8.3D, 8.3D, 8.3F, 8.3H, 8.3]J,
and 8.3L.). Red beads illustrate the chains head points, gray beads represent intact bonds, blue beads illustrate
broken bonds, and green beads are components in a single chain fibre at the bundle surface.



60| 8. RESULTS

in the end of the simulation. The acceleration in chain breaking and the simultaneous increase of the
system length in the end of the simulation is due to increased interchain interactions.

Figure 8.5A displays the elongation curves for the same system under different loads. The effect
of the applied tensile load is also as expected: the system at highest load breaks first, higher load
decreases the creep resistance of the sample. The number of broken chains as a function of time
follows the same curve as in Figure 8.4B. The chains break at a slow rate at first before an avalanche
starts after 25% of the chains have been broken for all the different forces.

As already stated, slowing down the annealing procedure gave a significantly increased bundle
life time 7. This effect is graphically displayed in a creep experiment for a system at 7" = 0.24 and

F' = 500 in Figure 8.6.

8.2.3 The effect of the temperature

To quantify the effect of temperature, a series of simulations have been carried out on bundles loaded
by F' = 360 at temperatures 0.24 < 0.33. The results for the time dependence of the sample length
are reported in Figure 8.7A, and, as expected, show that the bundle lifetime is shorter at higher tem-
perature. These results are converted into an Arrhenius plot (Figure 8.7B) showing the logarithm of
the bundle lifetime as a function of inverse temperature. The simulation points are interpolated fairly
well by a straight line, showing that the bundle breaking is a regular activated event. The slope of the
linear interpolation measures the activation energy, and can be used to extrapolate our results to lower

temperatures, corresponding to lifetimes beyond the reach of our simulations.

8.3 Regular periodic bundle

In contrast to the regular finite bundle our periodic sample does not display the effects of the finite
surface. Figure 8.8A display the elongation curve as a function of time for a regular periodic bundle.
The curves follows the same form as the elongation of the regular finite bundle, given in Figure 8.9A.
The anomaly dividing the creep regime is longer than one seen in the finite system and appears before
half of the simulation time has passed, shown in Figure 8.9B.

The breaking of chains as a function of temperature follows the same form independently of the
applied force as displayed in Figure 8.8B. The rate of chain breaking in the regular periodic systems

are always a little higher then the rate in the regular finite system displayed in Figures 8.9C and 8.9D.

The simulation trajectories offer a very detailed view of the breaking process. As an example of

the investigations that can be carried out, we analyse the distribution of strain for covalent bonds in a
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Figure 8.4: Instantaneous system length (Figure 8.4A) and rate of broken chains (Figure 8.4B) in a regular
finite system at 7' = 0.24 and F' = 450.
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Figure 8.5: The effect of the force on regular finite bundles.
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Figure 8.6: Comparison of the effect of a short reduction of the temperature (r; = 1 - 1075 per MD-step) and
a long relaxation reduction of the temperature (ro = 1 - 10~7 per MD-step) in a creep experiment on a regular
finite bundle.
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Figure 8.7: The effect of the temperature on regular finite bundles.
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Figure 8.8: The effect of the force on regular periodic bundles.
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Figure 8.9: Interesting differences in the observables from the simulations of regular periodic and finite peri-
odic bundles.
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Figure 8.10: The distribution of strain on broken and intact chains early (Figure 8.10A) and late ( Figure 8.10B)
in the simulation of regular periodic bundles under a tensile load F' = 450 at T = 0.24.

regular bundle at 7" = 0.24 and F' = 450. We compare, in particular, the probability distribution of
strain on broken and intact chains at the beginning of the simulation when only 3 chains are broken,
with those of a later stage, when 65 chains (out of 400) are broken. The results are displayed in Figure
??. As expected, they show that with increasing chain breaking, bonds on intact chains are the most
elongated, since they feel the impact of the applied tensile load to a greater extent than the unbroken
chains. As more of the chains break the distribution of strain on broken chains becomes better defined

and less noisy.

8.3.1 Constant strain rate

To mimic the approach of real creep experiments we also performed stretching test at a constant strain
rate. In this case our simulation was carried out by moving the confining plates outward at a constant
speed and measuring the force at the two plates.

Figure 8.11 displays snapshots from a creep simulation of a regular periodic bundle at a constant
strain rate ¢ = 5.0 - 107% and temperature 7' = 0.24. In contrast to the evolution of the finite regular
systems, broken fibres do not tend to coil near the bundle end when they break. This is also an effect
of our interpretation of the surface, which in this case is periodic in the z- and y- directions. This
effect is clearly seen in the evolution of the single (green) fibre that tends to buckle back and fourth in
the xy-plane and not coil at the confining plates. After fracture the bundle splits into two equally sized
parts separated at the middle. In comparison with the regular finite bundle, the fractured surface is
extremely smooth. Figure 8.12 displays the fracture surface as seen in the half bundle and a geometric

interpretation of the surface.
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Figure 8.13A displays the applied force as a function of normalised time at different strain rates
on regular periodic bundles. As expected, the strain rates impact the chain breakings. The sample at
the highest strain rate first reaches 400 broken chains as displayed in Figure 8.13B.

As shown in Figure 8.14, broken chains and broken bonds deviate from each other after ~ 50
chains are broken, thus the relation between the breaking of chains and bonds follows a different path
than the other regular samples at constant stress. No chains, or bonds breaks before the force reaches
a critical value determined by the strain rate. The number of broken bonds is from this point always

higher than the number of broken chains.

8.3.2 Low density samples

Low density samples were produced by suddenly removing the extra pressure from the regular pe-
riodic bundles at high 7'. Surprisingly the system at 7" = (.24 changed into fractal-like structures,
made of bundles quenched to a low density, out of equilibrium state consisting of a few tens of chains

displayed in Figure 8.15.

8.4 [Extensible periodic bundle

Again we would like to remind our readers about the second kind of our chains: the extensible system.
These are characterised by neglecting non-bonded interactions up to the second neighbour along the
chains, which produced a highly non-linearity in the stress-strain relations.

Figure 8.16A displays how the non-linear property of the chains affects the creep regime of the
extensible periodic bundles. Both the equilibrated samples of initial lengths Ly ~ 87 first experience
a short creep regime before they both undergo a phase transition followed by a new period of creep.
The bundle were bond breaking is allowed during the equilibration process experience a much shorter
lifetime than the bundle in which bond breaking was prevented. The form of the elongation curves
are qualitatively different. The phase transition can be interpreted as follows: the additional energy
caused by the tenisle load is at first only big enough to rupture the superimposed bonds. The rupture
of these bonds is seen in the first creep region. The normal chains does not break before a little longer
before the additional energy from the load is big enough to rupture these bonds.

A hint on the consequence of the exclusion of the second neighbours in the chains are given in
the intrachain correlation function at times before, ¢t; = 3.0 - 10%, and after, t, = 6.0 - 10° the phase
transition. Figure 8.16B displays a clear reduction in the intrachain interactions during the stretching
process.

As for the other systems under constant strain rate the breaking of chains follows the breaking of
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Figure 8.11: Snapshots taken at non-uniform times in a simulation of a regular periodic bundle (Figures 8.11A,
8.11C, 8.11E, 8.11G, 8.111, 8.11K, and 8.11M.) and a single fibre (Figures 8.11B, 8.11D, 8.11F, 8.11H, 8.11J,
8.11L, and 8.11N.) at constant strain rate ¢ = 5.0 - 107 and temperature 70.24. Red beads illustrate the
chains head points, gray beads represent intact bonds, blue beads illustrate broken bonds, and green beads are
components in a single chain fibre at the bundle surface.
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(A) Fracture surface. Red beads illustrate the end
points of the chains, gray beads represent intact
bonds, and blue beads illustrate broken bonds.
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(B) Geometric interpretation of the fracture surface.

Figure 8.12: The fracture surface (Figure 8.12A) and a corresponding geometric surface (Figure 8.12B) of a
regular periodic sample at constant strain rate ¢ = 5.0 - 1076,
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(A) Applied load F' on regular periodic bundles as a (B) Broken chains as function of normalised time on

function of normalised time.

regular periodic bundles as a function of normalised
time.

Figure 8.13: Evolution of applied load (Figure 8.13A) and broken chains (Figure 8.13B) as a function of
normalised time at 7' = 0.24 and constant strain rates: €, = 1.0- 1074, €, = 2.5-107°, and €3 = 5.0 - 107,
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Figure 8.14: Broken chains and bonds as a function of normalised time at 7" = 0.24 and constant strain rate
e =1.0-10"%

bonds, seen in Figure 8.16C. But, the form of the chain breaking curve is different then the previous
cases. The chain breaking rate now follows a more linear form in, until 50% of the chains have
been broken. Than the chain breaking rate follows the same analanche form as the regular systems
illustrated by a comparison between a regular periodic bundle at F' = 450 and an extensible periodic
bundle at ' = 360 given in Figure 8.16D.

This system completes the presentation of our simulation results.



701 8. RESULTS

E:2100 = £=74000

(B) Snapshots of an extensible periodic sample with movable head beads.
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Figure 8.15: Snapshots from the simulations of regular periodic bundles at low density with non-movable
(Figure 8.15A) and movable (Figure 8.15B) head beads at 7' = 0.24 and F' = 380. Red beads illustrate the
chains head points, gray beads represent intact bonds, and blue beads illustrate broken bonds.
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(B) The intrachain correlation function before (¢1)
and after (£2) the phase transition in an extensible pe-
riodic bundle at F' = 360 and T' = 0.24.
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(D) A comparison of broken chains in a regular pe-
riodic bundle at F' = 450 and an extensible periodic
bundle at F' = 380. Both samples at 7" = 0.24.

Figure 8.16: Interesting observables from the simulations of extensible periodic bundles.
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9|SUMMARY AND CONCLUSIONS

For nearly a century the FBM represented the approach of choice to model the breaking of fibrous ma-
terials under tension [17], especially when taking place under moderate load by creep or fatigue. Fol-
lowing early applications in theoretical studies complementing experiments on textile fibres, wood or
paper, the FBM has been developed into a computational tool widely used for computer simulations,
often in conjunction with modern theories of phase transitions and critical phenomena, emphasising
cooperativity, universality and scaling in their description of the breaking process.

Over the years, the model has incorporated many additions, accounting for non-Hookean bonds,
mixtures of different fibres, soft clamps, etc [1]. In its most basic formulation, however, the FBM does
not include mass and inertia effects, it does not account for packing of fibres and does not describe
the interplay of crystal, liquid, amorphous and coexisting crystal-amorphous phases.

The original plan of my thesis has been to re-introduce into the model as many as possible of the
missing features.

My work started from a recent development on the same subject due to Linga et al. [4]. In their
study, the Authors implemented and validated a particle-based version of the fibre-bundle model,
in which bonds are identified by the particles they join. Particles, in turn, are identified by their
instantaneous position and momentum, that are evolved in time using classical molecular dynamics.
Particles, in particular, interact with each other via an idealised polymer-like reactive force field, that
allows the breaking of bonds ad thus of chains and bundles. Moreover, temperature and pressure
are set by suitable thermostat and barostat. The system properties are estimated by analysing the
configurations visited by the system over time. To investigate creep, an axial load is applied to the
bundle, greatly enhancing the rate of thermally activated breaking of bonds that eventually triggers
the final avalanche terminating the sample integrity.

For the sake of computational expediency, however, Linga’s model neglects all non-bonded bead-
bead interactions, thus providing an over simplified view of the system properties, lacking many of
the features and properties one is interested in.

My task, therefore, has been to introduce non-bonded bead-bead interactions, introducing short
range repulsion forces as well as medium range dispersion (van der Waals) interactions. In this way,
polymer beads acquire a non-vanishing size, together with the ability to form different phases, from
liquid to crystal or to amorphous. The addition of non-bonded interactions has drastically altered the

nature of the computational task, increasing the cost and the complexity of the computation. However,
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the addition of non-bonded interactions has brought a wide range of phenomena within the reach of
the model, that, in many cases, we have been able to observe by simulations. In this respect, I think
that the original aim of the thesis has been fully achieved.

For instance, as a result of my additions to the basic IFM, our model reproduces a variety of
new features, including finite size effects, phase changes driven by variations in temperature or in the
applied load, as well as regular (i.e., smooth) or anomalous size effects, arising from the packing of
chains and from the structure and properties of the surfaces delimiting the bundle.

Besides our focus on creep and thus on bond-breaking processes, and apart from the unusual bun-
dle termination conditions, the model we discuss in many ways merely represents a coarse grained
model of polymer bundles, in line with a vast simulation activity on polymers. However, we view it
as a model in itself, representing a genuine missing link between the FBM and atomistic or coarse
grained force field models. Our subjective point of view is justified by the close correspondence of
results with those of traditional FBM, by the prevalence of non-equilibrium and irreversible condi-
tions, and by the simultaneous investigation of strain-controlled and of load-controlled conditions,
paralleling the long standing duality of real-life experiments on creep and fatigue.

In the thesis, I first introduced the model, and I described in detail the simulation method. The
main body of the thesis is devoted to present representative results for finite bundles of a few hun-
dred chains, as well as for polymeric samples extended in the two directions perpendicular to the
longitudinal axis of the bundle.

Our interest in a particle-based FBM is driven primarily by applications in biophysics and in
nanosciences. A vast number of biological structures at the cellular level display an apparent fibrous
nature, consisting of chain-like molecules self-assembled in bundles, often displaying several levels of
structural organisation. Obvious examples are provided by actin bundles in muscles, polysaccharide
structures such as cellulose and chitin, collagene and amyloid fibres made by the supra-molecular
polymerisation of proteins.

While these considerations are easily acceptable, we realised that the literature lacks a systematic
account of the role of fibre bundles in biological systems, discussed from a physicist’s point of view.
The task of filling this hole in the literature is challenging and exceeds the scope of a Master thesis.
However, I carried out the few first steps of this library work, and Chapter 3, 4, and 5 report a short
review of mechanical properties of biological fibrous structures made of polynucleotides, polysac-
charides and polypeptides, as made, characterised and applied by biophysicists, and, in general, by
chemical-physicists.

My library search revealed that most of the experimental and computational effort of the last

decades has been driven by the quest of single-molecule mechanical probes. By necessity or by
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choice, however, a portion of these studies report data and analyses of bundles of bio-polymers. I
think that the bundle-aspect adds new still largely unexplored possibilities of developing new nano-
materials tuning their properties to our needs better than possible until now. Unfortunately, this middle
ground in between single molecule and bulk material is likely to be the most challenging to explore.
Computer simulation, however, provides a powerful approach to undertake this exploration.

I expect that in the near future this line of research will evolve along two major directions.

On the one hand, larger systems still idealised in their interactions will be simulated over much
longer times combining advanced simulation techniques, computer science approaches and more
powerful computers, possibly based on innovative architectures.

On the other hand, there will be much development towards a more chemically accurate descrip-
tion of the systems whose creep or fatigue properties are being investigated. Efforts in this directions
are already under way, and pictorially shown by Figure 9.1, courtesy of Mr. Eivind Bering, repre-
senting the stretching and eventual breaking of a 16-chain poly-alanine bundle, described in atomistic

detail.

L I
y {2
. R A A
e et
R OF ’
32 ey

b N Y

P

e ",.»‘- {"’ : £
R0

X _-,.,"a 3

(A) (B)

Figure 9.1: Snap shots from a simulation of a real system of polyalanine consisting of 16 fibres before (Figure
9.1A) and after (Figure 9.1B) rupture in a strain-controlled experiment at rate r = 1.5-1075. The time between
the two snap shots are 1.4 ns. Green beads indicate broken carbon bonds.

Besides the scientific results reported in the thesis, my Master semester achieved “measurable”

results represented by:

1. A manuscript is is in preparation on the definition and properties of the model, reflecting the
content of the second part of the thesis. As such, the manuscript could be completed within a

relatively short time.

2. My computations produced a sizeable amount of data on the properties of extensible chains
whose stretching and creep behaviour closely match those of DNA. These results could be

published soon.
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3. My bibliographic exploration of bundles of bio-molecules suggests that a review paper on the
mechanical properties of these systems seen from a physical point of view could be very valu-

able. This plan, however, would take still a long effort, and it is unlikely that it will be done.
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