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ABSTRACT

A fundamental study of the mechanics at the molecular scale and bridging it to the
continuum level through multiscale modeling is the focus of this work. This work
investigates how the material properties of nanoscale systems are influenced by the
nonbonded interactions and molecular conformations. The molecular model is then
bridged with the finite element model to link mechanics at nanoscale with the continuum
scale. This work provides an unprecedented insight into how the interactions at the
molecular scale influence mechanical properties at higher scales. Two materials are
considered for the molecular modeling study: bone and Na-montmorillonite swelling
clay. Bone is composed of composed of collagen molecules and hydroxyapatite in the
molecular scale, which are organized into collagen fibril. The molecular dynamics study
is carried out to study the nature of collagen-hydroxyapatite interface and the mechanics
of collagen in bone. Furthermore, the molecular model of full-length collagen is built for
the first time to show the differences in its conformation and deformation mechanism
during pulling as compared to the short molecules, upon which the current understanding
of is based. The mechanics of collagen is explained with the help of three-tier helical
hierarchy not seen in short molecules. Two mechanisms of deformation and
conformational stability of collagen are proposed: (i) interlocking gear analogy, and (ii)
interplay between level-1 and level-2 hierarchies, the hydrogen bonds acting as an
intermediary. The multiscale model of collagen fibril is developed by bridging
nanomechanical molecular properties of collagen into the finite element model. This
model shows that the molecular interactions between collagen and mineral significantly

affect the mechanical response of collagen fibril. The deformation mechanism of collagen



fibril and the effect of collagen crosslinks are also elucidated in this study. In recent years
Na-montmorillonite has been proposed for bone regenerative medicine, besides other
existing engineering applications. The molecular dynamics study of Na-montmorillonite
at different levels of hydration is carried out to understand the role played by molecular
interactions in the swelling behavior of Na-montmorillonite. This study greatly adds to
our understanding of clay swelling, and provides important insights for modeling

exfoliation and particle breakdown in clay.
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CHAPTER 1. INTRODUCTION

The material properties of nanoscale systems are the result of a multiscale
phenomenon that spans multiple scales ranging from the atomistic to the macroscopic
scale. The study of the mechanics of material at the molecular scale is of great
importance as the material properties are highly influenced by interactions at the
molecular level. The studies presented in this dissertation deals with the investigation of
the material behavior at the molecular level and bridging of molecular scale with the
continuum scale through multiscale modeling. The studies presented in this dissertation
can be divided into two basic subtopics, where the unifying theme is the investigation of
the mechanics of material by probing different length scales. The first area of this
dissertation deals with modeling the mechanics of material at the molecular scale for
understanding the molecular deformation mechanisms and the material properties at the
nanoscale. Two separate materials of different origin are considered for the molecular
modeling study: bone and montmorillonite swelling clay. Bone is a biological tissue with
high degree of hierarchical order that can teach us number of things about the role of
organizations and interactions starting at the molecular scale and the redundancy of
design employed by nature. In recent years clay has been proposed as a nanomaterial for
regenerative medicine, besides its current applications for enhancing number of various
material properties in nanocomposites, which depend on the molecular scale properties of
clay. The second area of this dissertation deals with multiscale modeling to bridge
molecular model with the continuum model of material. Bone is considered for the

multiscale modeling study in which the nanomechanical properties of bone, obtained



from molecular simulations, is bridged with the finite element model of collagen fibril.
The underlying hypothesis for the studies presented in this dissertation, which probe into
the smallest scales of a material, is that the molecular interactions significantly affect the
properties of human bone and other nanoscale systems.
1.1. Bone

Bone is an integral part of skeletal system designed to support and protect various
body organs. In addition to the structural role, it has various mechanical, biological and
chemical functions such as the production of red and white blood cells, movement of
organs, and storage of minerals such as calcium and phosphorous necessary for bodily
function. Light weight and adequate strength are two highly desirable properties of any
structural material. Bone is both lightweight and strong due to the rich structural
hierarchy spanning from the molecular to the macroscopic length scales and the porous
design necessary for blood flow. Bone is a very complex biological-nanocomposite
consisting of at least six levels of structural hierarchy, each of the structures existing at
different length scales: (1) bone, (2) osteon, (3) concentric lamella, (4) collagen fiber, (5)
collagen fibril, (6) collagen molecule, and hydroxyapatite nanocrystals . Osteons are the
structural units of compact bone, roughly cylindrical in shape and composed of
concentric lamellas surrounding the central Haversian canal. The concentric lamellas
consist of collagen fiber, which are in turn composed of collagen fibrils. The collagen
fibrils are composed of the staggered arrangement of collagen molecules parallel to each
other, and aligned along the longitudinal axis of bone. Collagen is the most abundant
fibrous protein in our human body with superior mechanical properties that impart the

tissue with necessary strength and toughness. Collagen is a very slender molecule with



very high aspect ratio, approximately 300 nm in length and 1.5 nm in diameter. The
collagen molecule consists of three helical polypeptide chains, known as alpha chains,
wrapped into a triple helical structure. Between the ends of collagen molecules is a gap
zone where the hydroxyapatite nanocrystals nucleate. This kind of multi-level structural
hierarchy starting at the molecular scale and the highly organized morphology present in
bone are not found in synthetic nanocomposites.

The length scales characterizing each of the hierarchical structures of bone are
shown in figure 1.1. The collagen molecules and hydroxyapatite nanocrystals exist in the
molecular scale. At this scale the material behavior is governed by the molecular level
bonded and nonbonded interactions, and the molecular conformation. The continuum
methods used to describe the mechanics of larger structures are not applicable at this
scale. There are extensive studies pertaining to the macroscopic and microscopic
properties of bone, however the detailed studies of nanomechanics of collagen molecules
and the molecular interactions at the collagen-mineral interface are scarce. Our previous

Molecular Dynamics studies by Bhowmik et al. **

show the presence of strong
interactions between collagen molecule and mineral, which significantly affect the
mechanical response of collagen. Similar observations have been made in our previous
studies of organic-mineral interface in nacre ° and polymer clay nanocomposite ’. The
arrangement of collagen molecules and hydroxyapatite in collagen fibril leads to a
significant interfacial-area between collagen and mineral that affect the substantial
volume of collagen. Depending on the relative orientation of collagen with respect to the

mineral surface in the collagen fibril, different kinds of interfacial interactions take place,

resulting in the directional dependence of collagen-hydroxyapatite interactions. Two



possible cases of the relative orientations between collagen and mineral are considered in
this study: (i) collagen molecules placed normal to the hydroxyapatite (0001) surface, and
(ii) collagen molecules parallel to the hydroxyapatite (10 1 0) surface. The collagen
pulled normal to the mineral surface elucidates the mechanics of interaction between the
end of collagen and the mineral located in the hole zone; whereas, the collagen pulled
parallel to the mineral surface helps us understand the interaction between the surface of
collagen and the intrafibrillar/interfibrillar mineral. This study is carried out by pulling
the collagen molecule in the close proximity of mineral surface using Steered Molecular
Dynamics. This is an important study that sheds light on the mechanics of collagen in
various mineral environments inside collagen fibril, as well as, the effect of different

crystallographic surface of mineral on collagen deformation.

[oone]

Meso, Micro

Osteon (~10-500 pm) ~10"*m 10°m

Collagen fiber (~10 pm)
Collagen fibril (~ 0.5-1 pm)

Nano, Molecular

Tropocollagen (~300 nm) ~10"m - 10_1om

Hydroxyapatite (>40 nm)
Amino Acids (~1 nm) |:>

Figure 1.1. Length scales characterizing bone hierarchy and simulation/experimental

methods applicable at these scales.



Collagen is an important protein that constitutes more than three quarters of the
total proteins in the human body and provides structural integrity to various connective
tissues such as bone, tendon, and skin. This long and slender molecule has exceptional
mechanical properties of being highly elastic and able to undergo very large deformation,
contributing to the strength and toughness of tissues. The current understanding of
collagen mechanics is based on the Molecular Dynamics studies of shorter collagen
approximately 8.5 nm in length, which is significantly shorter than the real collagen (~
300 nm long). For a triple helical molecule such as collagen with multiple levels of
helical hierarchy, the shorter molecule may not be able to able to capture its deformation
mechanics in entirety. In this study the mechanical behavior of short and full length
collagen is investigated using steered molecular dynamics at various loading conditions
to compare to mechanisms with respect to unfolding of molecule and the resulting
deformation response. This study captures the similarities and differences in the
deformation mechanism of full-length collagen molecule, and deciphers the nuances of
mechanical response of collagen in greater detail through simulation of the full-length
collagen.

The molecular structure of collagen consists of three alpha chains left-handed
helical in shape, each of which contain a repeating triplet of amino acids (Glycine-X-Y),
where X and Y can be any amino acid - mostly proline and hydroxyproline. The three
alpha chains are wrapped into triple helical structure forming inter-chain hydrogen bonds
between them. In a collagen molecule glycine is situated near the center axis of collagen
and the residues X and Y are exposed on the surface to allow close packing three alpha

chains ®°. Furthermore, the collagen structure exhibits a new level of helical hierarchy, as



shown by our molecular dynamics simulation for the first time. Albeit the structure of
collagen has been studied®** extensively, there is a limited understanding of the
molecular mechanisms of collagen deformation when subjected to a mechanical load.
Here, we carry out steered molecular dynamics study to investigate how the structural
hierarchies present in collagen contribute to collagen deformation. The conformational
evolution of helical hierarchies, the interactions between different helical levels, and the
role of inter-chain hydrogen bonds during deformation of collagen have been investigated
in this study to explain the mechanics of collagen.

Each of the hierarchical structures of bone has unique set of properties that result
from the structures existing at smaller length scales, all the way down to the molecular
level. Due to this reason, the mechanics of bone can be understood only by bridging
multiple hierarchical levels and linking the macroscopic scale to the molecular scale. This
approach of connecting the interactions occurring at different length scales is known as
multiscale modeling. In this study a hierarchical multiscale modeling has been carried out
using a bottom-up-approach to investigate the deformation mechanics of collagen fibril
using the combination of molecular dynamics and finite element (FEM) methods. For the
first time, this multiscale model bridges together the molecular scale interactions with the
deformation response of collagen fibril. A very important aspect of this model is that it
takes into account the molecular interactions between mineral, hydroxyapatite, and water
and incorporates them into our finite element model to study the mechanics of collagen
fibril. The existing models do not incorporate these molecular interactions which limit
their ability to accurately predict macroscopic property of bone. Our molecular

simulations show that the molecular interactions between constituents of bone play a key



role in influencing the nanomechanical properties of collagen fibril. The mechanics of
collagen fibril in the small and large deformation regime, as well as, the role of collagen
crosslinks are investigated in this study.

This research is a principal step towards developing an accurate multiscale model
of bone by bridging molecular scale properties and microstructure to the macroscopic
response. This will help us better understand and model interactions-structure-property
relations in bone that will allow for better understanding of the role of molecular level
interactions and nano- & micro- structure on bone properties. This multiscale model will
facilitate better prediction of how properties of bone are affected due to interactions at
molecular and higher length scales. In brief, the broad objective of this research is to
understand the role of molecular interactions and the hierarchical morphology in the
microscopic and macroscopic response of bone. This knowledge is crucial for
understanding bone in better light, which have great number of applications such as
obtaining cues to the cure for various bone diseases and the design of better implant
materials with desired properties.

1.2. Swelling Clay-Montmorillonite

Swelling clays are responsible for extensive damage to civil infrastructures every
year in the United States and across the world. Smectite clays such as montmorillonite
are well known for their expansive properties. The clay crystals are large sheets that are
colloidal in dimension, with the lateral size of approximately 0.1 to 100 micrometers and
the thickness of about 10A. The large surface area to mass ratio and colloidal character
of clay sheets impart it with the ability to swell, along with the highly reactive surface

and high cation exchange capacity™. The clay minerals have various useful applications



such as in case of the borehole stabilization during drilling, drug delivery systems,
cosmetics, polymer-clay-nanocomposite, and geoenvironmental engineering.

The swelling clays undergo large volumetric change when exposed to water.
These clays result in considerable compressive stress, known as swelling pressure, when
the swelling strain is restrained. Traditionally theories based on electric double layer have
attempted to explain the swelling behavior of clay. Stern and Guoy theory is one of the
earlier theories, known as diffuse double layer theory, which has attempted to explain
interactions between the clay and water in the interlayer. However, it has number of
limitations and is unable to explain the interlayer expansion and swelling behavior of
montmorillonite'®. Some of the limitations of these theories include the uniform
distribution of surface charge, infinitely long clay particle, uniform dielectric permittivity
throughout double layer, ions treated as point charge and ionic concentrations near the
surface. Similarly, the DLVO (Derjaguin, Landau, Verwey and Overbeek) theory "8 is
able to describe stability of clay colloidal suspension for larger spacing, but is not
satisfactory for spacing smaller than 20A. These limitations indicate that the swelling
behavior can only be understood with the help of the molecular level study of clay water
interactions in which both the clay and water are explicitly modeled using atoms.

There are various types of computational studies on hydrated smectite clays using
molecular dynamics (MD) and Monte Carlo (MC) methods **%. The computer
simulation of interlayer water in 2:1 clays were carried out by Skipper et al. *° using

2627 carried out Monte Carlo

Monte Carlo and molecular dynamics methods. Delville
swelling clay to show that cations in the interlayer play an important role in the swelling

behavior of clay. The computational studies were also carried out by Karaborni et al. %



using Monte Carlo and molecular dynamics methods. Tambach et al. 2* carried out
molecular simulations to study different types of clay, water models and cations.

Despite the large number of theoretical and computational studies on swelling
clays the mechanism of swelling behavior is not fully understood. The molecular
dynamics study presented in this dissertation provides a detailed insight into the swelling
and the stability of clay structure with increasing hydration. This work points to an
important mechanisms that allows large interlayer swelling of these clays which has been
observed experimentally but have not been not been clearly explained in the literature.
This work significantly adds to the understanding of clay-water interaction and moves the
state of knowledge in the field significantly further by providing a more complete
description of molecular interactions during swelling.

1.3. Objectives of Research

The summary of the objectives of doctoral research described above in detail are
as follows:

e To understand the effect of mineral-collagen interaction in the deformation
response of collagen under fibrillar environment.

e To understand molecular mechanisms of collagen deformation by investigating
the conformational evolution of its helical hierarchies.

e To develop the multiscale model of collagen fibril to link molecular mechanisms
to continuum scale. This model seeks to understand mechanisms governing
deformation response collagen fibril and the role of collagen-hydroxyapatite

molecular interaction in the mechanical response of collagen fibril.



To understand the role of molecular interactions in the swelling behavior of Na-

montmorillonite

1.4. Dissertation Organization

1)

2)

3)

4)

5)

6)

7)

8)

9)

The dissertation is organized into following chapters:

Chapter 1: Introduction

Chapter 2: This chapter presents review of literature on the structure of bone, the
studies geared towards understanding the mechanics of bone, and molecular
modeling studies of collagen.

Chapter 3: This chapter discusses the Computational Methods used in this study.
Chapter 4: The directional dependence of collagen deformation in collagen fibril
is presented in this chapter.

Chapter 5: This chapter presents the steered molecular dynamics study of the
deformation mechanics of short and full length collagen molecules.

Chapter 6: The role of structural hierarchies of in the deformation of collagen
molecule is discussed in this chapter.

Chapter 7: The multiscale model of collagen fibril in the elastic regime is
presented in this chapter.

Chapter 8: The mechanics of collage fibril in the small and large displacement
regime, and the role of characteristic length and crosslinks are presented in this
chapter.

Chapter 10: This chapter presents the molecular dynamics study of the swelling

behavior of montmorillonite clay.
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10) Chapter 10: This chapter presents summary and major conclusions of the research
presented in this dissertation.

11) Chapter 11: The future directions for the research in this field are discussed in
this chapter.
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CHAPTER 2. REVIEW OF LITERATURE

2.1. Hierarchical Structure of Bone

Bone is an extraordinary material with a hierarchical morphology that serves of
various bodily functions. Bone consists of at least six levels of structural hierarchy as
shown in figure 2.1. It is a vital part of skeletal our system typically composed of a strong
and dense external layer called cortical bone around an interior spongy cancellous bone,
also known as trabecular bone. In addition to the structural role of supporting and
protecting body organs, it also serves number of other functions such as production of red
and white blood cells, and storage of minerals such as calcium and phosphorous. Bone is
composed of the organic, mineral phase, and water. The relative proportions of organic,
mineral phase, and water in bone is about 25%, 65%, and 10% respectively by weight *,
and around 32-44%, 33-43%, and 15-25% respectively by volume >®. The organic phase
in bone is mainly composed of Type I collagen, which are secreted by osteoblasts into the
extracellular space. Collagen is the most abundant protein in our human body that
constitute about 85-95% of the total bone protein ’. The collagen molecules are fibrous
structural proteins that serve as reinforcing members in bone and impart it with the
necessary tensile strength and toughness. They are long and slender in shape about 300
nanometers in length and 1.23 nanometers in diameter ®. The other constituents of
organic phase include lipids and non-collageneous proteins such as phosphoproteins. The
collagen molecules once secreted, self-assemble through entropy driven process to form a
highly organized structure outside the cell, forming a framework where the

hydroxyapatite (Ca;o(PO4)s(OH), ) nanocrystals mineralize into a plate-like structures
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approximately 50 nm by 25nm by 3 nm in size **2. This highly organized structure is
known as collagen fibril. The mineral component of bone imparts it with strength and
rigidity. The hydroxyapatite found in bone is not pure and consists of various impurities
such as carbonate that replaces the phosphate group in a mineral. The mineralization of
hydroxyapatite in fibril is governed by various proteins such as biglycan and bone-
sialoprotein®®. In addition to the collagen and hydroxyapatite, which are the major
components of bone, there are other organic and mineral phases in bone as well. The
weight percentages of other constituents are shown in table 2.1. The ions such as fluoride,
carbonate, sodium, potassium, and magnesium are responsible for various metabolic

functions.
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Figure 2.1. Structural hierarchy in bone (adapted from Bhowmik et al. *4).
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Table 2.1. Composition of bone >®*%°

Inorganic Organic

wt% wt%

Hydroxyapatite Collagen

~60 ~20

Carbonate ~4 | Non-collageneous proteins: osteocalcin,
Citrate osteonectin, osteopontin, thrmbospodin,
~0.9 mmorphogenetic proteins, sailoprotein,
Sodium serum proteins

~0.7 Other traces: Polysaccharides, lipids,
Magnesium cytokines

~0.5 Primary bone cells: osteoblasts,

Other traces: CI~, F~, K*, Sr**, Pb%*, zZn?*,

Cu?*, Fe?*

osteocytes, osteoclasts

Collagen fibril, the basic building block of bone material and collagen rich tissues

18 is about 50-250 nm in diameter and unknown length because they merge with

neighboring fibrils ”. In collagen fibril these molecules are packed parallel to each other

along the longitudinal axis of bone as shown in figure 2.1. Each row of collagen

molecules are axially staggered with respect to each other by 67 nanometers (D) resulting

in a banded pattern along the length of collagen fibril 38, The staggering also results in

the overlap between the ends of adjacent collagen molecules that is 27 nanometers long.

The covalent crosslinks develop between adjacent collagen molecules in the overlap

zone, near the ends of collagen, with the maturation of tissues. This crosslinking between

the adjacent ends of collagen molecule plays an important role in the mechanical property

for fibril.
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Figure 2.2. Organization of collagen molecules and mineral in a fibril (figure

adapted from Landis et al. ).

There is a 40 nanometers wide gap between the collagen molecules aligned end to
end along the longitudinal axis of collagen molecule. This region is known as gap- or
hole-zone. The hole-zone corresponds to the region of low electron density in X-ray
diffraction as compared to overlap zone resulting in the D-period of bands along collagen
molecules *8; the collagen molecules being approximately 300 nanometers corresponds to
4.4D. The hydroxyapatite crystals nucleate in the hole-zone, and these mineral places

grow in size along the axial direction of collagen molecule and sideways along channels
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8121920 As the bone matures the crystals outgrow the width of gap zone and enter the
overlap zone squeezing in between the collagen molecules . The crystals originating
from the adjacent hole-zones join to form large and thick extended sheets that may
occupy several hole-zones %1% In collagen fibril the (0001) surface of hydroxyapatite
present in the hole-zone is oriented perpendicular to the long axis of collagen. In addition
to (0001) surface, the (10 1 0) face of HAP is also well developed, as seen from the
electron diffraction study, and found to be oriented approximately parallel to each other
82223 |n addition to intrafibrillar mineral, the surface of fibril is also coated by
extrafibrillar mineral®®. There are two different schools of thoughts in the research
community as to where most of the minerals are located in bone. Some researchers

believe that most of the minerals are located inside the collagen fibril >’

, While others
believe that most of the mineral are extrafibrillar 22°. The collagen fibrils in bone
assemble together to form collagen fiber with the help of a hydrated matrix rich in
proteoglycans. The diameter of fibrils show large variation and vary from 50 nanometers
to several millimeters for thinner and very thicker fibrils. The collagen fibrils assemble to
form circular lamellas which are further arranged to form osteons, which are the
fundamental functional units of bone.

Bone is dynamic system capable of self-regeneration and reorganization that
consists of three different types of cells serving various functions: osteoblast, osteocytes,
and osteoclasts. The osteoblasts are oval shaped cells with a large eccentric nucleus that
are created from osteoprogenitor cells. The osteoblast is responsible for synthesis of

collagen fibers and formation of mineral deposits in the bone. The osteoblast cells get

trapped in the bone matrix and turn into the mature bone cells knows as osteocytes, which

19



are responsible for maintenance of bond matrix. Osteoclasts are the largest bone cells
responsible for resorption of bone. Bone tissue is sensitive to mechanical stimuli, a
property known a mechanosensitivity, which creates biological response necessary for its
adaptation and remodeling- a process that allows collagen rich tissues to repair damage
1631 Because of mechanosensitivity of bone in different parts of skeletal system exhibit
distinct sets of mechanical property, as they all undergo different loading paths during out
daily activities 3%,
2.2. Mechanical Properties of Bone

Inorganic phase of bone provides the stiffness and rigidity whereas the organic
phase provides the tensile strength and toughness. The mechanical properties of bone are
shown in table 1.2. The mechanical property of bone is a great balance between the
toughness and stiffness because with mineralization the toughness is decreased. This is

evident by comparing the elastic modulus of bone (14-20 GPa) to the 1GPa of mouse of

tail tendon 3*.

Table 2.2. Mechanical properties of bone **°

Properties Value
Young’s modulus (GPa) 14-20
Tensile strength (MPa) 50-150
Compressive strength (MPa) 170-193
Fracture toughness (MPa m1/2) 2-12
Strain to failure 1-3
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2.3. Structure of Collagen and Microfibrils

Collagen is a long fibrous protein constituting more than quarter of all proteins in
human body and present in various tissues such as bone, tendon, lungs, blood vessels,
cartilage etc. There are at least 27 types of collagen in vertebrates **, each denoted by
roman numerals. The fibrillar collagens are of particular interest from the mechanical
point of view as they are capable of assembling into collagen fibrils. The fibrillar
collagen account for only seven of all the known collagen *: types I, II, 111, V, XI,
XXV, and XXVII. Type | is the most abundant fibrillar collagen that is widely found in
bone, skin, tendon, cornea, vasculature and lung etc. The nonfibrillar collagens “form
networks (types 1V, VIII, and X), associate with fibril surfaces (types 1X, XII, and XIV),
occur as transmembrane proteins (types XI1I and XVII), or form 11-nm periodic beaded
filaments (type V1) *® . The collagen molecules in nature can be of variable length
ranging from 14 nanometers in nematocyst wall of hydra to 2400 nanometers in cuticle of
annelids *°.

The molecular structure of collagen consists of three polypeptide chains, called o-
chains, twisted in to a right-handed triple-helix and held together by inter-chain hydrogen
bonds **#**2. The structure of collagen is shown in figure 2.3. The individual a-chains
are left-handed helical in structure, so the collagen molecule can be considered as a helix
of helix. The a-chains consists of a repeating triplet of amino acids -Gly-X-Y- with the
high percentage of proline and hydroxyproline residues respectively in the X and Y
locations. The repetition of Glycine in every third residue is necessary for the close
packing of polypeptide chains “**3. The collagen molecules consist of over 1014 amino

acids along each polypeptide chains **. The collagen molecules consisting of three
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identical a-chains are known as homotrimeric and the molecules consisting of two or
three genetically different a-chains are known as heterotypic. For example, Type |
collagen is heterotypic consisting of two a1-chains and one a2-chains and represented by
[al(D]202(1); whereas, type 11 collagen is heterotypic consisting of three distinct al-

chains which is represented by [a1(1)]s.

chain A

chain C chain B

Figure 2.3. Left: The collagen structure consisting of three helical a-chains (adapted
from Beck and Brodsky *). Right: The three chains of collagen wrapped into a

triple helix.

22



The ends of collagen molecule, N- and C-termini, consist of non-helical structures
known a telopeptides that are typically about 20 residues long; they are called N-
telopeptides and C-telopeptides. The a-chains in telopeptides does not contain a
repeating sequence of Gly-X-Y unlike in the middle domain. The sequence of N-terminal

telopeptides type | collagen used in this work as follows #°4:

al-GInLeuSerTyrGlyTyrAspGluLysSerThrGlylleSer-ValPro-helix (GlyProMet-)

a2-GInPheAspAlaLysGlyGlyGlyPro-helix (GlyProMet-)

The evidence of the existence of subfibrillar structures called microfibrils, that
links molecular level to fibrillar level, have been shown by number of studies such as the

4849 and AFM study of type I collagen

electron tomographic reconstruction in dry cornea
0 The X-ray diffraction study by Orgel et al. * has determined crystallographic unit cell
of type I collagen supermolecular structure using electron density maps. This study also
shows that the quasihexagonal arrangement of collagen molecules existing in the overlap
zone continues continue into and throughout the gap region. The quasihexagonal lattice
of collagen molecules is shown in figure 2.4 (left). The study by Orgel et al has also

revealed the presence of kinking of collagen molecules along the length of fibril as shown

in figure 2.4 (right).
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Figure 2.4. Left: The electron density of the quasihexagonal arrangement of
collagen segements and the outline of the unit cell. Right: Microfibrillar structure of

collagen. (adapted from Orgel et al. )

2.4. Theoretical and Experimental Studies of the Hierarchical Structures of Bone
The mechanical properties of bone and its hierarchical structure structures have
been studied using various theoretical and experimental methods. Among various
theoretical methods, one important approach is the utilization of continuum
micromechanics formulation for modeling bone mechanics. This approach has been
extensively used by Hellmich et al. and Ghanbari et al. 2°***, The viscoelastic modeling
of bone at fibrillar level using microstructural approach was carried out by Ciarletta et

al.®,
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There are number of theoretical/computational studies investigating the
mechanics of collagen fibril **®*. A molecular dynamics study of the nanomechanics of
collagen microfibrils has been carried out by Gautieri et al.*®. Buehler carried out the
theoretical and molecular modeling study to explain the nanostructure of collagen fibrils
%8 and the toughening of fibrils by mineralization *°. Buchler’s results show that Young’s
modulus (6.23 GPa vs. 4.59 GPa), yield strain (6.7% vs. 5%), and fracture stress (0.6GPa
vs. 0.3 GPa) of mineralized fibril is higher compared to unmineralized fibril. The
collagen crosslinks play an important role in the nanomechanics of collagen fibril. The
mechanical properties of collagen fibril under varying crosslink densities is studied by

Buehler ® using atomistic and continuum methods and Tang et al.>

using coarse grained
molecular dynamics. The Young’s modulus of unmineralized collagen microfibril
estimated by Buehler ®, Tang et al. °’, and Gautieri et al. *® from their modeling studies
are 4.36 - 38 GPa, 5 - 35 GPa, and 0.3 — 1.2 GPa respectively for small-strain and large-
strain. The experiments performed on collagen fibrils show following values of Young’s
modulus: 0.5-3.2 GPa %%, 0.86 + 0.45 GPa ®*, 0.2-0.8 GPa *, 3.7-11.5 GPa . The
experimental moduli of collagen fibril are listed in table 2.3. Furthermore, type I collagen
fibrils tested to strains as high as 100% by Shen et al. ® demonstrated strain softening

(yield stress = 0.22 + 0.14 GPa; strain yield = 0.21 + 0.13), strain hardening, and time

dependent recoverable residual strain.
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Table 2.3. Experimental studies of collagen fibril

Source Modulus (GPa) Comments
* Synchrotron diffraction
study
62 *  Modulus increasing with
Gupta HS et al. 0.5-3.2

of mineral content
Type I collagen fibril

van der Rijt et al. **

2—7 (ambient conditions)

0.2—0.8 (aqueous media)

AFM

Single collagen fibrils
have been mechanically
tested in ambient
conditions and were found
to behave reversibly up to
stresses of 90 MPa.

Wenger et al.

3.7-115

Nanoindentation using
AFM in air and at room
temperature

Fibrils diameters: 50 to
200 nm.

Type I collagen fibril (rat
tail tendon)

The fibrils assumed to
possess isotropic
mechanical properties

Shen et al. &

0.86 = 0.45 (small strain)

0.72 £ 0.57 (large strain)

Microelectromechanical
systems (MEMS)
technique

Small strain (g < 0.09)
Fibrils diameters: 150—
470 nm
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There are number molecular dynamics studies investigating the mechanics of
bone at the molecular scale **%%°, Bhowmik et al ** extensively studied deformation
behavior of collagen in the proximity of mineral using steered molecular dynamics
(SMD). Bhowmik et al.** found that the mechanics of collagen is significantly affected
by the mineral proximity and that water plays a crucial in the interaction between
collagen and mineral. Several steered molecular dynamics studies are also been carried
out to evaluate mechanical properties of collagen (Gautieri et al. 2008; Lorenzo and
Caffarena 2005; Buehler 2006a). An atomistic study of collagen proteins in collagen

071 and Gautieri et al.*®. Beside these

fibril is carried out by Streeter and de Leeuw

studies, model structures of collagen molecules as well as collagen fibrils have been

investigated using molecular dynamics methods®*®"*"8, There are also studies on the

role of amino acid sequence on the mechanical property of collagen ®. Besides

molecular dynamics study, a coarse grained study of long collagen molecule has been

carried out by Gautieri et al. ®.
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CHAPTER 3. MOLECULAR DYNAMICS, STEERED MODLECULAR

DYNAMICS, AND FINITE ELEMENT METHOD

3.1. Molecular Dynamics

Molecular dynamics is a computer simulation method that is used to model
atomic scale dynamics of a system. Molecular dynamics was first used by Alder and
Wainwright to study interactions of hard spheres *2. It simulates the movement of atoms
and molecules while they simultaneously interact with force fields due to all the other
neighboring atoms and molecules. It can be used to study structural, dynamic, and
thermodynamic properties of a system. Molecular dynamics uses classical mechanics to
predict trajectory of a system as the positions and velocities of particles (constituting a
system) evolve with time. In this method, each atom is moves in many-body potentials
of all the other atoms and Newton’s second law of motion is integrated to obtain the
evolution of position and velocity of particles over time. The differential equation

representing Newton’s second law of motion is given by

where I; is a position, M, is mass and F; is a force acting on particle i in the direction of

I . The force F, acting on a particle is obtained by computing gradient of potential

energy function U (r) as follows

where U (r) is a function of the position of a particle. The accelerations of a particles

obtained from equation (1) can be used along with equations of motion to predict future
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position and velocity of particles based on the initial positions and velocities. This is
carried out in series of small time steps which must be chosen such that the steps are
reasonably small compared to time period of the fastest motion (highest frequency
motion) in a system. Typically, a time step of an order of ©/20 is used as a thumb rule for
a simulation, where t is a time period of the fastest motion. As for example, the highest
frequency motions of biomolecules such as protein is a stretching vibration of bond
between hydrogen atom and a heavy atom, the time period of which is of an order of 10
fs; hence the time step of 0.5 fs may be may be used for the simulation. Such a small
time step implies that it will require two million time steps to approach a nanosecond.
Necessity of such a large number of time steps seriously limits our ability to carry out
longer simulations. There are algorithms like SHAKE>* and RATTLE?® that can be used
to constrain the fast moving atoms, and allow us to use bigger time steps for carrying out
longer simulations.

The initial position of atoms and the molecular structure required for simulation is
typically obtained from experimental techniques such as x-ray crystallography or NMR
spectroscopy. The initial velocities of particles are usually assigned using a Maxwell-
Boltzmann or Gaussian distribution corresponding to the required temperature so that the

net momentum of a system is zero, i.e.

P=) mv, =0 (3.3))

where P is an overall momentum, N is the total number of atoms in a system, and V; isa
velocity. Maxwell-Boltzmann distribution at a given temperature T provides us the

probability that an atom i is moving with velocity V;, along the x direction.
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p(vix)z(zﬂkBTj B (3.4)

where p(ViX) is the probability and Kj is the Boltzmann constant.

Due to complicated form of the potential energy function the differential
equations representing Newton’s equation of motion do not have an analytical solution.
These equations are solved numerically by using various types of finite-difference
integrations algorithms. These algorithms solve equations step by step while
incrementing time by an interval At during each successive step. Thus, if the position and
velocity of a particle is known at time t then the future positions and velocities at time
t+At, t+2At, t+3At etc can be computed using this method. A good algorithm should be
computationally efficient, minimize round off errors, and allow longer time steps while
conserving energy and momentum. Number of finite-difference algorithms is available
for integrating the equations of motion some of which are described below:

3.1.1. Verlet Algorithm

This algorithm uses forward r(t +ot) and backward r(t — at) Taylor expansions

as given in equations 5 and 6

r(t+ot) = r(t) + v(t)ot +%a(t)8t2 ......................... (3.5)

r(t—ot) = r(t)—v(t)8t+%a(t)8t2 ........................ (3.6.)

Summing up above expressions we obtain

rt+ot) =2rt)-rt-at)+a)ot®................... (3.7)

which is used to calculate the new positions att + ot and propagate position of a particle

over time. This algorithm is a pretty straight forward implementation which is simplectic,

41



requires only a single force calculation per integration cycle, and conserves linear and
angular momentum. Additionally, the position integration is simple which reduces
storage requirements. The main disadvantage of this algorithm is that velocity
propagation is prone to large errors.
3.1.2. Leap Frog Algorithm

This is a modification of Verlet algorithm in which the velocities are evaluated at
a midpoint between position evaluations. The velocity at midpoint is then used to

calculate the position “ I' * at time (t + ot ).

F(t+8t) = r(t) - v(t +%6t)6t .............................. (3.8)

vt +%at) vt —%&) LA oo (3.9)

Advantage of this algorithm is that velocity evaluation is improved compared to
Verlet algorithm. The disadvantage is that this algorithm is computationally more
expensive and the evaluation of velocities is not carried out at the same time as the
position.
3.1.3. Velocity Verlet Algorithm

This algorithm is a variant of Verlet integrator which is better at velocity

propagation. Velocity verlet algorithm uses the following equations

(t+0t) = r(t) + VD)t +%a(t)6t2 ...................... (3.10)

V(t +dt) = v(t) +%a(t)5‘t +%a(t N S (3.11)

The advantage of this algorithm is that it is simple and numerically stable

providing better evaluation of velocities and better energy conservation. The main
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disadvantage is that it is computationally expensive compared to Verlet and Leap-Frog
algorithm.

Since molecular dynamics is based on laws of classical mechanics it is applicable
only to cases where quantum effects are negligible. Hence, molecular dynamics is not
suitable for reactions that involve electronic rearrangement, translation and rotation of
light atoms or molecules such as He, Hy, and D, and for instances where frequencies (v)
of vibrational motion is such that hv > kgT. MD cannot be used for capturing motions of
high frequency and is unsuitable for low temperatures, where the thermal energy
available to system is small compared to discrete quantum energy levels.

In general, molecular dynamics can be considered to be a computer simulation
approach to statistical mechanics. It has wide ranges of applications that include study of
a link between structure and function of various molectules, interactions between various
molecular systems, and the structural and dynamic information of molecular system. It is
an indispensable multiscale modeling tool for bridging a temporal and spatial gap
between ab initio quantum models and microscopic models.

3.2. Steered Molecular Dynamics

Steered molecular dynamics (SMD) can be considered to be an extension of
molecular dynamics in which an external force is applied to a molecule along certain
degrees of freedom in order to guide a system from one state to another®. The applied
force in SMD can be either constant or varying with time. SMD has various applications
such as study of binding and dissociation of ligand, study of mechanism of unfolding of
biopolymer, and simulation of AFM experiments. During processes such as binding and

unbinding of ligand there is a transition from one equilibrium state to another, which
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involves rare events like barrier crossing. Such events can be very difficult to reproduce
in the MD time scales. SMD offers solution to this difficulty by allowing us to steer the
system from one state to another while enhancing sampling along the pathway of
interest®. Thus, SMD presents us with a tool to accelerate processes which are very slow
to model using MD time scales and access molecular mechanisms that determine
mechanical properties of molecules.

SMD is capable of simulating processes which involve major changes that deviate
significantly from equilibrium such as extraction of ligand from enzyme and stretching
termini of protein to initiate unfolding ’. SMD simulations are similar to umbrella
sampling when the change is minor, and the applied forces are small which vary slowly
with time’. However, actual SMD simulations involve forces that change rapidly with
time. As a result there is a large amount of irreversible work being performed that cause
significant deviation of system from equilibrium. Therefore, it is necessary to discount
irreversible work form SMD results to obtain equilibrium information and treat the
results of SMD from the nonequilibrium viewpoint®®. This is made possible by the work

of Jarzynski ° who showed that difference in equilibrium free energy between two states
AF can be obtained from average of irreversible work (W) as given by the following

equality

where S =1/(kgT).

Constant-force SMD and constant velocity SMD are the two basic ways in which
SMD can be carried out. However, SMD can also be done using other kinds of external
potentials, complex forces that can change direction during the simulation process *°, or a
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torque applied to parts of protein to cause rotational motion of domains **2. In constant-
force SMD the constant force is applied to atoms in a given direction. The forces applied
are of an order of tens to a thousand picoNewtons (pN) ®*3. In constant-force SMD the
intermediaries are relatively clear and long surviving, which may be modeled using the
theory of mean first passage time for barrier-crossing event®***°. In constant-velocity
SMD the harmonic potential is used to restrain an atom of protein or center of mass of
group of atom to a point in space. The restrained atoms are called SMD atoms and the
restraint can be considered as a dummy atom. The restraint point is then moved with a
constant velocity in a particular direction. The restrained atoms will experience a pull
proportional to their separation from the restraint, which will cause them to follow the
restraint. Assuming single reaction coordinate x, the external potential applied to SMD

atoms is given by

where K is the stiffness of restraint, X, is the initial position of restraint, and x is a final

position of restraint [6]. The force exerted on SMD atoms is given by
F=K(X +VE=X) oo, (3.14.)

where v is the constant velocity with the restraint is moving™. The constant velocity
SMD simulates an Atomic Force Microscope (AFM) experimental technigque used to pull
biomolcules. The harmonic constraint used in SMD is analogous to stiffness of cantilever
used in AFM. However, the spring constant k used in SMD simulation (k ~70 pN/A) is
very stiff compared to stiffness of cantilever (k ~LpN/A°) used in AFM °. The stiffer
spring in SMD allow us to achieve better spatial resolution and access detailed

information about interaction energies. Additionally, higher velocity of puling on the
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order of 1A/ps is used in SMD simulations, since the time scale of simulations are
typically 10° times shorter than the AFM experiment due to present day computational
limitations °. The longest time for which SMD simulations have been carried out is of an
order of few nanoseconds. Higher velocity of pulling requires greater force for pulling
and results in large amount of irreversible work that has to be discounted to obtain
equilibrium information. Using SMD It is possible to apply more complex types of force
compared to AFM for manipulating biomolecules. SMD is an invaluable simulation tool
for probing nanomechanical properties of a molecules and to study biomolecular
processes which are too slow to model. It is believed that most of the MD simulations in
the future will include SMD.
3.3. Finite Element Method

Finite element method is a numerical technique used to solve physical problems
in engineering analysis and design in various areas such as structural mechanics, thermal
analysis, fluid mechanics, electromagnetics, and electric conduction. The development
and use of finite element method to solve engineering problems was made possible by the
advent of digital computers. In additional to the fields such as civil, mechanical, nuclear,
and aerospace engineering finite element analysis is increasingly finding applications in
relatively newer fields such as biomechanics and biomedical engineering for modeling
biological soft and hard tissues. Finite element models can be used to simulate the
response of complex structures before building the prototype, carry out complex tests
which are very difficult or impossible to carry out in the laboratory, as well as,
understand the mechanics of natural/synthetic materials such as bone and other

nanocomposites.
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The initial step in solving a physical problem is idealization into a mathematical
model. The complex mathematical models often consist of differential equations for
which the analytical solution may not be available. The numerical solution to complex
differential equations can be obtained using finite element method. Finite element method
is based on the idea of discretization of the structure, or region in to a large number of
elements known as finite elements. These elements may be one, two, or three
dimensional. The continuous system has infinite number of degrees of freedom and
impossible to solve for all the field variables (e.g. displacement, temperature), unless the
closed form analytical solution is available. In finite element method, the process of
discretization is employed to limit the number of degree of freedom, and the value of
field variable is computed at only a finite number of points known as node. The value of
field variable at the nodes is then used to compute its variation over the domain of an
element using interpolation function as follows:

Ui () = NiQOTeeoieeiei e (3.15)
Where N;(x) is an interpolation function (or shape function), u;(x) is a value of field
variable at x, ti; is the value of field variable at the node. The interpolation function can
be linear, quadratic, cubic, hermitian, or special types. The interpolation function should
be chosen such that its shape is approximately similar to the shape of the unknown
field/solution in the domain of element.

There are different types of element used in finite element method which
generally fall into following three catagories:

1) Continuum elements: truss, cable, plane stress, plane strain, generalized plane

strain, axisymmetric elements, brick/hexahedral element
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2) Structural elements: beam, plates, shells.

3) Special elements: gap-and-friction elements, pipe-bend element, curved-pipe
element, shear panel element, cable element, rebar element, incompressible
element, semi-infinite element etc.

In the formulation of continuum elements the displacements are interpolated in
terms of nodal point displacement, whereas, in the formulation of structural elements the
displacements are formulated in terms of midsurface displacements and rotations *°. The
continuum elements have displacement degree of freedom only, and hence not very
appropriate for modeling thin structures dominated by bending.

Next step is to express the dependent flux field in terms of the nodal point
unknowns. In the deformation problem the dependent flux field is strain, which is
expressed in terms of nodal displacement,

{e(x)} =[Bl{q}.eeeeeeeiiiii (3.16.)
where ¢ is a strain vector, [B] is a strain-displacement transformation matrix, and {q} is a
nodal displacement vector. The strain field is then linked to stress field using the
constitutive relations of a material,

{o()}=[ClH{e(x)} e (3.17.)
where {o(x)} is the stress vector, and [C] is the stress-strain matrix also known as
elasticity matrix.

A crucial step in finite element method is to derive element equations, for which
numbers of methods are available. Energy methods and residual methods are the two
commonly used procedures used for deriving element equations. Element equations

ensure equilibrium of an element with its surrounding and relate the nodal displacements
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to the load. The element equations lump the physical significance of element at its nodes
as shown by equation below:

[KI{a}—{Q} =0, (3.18))
where [K] is an element property matrix (e.g. stiffness matrix for deformation problems
and conductivity for thermal problems), {q} is a nodal vector (nodal displacement vector
for deformation problem) and {Q} is a nodal load vector that consists of nodal forces,

body force (e.g. due to gravity) traction etc. The element property matrix is given by

[K]1=[[B]'[C][B]dV

The individual element equations are assembled to achieve equilibrium of an
entire structure, as well as, the continuity of nodal point unknowns. The continuity
requirements depend on type of element chosen and problem type, e.g. for in plane
deformation problems using continuum elements it is sufficient for displacement to be
continuous, however, in bending problems using structural elements the higher
derivatives of displacement should be continuous as well. Finally the boundary
conditions are applied and the resulting global equations are solved using numerical
methods to obtain primary unknowns. The secondary quantities or dependent flux fields
like stress and strain are then derived from primary quantities.
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CHAPTER 4. DIRECTIONAL DEPENDANCE OF HYDROXYAPATITE-

COLLAGEN INTERACTIONS ON MECHANICS OF COLLAGEN

This chapter presents study of the directional dependence of mineral-collagen
interactions on the mechanics of collagen. The content of this study has been published in
Katti, D. R., Pradhan, S. M., and Katti, K. S. (2010). "Directional dependence of
hydroxyapatite-collagen interactions on mechanics of collagen.” Journal of
Biomechanics, 43(9), 1723-1730.

4.1. Introduction

Bone is a biological nanocomposite that exhibits a highly optimized and complex
multi-level hierarchical structure. It is an integral part of skeletal system, most of which
are generally composed of a strong and dense external layer called cortical bone around
an interior spongy cancellous bone (also called trabecular bone). It’s remarkable
mechanical properties lend itself to the structural role within the body by providing
strength necessary to support and protect softer tissues and organs. Additionally, it also
serves other functions such as production of red and white blood cells, and storage of
minerals such as calcium and phosphorous. Bone is composed of the organic, mineral
phase, and water. The relative proportions of organic, mineral phase, and water is about
25%, 65%, and 10% respectively by weight'™, and around 32-44%, 33-43%, and 15-25%
respectively by volume®®. Mechanical properties of bone have been extensively
experimentally studied by the Cowin group who has also modeled the poromechanics
behavior of bone. "*!. Notable experiments and modeling efforts are also carried out by

Lakes and Katz on viscoelastic behavior of bone *2*%, The organic phase in bone is

52



mainly composed of Type I collagen, which are secreted by osteoblasts into the
extracellular space. The collagen molecules self-assemble to from a structure known as
fibril that comprises about 85-95% of the total bone protein'®. The mineralized fibril, the
basic building blocks of bone material®, is about 80-100 nm in diameter and unknown
length because they merge with neighboring fibrils?*. The other constituents of organic
phase include lipids and non-collageneous proteins such as phosphoproteins.

Within the fibril, the collagen molecules are aggregated parallel to each other and
staggered along the axial direction by 67 nm resulting from the presence of a hole zone
with 40 nm length and overlap zone with 27 nm length?*?, The individual cylindrical
collagen molecules are about 300 nm in length and 1.23 nm in width?. The collagen
molecule consists of three polypeptide chains (called a chains) folded in a triple helical
fashion. The mineral component of bone is made of hydroxyapatite (HAP) which is
oriented such that its c-axis is roughly parallel to the long axis of collagen®*?*. The (10T
0) face of HAP is found to be well developed from electron diffraction study and
approximately parallel to each other??>?. The HAP crystal platelets nucleate in hole
zones, and grow in length along collagen long axis and width along channels?*?"2°, The
crystals continue to grow, outgrowing the width of gap zone, into the overlap zone
squeezing in between the collagen molecules®. The growing crystals join to form large

21222528 |n addition to

and thick extended sheets that may occupy several hole zones
intrafibrillar mineral, the surface of fibril is coated by extrafibrillar mineral®.
The study of bone hierarchy in relation to its mechanical properties has been

carried out using various modeling approaches. The modeling of bone was carried out by

Hellmich et al. and Naghdabadi et al. using micromechanics formulation 33, Ciarletta et
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al. carried out viscoelastic modeling of bone at fibrillar level using microstructural
approach *°. Beside these studies, model structures of collagen molecules as well as
collagen fibrils have been investigated individually using molecular dynamics methods**
42.

The organization of collagen and mineral in the fibril point to a fact that there is
substantial interfacial interaction area between them. The interface between collagen and
HAP have important bearing on the mechanical properties of bone. However, the
interface between collagen and HAP is not very well understood. Our previous studies
using molecular dynamics have elucidated the nature of mineral-organic interface and the
role of mineral proximity on the mechanical behavior of protein “**. Also, the molecular
dynamics study of collagen-mineral interface was carried out to understand mechanics of
collagen in the proximity of mineral*®>°, All of these studies have shown that the
mechanics of protein is substantially influenced by the presence of mineral in the
proximity.

The location of mineral along collagen length (i.e. at the side or next to the end of
collagen) result in relative orientations of collagen with respect to these mineral surfaces
which allow for different types of interaction between these two constituents. The relative
orientation of collagen with respect to mineral corresponds to different interfacial
configurations/locations within the fibril, which is where the directional dependence of
hydroxyapatite-mineral interactions comes into picture. We have considered two possible
cases of the relative orientations between collagen and mineral: (i) collagen normal to the
hydroxyapatite surface, and (ii) collagen parallel to the mineral surface. The collagen

pulled normal to the mineral surface provides us with an understanding of the mechanics
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of interaction between the end of collagen and the mineral located in the hole zone;
whereas, the collagen pulled parallel to the mineral surface elucidates the interaction
between the collagen and the mineral situated on the side of collagen within the fibril as
well as in the interfibrillar space. This study is important, especially since a good
proportion of mineral in bone is within the fibril, amounting to 23%, while the remaining
77% is in the interfibrillar space >!- both of these mineral masses interfacing with the
substantial portions of collagen. In this study, we have investigated the directional
dependence of the mechanics of collagen when stretched normal and parallel to the HAP
surface. We have also studied role of (10 1 0) and (0001) crystallographic surfaces of
HAP on the deformation behavior of collagen using molecular dynamics.

All of the MD and SMD simulations were carried out using NAMD®? simulation
software developed by Theoretical Biophysics Group (TBG) in the Beckman Institute at
the University of Illinois at Urbana-Champaign. The CHARMm®® (Chemistry at Harvard
Macromolecular Mechanics) force field is used in simulations and VMD ** is used for
graphical visualization and analysis of results.

4.2. Model Building

The interfacial interactions between collagen and hydroxyapatite were studied
using molecular dynamics. The molecular model consists of a collagen molecule placed
near the surface of HAP. Collagen is composed of a three polypeptide chains, called o
chains, each folded into a left-handed helix and winded about common axis to form a
right-handed triple helical structure *>°°. These chains are held together by interchain
hydrogen bonds. The Protein Data Bank-ID of the (GPP), model of collagen used is

1k6f°". The solvated collagen molecules consisting of N-terminal telopeptide and without
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telopeptide were used for our simulations. The structure of collagen with N-terminal
telopeptide, consisting of two a1 chains and one 02 chain, used in our model was
obtained from literature®®. The sequence of N-terminal telopeptide used in our simulation
is as follows>*%;

al-GInLeuSerTyrGlyTyrAspGluLysSerThrGlylleSer-ValPro-helix (GlyProMet-)
a2-GInPheAspAlaLysGlyGlyGlyPro-helix (GlyProMet-)

The CHARMmM®? force field is used to geometrically optimize collagen molecule
by energy minimization. The minimized collagen is then solvated with TIP3P water
molecules and minimized again. The temperature of solvated collagen is increased
gradually from 0 K to 300 K in steps of 100 K. Then the pressure is increased in steps of
0.25 bar from 0 bar to 1.01 bar. This model is used for studying collagen in absence of
HAP using steered molecular dynamics SMD.

The HAP in bone has a hexagonal structure with space group P6s/m®* and unit
cell parameters a=9.424 A, b=9.424 A, c = 6.879, a = 90°, B = 90°, v = 120°. The (10
1 0) and (0001) surfaces are developed from this unit cell, the detailed description of
which is presented in our previous work >°. The dimension of HAP model with (0001)
surface are a = 75.392 A, b="75.392 A, ¢ = 20.639 A. It consists of 192 unit cells of
HAP, i.e., 8 unit cells along a-axis, 8 unit cells along b-axis, 3 unit cells along c-axis.
Another model of HAP with (10 1 0) surface has a size a = 18.848 A, b=37.696 A, c=
151.338 A corresponding to 176 unit cells of HAP (2 unit cells along a-axis, 4 unit cells
along b-axis, 22 unit cells along c-axis). The HAP is geometrically optimized and the
temperature and pressure are raised using a procedure similar to that used for collagen as

described above. The model is again geometrically optimized using energy minimization.
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This model is used to create surface with no dipole moment perpendicular to the surface.
This is done because the surface energy diverges and becomes infinite, rendering surface
unstable, when there is a dipole moment perpendicular to the surface as shown by
Bertaut®2. The non-dipolar surface was created using the reconstruction described by
Taskar et al.”. The surface was rendered non-dipolar by transferring half of the surface
ions (calcium ions) from the surface to the opposite surface. The HAP with non-dipolar
surface is geometrically optimized through energy minimization, and the temperature and
pressure are incrementally raised to 300 K and 1.01 bar respectively. Furthermore, the
model is minimized to achieve global minimum and used for constructing HAP-Collagen
model.

The minimized structures of solvated collagen and HAP surface constructed
above are brought in close proximity of each other. This HAP-collagen model is
geometrically optimized through energy minimization. The temperature is raised to 300
K in steps of 100 K and the pressure is raised to 1.01 bar in steps of 0.25 bar. This is a
model used for our steered molecular dynamics (SMD) simulations (Fig. 4.1).

4.3. Simulation Details

The models constructed above were considered in our study. For minimization of
structures the conjugate gradient method is used. Periodic boundary conditions are
employed for all of the MD and SMD simulations. Isothermal and isobaric ensemble
(NPT) is considered for all of the simulations. NPT ensemble is simulated using

combination of Langevin piston Nose-Hoover

method (for maintaining pressure) and
Langevin dynamics (for maintaining temperature). Particle Mesh Ewald (PME) method is

used to compute full electrostatics for a system. The van der Waals cut off distance of 9
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A is used for all the simulations and Verlet algorithm is used for integrating Newton’s

laws of motion.
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Figure 4.1. Solvated N-collagen pulled parallel to the surface to HAP. The left end of

collagen is fixed and its center of mass pulled towards the right.

The SMD simulations are carried out on models at 300 K and 1.01 bar. During
SMD simulations, each of the three chains of collagen is fixed at one end and the center
of mass of molecule is harmonically constrained to a reference point which is moved with
a constant velocity. As for N-collagen the ends of all the three telopeptide chains are
fixed at carbonyl atoms of pyroglutamic acid residues. The different velocities used in

our simulations are 0.25 A/ps, 0.5 A/ps, 0.75 A/ps, and 1.0 A/ps. The force constant of
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spring (harmonic constraint) is considered to be 4.0 kcal mol™ A2, which corresponds to
a spatial (thermal) fluctuation® of center of mass 8x =k, T /k = 0.77 A at T =300 K.

SMD was carried out to study mechanical behavior of collagen and its deformation
mechanism in presence and absence of HAP. The SMD was carried out by pulling center
of mass of collagen normal to the HAP surface and parallel to the HAP surface (Fig. 4.2).
The deformation mechanism of collagen pulled normal to HAP surface is described in
our previous work >°, and used in this work for the purpose of comparison with pulling in
parallel direction.
4.4. Results and Discussion

When collagen is stretched, the load-displacement response is strongly influenced
by non-bonded interactions between water, collagen, and HAP, which alter the
deformation behavior of collagen. Among these three components, water appears to have
a very strong attractive interaction with both the collagen and HAP, the interaction being
strongest with HAP as evident from a typical plot shown in figure 4.2. Because of this
reason the water molecules are very strongly bound and densely clustered around HAP
surface. Speaking of water, our previous study has shown that the deformation behavior
of collagen is substantially altered by the solvation of collagen molecule, and even more
so in the proximity of HAP *°. Furthermore, HAP is seen to entail greater influence on
collagen in association with water than on its own. Here, we compare deformation
response of solvated collagen molecule when pulled perpendicular and parallel to the

HAP surface.
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Figure 4.2. Interaction energy between collagen-HAP, collagen-water, and HAP-

water when collagen is pulled in x-direction at 1 L&/ps on (0001) surface of HAP.

The load-deformation response of N-collagen pulled normal and parallel to the
HAP (0001) surface is shown in figures 4.3 and 4.4 respectively. When collagen is pulled
perpendicular to the HAP surface it has to overcome the attraction of the water molecules
which are very strongly bound to the HAP surface. This event dominates initial portion of
load displacement curve when the collagen molecule is closer to the HAP, and attenuates
at large displacement. This effect is captured by regions A1A2 and A2A3 (Fig. 4.3) of
load-displacement curve. The attractive interaction energy between collagen and water
generally diminish with increasing displacement (region A2A3) as shown in figure 4.5(a)
due to separation of large segment of collagen from water molecules that are strongly

bound to the HAP. This effect on the load-displacement response of collagen due to the
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water molecules tightly bound to the HAP is lower when the collagen is pulled parallel to
the HAP surface This is observed in the lower stiffness of the load-displacement curve in
the regions B1B2 and B2B3 (Fig. 4.4) of the collagen pulled parallel to the HAP surface
compared to the normal direction as shown in figure 4.6. This is possibly because it is
easier for collagen to shear past the layers of water tightly bound to HAP in the direction
parallel to the HAP surface than in the normal direction.

The hydrogen bonds between three polypeptide chains of collagen and between
the side-chains of same strand continuously break and form throughout the unfolding
process of collagen. This fluctuation in number of hydrogen bonds with displacement of
center of mass as shown in figure 4.7, in which there is a gradual depletion in number of
hydrogen bonds as the collagen molecule is stretched. In case of collagen pulled parallel
to the HAP surface, the rate of breaking of hydrogen bond is very rapid at small
displacement in region B1B2 compared to the collagen pulled normal to the HAP in the
region A1A2 (Fig. 4.7). In the regions A2A3 and B2B3 the rate of breaking of hydrogen
bond is moderate for both parallel and normal directions of pulling. However, in the
regions A3A4 (Fig. 4.3) and B3B4 (Fig. 4.4) the breaking of hydrogen bonds becomes
prominent, for collagen pulled along HAP surface as well as normal to HAP surface, as
shown in figure 4.7. The rapid breaking of hydrogen bond is due to polypeptide chains
unwinding against each other. In these regions, the rapid breaking of hydrogen bonds is
accompanied by the increase in stiffness of load displacement curve. This increase in
stiffness may be attributed to the combined effect of rapid breaking of hydrogen bond and
increasing contribution of very stiff backbone chain. The breaking of hydrogen bonds

within collagen molecule is succeeded by creation of new hydrogen bond between
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collagen and water molecules in the vicinity. This results in the increase in attractive
interaction energy between collagen and water in the region A3A4 and B3B4 as seen in
figure 4.5. Following the breaking of most of the hydrogen bonds, the influence of
backbone becomes prominent as seen in region A4A5 (Fig. 4.3) and B4B5 (Fig 4.4). The
stretching of carbon backbone of collagen molecule in these regions results in a very stiff
load-displacement response. The slope of these regions of load-displacement curve is
similar for simulations in both perpendicular and parallel directions.

The area under the load-displacement curve represents the energy expended in
deformation of collagen. Figure 4.8 shows load-displacement response for different
velocities: 1 A/ps, 0.75 Alps, 0.5 A/ps, and 0.25 A/ps. It is clear from these plots that
there is a velocity dependence of load-displacement response. Greater force and energy is
required to stretch collagen when rate of pulling is increased, which is true for collagen
pulled parallel to HAP surface as well as perpendicular direction. Furthermore, from
figures 4.6 and 4.8 it is seen that response is stiffer requiring more energy at small
displacements when pulled in perpendicular direction, while at large displacement more
energy is required to pull in a parallel direction. The above observations elucidate the
deformation behavior of N-collagen in the proximity of HAP (0001) surface. It is seen
that the proximity of mineral surface alters mechanical behavior of collagen which is

dependent on direction of stretching of collagen.
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It is evident that a good length of collagen molecule is in the proximity of (10 1 0)
surface of HAP. Hence, the interaction between collagen and HAP (10 1 0) surface is of
importance in determining the overall mechanical response of collagen in bone. For this
simulation the collagen molecule without telopeptide was used as it is present only at the
end of collagen. Figure 4.9 shows the load-displacement response of the collagen pulled
parallel to the HAP (10 1 0) surface and the absence of HAP. It is seen that the proximity
of HAP alters the stiffness of collagen, enhancing it to a great extent. Comparing areas
under the load-displacement curves for collagen in presence and absence of HAP, it is

evident that the relatively large amount of energy must be expended to stretch collagen in
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the proximity of HAP. Evaluated at 15 A displacement, it is seen that approximately 5
times more energy is necessary to pull collagen in proximity of HAP compared to
absence of HAP. Also, as it can be inferred from figure 4.9(a), the ratio of energy
expended in presence of HAP to absence of HAP increases up to an extension of about 22
A and decreases at larger displacement where the load-displacement curves are nearly
parallel to each other due to stretching of backbone. The magnified view of load-
displacement response for small displacement is shown in figure 4.9(b). At small
displacement the effect of rate of pulling on the stiffness of collagen is more prominent,
though this effect is also present at larger displacement. It is seen that higher the velocity

of pulling, stiffer is the response for both the collagen pulled in the proximity of HAP and

the absence of HAP.
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Figure 4.8. Comparison of load-deformation behavior of solvated collagen pulled in
normal (z-direction) and parallel (x-direction) to HAP (0001) surface at different

velocities.

67



The results of simulations in presence and absence of HAP show that the
deformation behavior of collagen is greatly influenced by the proximity of mineral.
Having observed an influence of mineral on the deformation behavior collagen it would
be interesting to see the effect of proximity of different crystal surfaces of HAP. The
comparison of load displacement response of collagen in the proximity of HAP (10 1 0)
and HAP (0001) surfaces at different velocities are shown in figure 4.11. The collagen
pulled parallel to (0001) surface is stiffer at small displacement (~7 A) while at large
displacement the stiffness is comparable for both the surfaces. At small displacement the
relative difference in stiffness for (0001) and (10 1 0) surfaces is large for small velocity
(0.25and 0.5 A/ps) compared to greater velocities (0.75 and 1.0 A/ps). Also, the load-
displacement response of collagen in the proximity of (0001) surface appears to have
more steps like features compared to (10 1 0) surface which suggests that the deformation
mechanisms of collagen for these surfaces could be quite different.

These findings point to the fact that in addition to the proximity of mineral, the
mechanics of collagen is greatly influenced by the nature of interface with the mineral.
The nature of interface in this study, implies both the relative orientations between
collagen and mineral and the type of hydroxyapatite surface in proximity. Hence,
although all the collagen molecules bear similar molecular structure, all of them (or
different segments of them, to be precise) will not behave the same way during
deformation depending on the nature of its interface with hydroxyapatite. Thus the
mechanics of fibril cannot be accurately predicted, unless the mechanics of these
individual collagens-mineral interfaces are taken into account. This is the primary

motivation for studying a single collagen molecule along with hydroxyapatite in the
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proximity because this provides a fundamental starting point as well as the correct

approach towards understanding the role of collagen in the mechanics of fibril.

(a)
60
— Vx=0.25 Alps (HAP absent)
50 1 | — Vx=0.50A/ps (HAP absent)
Vx=0.75 Alps (HAP absent)
401 Vx=1.0 A/ps (HAP absent)
g —Vx=0.25 Alps (HAP present)
2301 | —Vx=0.50Alps (HAP present)
° — Vx=0.75 Alps (HAP present)
201 | —vx=1.0 Alps (HAP present)
10 A
0 e
0 5 10 15 20 25
Displacement (A)
(b)

Displacement (A)

Figure 4.9. (a) Load deformation behavior of collagen in absence and presence of
the HAP (10 0) surface pulled parallel to the surface at different velocities, (b)

magnified view showing effect of velocity of pulling on stiffness.
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Figure 4.10. (a) Load-displacement response of collagen pulled parallel to HAP

(0001) surface, (b) magnified view showing effect of velocity of pulling on stiffness.

70



(@)

60
50 -|
40 4 —Vx =1.0 Alps (HAP 100)
= Vx =1.00 Aips (HAP 001
E ps( ) )-'
o 30 - ',f
g P
=) o
(19 _—
20 A /
10 - /

0 I‘ T T T T
0 5 10 15 20

Displacement (£)

(b)
50 ]
45 | /"
40 '
35 |
—Vx =075 Afps (HAP 100)
_ 30 4
z Vx =075 Alps (HAP 001)
o 25
g
[=]
& 20 | /
15 - —
10 ,r"“"
5 i /
rad
0 I’ T T
0 5 10 15 20

Displacement (&)
Figure 4.11. Comparison of load-displacement response of collagen pulled parallel
to (10 1 0) and (0001) surface of HAP at different velocities: (a) 1 A/ps, (b) 0.75

Alps, (c) 0.5 Alps, (d) 0.25 A/ps.

71



(©)

50
45 4

40 4

* —Vx =0.50 Alps (HAP 100) i
* Vx =05 Alps (HAP 001) j

Force (nN)

25 - /_r
20 -
15 //

10 - -

5 ’/’_,-f'

0+ T T T
0 5 10 15 20

Displacement (£)

(d)

50

45 4

40 -

35 |
—Vx=0.25 Alps (HAP 100)

30 - f

Vx=0.25 Aips (HAP 001) i
25

20 - ,/
15 r

10 /J/

5 /!_'_/"
0+ .

0 5 10 15 20

Force (nN)

Displacement (&)
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4.5. Summary and Conclusions

Models of hexagonal HAP (10 1 0) and (0001) surface, and collagen with and
without telopeptides were built to investigate the mechanical behavior of collagen in the
proximity of mineral. Steered Molecular Dynamics was performed where the center of
mass of collagen molecule was pulled at different velocities in presence and absence of
HAP. In the proximity of HAP, collagen was pulled normal and parallel to the (0001)
surface. Load-deformation behaviors of collagen pulled perpendicular and parallel to
HAP showed four regions. Water molecules were found have important impact on
deformation behavior of collagen in the proximity of HAP due to high interaction energy
of water with both collagen and HAP. Water acts as an intermediary between collagen
and HAP, which allows HAP to influence mechanical behavior of collagen despite the
relatively low interaction energy between them. The effect of water is especially
prominent in the initial portion of load-displacement curve of collagen pulled in normal
direction, where collagen has to overcome attractive interaction of water strongly bound
to HAP. Due to this reason, collagen is stiffer at small displacement when pulled normal
to HAP surface. At large displacement, collagen pulled parallel to HAP surface is stiffer.
This difference in mechanical response of collagen pulled in parallel and perpendicular
direction is due to difference in deformation mechanism of collagen which is evident
from the difference in pattern and rate of breaking of inter-chain hydrogen bonds that
stabilize collagen molecule. This type of behavior was observed for all the rates of
pulling of collagen.

The collagen molecule pulled in the proximity of HAP, parallel to surface,

showed marked improvement in stiffness compared to absence of HAP. This is a
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response shown by collagen pulled at all the velocities. Higher stiffness of load-
displacement response implies that greater amount of energy must be expended to
achieve same displacement. Measured at 15 A displacements of center of mass, it was
found that approximately five times more energy must be expended in presence of HAP
compared to absence of HAP. This is remarkable from the perspective of energy
absorption/dissipation by collagen since it is the only major component of bone capable
of large displacement, which is important for toughness of bone. Furthermore, the
deformation behavior of collagen not only depends on the presence or absence of HAP
and direction of pulling, but also on the type of mineral surface in the proximity. The
collagen pulled parallel to (10 1 0) and (0001) showed characteristically different types
of load-displacement response. This has its roots in different deformation mechanisms,
which are indicated by the distinct shapes of load-displacement curves.

In conclusion, the deformation response of collagen is substantially influenced by
mineral proximity. In addition, the direction and orientation of the mineral-collagen
interaction has significant influence on mechanics of the collagen. These orientation
dependent properties of collagen are very important to consider for proper modeling of
bone.
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CHAPTER 5. STEERED MOLECULAR DYNAMICS STUDY OF
MECHANICAL RESPONSE OF FULL LENGTH AND SHORT COLLAGEN

MOLECULES

In this chapter the steered molecular dynamics study of full length and short
collagen are presented. The role of collagen length in the deformation behavior, as well
as the similarities and differences in the mechanics of short and full length collagen are
discussed in this chapter. The contents of the chapter have been published in Pradhan, S.
M., Katti, D. R., and Katti, K. S. (2011). "Steered Molecular Dynamics Study of
Mechanical Response of Full Length and Short Collagen Molecules."” Journal of
Nanomechanics and Micromechanics, 1(3), 104-110.

5.1. Introduction

Collagen is the most abundant fibrous protein that makes up more than quarter of
the total proteins in human body, and forms an integral part of various connective tissues.
At least 27 different types of collagen (i.e. type | to XXVI1) are found in vertebrates . Of
these collagen types, the type I is the most abundant and found in tissues such as bone,
skin, tendon, and cornea. Collagen provides structural integrity to these tissues. In bone,
collagen molecules are packed in a staggered fashion and organized into hierarchical
structures called mineralized fibrils, which are the basic building blocks of bone material
2 Bone is primarily composed of three components: mineral, organic, and water
comprising about 65%, 25%, and 10% respectively by weight *’ and 33-43%, 32-44%,
and 15-25% respectively by volume” 8. The collagen constitutes major fraction of total

bone protein that range from 85-95% °.
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Collagen is a long rod-like molecule composed of three polypeptide chains,
known as o chains, wound together into a right-handed triple helical structure and
stabilized by interchain hydrogen bonds *°. The individual polypeptide chains are coiled
structures of left-hand helix. The polypeptide chains are composed of a repeating
sequence of three amino acids (Glycine-X-Y),, where X and Y positions are mostly
occupied by Proline and Hydroxyproline. The repetition of Glycine in every third residue
is a strict requirement dictated by close packing of polypeptide chains ** **. The collagen
molecules consists of over 1000 amino acids along each polypeptide chains *? and are
about 300 nm in length and 1.23 nm in diameter .

There are number of studies carried out to investigate mechanical properties of
various hierarchical structures of bone. The various methods that are used include

14,1418 and molecular mechanics %, The deformation

micromechanical approaches
behavior of collagen has important role on the mechanical properties of bone due to its
hierarchical structure. Understating the deformation mechanism of collagen is critical to
understanding mechanical properties of fibril, which is the building block of bone. In our
previous work, % and Katti et. al;** we have extensively studied deformation behavior of
collagen in the proximity of mineral using steered molecular dynamics (SMD). Several
SMD studies are also been carried out to evaluate mechanical properties of collagen®%,
In additions to these SMD studies, the coarse grained modeling of collagen molecule has
been recently carried out to simulate 300 nm long collagen molecule .

The current molecular dynamics studies on collagen utilize a short segment of

collagen about 8.5 nm in length, which is very short compared to the full length of

collagen molecule (~300nm). The use of short segment of collagen may not be able to

85



completely capture the deformation mechanism and mechanical response exhibited by the
collagen molecule of full length. Hence, in this study we have modeled a collagen of
300nm length using steered molecular dynamics in order to investigate the role of
collagen length on its deformation behavior. From this study we are able to evaluate
similarities and differences in mechanisms and conformational changes when the short
and full length collagen (referred to in this paper as long collagen) molecules are
deformed under varying loading conditions.

5.2. Model Building and Simulations Procedure

Glycine-Proline-Proline (GPP) model collagen is used in our simulations. GPP
is a commonly used model of collagen and has been used by number of researchers
including docking study of type-1 collagen N-telopeptide with collagen during
fibrillogenesis (Malone et al 2003). There are many types of collagen and GPP would be
a good model for modeling the mechanics of triple helix collagen molecule in general.
The authors have also used GPP model of collagen extensively in their previous studies,
which include their studies on deformation behavior of collagen in the mineral proximity
28.30.31 The amino acid sequence for different collagen types would be different and
would affect mechanical properties * and stability ** of collagen molecule.

The solvated collagen models of two different lengths of collagen are built,
which will be referred to as short and long collagen model. The length of long collagen
model is about 300 nm, which is of an order of the length of actual collagen molecule.
The short collagen molecule was directly obtained from Protein Data Bank (PDB ID:
1k6f). The short collagen molecule consists of 29 residues in each of the individual

chains that constitute the triple helix and measures about 85 A in length. The short
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collagen molecule is solvated with 1317 water molecules. The long collagen molecule is
constructed by replicating short molecules along the longitudinal axis. The long collagen
used in our studies consists of 1014 residues along each of the polypeptide chains and is
about 2900 A in length. The long collagen molecule is solvated with a total of 19417
water molecules distributed along its length. TIP3P model of water was used in all our
simulations™.

Molecular dynamics (MD) and steered molecular dynamics (SMD) simulations
were carried out using NAMD * simulation package developed by Theoretical and
Computational Biophysics Group (TCB) at the University of Illinois at Urbana-
Champaign. CHARMM *® force field parameters for proteins were used for all our
simulations, whereas for solvent TIP3P model of water was used. Minimization was
carried out using conjugate gradient method. The temperature and pressure were
increased to 300 K and 1.01 bar respectively in steps. Temperature was increased in steps
of 100 K and pressure was increased in steps of 0.25 bar. Langevin dynamics was used to
control temperature and Nose-Hoover piston method was used to control pressure 3" 3.
All molecular dynamics simulations were carried out using isothermal-isobaric (NPT)
ensemble using periodic boundary conditions. Particle Mesh Ewald (PME) method was
used for calculation of electrostatic interaction energy **. The cutoff distance of 10 A was
used for all non-bonded energy calculations.

Steered molecular dynamics simulations were carried out by pulling the center of
mass of collagen molecules at wide range of velocities using a harmonic spring of
varying spring constants. The effect of spring constant on mechanical properties of

tropocollagen molecules have been investigated by Lorenzo and Caffarena °. It was
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shown that the stiffness of spring needs to be sufficiently high compared to the stiffness
of molecule, and that the elastic modulus of short collagen converges above the spring
constant of 3.6 kcal/mol/AZ?. Furthermore, it was also shown that the uncertainty in
collected data increases if the chosen spring stiffness is very large compared to stiffness
of molecule. Based on this finding, we have used lower values of spring constants for
long collagen compared to short collagen because it has a significantly lower stiffness
compared to short collagen. In our simulations, the short collagen is pulled using spring
constants (k) of 1, 4, and 9 kcal/mol/A? respectively, while the long collagen is pulled
using spring constants of 0.1 and 1 kcal/mol/A? respectively.

Steered molecular dynamics (SMD) was used to study deformation behavior of long and
short collagen using wide range of pulling rates. The collagen molecules were pulled with
velocities corresponding to strain rates of 0.0003 ps™, 0.003 ps™, 0.006 ps™, 0.009 ps™,
and 0.003 ps™ respectively. The velocities corresponding to these pulling rates are 0.026
Alps, 0.25 Alps, 0.5 Alps, and 1.0 A/ps respectively for the short collagen; and 0.975
Alps, 9.375 Alps, 18.75 Alps, 28.125 A/ps, and 37.5 A/ps for the full-length collagen.
When pulling molecules of different lengths, the utilization of same strain rates ensures
that their loading conditions are similar, thereby allowing us to carry out reasonable
comparison of their deformation response. It has been reported that the mechanical
properties of collagen is independent of loading rate (i.e. strain rate) at lower rates of
pulling *. Based on this result, the effect of loading rate on mechanical properties
appears to be minimal at strain rates as low as 0.0003 ps™. Hence, we have limited the
lowest strain rate for pulling long collagen to 0.0003 ps™ because the computational cost

of pulling collagen at very low strain rates encountered in experimental studies is
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enormous. The load-displacement response of short collagen molecule in different
orientations in the proximity of different surfaces of hydroxyapatite have been described
in detail in our previous work % 2% 2%,

5.3. Results and Discussion

The snapshots of short and long collagen molecules equilibrated at room
temperature and pressure (i.e. 300 K and 1.01 bar) before carrying out SMD simulation
are shown in figure 5.1(a) and (b). The short molecule appears to be slightly bent, similar
to previously reported in the literature % *°. The snapshot for long collagen molecule as
shown in figure 5.1 shows an interesting feature consisting of series of helical turns along
the length. The close visual observations of these helical turns reveal to us that the helices
which are well defined are mostly left handed, which are opposite in sense compared to
the right handed triple helix. This is a first time such a structural conformation of
collagen has been reported to our knowledge. One of the reasons this conformation was
not observed in previous studies using short collagen is because the length of short
collagen is of an order of the pitch of collagen triple helix (~8.5 nm) and not long-enough
for the formation of a such structure. The presence of this structure may have important
implications on the mechanical behavior of collagen.

The deformation response of short and long collagen molecule under different
pulling rates are shown in figure 5.2. The load-displacement plots show an initial
nonlinear region of low stiffness followed by a fairly linear region of very high stiffness.
The linear stiff region of load displacement curve corresponds to stretching of collagen
backbone. In case of short collagen, a larger spread in load-displacement curves for

different rates of pulling are seen at small displacement compared to large displacement
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regime. However, in case of long collagen the spread in load-displacement curves is seen
throughout the displacement range, the spread increasing at larger displacement. The
displacement (of center of mass) has been normalized using its original length (i.e. the
ratio of displacement to original length of collagen expressed in percentage) to facilitate
comparison of deformation response between short and long collagen molecules; we refer
to this ratio as reduced-displacement. In the initial region of load displacement curve, we
observe straightening of a slightly bent short collagen molecule under applied tensile
forces. In case of long collagen, the coils along the length of collagen stretch when the
collagen is extended. The visual observation of long collagen during pulling shows that
these coiled features can be quite resilient, and may exist up to a significant strain of
about 15-25%. When collagen is stretched the straining is accompanied by a
conformational change and the consequent rotation of its end. The observed rotation of
the end of collagen upon pulling is the combined response of the straightening of coiled

structure and the unwinding of the triple helix.

- —

~ 8.5nm

Figure 5.1. Snapshot of short and full-length collagen at the beginning of the steered
molecular dynamics simulation: (a) short collagen; (b) full-length collagen (partial

magnified view).
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Figure 5.1. Snapshot of short and full-length collagen at the beginning of the steered
molecular dynamics simulation: (a) short collagen; (b) full-length collagen (partial

magnified view). (Continued)
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Figure 5.3 shows load-deformation response of short and long collagen for up to
7% reduced displacement when pulled using different pulling rates and spring constants.
When the short and long collagen molecules are pulled at different rates, they display
strain rate effects (i.e. at higher strain rates the response of molecule is stiffer). This
behavior has been reported in number of studies related to collagen and other
biomolecules *® *" *2. The consequence of this effect is less prominent at higher
displacement (Fig. 5.2), while it can quite significant at smaller elongations as shown in
figure 5.3. In addition to the rate of pulling, the stiffness of the spring used to pull
collagen also has an important effect on the mechanical response of collagen. This can be
observed in figure 5.4, where comparison of load-displacement response between
different spring constants is shown for short and long collagen structures. As shown in
the figure, in our simulations collagen appears to display stiffer response when pulled
with a spring of higher spring constant; though to a certain degree, the result using higher
spring constant is subject to greater uncertainty in collected data %, which is inherent to
SMD. As for short collagen, the load-displacement response for spring constant of 9
kcal/mol/A? is somewnhat stiffer than for 4 kcal/mol/A2. This is seen in figures 5.2, 5.3,
and 5.4. In case of long collagen, the response of molecule is found to be quite stiff, at
spring constant of 1 kcal/mol/A? compared to 0.1 kcal/mol/A? at both small and large
displacements (Figs. 5.2, 5.3, and 5.4). This difference in stiffness is quite significant for

small displacement in case of long collagen (Fig. 5.3).
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Figure 5.3. Force-displacement of response of short and long collagen in the elastic
range using different spring constants: (a) short (k = 4.0 kcal/mol/A?), (b) short (k =

9.0 kcal/mol/A?), (c) long (k = 0.1 kcal/mol/A?), and (d) long (k = 1.0 kcal/mol/A?).
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One of the interesting features that are apparent when comparing load-
displacement plot of short and long collagen are the saw tooth-like appearance of curve in
case of short collagen (Fig. 5.3). The response of short collagen is seen to have large
fluctuations in force and displacement, which is readily observed in the small
displacement regime. The mechanical response of long collagen is seen to not have these
features and minimal fluctuations in force and displacement are observed. The large
fluctuations in force and displacement observed in case of short collagen are possibly the
result of the short length and the very large amplitude fluctuations in number of hydrogen
bonds during breaking and forming, which will be discussed in the subsequent
paragraphs. The elastic modulus of short and long collagen molecules evaluated from
SMD simulations are shown in tables 5.1 and 5.2. The table contains elastic modulus of
collagen pulled using springs of different spring constants and various strain rates. Elastic
modulus is calculated by using an approach similar to Lorenzo and Caffarena 2°, where
Young’s modulus, Y= kconagen * Lo / A. In this equation Ly is initial collagen length and A
is the cross-sectional area. The cross-sectional area of 143.14 A% was estimated by
considering the cylinder bounding Van der Waals surface of molecule. The stiffness of
collagen, Kcoiiagen is €stimated by carrying out least square linear fit of load-displacement
plot up to 7% reduced displacement. The straight line is fitted such that it passes through
the origin. Observation of the load-displacement response of collagen shows a region of
very high stiffness within the 1% reduced displacement (Fig. 5.3), followed by a less stiff
region. Hence, the tangent modulus computed in this low strain region (<1% reduced
displacement) would be very large, while at higher strains (1-7% reduced displacement)

it would be relatively small. Therefore a linear fit of an entire curve to obtain reasonable
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and average estimate of an elastic modulus is used. From table 5.1 it is observed that the
elastic modulus is very much dependent on the rate of pulling and stiffness of spring used
to pull collagen. The elastic modulus appears to increase with increasing rate of pulling
as well as stiffness of spring. The elastic modulus of short collagen is lower at k = 1
kcal/mol/A? compared to k = 4 kcal/mol/A% and k = 9 kcal/mol/A?, as softer response is
expected for smaller spring constant. For long collagen, the elastic modulus is relatively
large at k = 1.0 kcal/mol/A? compared to k = 0.1 kcal/mol/AZ. The elastic modulus of
short collagen is found to vary from 6.2 to 13.79 GPa depending on the choice of various
strain rates and spring constants. As for long collagen the larger spread in elastic modulus
values ranging from 4.5 to 22.15 GPa were observed. At smaller pulling rates of 0.0003
/ps and 0.003/ps, the elastic modulus computed for short and long collagen structures are
comparable. However, at larger pulling rates the modulus calculated for long collagen is
significantly larger than computed using short collagen.

It is appropriate to use similar loading conditions when carrying out reasonable
comparison between mechanical response of short and long collagen. In our case, we
simulate equivalent loading conditions by using similar strain rate and relative spring
constant (i.e. we define relative spring constant as the ratio of stiffness of spring to that of
molecule). Hence, for comparison purpose we consider elastic modulus corresponding to
k = 4.0 kcal/mol/A? and k = 0.1 kcal/mol/A? respectively for short and long collagen. The
comparison of elastic modulus values for short and long collagen at different rates of
pulling is shown in table 5.3 and figure 5.5. It is seen from the figure that for long
collagen higher modulus is obtained at higher rates pulling, where as at lower rates of

pulling, the modulus values are close.
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Table 5.1. Elastic modulus of short collagen corresponding to various pulling rates

and spring constants

& (pst) >>> 0.0003 | 0.003 0.006 0.009 0.012

k (kcal/mol/A?) | E (GPa) | E (GPa) | E (GPa) | E (GPa) | E (GPa)
1 - 8.36 7.92 9.9 9.59

4 6.2 8.46 10.17 11.63 12.46

9 6.5 10.02 12.27 13.54 13.79

Table 5.2. Elastic modulus of full length collagen corresponding to various pulling

rates and spring constants

¢ (ps™) >>> 0.0003 | 0.003 0.006 0.009 0.012
k (kcal/mol/A?%) | E (GPa) | E (GPa) | E (GPa) | E (GPa) | E (GPa)
0.1 3.98 7.45 10.1 12.41 14.23
1 4.5 9.99 14.81 18.58 22.15

Table 5.3. Comparisons of elastic modulus of full length collagen (using k = 0.1

kcal/mol/A?) and short collagen (using k = 4.0 kcal/mol/A?)

& (ps’) >>>]0.0003 |0.003 0.006 0.009 0.012

E (GPa) | E (GPa) | E (Gpa) | E (GPa) | E (GPa)
Long 3.98 7.45 10.1 12.41 14.23
Short 6.2 8.46 10.17 11.63 12.46
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Figure 5.5. Comparison of elastic modulus for short and long collagen
corresponding to spring constants k = 4.0 kcal/mol/A? for short collagen and k =

0.1 kcal/mol/A? for long collagen.

The load-displacement response of collagen shows a very stiff and relatively
linear response at large displacement due to the stretching of the backbone (Fig. 5.2). The
tangent modulus of collagen computed at large displacement is shown in table 5.4. The
modulus of full-length collagen is seen to vary from 59.25 to 76.51 GPa, while in case of
short collagen modulus values are very close to 65.5 GPa. In case of the full-length
collagen the modulus is higher when stiffer spring and larger pulling rate are used but

such variation is not seen in case of short collagen.
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Table 5.4. Tangent modulus of short collagen and full length collagen at various

pulling rates and spring constants

k (kcal/mol/A?)

Long Short
Strain rate (/ps) 0.1 1.0 1.0 4.0 9.0
0.003 59.26 70.40 65.08 65.56 65.60
0.006 63.96 |73.79 |65.08 |6556 |65.60
0.009 66.08 75.52 65.08 65.56 65.60
0.012 67.62 76.51 65.08 65.56 65.60

The hydrogen bonds between polypeptide chains of collagen are responsible for
the integrity of the triple helical structure of collagen. Figure 5.6 shows the evolution in
number of hydrogen bonds between polypeptide chains when the short and long collagen
are pulled at different rates. For calculation of number of hydrogen bond, we have used a
geometric criterion that requires donor-acceptor distance < 3.5 A and donor-hydrogen-
acceptor angle < 60. The hydrogen bonds between chains of collagen molecule are
strained during deformation of collagen, causing them to break and form again at various
locations. As a result we observe a local fluctuation in number of hydrogen bonds
between the chains during deformation of collagen as seen in figure 5.6. The amplitude of
fluctuation of hydrogen bond is found to be larger in case of short collagen compared to
long collagen. As we continue to stretch the collagen, the rate of breaking dominates the
rate of formation of hydrogen bonds; since the hydrogen bond donor and acceptor groups
on opposite chains face less favorable conditions for the formation of hydrogen bond as
the triple helix is strained or water molecules interacting at these sites. However,
interestingly in the case of long collagen, the formation of hydrogen bonds appear to

dominate between 18 to 28% reduced displacements.
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At displacements up to about 7-8% there is no appreciable drop in number of
hydrogen bonds both in cases of short and long collagen as shown in figures 5.6 and 5.7,
although breaking and formation of hydrogen bonds is significantly lower for short
collagen. The range of hydrogen bonds is between 70% to 110% of the original bonds for
short collagen in this region. However, in case of long collagen the breaking and
formation is significantly smaller ranging from 100 to 95% up to 4% reduced
displacement and 98% to 85% for 4% to 7%. As described before, in this displacement
range the molecule is coiled and the unwinding of triple helical chains is negligible. The
short collagen in this region displays very large amplitude of fluctuations in number
hydrogen bonds compared to long collagen (Fig. 5.7). Additionally, hydrogen bonds
appear to break more rapidly in case of short collagen compared to long collagen. Both in
cases of short and long collagen the rate of breaking of hydrogen bonds is found to be
faster at higher rates of pulling, though it is hard to observe in case of short collagen due
to large fluctuation in number of bonds. Beyond about 8% reduced displacement, the
hydrogen bonds break very rapidly up to about 18% reduced displacement. The breaking
of hydrogen bonds corresponds to increase in stiffness of load-displacement curve in this
region (Fig. 5.2). With further stretching of collagen, the backbone begins to stretch and

the number of hydrogen bonds remains fairly steady amid some small variations.
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5.4. Conclusions

Steered molecular dynamics study of short and long collagen was carried out to
investigate deformation behavior of collagen. It has been found that the length of
collagen used in the molecular dynamics study has a significant impact on the mechanical
response of collagen. The elastic modulus was evaluated for short and long collagen by
carrying out SMD simulations using various pulling rates and spring constants. The
elastic modulus was found to be higher when the larger spring constants and higher rates
of pulling are used. At lower pulling rates the elastic modulus for short and long collagen
are found to be comparable. However, at higher pulling rates the moduli of long collagen
are found to be higher. Additionally, the load-displacement plots and hydrogen bond
plots for short collagen exhibited large saw tooth-like features (variations) in case of
short collagen. Such large fluctuations were not observed in case of long collagen. At a
very low pulling rate of 0.0003/ps (at which the effect of pulling rate on modulus is
minimal), the elastic moduli of short and long collagen were found to be about 6.2 GPa
and 4.5 GPa respectively. The difference in elastic modulus may likely be due to the
presence of coiled features in long collagen which are not present in short collagen.
These coiled features, which have been observed for the first time, appear to be quite
resilient during deformation of long collagen and may have an important influence on the
elastic properties of the collagen. In addition to the differences in the mechanical
behavior between short and long molecule, it appears that the deformation mechanisms
between short and full length collagen molecules are significantly different as a result of
differences in hydrogen bond breaking and forming and differences in conformational

changes.
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CHAPTER 6. STRUCTURAL HIERARCHY CONTROLS DEFORMATION

BEHAVIOR OF COLLAGEN

This chapter discusses the role of structural hierarchy in the mechanics of
collagen. The contents of the chapter are published in Pradhan, S. M., Katti, K. S., and
Katti, D. R. (2012). "Structural Hierarchy Controls Deformation Behavior of Collagen."

Biomacromolecules, 13(8), 2562-2569.

6.1. Introduction

The molecular structures of biological materials have a significant impact on
mineralization as well as the mechanics of these structures **. Collagen is an abundant
fibrous protein in mammals that is an integral part of various connective tissues. It is an
important building material that fulfills different kinds of mechanical roles in various
tissues. There are at least 27 types of collagen structures found in vertebrates (i.e. type |
to XXVII) of these types, the type | is the most abundant protein found in tissues such as
bone, skin, tendon, and cornea °. Fibrillar collagens, such as Type | collagen found in
bone, form structures known as collagen fibrils which consist of a staggered arrangement
of collagen molecules with a periodicity of 67 nm . In this structure, minerals are
present in the hole-zone between collagen molecules, mainly in the form of flat plates,
and on the outside fibril region as extrafibrillar mineral ®*2. The behavior of collagen-
mineral system has been extensively studied using molecular dynamics ***°, density
functional theory *” and continuum micromechanics theory ** . The atomistic study of

collagen proteins in their fibrillar environment has also been carried out ?°. Interestingly,
genp
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a relationship between organic concentration and mineral concentration in bone over
numerous species, organs and age groups leading to potential 'universal’ mass density-
elasticity relationships has also been recently reported .

Collagen is a long slender molecule about 290 nm in length and 1.5 nm in width.
It consists of 1014 residues. It is composed of three polypeptide chains, also known as
alpha chains, folded about each other into a right handed triple helix?. Each of the
polypeptide chains consist of more than 1000 amino acids %. The collagen molecule
consisting of three identical alpha chains is known as homotrimeric (e.g. type 1l & I11),
while molecules not consisting of three identical alpha chains are known as hetrotypic
(e.g. type I & XI). Each polypeptide chain is a left hand helix composed of a repeating
triplet of amino acids (Gly-X-Y), where X and Y may be any amino acid, but most often
they are proline and hydroxyproline. The repetition of Glycine as every third residue is
shown to be necessary for close packing of the three polypeptide chains **%*, The
sterically small Glycine is situated near the center axis of collagen and the residues X and
Y are on the surface. The three polypeptide chains of collagen are held together by inter-
chain hydrogen bonds.

Prior studies on the deformation behavior of collagen in literature consist mainly
of steered molecular dynamics of 8.5 nm length short collagen molecule *** 27,
Recently, we have carried out steered molecular dynamics study of full length collagen to
investigate similarities and differences in deformation under various loading conditions
28 Micromechanics studies have included relationships of hydroxyapatite crystals sliding
on rupture of crosslinks in collagen during deformation *°. Studies have also been carried

out to investigate the role of the amino acid sequence on the mechanical property of
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collagen #. In addition to molecular dynamics studies, coarse grained study of long
collagen molecule has been carried out by Gautieri et al. *. Although providing some
useful results, coarse graining may not describe detailed molecular mechanisms and their
specific contributions to mechanics. Here, we present the results of steered molecular
dynamics study of full length collagen to investigate molecular mechanisms governing
deformation response of collagen. We explore the conformational evolution of different
helical hierarchies of collagen to elucidate different mechanisms responsible for the
mechanical response of collagen when collagen is deformed.
6.2. Collagen Model Construction

The Glycine-Proline-Proline (GPP) structure (~8.5nm) of collagen used in this
study was obtained from Protein Data Bank (PDB ID 1k6f). GPP is a the first and most
widely used sequence in the structural studies of collagen model compounds®. The full
length molecule was built by connecting these short structures end-to-end, along the
longitudinal axis following appropriate translational and rotational transformations. The
resulting molecule is about 290 nm long and consists of 1014 residues along each alpha
chain. This molecule is used as a “model collagen system” to study the role of structural
hierarchy on the deformation of collagen molecules. The molecule was solvated in a box
with 19417 water molecules distributed along its length. The TIP3P model of water was
used in all the simulations *.
6.2.1. Molecular Dynamics and Steered Molecular Dynamics Simulation Details

Molecular Dynamics (MD) and Steered Molecular Dynamics (SMD) simulations
were carried out using NAMD *, and the molecular visualizations and analysis were

carried out using VMD **. Energy minimization was carried out using the conjugate
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gradient method. The temperature and pressure of the molecule were raised to 300 K and
1.01 bars in gradual steps of 100 K and 0.25 bar respectively. Langevin dynamics and
Nose-Hoover piston methods were used to control temperature and pressure *>*¢. A
cutoff distance of 10 A was used for all nonbonded calculations. The Particle Mesh
Ewald (PME) method was used for the calculation of Coulombic interactions. Steered
molecular dynamics (SMD) simulations were carried out by fixing one end and pulling
the center of mass of the collagen molecule at various pulling rates using a harmonic
spring. Our previous work showed that a spring stiffness of 0.1 kcal/mol/A? was
appropriate for pulling the collagen molecule . In our simulations, pulling rates of
0.00003 ps™, 0.0003 ps?, 0.003 ps™?, 0.006 ps?, 0.009 ps?, and 0.012 ps™* were used. It is
to be noted that the lowest two pulling rates used are in the range where the mechanical
response of collagen converges, as shown in literature %°. All the simulations were
carried out using a time step of 0.5 fs except for the pulling rate of 0.00003 ps™. In the
case of a pulling rate of 0.00003 ps™, the time step of 2 fs is used along with ShakeH and
SETTLE algorithms to constrain covalent bond lengths involving hydrogen atoms in case
of protein and water respectively.

For carrying out conformational analysis of polypeptide chains, the helical
parameters were calculated according to the methods developed by Sugeta and Miyazawa
%7 and Bansal et al °. The evolution of hydrogen bonds during pulling was studied using a
combination of geometric criteria, (i.e. donor-hydrogen distance < 3.5 A and donor-

hydrogen-acceptor angle < 60°) and interaction energy criteria (the hydrogen bond pairs

with positive magnitude of interaction energy between them are excluded from the
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calculations). The total inter-chain hydrogen bond energy was calculated by summation
of interaction energy between individual hydrogen bonding pairs.
6.3. Results and Discussion
6.3.1. Deformation Response of Hierarchies of Collagen

The structure of collagen is comprised of an interesting hierarchy of helices: it is
the triple-helix of three polypeptide chains called alpha chains that are also helical. The
individual polypeptide chains of collagen are left-handed helices, three of which are
twisted about each other into a right hand helix through the mediation of hydrogen bonds.
The stretching of collagen comes at the cost of deformation of these helices subject to the
lateral restraint, provided by the series of hydrogen bonds distributed along the length.
The helices of individual polypeptide chains and the triple-helix will be referred in this
paper as the level-1 and the level-2 helix respectively (Figs. 6.1a, 6.1b). The presence of
the level-2 helix is a due to the non-integral “number of residues per turn” of the level-1
helix, i.e. the level-2 helix will not exist if the level-1 helix has integral number of
residues per turn % %%, The conformation of the level-1 helix allows for the three
polypeptide chains to be hydrogen bonded, and form the level-2 helix. Thus, the level-2
helix is a consequence of the geometric conformity of polypeptide chains, which satisfy
the stringent requirements of the formation of inter-chain hydrogen bonds. In line with
this argument, the authors point out the possibility that the effect of the geometric
conformity (of the level-1 helix) may extend beyond the level-2 helix, to give rise to the
helix of higher order. This can possibly help explain crimping of a short collagen
molecule that has been reported in number of studies %> %, In case of the short collagen

molecule it difficult to see coiling because the length is too short for observing the
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helicity. Figure 6.1(c) shows the crimped structure of a full-length collagen at the
beginning of SMD simulation. This observation is comparable to the experimental study
of microfibrillar structure that suggests the presence of the molecular crimped structure of

4142 and the macroscopic crimp observed in fibril structures****. The observation

collagen
of this full-length structure shows that the majority of the crimps are in fact helical in
shape and not just random planar curves as described earlier. These higher level helical
structures formed by collagen are referred to here as the level-3 helix.
6.3.2. Evolution of the Level 1 Hierarchy of Collagen over the Deformation Range
The study of conformational evolution of the collagen helices during stretching is
necessary for understanding deformation mechanisms of the collagen. Figures 6.2 and 6.3
show changes in the average radius and pitch of the level-1 helices respectively when the
collagen molecule is stretched. The level-1 helices show decrease in radius (Fig. 6.2) and
increase in pitch (Fig. 6.3) when the collagen is extended. This is similar to the behavior
of a typical helical spring, which shrinks in radius with the corresponding increase in
pitch during stretching. The rate of change in pitch and radius are initially small at small
displacement and more prominent for higher rates of pulling (Figs. 6.2a, 6.2b, 6.3a, 6.3b).
The rate of change of pitch and radius increase at displacements beyond ~ 7%, which
coincides with the rapid breaking of inter-chain hydrogen bonds (more details will be
described in the following paragraphs). The increase in pitch at various rates of pulling is
significant at small as well as large displacement regimes: found to be about 4-8% at 7%
displacement, and about 50% at 40% displacement. This increase in pitch leads to the

increase in the overall length of level 1.
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Figure 6.1. Figure showing (a) level-1 helix, (b) level-2 helix, and (c) snapshot of full
length collagen at the beginning of SMD simulation showing helical features along

the length.
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Figure 6.2. Average radius of the level-1 helix (i.e. alpha chain) during extension of

collagen at various pulling rates: (a) large displacement, (b) small displacement.
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Figure 6.3. Average pitch of the level-1 helix (i.e. alpha chain) during extension of

collagen at various pulling rates: (a) large displacement, (b) small displacement.
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The variation in the total number of turns of the level-1 helix with stretching is
shown in figure 6.4. The plot shows overall decrease in number of turns with
displacement. However, in the small displacement range of 0 to 7%, a slight increase in
number of turns with displacement is observed. The decrease in number of turns even
under 40% stretching is about 1% or less than the total number of level-1 turns. In the
small deformation regime, for a pulling rate of 0.00003/ps, an increment of about 3 turns
is observed. The level-1 helix is restrained from unwinding by the series of inter-chain
hydrogen bonds along the chain length. This prevents large variation in the total number
of turns, and hence the number of residues per turn, during stretching (Fig. 6.4). In a
deformation regime from 7% to 15%, only a small drop of about 3 turns out of the initial
total of about 295 turns is observed (i.e. there is only a slight increase in the average
number of residues per turn from 3.424 to 3.462). Figure 6.5 shows a plot of the number
of inter chain hydrogen bonds, hydrogen bond energy, and interaction energy between the
three alpha chains during deformation. A significant decrease in the number of hydrogen
bonds is observed with the largest decrease from 700 to 200 bonds within the first 15% of
the deformation (Fig. 6.5a). Corresponding to the decrease in the number of hydrogen
bonds, we see a decrease in hydrogen bond energy and drop in interaction energy
between the chains (Fig. 6.5b) with deformation. It is interesting that the drop in the
number of turns, albeit small, corresponds to the regime of rapid drop in the number of
hydrogen bonds during stretching. Furthermore, it is worth pointing out that we would
have expected a larger variation in the total number of turns if the single isolated
polypeptide chain was pulled instead of the collagen triple helix. This ‘stabilizing effect’

due to triple helical structure that preserves the level-1 helix can be visualized using an
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analogy of interlocking gears as shown in figure 6.6a. In the collagen molecule, each of
the polypeptide chains form hydrogen bonds with both the adjacent chains, one to its
right and the other to its left (figure 6.6b). The three gears can be considered to be
polypeptide chains of collagen, and the meshing between teeth on the adjacent gears can
be thought of as an inter-chain hydrogen bond (figure 6.6c). In this interlocked
configuration, each of the gears is restrained against any kind of axial rotation by the two
adjacent gears. Thus, the interlocking mechanism introduced by the inter-chain hydrogen
bonds can prevent unfolding of the level 1 helix, which would otherwise unfold with
relative ease. This deformation mechanism during stretching is a likely explanation of
why the collagen molecule is composed of three helical chains held in place by hydrogen
bonds that facilitate interlocking mechanism.
6.3.3. Evolution of the Level 2 Hierarchy of Collagen over the Deformation Range
The variation in total number of turns of the level-2 helix during deformation of
collagen is shown in figure 6.7a. The geometry of the level-2 helix facilitates conditions
necessary for the formation of inter-chain hydrogen bonds and hence is crucial for the
integrity of collagen structure. The number of turns of the level-2 helix, shows a small
variation (< approximately 2 turns) and remains fairly constant up to 40% displacement.
This observation is remarkable, because the full-length collagen does not show much
unwinding of triple helix, unlike that exhibited by short collagen *** 2. If the full length
collagen is to unwind at the rate comparable to the short collagen, we would expect a
significant unwinding that is at least seven times greater than that observed in simulations

for short collagen at similar pulling rate by Gautieri etal. %°.
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Figure 6.4. Variation of the total number of turns along the length of the level-1
helix (i.e. alpha chain) during loading: (a) large displacement, (b) small

displacement.
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Figure 6.5. Figure showing (a) the variation in number of hydrogen bonds and the
total interaction energy between the hydrogen bonding pairs during the
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collagen when stretched at different pulling rates.

126



Level1helix (Left handed) Level 2 helix (Right handed)

b)

___Interchain H-bond /

Figure 6.6. Schematic of interlocking gear analogy: (a) the gears represent alpha
chains and the meshing between teeth on adjacent gears represents inter-chain
hydrogen bonds, (b) Interchain hydrogen bonds along a portion of the length of the
collagen molecule, c) location of hydrogen bonds at a representative cross-section of

the molecule.
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Figure 6.7. Figure showing (a) total number of turns of turns of the level-2 helix (i.e.
triple helix) at different rates of pulling, (b) the rotation of the free end of collagen

during extension of collagen at various pulling rates.
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The rotation of the free end of the collagen during pulling is shown in figure 6.7b,
where negative rotation implies unraveling of right handed triple helix. It is seen that the
collagen does not unwind significantly in both small and large deformation range to
cause significant unfolding of collagen. This is in agreement with the small variation in
the total number of turns of the level-2 helix as discussed above.

6.3.4. Interplay of the Level 1 and Level 2 Hierarchies through Hydrogen Bonding

It is pertinent to discuss hydrogen bonds at this point, as they are the vital links
between the level-1 and level-2 helices. The variation in the number of hydrogen bonds
and the interaction energies between hydrogen bonding pairs are shown in figure 6.5. The
hydrogen bond number shows a slower decline (700 to 550), in the smaller displacement
regime of up to about 7%. This is followed by a regime of rapid drop in number of
hydrogen bonds (550 to approximately 200), between 7 to 15% displacement. The rapid
drop in the number of hydrogen bonds coincides with the increase in the rate of change of
pitch and radius, and the drop in number of turns of the level-1 helix as discussed above.
Additionally, the rapid drop in hydrogen bonds is also correlated with the increase in
stiffness of collagen ** 2°. However, the rapid drop in number of hydrogen bonds is not
seen to have huge consequence for unfolding of the level-2 helix. Therefore, this leads us
to infer that the rapid drop in hydrogen bonds is primarily due to changes in conformation
of the level-1 helix.

The interaction energy between three polypeptide chains during collagen
deformation is shown in figure 6.5b. The interaction energy is fairly steady in the small
displacement regime. This is followed by the a rapid decline in attractive energy beyond

about 7% displacement, which interestingly coincides with the beginning of rapid drop in
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number of hydrogen bonds (Fig. 6.5a). However, unlike the hydrogen bonds which
partially recover after 15% displacement, the interaction energy between chains continues
to decline progressively.

The comparison of interaction energies between three alpha chains (Fig. 6.5b) and
total interaction energy between hydrogen bonding pairs (Fig. 6.5a) leads us to an
interesting insight about the conformational stability of collagen. We find that the total
hydrogen bond energy (~700 kcal/mol) is significantly smaller (~25 times) than the
interaction energy between the chains (~18,000 kcal/mol) in collagen. This implies that
the three chains have strong attractive interactions among themselves to stay intact albeit
the absence of inter-chain hydrogen bonds. This may sound antithetical to the number of
studies giving credence to the hydrogen bonds as an important stabilizing feature of
collagen. However, the simulations presented here on full length collagen indicate that
the high attractive energy between the chains does not diminish the important role
hydrogen bonds play in collagen structure. The hydrogen bonds, due to their highly
directional nature, are essential for preserving the conformation of the level-1 and level-2
helix, and therefore that of collagen. The level-1 and level-2 helices, are in fact very
intimately related through mediation of hydrogen bonds. The non-integral numbers of
residues per turn of the level-1 helix are indeed the reason for the existence of the level-2
helix. For an ideal collagen structure with uniform sequence, it is possible to derive the
following simple relationship between the number of residues per turn of the level-1 helix
(n), and the level-2 triple helix (N), based on geometric compatibility: N=3n/(n-3) =
3[1+(3/n)* + (3/n)? + (3/n)? + (3/n)*+...], where n=(3, 4). This equation indicates an

inverse relation between the level-1 and level-2 helices, which would not be possible in
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the absence of the hydrogen bonds. In simple terms, hydrogen bonds help with
conformational stability of collagen, by allowing interaction between these competing
helices during deformation of collagen. Such interactions between the level-1 and level-2
helices help preserve the conformational integrity/stability of each other, by preventing
each other from unfolding during deformation of collagen. This mechanism of
enhancement of conformational stability of collagen is a result of an interesting alliance
between the level-1 helix, hydrogen bonds, and the level-2 helix.
6.3.5. Evolution of the Level-3 Hierarchy of Collagen and Impact of Deformation of
Level 1 and 2 on Level 3 Helix

The deformation of collagen under tensile loading results from the composite
response of the level-1, level-2, and level-3 helices. The variation in the length of the
level-1 and level-2 helix during the extension of collagen is measured along the center
line of the respective helices. The extension of both the level-1 helix and the level-2
helix, are found to be gradual in the small displacement regime, and relatively rapid after
7% displacement (again coinciding with the rapid breaking of hydrogen bonds). Since the
length of the level-2 helix is same as the contour length of collagen, the level-1 helix is
initially longer than the level-2 helix. The length of the level-2 helix increases somewhat
faster than the level-1 helix, and consequently at a large displacement of about 20%,
these two helices become nearly equal in length.

Extension of the level-2 helix can originate from three sources: extension of the
level-1 helix, the unraveling of the level-2 helix (i.e. triple helical chains itself), and
shrinking of collagen radius. However, the triple helix does not unravel much even at

large displacement (Fig. 6.2) and no significant shrinking of collagen radius was

131



observed during pulling. This indicates that the extension of the level-2 helix results
primarily from the extension of the level-1 helix and not from the unfolding of triple
helical chains. As shown in figure 6.3, the change in pitch leads to the increase in the
overall length of level 1, which subsequently translates into the change in length of the
level-2 helix (i.e. contour length of collagen). These observations suggest that the level-1
helix is an important contributor to the deformation response of collagen in both small as
well as large deformation regimes (although at very large displacements the stretching of
backbone has a dominant effect on force response **?°. Furthermore, in a hypothetical
case even if the triple-helix somehow unfolded completely, the maximum achievable
extension of collagen is less than 5%. This is because the alpha chains (i.e. the level-1
helix) of collagen in the unstrained state are about 5% longer, than the contour length of
collagen. However, albeit level-2 helix exhibits limited extensibility, the triple helical
structure of collagen has important implications for the mechanical response of collagen.
The improved stiffness of triple helix compared to three isolated chains has been shown
in the literature *°. The answer to enhancement in conformational stability and
mechanical response possibly resides in the mechanisms that help preserve conformation
of the level-1 and level-2 helix. These mechanisms have been described previously in this
work in terms of “interlocking gear analogy” and the “interactions between the level-1
and level-2 helices”, both of which depend on the mediation of inter-chain hydrogen
bonds that function like lateral braces. Also, it important at to point out that the hydrogen
bonds are not aligned exactly perpendicular to the axis of collagen. Therefore, some of
the contribution to enhanced stiffness may also be attributed to tensile force on hydrogen

bond, though it is difficult to quantify the level of its contribution.
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The displacement of the free-end of collagen during pulling is the combined result
of the extension of the level-2 helix (i.e. change in contour length of collagen) and level-3
helix. The displacement contribution of the level-3 helix at various rates of pulling is
shown in figure 6.8. When collagen is pulled, the level-3 helix extends fairly linearly
until it is completely extended, as shown by initial steep slope, followed by a rapid
transition to the flat slope in the figure. The flat slope corresponds to the regime in which
the helical crimps have been stretched out and the collagen is completely stretched as
shown in figure 6.9. It is seen that the level-3 helix deforms slower at higher rates of
pulling compared to lower rates of pulling (Fig. 6.8). The deformation up to which the
level-3 helix remains resilient before being stretched as predicted by figure 6.8 agrees
well with the visual observation of simulation trajectory (figure 6.9). The deformations at
which the level-3 helical crimps are stretched out are at 9%, 10%, 11%, 12%, 15%, and
18% displacements for the pulling rates of 0.00003 ps™, 0.0003 ps™, 0.003 ps™, 0.006 ps
1.0.009 ps?, and 0.012 ps™ respectively. Thus, the level-3 helix significantly influences
the mechanics of collagen molecule. The deformation behavior of the level-3 helix
appears to be dependent on the rate of pulling as well as the stiffness of spring used to
pull the collagen molecule.

The understanding of the deformation mechanism of collagen is not complete
without knowing the relative contributions of each of the helical levels towards total
displacement. As discussed previously, the extension of the level-1 helix translates
directly to the change in the length of the level-2 helix. The level-1 helix is a principal
source of extension of the level-2 helix, since there is no significant unfolding of the

level-2 helix (i.e. triple helix does not unfold much). The relative contributions of the
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level-2 and level-3 helices towards total extension of collagen are shown in figure 6.10. It
is observed that at up to a certain displacement there is a contribution of both the level-2
and level-3 helix. The contribution of the level-3 helix disappears at large displacement
when it becomes completely straight (Fig. 6.9). The joint contribution of the level-2
(which is a result of the level-1 deformation) and 3 helices towards total extension of
collagen in the small displacement regime indicates that the level-3 helix is capable of
exhibiting a significant deformation and force resistance, to be considered important for

the mechanical behavior of collagen.
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6.4. Conclusions

This work elucidates molecular mechanisms governing the deformation behavior
of the full length collagen molecule through the detailed study of its multi-level helical
hierarchies (conformations), when the collagen is extended. An observation of a third
level of helical structure is also presented here, which can only be observed in the full
length collagen structure. We observe that the deformation of collagen originates from
the collective extension of left-handed alpha chain helices (the level-1 helix), and the
helical turns observed along the length of collagen (level-3 helix). The extension of the
level-3 helix, and therefore its stiffness show dependency on pulling rate. The level-3
helix is found to be quite resilient, and is seen to exist up to a very significant
deformation of the collagen molecule. Additionally, the triple helix (level-2) is found to
be much more stable against unfolding, as it does not show significant unfolding even at
large deformation, unlike that reported in the literature, where simulations were
conducted on short collagen molecule models. The relative stability of triple helix over
large deformation plays a vital role in the conformational stability of collagen during
extension. The presence of the level-2 helix allows collagen to possess higher stiffness
(compared to three isolated alpha chains) and stability, while retaining ability to undergo
large deformation through extension of alpha chains. The mechanisms responsible for
deformation response and the conformational stability of collagen during straining are
elucidated in this work with the help of “interlocking gear” analogy, that describes the
interactions between three alpha chains, and the interactions between the level-1 and
level-2 helices. The inter-chain hydrogen bonds play an integral role in both instances.

Another important result reported here, is that the interchain hydrogen bond energy in the
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full length collagen is significantly smaller than the overall interchain nonbonded

interaction energies, suggesting that the nonbonded interactions have far more important

role than hydrogen bonds in the mechanics of collagen. However, hydrogen bonding is
essential for the triple helical conformation of the collagen. Hence, the mechanics of
collagen is controlled by nonbonded interchain interaction energies while the
confirmation is attributed to the interchain hydrogen bonding.
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CHAPTER 7. AMULTISCALE MODEL OF COLLAGEN FIBRIL IN BONE:

ELASTIC RESPONSE

This chapter discussed multiscale modeling of collagen fibril that bridges
molecular model with the finite element model of fibril. The effect of mineral proximity
on the elastic response of collagen fibril has also been elucidated in this study. The
content of the chapter is in print in Pradhan, S., Katti, K., and Katti, D. (2012). "A
Multiscale Model of Collagen Fibril in Bone: Elastic Response." Journal of Engineering
Mechanics.

7.1. Introduction

The collagen molecule and mineral are the fundamental constituents of bone at
the molecular scale, which are organized into the structure known as collagen fibril. The
collagen fibrils assemble into collagen fiber, which further organize to form concentric
lamella followed by higher hierarchical structure, the osteon until we get to the scale of
the functional bone. Thus, bone is a biological nanocomposites with a highly organized
hierarchical morphology spanning multiple length scales, which makes it a complicated
material for investigating deformation mechanism under mechanical load. Bone is a part
of skeletal system which has the structural roles of protecting and supporting softer
tissues and organs. The non-structural functions of bone include production of red and
white blood cells, and storage of minerals such as calcium and phosphorous.
Morphologically bone is generally comprised of a dense and strong external layer known
as cortical bone around an interior spongy cancellous bone. The mineral phase and

organic phase, are the two major constituents of bone- 65% and 25% respectively by
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weight *°, and 33-43% and 32-44% respectively by volume °, while the remaining
weight/volume fraction is occupied by water. Collagen constitutes majority of the organic
phase that can be up to 85-95% of the total bone protein ’. The other organic materials
include lipids and non-collageneous proteins such as phosphoproteins.

The collagen molecules in bone are organized into parallel arrays along the
longitudinal axis of bone, and staggered with respect to each other by 67 nanometers as
shown in figure 1. The molecules assemble into long and cylindrical structural units
known as collagen fibril, which are the building blocks of bone 8. The staggering between
collagen molecules result in a 40 nm hole zone between the opposite ends of collagen
molecule (i.e. N-terminus and C-terminus) and the 27 nm overlap-zone between the ends
of overlapping collagen molecules *'°. The overlap and hole zone are visible as
consecutive stripes along the length of fibril in electron micrographs. Collagen fibrils are

11,12 and

long and cylindrical structures typically 50 to 200 nanometers in diameter
unknown length because they merge with neighboring fibrils *3. The mineralized collagen
fibril consists of hydroxyapatite in the hole zone with its c-axis aligned parallel to the
long axis of collagen. The hydroxyapatite nucleating in the hole zone grow in size along
c-axis and width along channel, and also squeeze between the collagen in overlap zone
often forming large extended sheets ****". In addition to the intrafibrillar mineral found
in the hole zone, an appreciable amount of the mineral is found outside of fibril 8*°.
There are number of modeling studies on the deformation mechanisms of
collagen fibril °%. The Young’s modulus of collagen fibril estimated by Buehler %,

2
.=

Tang et al. 2, and Gautieri et al. ?* from their modeling studies for small-strain are 4.36

GPa, 5 GPa, and 0.3 Gpa respectively. The experiments performed on different collagen

145



fibrils show following values of Young’s modulus: 0.5-3.2 GPa %, 0.86 + 0.45 GPa %/,
0.2-0.8 GPa %, 3.7-11.5 GPa #. In addition to these modeling and experimental studies,
there are number of studies based on molecular dynamics **3*, density functional theory

36,37

% and continuum micromechanics theory that have explored collagen-hydroxyapatite

interactions or inclusions in bone. An atomistic study of collagen proteins in collagen

38,39

fibril is carried out by Streeter and de Leeuw

(40nm)

Overlap\— /

(27nm)

D=67nm
| [ [ [ | |

Length=4.4D

4 Collagens between gap

Figure 7.1. Organization of collagen molecules in collagen fibril showing stagger of

67 nanometers and hole zone.

The organization of collagen and mineral within collagen fibril gives rise to the
significant interfaces between the constituents at the molecular scale. The interfaces
between organic and mineral at molecular scale have been shown to have a significant

effect on the deformation behavior of organic as seen in number of our previous studies
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involving various biological and synthetic materials “°*2. Similar behavior has been
observed in our molecular dynamics studies of collagen-hydroxyapatite interface,
wherein the mechanical response of collagen was found to be significantly enhanced in
the proximity of mineral ****. The study of the directional dependence of collagen
deformation in mineral proximity and the influence of different (100) and (001) surfaces
of hydroxyapatite are discussed in Katti et al. *. The molecular studies discussed above
indicate the possibility that the properties of collagen-mineral interface and the altered
mechanical behavior of collagen in the mineral proximity significantly affect the
deformation characteristics of collagen fibril and higher levels of hierarchy in bone.
Hence, the mechanical properties at the molecular scale must be passed on to the finite
element model of collagen-fibril to correctly model its mechanical behavior. This can be
achieved by multiscale modeling of collagen fibril that links the interactions at the
molecular scale to the mechanical response of collagen fibril. This bottom-up approach
used in this study is known as hierarchical multiscale modeling.

In this study we show that it is important to incorporate the effect of molecular
interactions between hydroxyapatite and collagen on the mechanics of collagen into the
multiscale model that aims to bridge the deformation behavior of collagen molecule with
that of fibril. Here we develop the multiscale model of collagen fibril based on a
hierarchical scheme by exporting the molecular-scale mechanical properties, obtained
from the steered molecular dynamics simulations, into the finite element model of fibril.
Our multiscale model bridges the molecular properties of collagen with the continuum
model of fibril, and for the first time allows us to understand the role of collagen-mineral

interactions in the deformation response of collagen fibril. We believe such an approach
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can be very useful for modeling the behavior of host of other biomaterials, tissues, and
nanocomposites and shed light on how the molecular interactions affect the material
properties at higher length scales “%4%*.
7.2. Model Construction and Simulation Details

The development of hierarchical multiscale model of collagen fibril involves
bridging the molecular properties of collagen to the continuum model of collagen fibril.
At the molecular scale the behavior of collagen is simulated using molecular dynamics.
Steered molecular dynamics is used to stretch the collagen molecule and evaluate its
elastic properties in the presence and absence of mineral proximity under different
pulling conditions that simulate the environment of collagen molecule within the collagen
fibril. The three dimensional model of collagen fibril is built using finite element method.
The finite element model of collagen fibril makes use of the material properties of the
collagen molecules evaluated from molecular simulations.
7.2.1. Molecular Model

The glycine-proline-proline model of collagen is obtained from Brookhaven
Protein Date Bank (PDB ID: 1k6f). This structure is used to build a full-length collagen
approximately 300 A long and consisting of 1024 residues along each chain. The
structure is minimized using CHARMM “® force field using the conjugate gradient
method. The molecule is solvated with TIP3P water molecules and is minimized again.
The temperature of the minimized molecule was raised using the steps of 100 K to 300K
and the pressure was raised using the steps of 0.25 bar to 1.01 bar. The equilibrated
collagen molecule is fixed at one end and extended with the pulling rate of 0.00003 ps™

(i.e. pulling velocity of 0.0975 A/ps, or 9.75 m/s) using steered molecular dynamics for
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estimating the elastic modulus of collagen. The utilization of the same pulling rate
(expressed in the unit of strain rate), rather than same pulling velocity, ensures that the
loading conditions are similar when collagen molecules of different lengths are pulled as
shown by Pradhan et al. *’. The harmonic spring of spring constant 0.1 kcal/mol/A? was
used for pulling the full-length collagen molecule.

The hydroxyapatite used in the study has a hexagonal structure with the space
group P6s/m 8 and unit cell parameters a=9.424 A° ,b=9424 A° ,c=6.879 A", a =
90°, B =90°, and y = 120°. The details of the development of hydroxyapatite model and
the non-dipolar surfaces using reconstruction method described by Taskar * is discussed
in Bhowmik et al. ***°. The CHARMM force field parameters of HAP was obtained from

Bhowmik et al *°

, which are given in table 7.1 and 7.2. Two surfaces of hydroxyapatite
are used in this study: (100) and (001). For the construction of collagen-hydroxyapatite
models, the minimized structure of solvated collagen is brought in the proximity of
mineral surface. This collagen-hydroxyapatite model is geometrically optimized by
energy minimization. The temperature and pressure are then raised to 300 K and 1.01 bar
using steps of 100 K and 0.25 bar respectively. In bone the collagen molecules are
aligned along the c-axis of hydroxyapatite °2. Therefore the (001) hydroxyapatite
surface is used for investigating the deformation response of collagen molecule pulled
perpendicular the mineral surface. The (100) surface of hydroxyapatite is used for
evaluating deformation response of collagen pulled parallel to the mineral surface.

Further information on the steered dynamics study of collagen in the proximity of

different mineral surfaces and pulled in different directions can be found in our previous
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work ¥4 The models of collagen pulled under different conditions are shown in figure

7.2.

e e

i v B o
QN S8 SV SN S8 S ST O 5 S

MO SOHAOHIOHAOHROMHITITICITIT
v;u:n.:u'n»: 'tr»: ’n»’o{ﬂ{o{:@r@r@r@r@r&r(b}'
"",‘,":‘ L G- G- O O G0 000

s
»
s

oo e o i g 8 W 0 8 O

(c)

Figure 7.2. Molecular models of collagen pulled under different conditions: (a) full-
length collagen molecule pulled under no influence of mineral, (b) collagen molecule
pulled parallel to the hydroxyapatite (100) surface, (c) collagen molecule pulled

normal to hydroxyapatite (001) surface.
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Table 7.1. Van der Waals parameters of hydroxyapatite >

*

& Fii
Ca 0.118630403 3.301533011
H 0.000012146 1.55
O(H) 0.11703 3.471655906
O(P) 0.25201 3.40391668
P 0.97406 3.91251096

Table 7.2. Bonded parameters of hydroxyapatite *°

Bonded atoms | Bonded parameters

P-O Kp = 254.00 kcal mol ™A™, bp=1.53 A
0-P-O Ky = 6.83 kcal mol™deg?, 8,= 109.5°
O-H Kp = 524.34 kcal mol™A™, bp=0.96 A° A

Elastic parameters of collagen are determined from the steered molecular
dynamics study of collagen extended using a pulling rate of 0.00003 ps™ (i.e. pulling
velocity of 0.0026 A/ps, or 0.26 m/s). The steered molecular dynamics is carried out by
fixing one end of a molecule and pulling the molecule at constant velocity using a
harmonic spring of spring constant 4 kcal/mol/A%. The approximate diameter of collagen
was determined based on the cylinder enclosing Van der Waals radius of molecule,
similar to the method used by other researchers °***. This diameter is used to compute
the average stress over the cross-sectional area of the collagen molecule for the
computation of elastic modulus. Elastic modulus was computed from the force-

displacement response of collagen by considering the small displacement regime of up to
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7% by using the relation E = k x L/A, where ‘k’ is the stiffness of load-displacement
response, ‘L’ is the length of collagen molecule, ‘A’ is the cross sectional area of
collagen. This method was employed for collagen in the proximity of mineral, as well as
the collagen by itself.

For determining shear parameters, the region between collagen molecules and
between collagen and mineral is termed “interlayer”. The interlayer is responsible for the
transfer of shear between the molecules. The thickness of interlayer necessary for the
calculation of shear modulus is estimated from the molecular dynamics study by
approximating the distance between Van der Waals surfaces of two molecules. This
thickness is used for calculation of shear strain. The shear modulus is computed from the
region of load-displacement curve before slipping/failure occurs between collagen
molecules or between collagen and mineral. The shear modulus was calculated using a
simplistic approach. The relation for shear modulus used is G =k x d/A, where ‘k’ is the
stiffness of load displacement response before the sliding event, ‘d’ the average distance
between the collagen and mineral surface, ‘A’ is the contact area between the molecules.
For the calculation of shear force between the collagen molecules, the molecule to be
pulled is surrounded by six other collagen molecules to mimic quasihexagonal packing of
collagen molecules *°, as shown in figure 7.3. The average distance between the collagen
molecule at the center and surrounding molecules estimated from our molecular model is
15.75 A. The backbone of surrounding molecules is fixed and the center molecule is
pulled at the constant rate of 0.00003/ps. The area of cylinder midway between the center
collagen molecule and surrounding collagen molecule was used for estimation of average

shear stress. As for the evaluation of shear modulus between the collagen and mineral,
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the collagen was pulled parallel to the surface of mineral using steered molecular
dynamics. When pulling collagen molecule next to the mineral surface one of the ends of
collagen molecule is not fixed unlike during the evaluation of elastic modulus. As for the
estimation of the interfacial surface area between collagen and mineral, the collagen is
enclosed in a cylinder that passes through the midpoint of the gap between collagen and
mineral Van der Waals surfaces. The interfacial area for calculation of shear stress is

assumed to be one-fourth of the surface area of the cylinder.

Figure 7.3. Molecular model of collagen molecules arranged in a quasihexagonal
fashion, where the center molecule is pulled with respect to the surrounding

molecules.
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7.2.2. Finite Element Model

The finite element model of collagen fibril was carried out using MSC Mentat
2008, preprocessor/postprocessor of MSC Marc. The construction of finite element
model of fibril starts with a single collagen molecule of 294.8 nanometers length, which
Is assumed to have a square cross section. Apart from the length of collagen, the other
dimensions used to construct this model were obtained from Landis et al. °. The collagen
molecule is built using the eight noded isoparametric elements and meshed manually so
that the adjacent nodes fall in the same location when the collagen is duplicated and
staggered by 67 nanometers. The duplicate nodes formed due to overlapping of nodes are
swept away routinely. The initial collagen is encapsulated by the elements representing
an interlayer, and the mineral is attached to the end of collagen. This unit is duplicated 33
times in the x-direction to obtain an array of collagen molecules. This array of collagen is
duplicated in the y-direction 33 times with the stagger of 67 nanometers along z-
direction. The entire block is then duplicated 13 times in the z-direction. After this step,
the fibril of length 1.005 micron is selected and the remaining elements are deleted.
Furthermore, the additional collagen molecules are removed so that the cross-section is
circular in shape. This results in a model of fibril with 34 x 34 collagen molecules along
the diameter as shown in figure 7.4. The banded pattern due to stagger between collagen
molecules is also seen in the model. The resulting finite element model of fibril model
consists of 4,325,922 elements. This model consists of mineral layers aligned parallel to
each other over the circular cross section. This arrangement is similar to the to the
parallel crystal layers of hydroxyapatite seen in mineralized turkey tendon and some

bones %1% The mineral plates located in the hole zone are 40 nm wide and 1.23 nm
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thick. The gap between collagen molecules in our model is 2.4 A, which is taken from
Landis et al (Landis, et al., 1993). The gap “between collagen molecules” and “between
collagen and mineral” in our finite element model are assigned the shear properties
obtained from steered molecular dynamics. Similarly, the elastic modulus of collagen for
finite element model is obtained from steered molecular dynamics simulations discussed
above. The elastic modulus of hydroxyapatite, determined from nanoindentation test,
obtained from literature is 150.38 GPa *’. For carrying out finite element simulation of
collagen fibril the symmetry of the model was exploited to reduce computational
resources. The simulations were carried out using half of the circular cross-section by
restraining the displacement of nodes in the plane of symmetry (i.e central yz-plane) in
the x-direction.

Two separate finite element models of collagen fibril were constructed. In the first
model the collagen is assigned the same elastic modulus throughout its length. The elastic
modulus of collagen for this model is determined from the steered molecular dynamics
simulation of a collagen not in the proximity of mineral. This model does not take into
account the enhancement in the elastic properties of collagen in the mineral proximity.
However, in the second model the portions of collagen molecule in the proximity of
mineral is assigned the elastic modulus of collagen pulled normal and parallel to mineral
surface as shown in figure 7.5. All simulations were carried out in the small displacement
regime. For finite element simulation, the bottom nodes of the model are fixed and the
maximum stress of 2 pN/A? (i.e. 200 MPa) is applied to the top surface of collagen fibril

in 10 increments.
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(d)

1005 nm

Figure 7.4. Finite element model of collagen fibril: (a) cross sectional view showing
collagen molecules and mineral plates (in black), (b) section through the center of
collagen fibril showing a banded pattern due to gap and overlap regions, (c)
isometric view, (d) entire collagen fibril model (mesh not visible due to large

number of elements).
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Collagen parallel to HAP in the Hole Zone

Collagen Normal to HAP in the Hole Zone

Figure 7.5. The figure showing strips of collagen molecule in the proximity of

hydroxyapatite.

7.3. Results and Discussion

Steered molecular dynamics simulations are used to simulate deformation
response of collagen molecules in the proximity of mineral and in the absence of mineral.
In the proximity of mineral the collagen is the pulled next to (100) and (001) surfaces of
hydroxyapatite. The elastic modulus is evaluated from load-displacement response
obtained from steered molecular dynamics by considering a small displacement regime of
up to 7%. The elastic modulus of collagen for different pulling conditions is presented in
table 7.3. The elastic modulus values suggest that the mineral proximity has a significant
influence on the deformation mechanism of collagen **. The collagen pulled parallel to

the mineral (100) surface is found to have the highest elastic modulus of 13.17 GPa,
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followed by the collagen pulled perpendicular to (001) mineral surface with elastic
modulus of 6.26 GPa; whereas, the collagen not in the proximity of mineral has an elastic
modulus of 2.95 GPa. This shows that the elastic modulus of collagen is significantly
higher in the proximity of mineral. This has important implications for modeling the
mechanical response of the bone, as it has substantial interfacial area between collagen
and hydroxyapatite. In the case of collagen fibril, the collagen molecules interface with
intrafibrilar minerals present in the hole zone which are 40 nanometers wide (Fig. 7.1). It
is observed that at least 27% of the lengths of collagen molecules are in the proximity of
mineral within the collagen fibril. This suggests that the effect of mineral proximity on
the mechanical response of collagen cannot be overlooked, and must be included in the

multiscale model of collagen fibril.

Table 7.3. Elastic Modulus of collagen estimated from steered molecular dynamics

at various pulling conditions

Pulling Conditions of Collagen Elastic Modulus (GPa)
Collagen 2.95
Collagen in the proximity of hydroxyapatite 13.17

(100) surface (pulled parallel to surface)

Collagen in the proximity of hydroxyapatite 6.26
(001) surface (pulled normal to surface)

The load-displacement response of the shearing between collagen molecules is
shown in figure 7.6. The load displacement response shows an initial region where there
is no sliding between collagen molecules followed by the region where the molecules

start to slide with respect to each other. The shear property of interlayer is estimated from
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the steered molecular dynamics by considering the initial region of load-displacement

response before the sliding occurs. Similar load-displacement response was observed

when collagen was pulled parallel to the mineral surface. The shear modulus of interlayer

between collagen molecules and between collagen and mineral (100) surface, estimated

using a method described in the previous section, is shown is Table 7.4. It is observed

that the shearing resistance between the collagen and mineral is significantly higher than

between collagen molecules.

Force (pN)

0 1 2 3

4 5 6 7 8 9

Displacement (A)

Figure 7.6. Force-displacement response of the shearing between collagen molecules.

Table 7.4. Shear properties of the interlayer between collagen molecules and

between collagen and mineral

Interlayer

Shear Modulus (GPa)

Between Collagen Molecules

0.007

Between Collagen and Mineral

0.094
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The load displacement responses of finite element models of collagen fibril are
shown in figure 7.7. The second model of collagen fibril that incorporates the enhanced
elastic modulus of collagen due to mineral proximity is found to show stiffer response
compared to the first model that does not take into account the effect of mineral
proximity. The axial strain at the maximum load of 2 pN/A? and the elastic modulus of
the collagen fibril models are shown in Table 7.5. The first model shows the higher
maximum axial strain of 0.049 compared to 0.041 exhibited by the second model.
Furthermore, the second fibril model shows an approximately 20% higher elastic
modulus of 4.81 GPa compared to 4.01 GPa for the first fibril model, i.e. the elastic
modulus of fibril is substantially greater when we take into account the effect of mineral
proximity on collagen modulus. This shows that the molecular interaction between
collagen and mineral significantly alters the mechanical response of collagen fibril in
bone. The elastic modulus values for small strain obtained from our simulations are close
to the experimental results of mineralized collagen fibril: 0.5 (low mineral content) to 3.2
GPa (high mineral content) ?. It is also close to the small-strain elastic modulus of 4.36

GPa ?*, 6.23 GPa for mineralized fibril ! estimated from the modeling study.

Table 7.5. Strain at the applied load of 2 pN/A2 and the elastic modulus of collagen
fibril from finite element simulations, when the influence of mineral on collagen

molecule is considered and not considered

Finite Element Analysis | g oin @ 2 pN/ IS Elastic Modulus
(GPa)

No influence of HAP on 0.049 4.01

Collagen

Influence of HAP on 0.041 481

Collagen
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Figure 7.7. Stress-strain response of the finite element models collagen fibril when
the influence of mineral proximity on collagen modulus is (i) not taken into

consideration, and (ii) is considered.

The strain contour in the longitudinal section passing through center of collagen
fibril under the tensile load of 2 pN/A? is shown in figure 7.8. It is observed that the strain
distribution imitates the characteristic banded appearance of collagen fibril. The strain in
the overlap region is found to be greater compared to the mineral rich gap region. Higher
strain energy density is also found in the overlap region as shown in figure 7.9. Strain
energy density also follows a periodic pattern exhibited by strain contour. The larger
strain and strain energy density in the overlap zone indicates that this region is plays an
important role in the deformation mechanism of collagen fibril in the small displacement

regime.
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Figure 7.8. Strain contour (units: A/A).at the central section of collagen fibril.
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Figure 7.9. Strain energy density contour (units: pN/A?).at the central section of

collagen fibril.
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7.4. Summary and Conclusions

We have carried out hierarchical multiscale modeling of collagen fibril by
combining molecular dynamics and finite element methods. The molecular models of
collagen and hydroxyapatite systems are constructed and the deformation response of
collagen is studied using steered molecular dynamics by employing a low pulling rate of
0.00003/ps. Our steered molecular dynamics study show that the elastic modulus of
collagen is significantly enhanced in the proximity of mineral. The elastic modulus of
collagen not in the proximity of mineral is found to be 2.95 GPa, whereas the collagen
molecule pulled normal to hydroxyapatite (001) surface, and pulled parallel to
hydroxyapatite (100) surface are found to be 6.26 GPa, and 13.17 GPa respectively.
Series of steered molecular dynamics studies were also carried out to investigate the
shear properties of the interface between the collagen molecules and between the
collagen and mineral. The shearing resistance of the interlayer between the collagen
molecule and mineral is found to be higher than between the collagen molecules. The
finite element models of collagen fibril measuring a micrometer in length and 50
nanometers in diameter are built. The properties of collagen molecules and interfaces
determined from steered molecular dynamics are incorporated in this model. The
simulation results show greater strain and strain energy density in the overlap region
compared to the gap region during fibril deformation. Two separate finite element models
of the fibril are constructed to investigate the influence of interaction between the
collagen and mineral at the molecular scale on the mechanical response of collagen fibril.
The first collagen fibril model with uniform elastic modulus of 2.95 GPa along the length

of collagen resulted in an elastic modulus of 4.01 GPa, whereas the second fibril model
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with altered elastic modulus along length of collagen, at the regions of mineral proximity,
resulted in the elastic modulus of 4.81 GPa. The enhancement in the elastic modulus of
fibril is nearly 20% when the effect of mineral proximity in the stiffness of collagen is
taken into consideration. Hence, our multiscale model of collagen fibril predicts that the
elastic behavior of fibril is significantly influenced by the molecular interaction of
mineral present in the hole zone. This work shows that it is important to consider the
molecular interactions between collagen and mineral phase when carrying our multiscale
modeling of collagen fibril in bone. In addition to bone, the insights provided by this
multiscale modeling study are highly pertinent to wide ranges of biological and synthetic
nanocomposites, wherein their properties may be strongly influenced by the interactions
between constituents at the molecular scale.
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CHAPTER 8. MULTISCALE MODELING OF COLLAGEN FIBRIL IN BONE
AT VARIOUS CROSSLINK DENSITIES: AN INSIGHT INTO ITS
DEFORMATION MECHANISM IN THE SMALL AND LARGE

DISPLACEMENT REGIME

This chapter discusses the multiscale model of collagen fibril to elucidate its
deformation mechanism and the role of crosslinks in the mechanics of collagen fibril. The
content of this chapter is being submitted for publication.

8.1. Introduction

The collagen molecules are fibrous structural proteins found in abundance in our
human body, constituting 85-95% of body proteins’, and known for its superior
mechanical properties® %, The collagen molecules assemble to form a highly organized
structure known as collagen fibril, which are the basic building units of bone material and
collagen rich tissues*. The collagen molecules are long and cylindrical structures
composed of a triple-helix formed by three polypeptide chains®, also known as a-chains,
and measuring about 300 nanometers in length and 1.23 nanometers in diameter®. There
are at least 27 different types of collagen molecules found in vertebrates’ and fibrillar
collagen account for only seven of all the known collagen types 5. Type I is the most
abundant fibrillar collagen that is widely found in bone, skin, tendon, cornea, vasculature
and lung etc. The diameter of collagen fibrils range from fifty to several-hundred

nanometers*? 13

, While their length is unknown because they merge with neighboring
fibrils *. The collagen fibril consists of an array of collagen molecules arranged parallel

to each other and staggered by 67 nm (i.e. D period) with respect to each other along the
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longitudinal axis®®. The staggering of collagen molecules result in a banded pattern of
along the length of fibril consisting of an alternating overlap- and hole-zones, which
corresponds to the regions of high and low electron densities respectively in X-ray
diffraction™ and visible as consecutive stripes in the electron micrograph. Hole-zone is a
region separating the ends of two collagen molecules (i.e. N-terminus and C-terminus)
aligned along the longitudinal axis of collagen. The sizes of hole-zone and overlap zone
are 27 and 40 nanometers respectively® *°. The covalent crosslinks develop between
adjacent collagen molecules in the overlap zone, near the ends of collagen, with the
maturation of tissues. This crosslinking between the adjacent ends of collagen molecule
plays an important role in the mechanical property for fibril. In bone the hydroxyapatite
(Ca10(P0O4)s(OH),) mineralizes in the hole zone into a plate-like structures, which grow in
size along the axial direction of collagen molecule and sideways along channels® **%,
The mineral in bone consists of various impurities such as carbonate, and constitutes a
significant portion of bone- 65% by weight'®?® and 33-43% by volume®'?*. In bone the
mineral component is responsible for imparting the necessary stiffness, strength, and
rigidity to bone.

In the mineralized collagen fibril the (0001) surface of hydroxyapatite is oriented
normal to the collagen molecule. In addition to (0001) surface, the electron diffraction
studies show that the (10 1 0) surfaces of HAP are also well developed and are oriented
approximately parallel to each other ®?2®, The molecular dynamics study of collagen-

hydroxyapatite interface was first carried out by Bhowmik et. al*” %

showing the
presence of strong interactions at the interface which significantly affects the mechanics

of collagen molecule. Bhowmik et al. also showed the important role played by water in
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mediating the interactions between collagen and mineral®’. Similar behavior has also
been shown in a number of other nanocomposites such as nacre and polymer clay
nanocomposite, in which the mechanical behavior of organic material is enhanced by the
mineral proximity®. The mineral surface shares a significant interfacial area with
collagen molecules within the collagen fibril leading to the substantial hydroxyapatite-
collagen interactions. The mechanics collagen in the proximity of (0001) and (10 1 0)
surfaces of hydroxyapatite and directional dependence of mineral-collagen interactions
have been studied in detail by Katti et al. using molecular dynamics . The results of this
study indicate that the mechanics of collagen pulled in different directions with respect to
hydroxyapatite is significantly different. The role of the thickness of mineral on the
mechanical properties of the collagen-hydroxyapatite interface has been carried out by
Qin et al. which show that the tensile modulus of biomineral surface converges around 2
nanometer thickness of mineral®®. Other studies of collagen hydroxyapatite system
include molecular dynamics study ***, density functional study*’, and continuum
micromechanics study®® **. In addition to collagen-hydroxyapatite systems, there are
number of molecular dynamics studies investigating the mechanical properties of single

4043 that show wide variation of elastic modulus. The steered

collagen molecules
molecular dynamics study of full-length collagen molecule that investigates the
mechanical response of the entire 300 nanometers length is carried out for the first time
by Pradhan et al.*.

The molecular molecular modeling study of collagen microfibrils has been carried
out by number of researchers***". The two dimensional coarse grain study of

unmineralized and mineralized collagen mifrofibril has been carried out by Buehler **4°,
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Most of the studies found in the current literature are limited to the investigation of
microfibril and the study of a collagen fibril is very scarce. While the collagen fibrils in
bone are mineralized, majority of these microfibril models are either unmineralized or do
not include the effect of minerals proximity in the mechanics of collagen molecules, as
evident from the number of molecular dynamics studies®” *2. Recently the Pradhan et al.
has carried out a multiscale modeling of mineralized collagen fibril by combining
molecular modeling with the continuum description of the fibril microstructure®. In this
study the mechanical response of collagen in the mineral proximity is evaluated using
steered molecular dynamics and incorporated into the three-dimensional finite element
model of collagen fibril. This study is limited to the mechanics of collagen fibril in the
small displacement regime. In this paper we present the results of our simulation in a
larger displacement regime as well as the deformation response of collagen fibril under
various crosslink densities.
8.2. Model Construction and Simulation Details

The key feature of this model is the multiscale model of collagen fibril that
bridges molecular level properties with the continuum model of fibril. Molecular
dynamics is used to simulate collagen-hydroxyapatite interactions at the molecular scale,
and finite element method is used to model the mechanical response of fibril. At the
molecular scale, the collagen is pulled in the proximity of mineral and in the absence of
mineral proximity using steered molecular dynamics. These conditions correspond to the

different mineral environments of collagen inside the collagen fibril. The two mineral

surfaces used in this study include (0001), and (1010) surface. For the construction of

collagen-hydroxyapatite models the solvated collagen molecule (PDB ID: 1k6f) is
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brought in the proximity of mineral surface and geometrically optimized by energy
minimization using conjugate gradient method. The temperature and pressure are brought
to 300 K and 1.01 bar respectively in the steps of 100 K and 0.25 bar. The langevin
dynamics and Nose-Hoover piston method are used to maintain temperature and
pressure®’. The simulations are carried out using a NAMD®? package and CHARMM?®®
force field. The force field parameters for hydroxyapatite are obtained from Bhowmik et
al. °*. For evaluating load-displacement response, the collagen molecules is fixed at one
end and extended using a harmonic spring at the pulling rate of 0.00003 ps™ using steered
molecular dynamics. The spring constants of 4 kcal/mol/A? and 0.1 kcal/mol/A? were
used for short (~8.5 nm long) and full-length (~290 nm long) molecules respectively. In
the proximity of mineral, the short collagen molecule is pulled parallel and perpendicular
to the hydroxyapatite (10 1 0) and (0001) surfaces respectively. Steered molecular
dynamics is also used to estimate the breaking stress between the end of collagen and
mineral (0001) surface. The center of mass of collagen with N-telopeptide at the end is
pulled perpendicular to the mineral surface using a pulling rate of 0.00003 ps™ until the
collagen and mineral are completely detached. The breaking stress of 24.2 pN/AZ is
estimated from the peak force during the detachment of collagen and mineral.

The elastic modulus of collagen is estimated for the small displacement regime of
7%. The deformation of collagen beyond 7% displacement is considered be inelastic and
represented using a piecewise linear description for finite element modeling. For the
collagen molecule the elastic modulus is computed for a small displacement of 7% using
arelation E =k x L/A, where ‘k’ is the stiffness of load-displacement response, ‘L’ is the

length of collagen molecule, ‘A’ is the cross-sectional area of collagen. The cross-
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sectional area of collagen is estimated by enclosing the VVan der Waals surface of
collagen with a cylinder, similar to the method used by other researchers*" %2, The
modulus of collagen not in the mineral proximity is 2.95 GPa, whereas the collagen
molecule pulled parallel to (10 1 0) and perpendicular to mineral (0001) surfaces are
13.17 and 6.26 GPa respectively™.

The collagen-collagen interface and collagen-mineral interface are assumed to
consist of thin region called “interlayer” that is responsible for the transfer of shear
between the constituents. The thickness of interlayer is estimated from molecular
dynamics study by approximating the distance between Van der Waals surfaces of two
molecules. The details of steered molecular dynamics study in which the central collagen
molecule is sheared with respect to the surrounding six other molecules, arranged in a
quasihexagonal manner, can be found in our previous work “°. From the load-
displacement response the shear modulus and sliding/yield stress of the interlayer
between collagen molecules are estimated to be 0.027 pN/A? and 0.166 pN/A?

respectively. The shearing characteristics of collagen-mineral interface is studied by

pulling collagen parallel to the mineral (1010) surface using steered molecular
dynamics. The load-displacement response obtained from steered molecular dynamics is
utilized to estimate shear modulus of interlayer using finite element method. This method
allows us to separate the deformation of interlayer from those of collagen and mineral
during shearing. The finite element model of collagen pulled on the surface of mineral is
shown in figure 8.1. This model consists of a collagen and mineral separated by a 0.24
nm thick interlayer. The finite element simulation is carried out by fixing the bottom

surface of the mineral and applying tensile load to the right end of collagen. Series of
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simulations was carried out by varying the shear modulus of interlayer until the stiffness
response obtained matches to the value obtained from steered molecular dynamics. The
shear modulus of interlayer obtained from this iteration is 1.51 pN/AZ. The maximum
stress on the interlayer when the collagen begins to slide over mineral is estimated to be
1.42 pN/AZ?. The elastic modulus of hydroxyapatite, determined from nanoindentation

test, obtained from literature is 150.38 GPa °.

HAP
Collagen

Interlayer

Figure 8.1. Finite element model of collagen pulled on the mineral surface.
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The material properties of collagen and interlayers estimated from steered
molecular dynamics are passed over the finite element model of collagen fibril. The finite
element model of collagen fibril is constructed using MSC Mentat as described in detail
in our previous work™. This model of fibril is cylindrical in shape 1005 nm in length,
approximately 50 nm in diameter, and consists of 34 molecules across the cross-sectional
width. The total number of elements in this model is 4,325,922, while only the symmetric
half of the model is used for simulation. The collagen molecules in this model are 294.8
nm long corresponding to 4.4D, where D is the longitudinal stagger of 67 nm. The
staggering of collagen molecules with respect to each other in this model results in a
banded pattern along the fibril length as shown in figure 8.2. The ends of collagen
molecules consist of a region known a hole-zone that consists of a plate shaped
hydroxyapatite 40 nm wide and 1.23 nm thick. The mineral plates in this model are
aligned parallel to each other, with an arrangement similar to the parallel layers of
hydroxyapatite seen in mineralized turkey tendon and some bones 4182 The
separation between adjacent collagen molecules in our model is 2.4 A, which is taken
from Landis et al ®. The crosslinks are modeled as the elements bridging the adjacent
collagen molecules spanning 6 nm from the end of collagen molecules. In our
simulations, the stiffness of crosslink obtained from Buehler’s work*® is 1181.143 pN/A.,
while the bond strength of covalent crosslink is considered to be 2.1 nN **°8. The
simulations of collagen fibril were carried out for zero, one, two, there, four, and five
crosslinks. The finite element simulations were carried out by fixing nodes on the bottom
face and applying the fixed-displacement tensile loadings to the nodes on the top face of

the fibril model. The mineral component of bone is strong in compression but not in
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tension. The collagen molecules function as reinforcing structural members that impart
bone with the adequate tensile and bending strength (in conjunction with mineral).
However, majority of mineral is interfibrillar in nature, which makes it highly likely that
the collagen fibril is predominantly a tensile member. The true nature of load in collagen
fibril can be determined only from the modeling of collagen fiber and higher bone
structures and the study of deformation under various loading scenarios, which is beyond
the scope of this study. For this study we have utilized a tensile load on collagen fibril,
applied in small increments.
8.3. Results and Discussion

The constituents of collagen fibril, collagen molecule, mineral, and water, are
known to have significant non-bonded interactions among themselves. The steered
molecular dynamics studies show that the mechanical property of collagen molecule is
significantly affected by the mineral proximity. It has been shown in our previous work
that the elastic modulus of the mineralized collagen fibril is significantly altered by the
molecular interactions at the collagen-mineral interface *°. Here we look that the effect of
crosslink in the enhancement of mechanical property of collagen fibril due to the
presence of mineral. The finite element simulations are carried out for crosslink densities
varying form zero crosslink to five crosslinks per end of a collagen molecule. The elastic
modulus of collagen fibril estimated at the small strain of 4% at various crosslink
densities are shown in table 8.1. The table shows that the elastic modulus of collagen
fibril at various crosslink densities is significantly higher when the influence of mineral
on collagen mechanics is taken into consideration as compared to the case when the

influence of mineral on collagen is not taken into account. The interesting thing of this
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Figure 8.2. Section of the the finite element model of collagen fibril showing banded
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The typical stress-strain response of collagen fibril obtained from finite element
simulation is shown in figure 8.3. We see that in addition to the small displacement
regime, the deformation response of collagen fibril is significantly stiffer in the large
displacement regime when the effect of mineral proximity on collagen is taken into
consideration. Our simulations show that there is significant enhancement in the stiffness

response of collagen fibril in the large displacement regime at all the crosslink densities.

Table 8.1. Elastic modulus of collagen fibril at various crosslink densities when
the influence of hydroxyapatite on collagen mechanics is (i) taken into

consideration, and (ii) not taken into consideration

Elastic Modulus of Collagen Fibril (GPa)
Number of Crosslinks
Mineral Influence No Mineral Influence
0 3.99 3.52
3 4.33 3.79
5 4.43 3.89

The elastic modulus of collagen fibril corresponding to 4% strain at various
crosslink densities is shown in figure 8.4. It is seen in figure that the fibril exhibit higher
elastic modulus at high crosslink densities. Furthermore, it is to be noted that there is a
larger increment in elastic modulus between zero crosslink and one crosslink compared to
between one, two, there, four- , and five crosslinks. The enhancement in the elastic
modulus due to presence of crosslinks is seen to vary from 5% to 11% compared to the
collagen fibril with no crosslink. This shows that the crosslinks plays an important role in

collagen fibril by imparting with higher elastic modulus.
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Figure 8.4. Elastic modulus of collagen fibril at various crosslink densities.

The deformation response of collagen fibril at crosslink densities varying from
zero crosslink to five crosslinks is shown in figure 8.5. It is seen from the plot that the
larger number of crosslinks results in the higher stiffness of collagen fibril. A very
interesting observation from this stress strain response is that the yielding or failure of
collagen fibril due to the breaking of crosslink is not observed for any of the crosslink
densities throughout the entire deformation range. A more striking observation from this
plot is that the fibril model with no crosslink is also able to sustain the applied load
without yielding or failure even at a large strain of 30%. To explain this observation it is

necessary to look closely at the arrangement of collagen molecules in a fibril. The
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schematic of the longitudinal section of collagen fibril approximately 1 micrometer in
length and 50 nanometers in diameter, consisting of 34 collagen molecules across the
width, is shown in figure 8.6. The adjacent molecules are longitudinally staggered with
respect to each other by 67 nanometers resulting in a gap- and overlap- zone of length 40
nanometers and 27 nanometers respectively along the length. Overlap zone is a region
where the transfer of tensile force occurs between the adjacent collagen molecules with
the help of crosslinks and shearing between molecules. Therefore, the pullout between
the ends of collagen molecules in the overlap zone can be considered one of the
important mechanisms of collagen fibril failure. As shown by the dotted lines in the
figure the adjacent overlap zones in collagen fibril is inclined at an angle of about 1.25
degrees relative the longitudinal direction of fibril. The inclination of this line can be
estimated using a relation Tan™(d/D), where d is a center to center lateral distance
between collagen molecules and D is the D-spacing of 67 nanometers. Thus the dotted
lines represent the region where the collagen fibril fails due to the pullout between the
overlapping ends of two molecules. While the pullout between the overlapping ends of
two molecules is an important mechanism of fibril failure, it is essential to understand its
dependency on the length and diameter of collagen fibril. We can do this by referring
back to the schematics of collagen fibril shown in figure 8.6 and asking a question if it is
possible to cause it to fail by pullout in the overlapping zone (i.e. along the dotted lines),
when the opposite ends of fibril are pulled. Let’s consider a parallelogram shaped region
of fibril bounded two of the inclined dotted lines and red arrows on the left and right end
of fibril section. Evidently there is no overlapping between the ends of collagen in this

region, so the failure due to pullout and breaking of crosslinks is not possible. The
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deformation mechanism of this region is purely governed by the shearing between the
adjacent collagen molecules. For the failure of collagen by pullout in the overlap zone to
be possible at least one of the dotted lines should intersect the opposite edges of fibril (i.e.
top and bottom edges). This gives rise to an idea of characteristic length (L.) of fibril that
governs its deformation mechanism. The characteristic length is given by the relation, L.
= ¢xD/d, where ¢ is the diameter of fibril, D is the D-spacing of 67 nanometers, and d is
a center to center lateral distance between collagen molecules. The deformation will be
governed by intermolecular shear if the fibril length (L) is shorter than L., whereas it will
be governed by the pullout between the pullout between collagen ends and breaking of
crosslinks if L is longer than L¢. The diameter of collagen fibril model is 50 micrometers
and it corresponding characteristic length is 2.3 micrometers, which is much longer the
length of our model (i.e. 1 micrometers). Because of this reason we do not see the
yielding/failure of collagen fibril due to pullout between ends of collagen even when no
crosslink is present (Fig. 8.5). The fact that mechanical response of collagen fibril is
dependent on the size of fibril has also been shown experimentally. The experimental
study by Shen et al.>® show that the post yield behavior of collagen fibril is dependent on
the fibril volume, and as result of which the collagen fibril cannot be considered
representative volume elements.

In bone the exact mechanism of load transfer to fibrils are not very clear as there
are currently two opposing viewpoints: (i) load transfer to fibril occurs through
proteoglycan bridges between fibrils®® ®!, and (ii) “force transmission within the tissues
occurs along spanning collagen fibrils themselves, long intertwined fibrils, and

6255

bifurcating/fusing fibrils®*. Hence, the true nature and distribution of the stress acting
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along the length of collagen fibril when the bone is strained is largely unknown. In bone
the load is most likely transferred to the collagen fibril as distributed stress acting along
its length due to neighboring fibrils or interfibrillar mineral and proteoglycan bridges in
different proportions that is not clear at this point. As a result, variable tensile stress is
developed along the length of fibril with the presence of regions that are stressed and
unstressed, i.e. every section along the length of fibril may not be under equal tensile
strain and that there may be regions without any straining. Hence, we define the
continuous length over which fibril experiences the tensile stress/strain due to the applied
distributed load as “effective length” for that particular loading condition, i.e. it is defined
as the distance between two successive points of zero tension. The deformation
mechanism of fibril depends on whether the effective length is greater or smaller than the
characteristic length. If the effective length is greater than the characteristic length the
deformation mechanism will be governed by the overlap zone and the breaking of
crosslinks. However, if the effective length is less than the characteristic length the
deformation mechanism of fibril will be governed by the intermolecular shear between
collagen molecules. The finding that the deformation mechanism of collagen fibril is
dependent on the characteristic length has an interesting an implication for the bone
mechanics. As the characteristic length is directly proportional to the fibril diameter as
discussed above, it can vary from the few microns for a fibril of small diameter to the
tens of microns for a fibril of larger diameter. Because of this reason the fibrils of
different diameter will exhibit different deformation response for similar loading

conditions due to the differences in deformation mechanisms.
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Figure 8.5. Stress-strain response of collagen fibril at crosslink densities varying

from zero crosslink to five crosslinks per collagen end.

When the collagen fibril is stretched the overlap and gap zone undergo different
amounts of strain. The longitudinal strain along the collagen fibril in tension is shown in
figure 8.7. The gap zone undergoes significantly lesser strain compared to the overlap
zone, as its deformation originates from the pure stretching of collagen molecules, nearly
50% of which are stiffened by the nonbonded interaction with hydroxyapatite due to the

close proximity. Due to this reason the collagen molecules in the overlap zone which are
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closer to the mineral show lesser strain compared to the others. However, in case of
overlap zone the deformation is achieved by shearing between the overlapping collagen
molecules and the extension of crosslinks. In the overlap zone the ends of collagen show
lesser strain compared to remaining length. The longitudinal stress along collagen fibril
under tension is shown in figure 8.8. The mineral component of fibril being very stiff
experiences the highest magnitude of stress followed by the overlap zone. In overlap zone
the region consisting of crosslinks experiences higher stress compared to the part that do
not contain crosslinks. The strain energy per unit volume stored in collagen fibril when it
is stretched is shown in figure 8.9. Overlap zone is the region of collagen that undergoes

the highest strain, as a result of which the strain energy density is highest in this region.
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Figure 8.6. The schematic of the longitudinal section of collagen fibril in our model
showing the arrangement of collagen molecules staggered with respect to each other
by 67 nanometers. The dotted lines represent the location of overlap zone where the

crosslinks are formed near the end of collagen molecule.
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Figure 8.7. Strain along collagen fibril in tension
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8.4 Summary and Conclusions

Multiscale modeling of collagen fibril is carried out by incorporating the material
properties of collagen obtained from steered molecular dynamics into the finite element
model of collagen fibril. The collagen fibril is extended using displacement control to
study its deformation response and the underlying mechanisms at various crosslink
densities. The simulations show that the nonbonded interactions between collagen and
mineral contribute to the significant enhancement of the elastic modulus of collagen fibril
at all the crosslink densities, establishing the importance of taking into account these
molecular interactions for modeling the mechanical response of collagen fibril. In
addition to the small displacement regime, the stiffening of collagen fibril due to
molecular interactions between collagen and mineral is also observed in the large
displacement regime of 30% strain. The crosslinks are found to play important role in the
mechanical response of collagen fibril, the enhancement in elastic modulus ranging from
5-11% for various crosslink densities compared to the collagen fibril with no crosslink.
This stiffening behavior due to crosslinks is found to be true for small as well as large
strain regimes, with the higher crosslink densities typically resulting in stiffer response of
collagen fibril.

In this study we have elucidated two different mechanisms of fibril deformation
depending on the characteristic length of collagen fibril. The stress distribution within the
collagen fibril affects the effective length for fibril deformation. The effective length is
defined as the length of collagen fibril between two consecutive points of zero tension.
The deformation mechanism is governed by the pullout between the ends of collagen

molecules in the overlap zone, following the breaking of crosslinks, if the effective length

195



is greater than the characteristic length. However, if the effective length is less than the
characteristic length the deformation mechanism is dictated by the shearing between the
staggered collagen molecules which are adjacent to each other. In this study deformation
response is found to be governed by the shearing between adjacent collagen molecules, as
opposed to pullout in the overlap region, since the effective length of our model is
smaller than the characteristic length of fibril. The study of the deformation response of
the longer collagen fibril using finite element method is a topic of next study, which at
present is infeasible due to the computational limitation.

The overlap zone is seen to undergo the higher strain compared to the gap zone.
This is a result of the continuous length of collagen molecule present in the gap zone,
enhancement of mechanical response of collagen due to nonbonded interactions with
hydroxyapatite, as well as, the additional stiffness provided by the mineral. The highest
magnitude of stress is found in the mineral due to its high stiffness, followed by the
overlap zone. In the overlap zone the end regions consisting of crosslinks are found to
experience higher stress compared to the non-crosslinked section. Furthermore, the
overlap zone due to its ability to undergo larger strain is found to have the higher
concentration of strain energy compared to other regions of collagen fibril.
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CHAPTER 9. EVOLUTION OF MOLECULAR INTERACTIONS IN THE
INTERLAYER OF NA-MONTMORILLONITE SWELLING CLAY WITH

INCREASING HYDRATION

This chapter seeks to understand the swelling behavior of clay by exploring the
evolution of molecular interaction in the Na-montmorillonite clay with increasing degrees
of interlayer hydration. The content of this chapter has been submitted for publication.
9.1. Introduction

The swelling behavior of smectite clays are widely known for its detrimental
effect on the civil infrastructures, resulting in millions of dollars in damage every year
throughout the world. However, smectite clays are not without the number of useful
applications such as in case of the borehole stabilization during drilling, drug delivery
systems and in polymer-clay-nanocomposite for the enhancement of material properties.
The expansive nature of these clays when exposed to water resulting in the large change
in its volume, or alternatively the large build up in swelling pressure when the volume is
confined continues to be the topic of extensive research. The theory of Stern and Guoy,
known as diffuse double layer theory, is one of the earlier models that attempts to explain
interactions between clay and water in the interlayer (1). Another theory called DLVO
(Derjaguin, Landau, Verwey and Overbeek) theory (2, 3) is able to describe stability of
clay colloidal suspension fairly well for larger spacing, but is not satisfactory for spacing
smaller than 20A. However, despite the wide prevalence of these theories, they fail at
smaller layer spacings and are unable to describe swelling behavior.

In addition to the theoretical studies described above there are numbers of

computational studies on swelling behavior of hydrated smectite clays using molecular
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dynamics (MD) and Monte Carlo (MC) methods (4-11). Skipper et al. (4) carried out
Monte Carlo and molecular dynamics computer simulation of interlayer water in 2:1
clays. Delville (11, 12) conducted Monte Carlo simulation to quantify swelling and
showed that solvation of the interlayer cations have important role on the swelling
properties of clay. Karaborni et al. (7) used both MC and MD simulations to study the
mechanism of swelling. Tambach et al. (8) did molecular simulations of swelling clay
minerals to study different types of clay, water models and cations. Smith et al. (9, 10, 13,
14) devised grand canonical molecular dynamics and Monte Carlo simulation and
showed the dependencies of clay swelling on pressure, temperature and chemical
potential. Katti et al (15) carried out first steered molecular dynamics (SMD) studies to
investigate the mechanical response of clay mineral pyrophyllite interlayer. Similar
studies were carried out on sodium montmorillonite to study its mechanical response
under different amounts of hydration (16, 17). In addition to these computational studies
the experimental investigations have been carried out by Katti et al to investigate
evolution of clay microstructure during swelling using scanning electron microscopy (17,
18). It was shown that during swelling the clay particles successively break down
resulting in smaller particle size. This finding was incorporated into a separate
computational study using discrete element method (DEM) to investigate the effect of
particle breakdown on the swelling and swelling pressure (19).

In this study we carry out molecular modeling of montmorillonite with increasing
amounts of water in the interlayer, up to ten layers of water, using molecular dynamics.
This study of focused on investigating the molecular mechanisms involved in different

levels of hydration through the detailed study of interactions between clay layers,
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interlayer water and cations. In addition, the evolution of interlayer spacing and
conformation of water molecules in the interlayer are also explored.
9.2. Construction of Clay Model

The sodium montmorillonite (Na-Mt) used in this study has a chemical formula
NaSiis(AlsFeMg)O,0(OH)4, which is a simplified model of the clay sample (Swy-2)
acquired from The Clay Minerals Society source clays repository for our previous study
(16, 17, 20). The montmorillonite has a tetrahedral-octaheral-tetrahedral structure. The
octahedral sheet of Na-Mt is substituted by a cation of lesser charge resulting in a layer
charge of 0.5|e| per unit cell, which is counterbalanced by 0.5Na cations per unit cell in
the clay interlayer.

The molecular model of clay we have constructed is shown in figure 9.1. The
initial unit cell dimensions are 5.28 A x 9.14 A x 6.56 A (10™m; 1 A = 0.1 nm). Each of
the clay layers consist of four unit cells in the X direction and two unit cells in Y
direction, resulting in an overall dimension of 21.12 A x 18.28 A x 6.56 A. The initial
basal spacing of 10 A was used. Basal spacing is defined as a distance from the top of
first clay layer to the top of second clay layer. The detailed description of the construction
of montmorillonite structure can be found in our previous work (16).

The hydrated models of clay consisting of two, four, six, eight, and ten
monolayers of water were constructed by introducing water between clay layers as shown
in figure 9.2. The level of hydration in these models corresponds to interlayer moisture of
20%, 40%, 60%, 80%, and 100% respectively. The total numbers of water molecules
used in our model corresponding to the different levels of hydration are 64, 128, 192,

256, and 320 respectively. The water model used in the MD studies is TIP3P (21).
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We have carried out molecular modeling of clay using Molecular Dynamics
(MD). Molecular dynamics (MD) is a molecular modeling technique used to simulate

behavior of molecules and molecular systems.

Figure 9.1. Molecular model of Na-montmorillonite showing clay layers and sodium

ions.
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Figure 9.2. Montmorillonite models with different levels of interlayer hydration
consisting of, (a) dry clay, (b) two layers, (c) four layers, (d) six layers, (e) eight

layers, (f) ten layers of water.
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Figure 9.2. Montmorillonite models with different levels of interlayer hydration
consisting of, (a) dry clay, (b) two layers, (c) four layers, (d) six layers, (e) eight

layers, (f) ten layers of water. (Continued)
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Figure 9.2. Montmorillonite models with different levels of interlayer hydration
consisting of, (a) dry clay, (b) two layers, (c) four layers, (d) six layers, (e) eight

layers, (f) ten layers of water. (Continued)
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9.3. Simulation Details

We have used NAMD (22, 23) package developed by Theoretical and
Computational Biophysics Group in the Beckman Institute for Advanced Science and
Technology at the University of Illinois at Urbana-Champaign for carrying out our
molecular dynamics study. Visual molecular dynamics (VMD) program (24), which is
also developed by Theoretical and Computational Biophysics Group in the Beckman
Institute was used for visualization and analysis. The hydrated clay was minimized using
conjugate gradient method. All the molecular dynamics simulations were carried out at
isothermal-isobaric (NPT) conditions. The temperature and pressure were increased in
steps and equilibrated at 300 K and 1.01 bar respectively. The model was equilibrated for
400,000 steps (200ps), using the time step of 0.5 femtoseconds. Periodic boundary
conditions were used in all the simulations. CHARMmM (Chemistry at Harvard
Macromolecular Mechanics) (25) force field is used for calculating energies. Parameters
for CHARMmM force field were derived from CFF parameters (26) as described in our
previous study (15-17). The interaction energies between constituents were computed
using NAMD Energy plugin of VMD software. For calculation of interaction energy, the
last 20 picoseconds of simulation trajectory were used. All the simulations were carried
out at the Center for High Performance Computing (CHPC) at North Dakota State
University. The simulations were conducted on 96-node/192 processor (Dual 3.06 GHz
Xeon-HT processors) distributed-memory Cluster.
9.4. Results

The interlayer spacing of dry montmorillonite and hydrated clay layers consisting

different number of water monolayers are shown in figure 9.2. The interlayer spacing

212



corresponding to the dry montmorillonite is about 4.14 A. The water which enters the
interlayer is subject to the nonbonded interactions due to the clay layers and the sodium
ions present in the interlayer. These nonbonded interactions are Van der Waals and
Columbic in origin. The equilibrium of the nonbonded interactions between clay layers,
water molecules, and cations at a given temperature and pressure determines the resultant
interlayer spacing when different amounts of water enter the clay gallery. The interlayer
spacing corresponding to two, four, six, eight, and ten monolayers of water are about 8.53
A 1365 A, 15.1 A, 22.3 A and 24.50 A respectively.

The hydrated clay is comprised of following components: clay layers, sodium,
and water. The interactions between these components are collectively responsible for the
swelling behavior of clay. These interactions are represented in the schematic diagram
shown in figure 9.3. Specifically, the interaction energies between two adjacent clay
layers, clay layers and sodium, clay and sodium-bound water, sodium and clay-bound
water, and clay-bound water and sodium-bound water are presented. The interaction
energy is defined as a negative of the energy that has to be expended in completely
separating two objects. Therefore, negative interaction energy implies attractive
interaction (especially if it is predominantly electrostatic in origin), whereas the positive
interaction energy implies repulsion between two sets of atoms/molecules. The water
molecules which are very close to the clay are capable of forming a strong bond with the
negatively charged clay surface.

The evolution of interaction energies between various constituents and increasing
hydration in the interlayer is shown in Figure 9.4. The figure also shows the increasing

interlayer spacing with increasing hydration level. The figure indicates that the strongest
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attractive interactions are between Na-ions and the clay sheets (predominantly
electrostatic in nature) followed by clay-clay interactions (as a result of mainly Van der
Waals interactions) for the dry condition (zero monolayers of water). It appears that for
the dry condition, the sodium ions play a dominant role in keeping the stacked structure
together. With the increase in hydration, the clay-clay attractive interactions rapidly
decrease to almost zero for 4 monolayers of water. The Na-clay attractive interactions
also show reduction in the interaction energies with increasing hydration, although at
much smaller rate and are present even up to 10 monolayers of interlayer water. The Na-

clay attractive interactions are predominantly electrostatic in nature for all levels of

hydration.
= = u = = D
-223
+13.6 1542 A
TR, L a—
== Clay @ Sodium -~~~ ~ Clay-bound water 4 Sodium-bound water

‘+’ sign means repulsive interaction, ‘-’ sign means attractive attraction.
All interaction energies are in kcal/mol.

Figure 9.3. Schematic diagram showing various interactions calculated between
adjacent clay layers, clay layers and sodium, clay and sodium-bound water, sodium

and clay-bound water, and clay-bound water and sodium-bound water.
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Figure 9.4. Evolution of interaction energies with increasing water layers in the
interlayer. Positive values of interaction energies indicate attractive interactions.
Large attractive interaction energies are observed between Na-ions and water
molecules in their close proximity (< 3.5 A) and clay and water molecules in their
close proximity leading to the concept of bound water. Arrows show limits placed on
the magnitude of clay bound water-Na bound water and clay bound water and Na-
ions attractive interactions towards the stability of the clay structure due to clay

bound water attractive interaction energies.
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Water in the close proximity of Na-ions and clay surfaces show more organization
compared to bulk water. We have defined the water molecules within a distance of 3.5 A
of clay surface and 3.5 A of Na-ions as clay bound water and Na-bound water
respectively. This magnitude of this distance is the typical range for hydrogen bond
interactions (27-29). The authors have observed bound water phenomenon with mineral
surfaces in other materials systems (30-33). In Figure 9.5, the variation of non-bonded
interactions between Na-ions and Na-bound water with increasing hydration is shown.
These interaction energies are among the largest attractive interactions among all
interactions shown on the plot, for hydrated condition. The variation of these interactions
with increasing water layers appear to be narrow. The water molecules in the Na-bound
water are strongly attracted to the Na-ions. The plot also shows the variation of non-
bonded molecular interactions between clay sheets and clay bound water molecules. The
interactions are attractive in nature and are quite significant, although smaller in
magnitude compared to Na-Na bound water interactions. These interactions show some
increase in the magnitude of attractive interactions with hydration as a result of
increasing number of water molecules interacting with the clay surfaces. Thus, the clay
bound water is strongly attracted towards the clay surfaces. The bound water —Na or
bound water-clay interactions are a result of both VVan der Waals and electrostatic
interactions.

In Figure 9.5, we have also plotted the variation of interactions between clay
bound water and sodium bound water with hydration. These interactions are attractive in
nature and become almost negligible at the hydration level of 10 layers of water in the

interlayer. The plot shows the magnitude of these interactions to be larger than the clay-
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clay bound water interaction energies for hydration levels of two to six monolayers of
water, however, the clay-clay bound water attractive interaction energies will be the
limiting attractive energy to hold the stacked structure together. A plot of clay bound
water-Na ions interaction energies with increasing hydration is shown in the same figure.
These interactions are also attractive in nature and decrease with increasing levels of
hydration. Similar to the Clay bound water-Na bound water interactions, initially the
magnitude of attractive energies of these interactions are larger than the clay-clay bound
water interaction energies and thus the clay-clay bound water attractive interaction
energies will be the limiting attractive energy to hold the stacked structure together. The
clay-Na bound water interactions, although relatively smaller in magnitude compared to
the other bound water interactions are also attractive in nature and are present for all
levels of hydration used in the simulations.

The nature of non-bonded interactions, whether electrostatic or Van der Waals
provide an insight into the role of molecular proximity and charge on the swelling
behavior of the interlayer. In the dry state, the magnitude of attractive clay-clay (sheets)
interactions are composed of -239.8 Kcal/mol. Van der Waals energy and -44.4 Kcal/mol.
electrostatic energy for a total interaction energy of -284.2 Kcal/mol. For the same
condition, the magnitude of Na ions-clay sheets interaction energy consists of +39
Kcal/mol. (repulsive) Van der Waals energy and -511.3 Kcal/mol. electrostatic energy for
a total interaction energy of -472.3 Kcal/mol. It appears that in the dry state, the large
attractive Na-clay interactions bring the clay sheets closer and those interactions provide

the structural stability for stacking of the clay sheets.
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Figure 9.5. Increase in the interlayer spacing with increasing interlayer water and
the corresponding interaction energies. The contribution of Van der Waals and
electrostatic interactions on the interaction energy values are also shown. Stars

below the bars indicate limiting interaction energy values.

With hydration, the Na ions- Na bound water interactions are initiated. These
interactions are predominantly electrostatic in nature. For the Na-Na bound water
interactions, for the two monolayer level of interlayer hydration, the total attractive
interaction is -451.2 Kcal/mol. and comprises of +31.2 Kcal/mol Van der Waals energy

and -482.4 Kcal/mol. electrostatic energy. These interactions do not change significantly
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at 10 monolayer hydration level, where the total Na-Na bound water attractive interaction
IS -409.9 Kcal/mol. and comprises of +29.8 Kcal/mol. VVan der Waals energy and -439.7
Kcal/mol. This suggests that the Na-ions are almost fully hydrated at the two monolayer
hydration level. Also, the large electrostatic interactions hold the water molecules in the
close proximity of Na-ions. Similarly, for the clay-clay bound water interactions, for the
two monolayer water interlayer hydration level, the total interaction energy is -144
Kcal/mol. which comprises of -52.5 Kcal/mol. Van der Waals energy and -91.5
Kcal/mol. electrostatic energy. With increasing hydration, the tendency for this energy is
to increase as a result of additional water molecules interacting with clay sheets and the
magnitude of the interaction energy for 10 monolayer water interlayer hydration is -216.4
Kcal/mol. and comprises of -39 Kcal/mol. Van der Waals energy and -177.4 Kcal/mol.
electrostatic energy. The large magnitude of attractive interactions between clay or Na
and corresponding bound water molecules indicate that these water molecules are
strongly bound. For the remaining interaction pairs, electrostatic interactions compared
to VVan der Waals interactions, play predominant role in the clay interlayer during
hydration.

In figure 9.6, comparisons are made between the attractive interactions between
Na-ions and clay sheets and cumulative bound water interactions (Clay bound water-Na
bound water; Clay bound water-Na; and Clay-Na bound water). As observed in the
schematic diagram in figure 9.3, all of these attractive interactions will contribute to
maintaining the stacked structure of the clay together. For two, four, six, eight and ten
monolayer interlayer hydration levels, the Na-clay attractive interaction values are -353

Kcal/mol., -245 Kcal/mol., -184.4 Kcal/mol., -86.3 Kcal/mol. and -30.3 Kcal/mol.. For
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two, four, six, eight and ten monolayer interlayer hydration levels, the Bonded water-
clay/Na cumulative attractive interaction values are -144 Kcal/mol., -120.5 Kcal/mol., -
197 Kcal/mol. -95.6 Kcal/mol. and -53.5 Kcal/mol. Thus the contribution of attractive
interactions in the interlayer by the bound water is significant. Relative to the Na-clay
attractive interactions, the contribution of bonded interactions towards attractive
interactions in the interlayer for two, four, six, eight and ten monolayer interlayer
hydration levels are 40.79%, 49.18%, 106.83%, 110.78% and 176.56%. In fact, at six,
eight and ten monolayer hydration levels, the attractive interactions from bonded water
are higher than the Na-clay attractive interactions. Thus, the increasing water in the
interlayer not only causes the interlayer to swell, but also contributes significantly to
maintaining the intercalated structure for relatively large amount of hydration. Thus the
bound water interactions along with other binding interactions allow for the stability of
stacked clay structure at larger interlayer water content. Significant interlayer swelling at
large water content has been observed experimentally by Foster etal. (34) and several
other researchers. Beyond four monolayers of water, contribution of water in stabilizing
the clay structure exceeds the contribution of Na-clay interactions. It should be noted that
beyond 10 monolayers of water, the attractive interaction energies become negligible,

leading to potential for exfoliation under free swelling condition.
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Figure 9.6. Plot shows the comparison of clay sheet- Na-ions interaction energies
with increasing interlayer hydration and cumulative bound water binding
interaction energies with increasing interlayer hydration. The bound water
interactions contribute significantly to the binding interactions within the clay

interlayer with increasing hydration.

Although the water is a neutral molecule, it consists of negative partial charge on
the oxygen atom and positive partial charge on hydrogen atoms. This results in a
permanent dipole moment of the water. The experimental dipole moment of individual
water molecules is 1.85 D. Dipole moment of water is a vector pointing away from

oxygen atom along the bisector of an angle between hydrogen, oxygen, and hydrogen.
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The dipole moment is a vector defined as P=Xqr, where q is the charge and r is a position
vector of the charge. For our simulations we have used TIP3P model of water and assume
that the dipole moment of each water molecule remains constant during simulation. The
water molecules in a solution interact with each other due to the partial charges on
oxygen and hydrogen atoms through dipole-dipole interactions. In addition, the dipole
moment of water also interacts with the electrostatic field of clay and cations to orient
themselves in a certain direction. We can add the dipole moment vectors of each water
atoms to obtain the total dipole moment. The direction of the total dipole moment vector
can tell us about the general orientation of the water molecules in an average sense. The
dipole moment of the upper and lower layers of water molecules separated by an
equatorial plane is shown in figure 9.7 for different number of water monolayers. In case
of clay with two layers of the water all of the water molecules are under the combined
influence of both clay layers and sodium ions. The clay sheets have a net negative charge
(due to isomorphous substitution), which attracts hydrogen atom of water while repelling
oxygen atom. At small separation between clay layers, as in case of two layers of water,
the opposite clay layers compete with each other to attract hydrogen atoms of water
molecule towards themselves. At the same time, the Na-ions have strong attractive
interactions with the water molecules. These interactions result in the net direction of
dipole moment of water to become relatively horizontal (Fig. 9.7). However, when the
number of water layers increase, leading to the greater separation between clay layers, the
water molecules above the equatorial plane are influenced more by the upper clay layer
and the water molecules below the equatorial plane are influenced more by the lower clay

layer. In such a situation, the net dipole moment of upper and lower water starts pointing
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towards clay sheets as seen in figure for four, six, and eight layers of water. This implies
that at larger separation between clay sheets the water molecules above and below the
equatorial plane point in opposite directions in an average sense, i.e. the conformations of
upper and lower water layers are different. Such effect of clay sheet on water molecules
is evident even at an interlayer spacing as large as 24.5 A corresponding to 10 layers of
water, although the dipole vectors begin to point away from the clay sheets, possibly
indicating that some of the water molecules may be outside of the significant influence of
either clay sheets or the Na-ions. Furthermore, the evolution of the direction of net dipole
moment of water molecule with increasing volume of water in the interlayer has

important implication for the interaction among clay, sodium, and bound-waters.
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Figure 9.7. Total dipole moment of water above and below the middle plane for
different amounts of interlayer water: (a) two layers, (b) four layers, (c) six layers,

(d) eight layers, (e) ten layers of water.
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Figure 9.7. Total dipole moment of water above and below the middle plane for
different amounts of interlayer water: (a) two layers, (b) four layers, (c) six layers,

(d) eight layers, (e) ten layers of water. (Continued)
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Figure 9.7. Total dipole moment of water above and below the middle plane for
different amounts of interlayer water: (a) two layers, (b) four layers, (c) six layers,

(d) eight layers, (e) ten layers of water. (Continued)
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The planar view of the conformation of water molecules with different number of
water layers is shown in figure 9.8. The figures show an interesting pattern formed by the
conformation of water molecules corresponding to four, six, eight, and ten water layers.
The water molecules appear to align in a semi-hexagonal pattern which seems to mimic
the arrangement of oxygen atoms on the clay surface. This kind of behavior is not
prominent in case of two layers of water. This observation suggests an interesting ability

of clay sheets to act as a template and organize water molecules in the vicinity.
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Figure 9.8. Planar view showing conformations of water molecules corresponding to
different number of water layers: (a) two layers, (b) two layers, (c) six layers, (d)

eight layers, (e) ten layers of water.
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Figure 9.8. Planar view showing conformations of water molecules corresponding to
different number of water layers: (a) two layers, (b) two layers, (c) six layers, (d)
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Figure 9.8. Planar view showing conformations of water molecules corresponding to
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9.5. Conclusions

Molecular dynamics study of dry clay and hydrated clay with increasing levels of
interlayer hydration was carried out to investigate swelling behavior of Na-
montmorillonite. This work captures the evolution of interaction energies in the interlayer
of Na-montmorillonite swelling clay with increasing hydration and provides an insight
into swelling mechanisms. It is found that the VVan der Waals interactions between
adjacent clay sheets play an important role in case of dry clay, however, with increased
hydration and interlayer spacing the columbic interactions become more dominant. The
dry clay is held together by attractive interactions between clay sheets and interlayer
sodium ions and between the clay sheets. The interaction energy between clay sheets
rapidly drops with increase in the number of water layers and becomes negligibly small
beyond about four monolayers of interlayer water. The attractive interactions between
clay and sodium ions play an important role in case of dry clay as well as hydrated clay at
all levels of hydration. The water bound to clay sheets as well as sodium ions play an
important role for hydrated clay to help maintain the stability of intercalated clay
structure. The interaction energies due to clay-bound and sodium bound water peaks
around 6 layers of water and rapidly diminish with increasing hydration and interlayer
spacing. However, the rate of decrease in the cumulative attractive interaction energies as
result of bound water is less than that of clay and sodium ions. The increase in attractive
interaction energy resulting from bound water between 6 and 10 layers of water greatly
compensates for the rapid drop in attractive interaction between clay and sodium ions.
Thus, the bound water appears to greatly contribute to the stability of hydrated clay even

at large interlayer separation between clay sheets.
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The non-bonded interaction of clay appears to have a significant impact on the
conformation of water. The net dipole moments of the upper and lower water molecules
are roughly horizontal at for two monolayers of water, however at higher levels of
hydration the net dipole moment point towards the clay sheets. This implies that the
conformations of water molecule above and below the middle plane are significantly
different. In addition to this, the planar view of water shows a very interesting
conformation of water molecules. The water molecules appear to have an organized
pattern approximately mimicking the arrangement of surface oxygen atoms on the clay
sheets. The results and insight provided by this work will help in modeling and
predicting exfoliation and resulting particle breakdown in swelling clays in addition to
expounding the key role of interlayer interactions in swelling in smectite clays.
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CHAPTER 10. SUMMARY AND CONCLUSIONS

My doctoral research has made important contributions to the fundamental
understanding of material behavior of natural nanocomposite—bone and swelling clay—
montmorillonite at the molecular scale and the bridging of molecular properties of bone
to the continuum scale through multiscale modeling. The research findings and methods
developed in this study of provide important insights and direction for the investigation
of other natural/synthetic materials that exhibit unique set of properties which have its
origins at the molecular scale. The conclusions of my doctoral research work are as
follows:

1. Directional dependence of collagen hydroxyapatite interactions on mechanics of
collagen.

a. Steered molecular dynamics study was carried out to investigate the mechanics of
collagen in bone. The arrangement of collagen molecules and hydroxyapatite in
collagen fibril gives rise to relative orientations between collagen and mineral
leading to different types of nonbonded interactions at the interface, which
directly affects the mechanical behavior of collagen. The two possible cases of the
relative orientations between collagen and mineral resulting in different interfacial
configurations are: (i) collagen molecules placed normal to the hydroxyapatite
surface, and (ii) collagen molecules parallel to the mineral surface. In this study,
the directional dependence of the mechanics of collagen is investigated by pulling

it normal and parallel to the hydroxyapatite (0001) and (10 10) surfaces.
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b. The collagen is pulled normal and parallel to the mineral (0001) surface at
different velocities using a harmonic spring attached to its center of mass. The
water molecules have strong interactions with both the mineral and collagen
molecule, which allows it to act as an intermediary between them. The water is
found to have a prominent effect on the initial region of the load-displacement
response of collagen pulled normal to the surface as the collagen molecule has to
overcome the attractive interaction of water strongly bound to HAP.

c. Load-deformation behavior of collagen perpendicular and parallel to HAP are
different at different pulling velocities. The collagen molecule is stiffer at small
displacement when pulled normal to HAP surface, whereas in the large
displacement regime collagen pulled parallel to HAP surface is stiffer. This is a
result of differences in deformation mechanisms of collagen when pulled in
different directions, which is evident from the differences in the breaking of inter-
chain hydrogen bonds that keep collagen triple-helix intact.

d. The collagen molecules show substantial enhancement in stiffness in the
proximity of mineral compared to the absence of mineral. The increased stiffness
results in the higher energy required to pull collagen molecule through a same
displacement. This has important implications for the strength and toughness in
bone as collagen is the only major component of bone capable of undergoing
large deformation.

e. The collagen pulled parallel to (1010) and (0001) surfaces exhibit

characteristically different load-displacement response. This shows that the
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deformation mechanism of collagen is also dependent on the type of mineral
surface in the proximity.
2. Mechanical response of full length and short collagen molecules.

a. The current studies of collagen rely on short molecule about 8.5 nanometers in
length. The full length collagen measuring about 300 nanomeners and consisting
of 1014 residues is built and investigated using steered molecular dynamics by
pulling at different velocities and of harmonic spring different stiffness. The
simulations show that the unfolding mechanisms of short and full length collagen
molecules are significantly different.

b. In case of both collagen molecules the elastic modulus was found to be higher
when higher spring constants and velocities are used. Thus the stiffness response
is dependent not only on the pulling rate but also on the stiffness of spring used to
pull the molecule. Additionally, softer spring is necessary for pulling the full
length collagen molecule to obtain stiffness response similar to short collagen
molecule.

c. Atsmall pulling rate the elastic modulus of short and long collagen are
comparable, however at large pulling rates the modulus of long collagen molecule
is found to be higher. Furthermore, the load-displacement response of short
collagen molecule show saw toothed features with large fluctuations in force,
while in case of full length collagen such features are not observed.

d. The above findings indicate that the deformation mechanisms of short and full
length collagen are entirely different. The differences in deformation response of

short and long collagen molecules are attributable to the coiled feature observed
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for the first time in full-length collagen molecules and the differences in
conformational changes evident from the nature of breaking and forming of
hydrogen bonds in short and full length collagen.

3. The role of helical hierarchy on the deformation behavior of collagen molecule.

a. The molecular mechanisms responsible for the deformation of collagen molecule
are investigated by studying the conformational evolution of collagen helices
when the full-length collagen molecule is extended. Collagen consists of a
hierarchy of three helical levels: level-1 (left-handed helix formed by alpha
chains), level-2 (right handed triple-helix formed by three alpha chains), and
level-3 helix (helical turns along the length collagen molecule). The level-3 helix
can be observed only in the full-length collagen molecule, which has been
reported in our study for the first time.

b. The deformation of collagen results from the collective extension of a-chain
helices (the level-1 helix) and helical turns along the collagen length (the level-3
helix). The triple-helix (the level-2 helix) is found to have minimal contribution to
deformation of collagen as it is relatively stable and does not exhibit much
unfolding, even at large displacement, unlike reported in the literature (where the
simulations are carried out using short collagen molecule).

c. Despite the marginal contribution to deformation, the relative stability of triple
helix (the level-2 helix) plays an important role in the conformational stability of
collagen molecule. The level-2 helix allows collagen molecule to possess higher
stiffness compared to three isolated a-chains, while retaining an ability to

undergo large deformation through the extension of level-1 helix.

238



d.

Two key mechanisms for the deformation and conformational stability of collagen
molecule are proposed in this study: (i) interlocking gear analogy, (ii) interplay
between level-1 and level-2 hierarchies. Both of these mechanisms are dependent
on the hydrogen bonds between the a-chains, which demonstrate the importance
of hydrogen bonds in the conformational stability of collagen.

The total energy of hydrogen bonds in the collagen molecule is significantly
smaller than the attractive interaction energy between three a-chains. This shows
the importance of nonbonded interactions in the mechanics of collagen, while
interchain hydrogen bonds contribute to the preservation of triple helical

confirmation of collagen.

4. Multiscale modeling of collagen fibril in bone: elastic response.

a.

b.

A multiscale model of collagen fibril is carried out using a hierarchical approach
by combining molecular dynamics simulations and finite element method. The
mechanical properties of collagen under various conditions that mimic
organization of collagen molecules and mineral inside the collagen fibril is
estimated from the steered molecular dynamics. These nanomechanical properties
are then imported into the finite element model of collagen fibril. The finite
element model mimics the staggered arrangement of collagen molecules and
minerals resulting in the banded pattern consisting of gap and overlap regions
along the fibril length.

The simulations show that the elastic modulus of collagen fibril is significantly
influenced by the nonbonded molecular interactions between the collagen and

hydroxyapatite. The collagen fibril that incorporates the influence of mineral
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proximity on the mechanical response of collagen show 20% higher modulus
compared to the collagen fibril that does not take into account of such interaction.
The elastic moduli of fibril corresponding to these two cases are 4.01 GPa and
4.81 GPa, the higher modules being obtained when the interactions between
collagen and mineral are taken into consideration.

c. The study of deformation mechanism that the most of the strain and strain energy
density is localized in the overlap region of collagen fibril. This is a first
multiscale model of collagen fibril that incorporates the effect of mineral on the
mechanical response of collagen molecule. This work illustrates the importance of
mineral-collagen interaction on the mechanics of collagen fibril.

5. Multiscale modeling of collagen fibril in bone at various crosslink densities: an
insight into its deformation mechanism in the small and large displacement regime.

a. The nonbonded molecular interactions between the collagen and hydroxyapatite
are found to significantly enhance the elastic modulus of collagen fibril at all the
crosslink densities (ranging from 1 to 5 crosslinks per end of collagen molecule)
including the model no crosslink. In addition to the small displacement regime the
enhancement in stiffness is also observed in the large displacement regime of upto
30%. This demonstrates the importance of incorporating the enhancement in
mechanical property of collagen due to mineral proximity into the model of
collagen fibril.

b. The higher crosslinks densities contribute the enhancement in elastic modulus in
the small displacement regime and higher stiffness in the large displacement

regime. The enhancement in elastic modulus due to crosslinks range from 5-11%
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for various crosslink densities as compared to the collagen fibril with no
crosslink.

c. Two possible deformation mechanisms of collagen fibril are proposed. The
deformation mechanism of collagen fibril depends on the characteristic length of
fibril under consideration. The deformation of collagen fibril is governed by the
pullout between the ends of collagen molecules, followed by straining of
crosslinks, if the effective length is greater than the characteristic length.
However, if the effective length is not greater than the characteristic length the
deformation mechanism is governed by shearing between collagen molecules.

d. The highest magnitude of stress and strain in collagen fibril is found in the
mineral and overlap zone respectively. In the overlap zone the end regions
consisting of crosslinks are found to experience higher stress compared to the
non-crosslinked section. Furthermore, the overlap zone due to its ability to
undergo larger strain is found to have the higher concentration of strain energy
compared to other regions of collagen fibril.

6. Evolution of molecular interactions in the interlayer of Na-montmorillonite swelling
clay with increasing hydration.

a. Molecular dynamics simulations of the dry clay and the clay with increasing
levels of hydration are carried out to study its swelling behavior. The dry clay is
seen to be held together by the attractive interactions between clay sheets and
between clay and sodium ions.

b. The evolution of interaction energies with increasing hydration show that the Van

der Waals interactions between adjacent clay sheets play an important role in dry
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clay, whereas, at increasing levels of hydration the columbic interactions are
prominent. The attractive interactions energies between clay sheets decrease
progressively with increasing hydration and become negligible beyond four
monolayers of water. The attractive interactions between clay and sodium are
relatively stronger than the clay-clay interactions and persist up very high levels
of hydration of ten monolayers of water.

In addition to the clay and sodium, the water molecules bound to the clay and
sodium also play important role in hydrated clay in maintaining the stability of
intercalated clay structure. The role of bound waters becomes very important at
higher levels of hydrations where the clay-clay and clay-sodium interaction are
relatively weak. Thus the bound water significantly contributes to the stability of
clay at higher interlayer spacing between clay platelets.

The nonbonded interaction between clay and interlayer water has a significant
impact on the conformation of water. The water molecules above and below the
equatorial plane of interlayer are aligned such that their dipole moments point in
opposite directions towards the top and bottom clay sheets. This indicates that the
clay layers have strong influence in the orientation of water molecules and that
the conformations of water molecule above and below the middle plane are
entirely different.

This study elucidates the key role played by interaction energies in the swelling
behavior of Na-montmorillonite, as well as, provides important insights for

modeling exfoliation and clay particle breakdown.
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The major contributions from the studies are as follows:

1.

It has been shown that the deformation behavior of collagen in the proximity of
mineral depends on the type of collagen-mineral interface. The different types of
interfaces in collagen fibril results in the directional dependence of mineral-collagen
interactions.

First steered molecular dynamics simulation of full length collagen molecule is
conducted. This study shows that short length collagen molecule models are
incapable of predicting and modeling true behavior of full length collagen molecules.
It has been shown that helical hierarchy, consisting of three tiers of helices, controls
the deformation behavior of collagen molecule.

Third level helical hierarchy is identified/discovered that has a major impact on
collagen deformation.

It has been shown that the inter-chain hydrogen bonds in collagen are responsible for
the conformational stability of a-chain helices and triple helix, whereas the large
interaction energy between a-chains contribute to the keeping the chains together.

It is found that the deformation of collagen results from the extension of a-chain
helices (level-1 helix) and helical features along the length (level-3 helix), while the
triple helix (level-2 helix) only contributes marginally.

The two mechanisms responsible for the stability of collagen helices are proposed:
(1) interlocking gear analogy, (ii) interplay between level-1 and level-2 hierarchies.

It has been demonstrated that the molecular interactions between collagen and

mineral significantly affect the deformation response of collagen fibril. Therefore it is
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10.

11.

12.

necessary to incorporate molecular interactions for correctly modeling bone
mechanics.

It has been found that the deformation mechanism of collagen fibril depends on the
characteristic length.

During deformation of collagen fibril majority of strain and strain energy density is
localized in the overlap zone.

It has been found that the attractive interactions between clay and sodium ions plays
very important role in the stability of hydrated clay interlayer. At higher levels of
hydration when the sodium-clay interactions become relatively weak, the bound
water interactions play a dominant role in maintaining stability of stacked clay
structure allowing for relatively large d-spacing.

It has been found that the clay platelets strongly affect the conformation of water
molecules in the interlayer. And the conformations of water molecules above and

below the equatorial plane of interlayer are different.
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CHAPTER 11. FUTURE WORKS

The studies presented in this dissertation have provided unprecedented insight

into the mechanics of material at the nanoscale and a new direction for multiscale

modeling of wide ranges of nanoscale systems. This has opened up number of avenues

for future research which are as follows:

1.

4.

The study of the interactions between type-I collagen and mineral may be carried out
to obtain additional information about the bone mechanics.

The genetic mutation in collagen triple helix is known to cause global pathological
conditions leading to diseases such as Osteogenesis Imperfecta (Ol) and Ehlers
Danlos Syndrome (EDS). The future studies on physiological and pathological
collagen molecules is needed to better understand how the point mutations in a-chain
sequence interfere with the proper folding/conformation of collagen molecule,
stability of collagen, and fiber formation.

The results of our multiscale modeling of collagen fibril show that the deformation
mechanism it strongly dependent on the fibril length and loading conditions. The
finite element model of full length collagen fibril with different loading conditions is
recommended for obtaining detailed picture of fibril mechanics.

Another step in the multiscale modeling of bone is to develop the model of collagen
fiber. This will answer number of questions about the deformation mechanism of

fibril, as well as, the mechanism of load transfer between the collagen fibrils.
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5. More detailed theoretical and computational studies using larger clay models and
more accurate force fields are needed to completely uncover the mechanisms of clay

swelling.
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APPENDIX

A.1. Sample NAMD configuration file for Steered Molecular Dynamics Simulation

coordinates
structure
parameters
paratypecharmm
velocities

set output
outputname
dcdfile
xstFile
dcdfreq
xstFreq
velDCDfile
velDCDfreq

binaryoutput
binaryrestart
outputEnergies
restartfreq

exclude
#1-4scaling
COMmotion
motion
dielectric

Collagen.coor;
Collagen.psf;

par_all22_prot.inp;

on;
Collagen.vel;

Collagen.out
$output;
${output}.dcd
${output}.xst
500

200
${output}.vel.dcd
500

no
no
100;
1000
1-3

no

1.0

# Coordinate file

# PSF file

# CHARMM parameter file
# Parameter type

# Velocity file

# Output file
# Trajectory file
# eXtended System Configuration) file

# Velocity trajectory filename

# Timesteps between energy output

# Non-bonded exclusion policy

# Do not allow initial center of mass

#Particle Mesh Ewald (PME grid in X, Y, Z directions)

PME

PMEGridSizeX
PMEGridSizeY
PMEGridSizeZ

switching
switchdist
(A)

cutoff
pairlistdist
#margin

firsttimestep
timestep

on
50
50
1000

on
9.00;

10.00;
11.00
2

# Distance of switching for non-bonded calculations

# Cutoff distance

0 # First time step of simulation
0.5 # Time step in femtoseconds
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# Temperature control
set temperature 300
#temperature $temperature; # initial temperature

# Langevin Dynamics

langevin on; # do langevin dynamics
langevinDamping 5; # damping coefficient (gamma) of 5/ps
langevinTemp $temperature; # bath temperature

#langevinHydrogen no; # don't couple langevin bath to hydrogens
seed 12345

# Pressure control

langevinPiston on; # use Langevin piston pressure control
langevinPistonTarget  1.01325; #in bar -> 1.01325 bar = 1 atm
langevinPistonPeriod 300 # oscillation period (fs)
langevinPistonDecay 100 # damping time scale (fs)
langevinPistonTemp $temperature

useFlexibleCell no

useGroupPressure  no

# Periodic Boundary Conditions
cellBasisVectorl 150.0 O 0
cellBasisVector2 0  150.0 0
cellBasisVector3 0 0 3500.0

#cellOrigin 105 20.2 136.7

#wrapAll on

dcdUnitCell yes

fixedAtoms on

fixedAtomsForces  on

fixedAtomsFile fixedatoms.pdb; # PDB file containing fixed atom parameters
fixedAtomsCol B

SMD on; # Activates steered molecular dynamics (SMD)
SMDFile pullingCOM.pdb # SMD constraint reference position

SMDk 4.0; # Force constant to use in SMD simulation
SMDVel 0.005; # Velocity of the SMD reference position
SMDDir 001, # Direction of the SMD center of mass movement

SMDOutputFreq 100;
# Scripting

run 2000000 ; # Number of steps to run

248



A.2. NAMD generated sample coordinate file (only 246 of 93750 atoms shown)

The columns 7, 8, and 9 represent X, y, and z coordinates.

REMARK RESTART COORDINATES WRITTEN BY NAMD AT TIMESTEP 1447000

ATOM 1 N GLY A 1 3.858 15.189 114.217 1.00 O
ATOM 2 HT1 GLY A 1 3.645 16.219 114.087 1.00 O
ATOM 3 HT2 GLY A 1 3.119 14.765 114.883 1.00 O
ATOM 4 HT3 GLY A 1 3.710 14.698 113.251 1.00 O
ATOM 5 CA GLY A 1 5.186 14.956 114.788 1.00 O
ATOM 6 HAl GLY A 1 5.826 15.656 114.341 1.00 O
ATOM 7 HA2 GLY A 1 5.452 13.966 114.477 1.00 O
ATOM 8 C GLY A 1 5.185 15.084 118.665 1.00 O
ATOM 9 O GLY A 1 4.031 14.737 118.730 1.00 O
ATOM 10 N PRO A 2 5.578 15.294 122.233 1.00 O
ATOM 11 CA PRO A 2 5.443 15.286 125.437 1.00 O
ATOM 12 HA PRO A 2 5.071 14.256 125.622 1.00 O
ATOM 13 CD PRO A 2 6.914 15.622 122.315 1.00 O
ATOM 14 HD1 PRO A 2 7.580 14.710 122.279 1.00 O
ATOM 15 HD2 PRO A 2 7.157 16.316 121.563 1.00 O
ATOM 16 CB PRO A 2 6.902 15.657 125.200 1.00 O
ATOM 17 HB1 PRO A 2 7.423 14.689 125.249 1.00 O
ATOM 18 HB2 PRO A 2 7.253 16.351 125.977 1.00 O
ATOM 19 CG PRO A 2 7.106 16.409 123.768 1.00 O
ATOM 20 HG1 PRO A 2 8.153 16.791 123.757 1.00 O
ATOM 21 HG2 PRO A 2 6.429 17.249 123.804 1.00 O
ATOM 22 C PRO A 2 5.673 15.536 129.283 1.00 O
ATOM 23 0O PRO A 2 6.662 16.261 129.237 1.00 O
ATOM 24 N PRO A 3 5.584 15.551 132.860 1.00 O
ATOM 25 CA PRO A 3 5.712 15.776 136.082 1.00 O
ATOM 26 HA PRO A 3 5.774 16.824 136.003 1.00 O
ATOM 27 CD PRO A 3 4.612 14.476 132.978 1.00 O
ATOM 28 HD1 PRO A 3 3.658 14.914 132.670 1.00 O
ATOM 29 HD2 PRO A 3 4.987 13.548 132.444 1.00 O
ATOM 30 CB PRO A 3 4.456 14.966 135.794 1.00 O
ATOM 31 HB1 PRO A 3 3.548 15.563 135.698 1.00 O
ATOM 32 HB2 PRO A 3 4.277 14.298 136.628 1.00 O
ATOM 33 CG PRO A 3 4.481 13.978 134.502 1.00 O
ATOM 34 HG1 PRO A 3 5.401 13.283 134.681 1.00 O
ATOM 35 HG2 PRO A 3 3.563 13.269 134.528 1.00 O
ATOM 36 C PRO A 3 5.717 15.616 139.920 1.00 O
ATOM 37 O PRO A 3 5.022 14.560 139.891 1.00 O
ATOM 38 N GLY A 4 5.976 15.955 142.857 1.00 O
ATOM 39 HN GLY A 4 6.599 16.700 142.852 1.00 O
ATOM 40 CA GLY A 4 5.929 15.910 146.095 1.00 O
ATOM 41 HAl GLY A 4 5.971 14.831 146.059 1.00 O
ATOM 42 HA2 GLY A 4 4.917 16.281 145.982 1.00 O
ATOM 43 C GLY A 4 6.071 16.219 149.966 1.00 O
ATOM 44 0O GLY A 4 5.946 17.418 149.831 1.00 O
ATOM 45 N PRO A 5 6.242 16.083 153.568 1.00 O
ATOM 46 CA PRO A 5 6.188 16.355 156.767 1.00 O
ATOM 47 HA PRO A 5 5.172 16.700 156.820 1.00 O
ATOM 48 CD PRO A 5 6.473 14.633 153.722 1.00 O
ATOM 49 HD1 PRO A 5 5.457 14.216 153.350 1.00 O
ATOM 50 HD2 PRO A 5 7.264 14.337 152.939 1.00 O
ATOM 51 CB PRO A 5 6.175 14.762 156.613 1.00 O
ATOM 52 HB1 PRO A 5 5.080 14.475 156.507 1.00 O
ATOM 53 HB2 PRO A 5 6.627 14.193 157.464 1.00 O
ATOM 54 CG PRO A 5 6.932 14.372 155.241 1.00 O
ATOM 55 HG1 PRO A 5 6.888 13.228 155.453 1.00 O
ATOM 56 HG2 PRO A 5 7.972 14.743 155.391 1.00 O
ATOM 57 C PRO A 5 6.632 16.416 160.579 1.00 O
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A.3. Supplimentaty figures for chapter 6
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Figure A.3.1. Average radius of the level-1 helix (i.e. alpha chain) during extension
of collagen at various pulling rates and spring constants: (a) large displacement (k =
0.1 kcal/mol/A?), (b) small displacement (k = 0.1 kcal/mol/A?), (c) large displacement

(k = 0.1 kcal/mol/A?), (d) small displacement (k = 0.1 kcal/mol/A?).
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Figure A.3.1. Average radius of the level-1 helix (i.e. alpha chain) during extension
of collagen at various pulling rates and spring constants: (a) large displacement (k =
0.1 kcal/mol/A2), (b) small displacement (k = 0.1 kcal/mol/A2), (c) large
displacement (k = 0.1 kcal/mol/A2), (d) small displacement (k = 0.1 kcal/mol/A2).

(continued)
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Figure A.3.2. Average pitch of the level-1 helix (i.e. alpha chain) during extension of
collagen at various pulling rates and spring constants: (a) large displacement (k =
0.1 kcal/mol/A?), (b) small displacement (k = 0.1 kcal/mol/A?), (c) large displacement

(k = 1.0 kcal/mol/A?), (d) small displacement (k = 1.0 kcal/mol/A?).
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Figure A.3.2. Average pitch of the level-1 helix (i.e. alpha chain) during extension of
collagen at various pulling rates and spring constants: (a) large displacement (k =
0.1 kcal/mol/A?), (b) small displacement (k = 0.1 kcal/mol/A?), (c) large displacement

(k = 1.0 kcal/mol/A?), (d) small displacement (k = 1.0 kcal/mol/A?). (Continued)
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Figure A.3.3. Variation of the total number of turns along the length of the level-1
helix (i.e., a-chain) during loading: (a) large displacement (k = 0.1 kcal/mol/A?), (b)
small displacement (k = 0.1 kcal/mol/A?), (c) large displacement (k = 1.0 cal/mol/A?),

(d) small displacement (k = 1.0 kcal/mol/A?).
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Figure A.3.3. Variation of the total number of turns along the length of the level-1
helix (i.e., a-chain) during loading: (a) large displacement (k = 0.1 kcal/mol/A2), (b)
small displacement (k = 0.1 kcal/mol/A2), (c) large displacement (k = 1.0

cal/mol/A2), (d) small displacement (k = 1.0 kcal/mol/A2). (Continued)
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