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While non-collagenous proteins at nanoscale interfaces in bone are less than 2 – 3% of bone
content by weight, they contribute to more than 30% of the fracture toughness. A major gap in the
quantitative understanding of the role of interfaces in bone, largely due to limitations in probing
their nanoscale dimension, has resulted in ongoing controversies and abundant hypotheses on their
role and function, arguably going back to centuries to the original work from Galileo.
Molecular dynamics (MD) simulation has been a powerful tool to study the mechanisms of
deformation that happen inside biological materials on the nano-meter scale. For the first time,
MD simulation has been implemented to reveal the intricate structure and deformation
mechanisms of nano-interface complexes in bone. The model was developed based on
experimental evidence on the nano-interface reported in the literature.
The results showed that the specific energy of the nano-interface is several times larger than in
other natural materials. The reasons behind the outstanding properties of the nano-interface are
revealed and discussed in detail. The findings of the present work provide a better understanding
of bone nanomechanics. In addition, marvelous properties and unique deformation mechanisms of
the nano-interface may facilitate the design of novel biomaterials in the future. Diseases such as
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osteoporosis and genotypes may significantly compromise the composition and mechanics of the
nano-interface and result in degradation of mechanical properties of bone. Hence, the development
of standard tests for assessing composition and quality of the nano-interface in bone has to be
done.
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CHAPTER 1
INTRODUCTION

Compared to most synthetic materials, cortical bone is well known for its excellent
mechanical properties (particularly toughness) [1, 2]. The fracture toughness of cortical bone is
remarkable (10 – 100 kJm-2), while it is also simultaneously stiff and strong (with a specific
modulus of up to 20 GPa/(Mg m–3), and specific strength of up to 30 MPa/(Mg m–3)). The stiffness
and strength of bone can be largely explained by the nano-composite structure of bone, comprised
of ~ 60% HAP (hydroxyapatite) nano-minerals. However, the origin of fracture toughness is more
complex. Bone cracks do not easily fracture under the propagation of existing cracks. In other
words, bone has “intrinsic” energy dissipation mechanisms that make it more difficult for a crack
to propagate than to initiate [3 – 8].

For enhanced fracture toughness, a material should be able to dissipate the incoming energy
from an impact to limit crack formation, and hence, intrinsic energy dissipation mechanisms
become important. Additionally, the material should be able to redistribute stresses around existing
cracks and defects, resulting in reduction of the sharpness of the crack tip and defects. To achieve
damage tolerance, energy required for the opening of a crack should increase as the crack size
increases, such that cracks are contained and do not propagate. Often times, the constituents of a
composite do not exhibit these properties, and therefore, the interfaces should provide these
characteristics. To achieve these characteristics, an interface should exhibit inelastic deformation
with large toughness (energy under stress-strain response). Additionally, although macroscale
deformation can be small, the interface should exhibit large deformation at the microscale and
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maintain cohesion for deformation of possibly many times of the thickness of the interface. The
interface should be strong enough to maintain the integrity of the composite, while it should be
considerably weaker than the other constituents of the composite to be able to transfer deformation.
In composites including bone, the main function of interfaces is the mechanical load-transfer
across length scales between building blocks. As such, they play a critical role in the deformation
mechanisms of the composite, as well [6].
Bone has two main interfaces, namely the “interfibrillar interfaces” and “cement lines”.
The cement line (1-5 µm in thickness) is the interface between the osteons and the surrounding
interstitial bone. The cement lines contribute to bone toughness through crack deflection and twist
in the transverse (to the cement line) orientation and crack bridging (the formation of uncracked
ligament bridges) in the longitudinal (splitting) orientation. The cement lines are the reason that it
is ~five times more difficult to break the bone than to split it. In bone, although the major crack
deflection and bridging occur at the microscale, however, the ductility is generated at the
nanoscale. Interfibrillar interface is the interface between individual collagen fibrils within the
bundle that forms collagen fibers (Figure 1.1). These interfaces are a few nanometers (~2.6 nm) in
thickness. The interface is filled with non-collagenous proteins, mainly osteopontin (OPN) and
osteocalcin (OC). These proteins can be considered as “natural glue”, given their adhesive
function at the interface [9]. In bone, individual collagen fibrils are mineralized. The minerals
(HAP) nano-crystals are both embedded inside collagen fibrils and also cover the surface of the
fibrils. Hence, the interface proteins (OPN, and OC) essentially form a sandwich structure with
mineral platelets (Figure 1.2) [6].
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Figure 1.1. Hierarchical structure of human cortical bone, the nano-interface between two collagen
microfibrils.

Figure 1.2. The configuration of the nano-interface (OPN and OC chains are colored blue and
yellow, respectively.) The nano-interface is a 3-layer structure of two biopolymers sandwiched
between two HAP platelets. Two layers of OC molecules are anchored onto the HAP platelets and
one layer of OPN molecules is between two OC layers. The thickness of the nano-interface is 7.4
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nm including the thickness of the mineral platelets. The rectangle shows the overall shape of the
interface in the initial state.
Interfaces constitute only up to a few percent (mass or volume) of a composite’ mass,
however, they may contribute up to several tens or hundreds percent to the properties of the
composite. For example, in enamel the proteins comprise ~1% of the total enamel weight, while
they contribute to ~40% of the total fracture toughness. Another example is bone. Although bone
is a highly complex and hierarchical material, its composition is known in great details. By weight,
approximately 60% of bone is composed of mineral (calcium and phosphate, in the form of
hydroxyapatite (HAP)), 10 – 20% of water, and 20 – 30% of proteins. About 90% of the protein
content is type I collagen, and the remaining 10% is non-collagenous proteins, including
fibronectin, osteonectin, sialoprotein, osteocalcin (OC), and osteopontin (OPN). OPN is believed
to be the most abundant non-collagenous protein in bone. Therefore, the interfibrillar interface
proteins are less than 2 – 3 % of bone content by weight, while they contribute to more than 30%
fracture toughness [10].
“Sacrificial bonds” have been hypothesized as one of the origins of the energy dissipation
in bone. It has been suggested that the sacrificial bonds in the bone could form between two
binding regions on one or both of the interface proteins, and/or between an interface protein and a
mineral platelet or a combination of these (Figure 1.3). Additionally, each sacrificial bond may
have multiple weak bonds in parallel. In vitro study has shown that Osteopontin forms networks
with sacrificial bond capable of dissipating large amount of energy. This is done through working
against the entropy by breaking of sacrificial bonds, and (mainly) by the stretching of hidden
length. It was also observed that the energy dissipation significantly increased with the addition of
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Ca2+ ions. Atomic force microscope (AFM) pulling experiment on this OPN network showed
average stretch distances (pulling length) over 1 µm. This length corresponds to the length of more
than 10 OPN macromonomers aligned end-to-end in one chain. The average maximum pulling
force was on the order of 1 nN, with estimated ~100 pN sacrificial bond strength [11-15].

Figure 1.3. The schematic of the sacrificial bonds and hidden length model. Each sacrificial bond
may have multiple weak bonds in parallel. The networks can dissipate large amount of energy
through working against the entropy by breaking of sacrificial bonds, and (mainly) by the
stretching of hidden length [16].
Recently, the evidence of formation of “dilatational bands” in bone at the nanoscale was
reported, suggesting that the initiation of fracture in the bone occurs at the nanometer scale by
these bands [17]. As shown in Figure 1.4, dilatational bands were defined as the ellipsoidal voids
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of the order of 100 nm formed as a result of the deformation of non-collagenous protein complexes
between fused mineral aggregates. It was argued that the formation of dilatational bands is crucial
for the toughness of bone. Staining analysis showed that OC and OPN co-localize with dilatational
bands. It is argued that the absence of either protein at the interface will result in the dramatic
toughness loss in bone. The total extension of the OC-OPN complex was estimated to be ~135 nm.
The role of OC and OPN proteins in regulating the dilatational band formation was confirmed by
fracture experiments on bones from knockout animal models. Specifically, bone lacking in OC,
OPN, or both showed dramatic (~80%) reduction in diffused damage and significant (~30%)
reduction in fracture toughness. When the protein complexes at the interface rupture, two adjacent
collagen fibrils slide with respect to each other or separate depending on the type of the external
load, which ultimately results in the formation of diffused damage regions, and may be followed
by the formation of linear micro-cracks.

Despite the significant roles of interfibrillar interfaces, the current knowledge of their
structural organization, deformation mechanisms, and the role of each protein are very limited. In
this study and for the first time, the detailed deformation mechanism of the proteins in the
interfibrillar interfaces in bone is presented.

The results from the detailed computational model of the nano-interface in bone reveal
“synergistic” deformation mechanism of a “two-part” natural glue (non-collagenous proteins:
OPN (osteopontin) and (OC) osteocalcin) at the interfibrillar interface. Specifically, through strong
anchoring and formation of dynamic binding sites on mineral nano-platelets, the nano-interface
can sustain a large non-linear deformation with ductility approaching 5000%. This large
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deformation results in an outstanding specific energy to failure exceeding ~ 350 J/g, which is larger
than the mos known tough materials (such as Kevlar, spider silk, etc.).

Figure 1.4. The evidence of formation of “dilatational bands” in the damaged bone at the nanoscale
has been reported, suggesting that the initiation of fracture in the bone occurs at the nanometer
scale by these bands [17].

7

MOLECULAR DYNAMICS SIMULATION

2.1

Introduction

At the lowest hierarchical level of molecular scale in bone, nano-interfaces exist between
hydroxyapatite (HAP) nanocrystals that cover surfaces of the collagen fibrils[18, 19]. The presence
of these nano-interfaces in damage region of the fatigued bone are reported in the literature [4, 17].
The nano-interface constitutes primarily of non-collagenous proteins such osteocalcin (OC) and
osteopontin (OPN). By anchoring to the HAP mineral sites, these proteins serve as a “nature glue”
that bonds the collagen fibril together into fibril bundles [20] , which form the building blocks of
the bone at the higher hierarchy (Figure 1.1). While it is generally recognized that the outstanding
mechanical properties of the bone such as stiffness and toughness are directly attributed to the
mechanical properties of its constituents such as the mineral and collagen fibers, a comprehensive
understanding on the role the nano-interfaces remains elusive. Although these interfaces occupy
very small volume by percentage in bone, recent experimental studies has proven that these
interfaces contribute to ~30% of fracture toughness of the bone [4, 17, 21]. There are growing
evidences suggesting that the nano-interfaces contribute significantly to the bone toughness and
provides an important mechanism for energy dissipation when bone is subjected to deformation
and fracture. For instance, fracture toughness and work to fracture were observed to decrease
significantly in OPN deficient mice bones [22, 23], while lack of OC has been associated with
reduced fracture load and stiffness [24].
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Experimental study on fractured bone specimens [20] suggests that mechanically the
interface acts similar to a glue and provides significant contribution to resisting the separation of
the mineralized collagen fibrils. In addition, the bonds within the glue can re-form without
remodeling. AFM-based tensile experiment between mineralized fibrils in bone exhibits the “sawtooth” patterns in the load vs displacement curves. It further shows that OPN can dissipate large
amount of energy under cyclic load [16]. The presence of Ca2+ ions enhances effectiveness of both
the protein “glue” and OPN in their resistance to separation and energy dissipation [16, 20],
consistent with the earlier observations reported in [11, 25]. Based on the experimental evidences,
it has been suggested [20] that energy dissipation during separation of the collagen fibrils is
accomplished through “sacrificial bonds” within the nano-interface and stretch of the molecular
chains that are initially not loaded (also called the hidden length). The ability of this interface to
accommodate large shear strain was demonstrated through in situ tensile experiment of parallelfibered bone [26].
Although much experimental and computational work has been done in biomechanics of
bone, the quantitative role of non-collagenous OC/OPN protein interface has not been established.
In particular, none of the mechanisms suggested from the experiments outlined above has been
either confirmed or rejected. Direct experimental validation has not been possible due to the
challenges in probing the bio-interface at the sub-micron scale.
Modeling and simulation are equally challenging because of the lack of information on
the structure of this interface. Although amino acids sequence of OPN is known, there is no
experimentally resolved 3D crystalline structure of OPN [27]. Furthermore, OPN is intrinsically
an unstructured and disordered protein, and it can adopt different structures under different stimuli
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or with different binding partners [28, 29]. OPN is highly flexible with random coils and has a
large number of post-translational modifications, such as phosphorylation, which makes it
extremely difficult for the structure to be experimentally resolved. As such, there has been very
limited knowledge on the structure and potential role of interfibrillar interface in bone deformation
mechanism and fracture behavior.

To investigate the biomechanics of the nano-interface at the nanoscale, atomistic models
of non-collagenous OC/OPN protein complexes sandwiched between two HAP mineral crystals
were established. The molecular dynamics simulation was implemented to reveal the deformation
mechanisms under different loading and interface conditions. The fracture behavior and the
associated deformation mechanisms were then studied by applying loading conditions of shear and
tension. Four mainly contributed factors in deformation mechanisms of the nano-interface are
hypothesized to be: 1) hydrogen and electrostatic bonds between non-collagenous protein matrix
and mineral in collagen microfibril; 2) Hidden length in OPN; 3) Potential post-translational
dynamics sites; and 4) Parallel configuration of OCN/OPN proteins within the nano-interface.
While these hypotheses are strongly supported by recent experiments, direct validation has not
been possible due to the challenges in probing the bio-interface at the sub-micron scale.

2.2

Interface Constituents

2.2.1 Osteopontin
Osteopontin (OPN) is an amorphous none-collagenous protein. OPN molecule is one chain
with rich content of aspartic acid (ASP) and glutamic acid (GLU) residues (Figure 2.1). These
residues are negatively charged and tend to adhere to the HAP surface. OPN chain contains 4741
10

atoms and 314 residues. Moreover, it has the charge of -64 e due to the presence of negatively
charged amino acids in its backbone. OPN has the molecular mass of 44000 Da equivalent to ~44
ng OPN/mm3 of bone [4, 17]. Its residue sequence was adapted from the National Center for
Biotechnology Information, U.S. National Library of Medicine. The model of OPN chain was
generated according to the residue sequence, and positioned with random coordinates. The chain
model was equilibrated at 300 K for 20 ns. After that, the OPN chain was submerged inside a water
box of 25  25  25 nm3, and equilibrated under 300 K for another 10 ns. Subsequently, the OPN
chain was extracted and was formatted into GROMACS input file.

Figure 2.1. The structure of OPN and its negatively charged amino acids. These amino acids
regulate the bonding of OPN with other interface constituents.
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2.2.2 Osteocalcin

Osteocalcin (OC) is considerably smaller in size than OPN. OC molecule is one chain
composed of 3 alpha-helices, i.e., A, B and C (as shown in the Figure 2.2). Of the 3 alpha-helices,
A and B has the most abundant Arginine (ARG) and Glutamic acid (GLU) content, therefore, OCs
adhere to the HAP platelets surface through alpha-helices A and B. Configuration file of OC was
adapted from the protein data bank (pdb ID “1VZM”) [30], and was formatted into GROMACS
input file.

Figure 2.2. The structure of OC and its three helixes. Helixes A and B have high number of
negatively charged amino acids.
2.2.3 Hydroxyapatite

Hydroxyapatite (HAP) mineral is embedded within the collagen fibril and also covers the
surface of the fibril. The 3D structure of HAP unit cell contains 44 atoms [31], and features lattice
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parameters of a = 9.417Å, b = 9.417Å, c = 6.875Å, α = 90°, β = 90°, and γ = 120° [32]. The [001]
HAP surface was utilized in the models, on which the calcium ions and hydroxyl cations were
distributed (Figure 2.3). The length and width of the HAP platelets were assumed to be 32.1 nm
and 22.3 nm with the thickness of 2.4 nm [33-35].

Figure 2.3. The structure of HAP platelets. The HAP is plotted as ball and stick model. Ca2+ ions
on the HAP surface form electrostatic bonds with OC and OPN.
2.2.4 Ions

It has been reported that the resistance to separation and energy dissipation of the interface
increases considerably when Ca2+ ions exist [16, 20], which is consistent with the earlier
observations reported in [11, 25]. Improvement of interfacial properties by a small fraction could
greatly influence the properties of the bone. Higher concentration of ions in the nano-interface
could be a potential way to enhance the mechanical properties. The total charge of the nanointerface is -440 e. Therefore, in order to naturalize the system, 220 Ca2+ ions were added to the
system as depicted in Figure 2.4.

2.2.5 Water
Water has a significant influence on the overall mechanical response of bone [36, 37].
However, the role of water in bone nano-interfaces, where the protein complex interacts with HAP,
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is not understood. Here, a model was created to illustrate the hydrated protein complex when
interacting with the HAP surface. Modeling water is a challenging step in molecular dynamics
simulation. Filling the entire simulation box could be one way to consider water, as shown in
Figure 2.5.

Figure 2.4. Interface configuration in the presence of Ca2+ ions, depicted as black dots.

Figure 2.5. Simulation box before and after filling with water. The red dots represent 3,235,100
water molecules added to the system, which increases the PDB file size from 17 MB to 300 MB.
Considering the entire interface submerged in water is computationally expensive. Hence,
a low amount of water was considered here. It was also observed that water should be added to the
interface in the first simulation step. Otherwise, water cannot infiltrate the interface (Figure 2.6).
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Figure 2.6. Water surrounding the nano-interface. Water does not infiltrate inside the nanointerface. Most of the water coats the outer surface of HAPs, and the rest of the water molecules
form clusters.
Therefore, water needs to be added in the early stage of the simulation. The simulation
steps are depicted in Figure 2.7.

Figure 2.7. Steps to perform MD simulation, where EM and Eq are energy minimization and
equilibrium steps, respectively. Water was added in the second step, after construction of the initial
configuration.
The interface with water was left for 2 ns to reach to equilibrium condition. Next, the
protein complex was compressed between two HAPs to expedite the bond formation process. The
final configurations of the nano-interface are shown in Figure 2.9.

The final configurations of the interface (Figure 2.9) revealed that adding more than 1,000
water molecules damages the interface integrity by eliminating the direct contact between the OC
layers at the top and bottom HAPs. Therefore, 1,000 water molecule was considered in the
simulation.
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Figure 2.8. Initial configurations of the interface with different amounts of water. The numbers
above each configuration show the number of water molecules added to the configuration. The
blue and yellow chains indicate OPN and OC. The water molecules are represented as red dots.

Figure 2.9. Final configurations of the interface with different amounts of water. The numbers in
the figure show the number of water molecules in the system. The blue and yellow chains indicate
OPN and OC. The water molecules are represented as red dots.

2.3

System assembly

To investigate the biomechanics of the interface at the nanoscale, we first established the
atomistic models of non-collagenous OC+OPN protein complexes that were placed between two
hydroxyapatite (HAP) mineral platelets as shown in Figure 2.10. The initial gap between HAP
platelets was 2.7 nm. Based on the experimental results reported in [17], the mole ratio of OC to
16

OPN in the bone was assumed to be 16:1. It was assumed that three parallel layers of protein chains
filled the gap between two HAP platelets. The top and bottom layers both consist of 32 OCs chains
uniformly distributed over the HAP surface. The middle layer has 4 OPNs uniformly scattered in
the gap middle plane. OCs and OPN do not have any contact with HAPs in the initial configuration.
The charge and geometrical properties of the interface are reported in table 2.1.

Table 2.1. The charge and geometrical properties of the interface model.
Number of protein molecules

68

Number of ions

220

Number of water molecules

1000

interfacial area, A0 (nm2)

715.8

Gap between the platelets, h (nm) 2.6

Figure 2.10. The final configurations of the nano-interface before loading. OPN and OC chains are
colored blue and yellow, respectively. The constructed nano-interface model consists of two HAP
platelets each ~32 nm × 22 nm × 2.4 nm in length, height, and width, respectively. Two layer of
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OCs, each layer containing 32 OCs were distributed on the top and bottom HAPs surface, and one
layer of OPN containing 4 molecules in the middle. Each OC is 2 nm × 2 nm × 2 nm, and OPN is
6 nm × 6 nm × 10 nm in length, height, and width, respectively.
The density of bone is assumed to be 1.4 g/cc. Nearly 60% of the weight of the bone is
minerals, mainly calcium and phosphate that form HAP. Approximately 30% of bone is proteins
[6], and 10% of the protein in bone is non-collagenous proteins (NCP) [6]. Therefore, the mass
content of NCPs is ~3% of bone. It was assumed that all the NCP are composed of OC and OPN.
Based on an experimental study [17], the molar ratio and mass ratio of OC to OPN in bone are
14:1 and 20:11, respectively. It can be concluded that ~1.93% and ~1.06% mass content of bone
is OC and OPN, respectively. Finally, based on the molar mass, a symmetric interface
configuration was assumed containing 4 OPNs and 64 OCs with 2 HAP plates. The relative
molecular mass of OPN, OC, and HAP are ~141,506 Da, ~23,6481 Da, and 4,066,713 Da,
respectively.

Table 2.2. The atoms, charge, and residues of OPN and OC.
OPN

OC

Number of atoms

4741

493

Number of residues

314

31

Charge (e)

-46

-4

Charge per atom (e) 0.0098 0.0081
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2.4

Molecular dynamics simulation
Molecular dynamic (MD) simulations were carried out using GROMACS 5.1.2 package

[38] using CHARMM36 force field. The model was placed in the center of a 100 nm cubic box.
No water molecules were added to the system, and periodic boundary conditions in all directions
were applied. After the system assembly, the energy of the system was minimized using the
steepest descent algorithm. To achieve the appropriate starting point for steered molecular
dynamics (SMD) simulation, the protein interface needs to form bond with the HAP platelets. In
order to expedite the bonding process, the protein was pressed by two HAPs. In the next step, the
pressing load was released and the HAPs were allowed to freely move back. In this relaxation step,
the system was equilibrated by a 2 nano-second NVT simulation while keeping the temperature at
310 K, until the final model was achieved. In order to investigate the mechanical response of the
nano-interface, different loadings were applied to the HAP platelets. The center of mass of HAPs
were attached to a spring and forced to move along the tangent and normal directions depending
on the loading type. A 2 pm/ps pulling velocity was used in all loading conditions. The force and
displacement were then extracted and used for calculation of stress and strain.

2.4.1 Calculation of stress, strain, and specific energy
The interface in bone is subjected to different loadings, i.e., shear, tension, and
compression. The engineering stress and strain responses for each loading conditions were
obtained by considering the height and cross-section area of the interface, and the displacement of
HAP platelets (Figure 2.11). The stress and strain were defined as  
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and  
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A0
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and  
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and   in tension, respectively.  and  are shear stress and strain, respectively;
A0
h

 and  are normal stress and strain;  is

H  h . As it is shown in Figure 2.11, h and H are the

distance between the HAP platelets in the initial and current configurations, respectively. A0 and
d are the initial in-plane cross-section area of the protein interface and the displacement of HAP
platelets in the Y-direction as depicted in Figure 2.11. The values of A0 and h are given in Table
2.1. The ultimate strength was defined as the maximum stress that the interface can withstand. The
specific energy was obtained by the area under the stress-strain response divided by the mass of
the nano-interface. It is worth mentioning that HAP platelets account for ~92 % of the weight of
the interface. Therefore, excluding the weight of the HAP platelets would result in more than 10
times increase in the specific energy reported here.
2.4.2 Bond energy and gyration radius
The bond energy is composed of bond stretch, bond angle, and dihedral energy. The bond
stretch energy between two covalently bonded atoms is the energy required to stretch or compress
a bond between two atoms. The bond angle is the energy required to bend a bond from its
equilibrium angle. An increase in the bond angel means the unfolding of the chain. Bond dihedral
energy is the summation of dihedral and improper dihedral energy and is defined as the energy
required to deform a planar group of atoms from their equilibrium. Gyration radius (Rg) is another
important parameter that provides quantitative results for the configuration change. The Rg of a
protein is a measure of its compactness. If a protein is stably folded, it will likely maintain a
relatively steady value of Rg. If a protein unfolds or stretches, its Rg will change.

20

Figure 2.11. The schematic illustration of the protein interface under shear and tension.
2.4.3 Interaction Energy

The interaction energy is the energy between noncovalent atoms and is the summation of
electrostatic and van der Waals interactions. The negative value for interaction energy means
attractive interaction. To obtain the number of bonds that form and break during deformation, the
number of non-covalently bonded pairs was calculated. Here, the number of interaction pairs
within the cut-off distance of 3.5 Å was considered. The number of bonds was used to find the
change in the interaction and configuration of the chains.
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2.5

Reformation
In order to investigate the reformation process of the nano-interface, the fully separated

model was brought back together, so that the proteins on the top and bottom HAP got in touch
again (Figure 2.12).
In the next step, reformation process was initiated by leaving the interface unloaded to
relax for up to 5 ns. During the reformation process, bonds between proteins chains and HAP
platelets start to form again. Figure 2.13 shows the interface thickness during reformation process.
Figure 2.13 shows fast-approaching HAP platelets at the beginning of reformation. In 0.04
ns, the gap between HAPs drops from ~6.75 to ~4.3 nm. Other interaction and configuration
changes of the nano-interface during the reformation is shown in Figure 2.14.

Figure 2.12. (A) The fully separated model that was obtained from the tension simulation. (B) The
fully separated model was compressed again to create the initial configuration for the reformation
process.
The gyration radius of OPN remain almost constant for the entire reformation process.
However, the number of the bonds versus reformation time slightly increases at the beginning of
the reformation process then remains constant.
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Figure 2.13. (A) Interface thickness (or the gap between two HAP platelets) versus reformation
time. (B) Zoomed-in view of the initial 0.1 ns reformation.

Figure 2.14. (A) The total number of the bonds versus reformation time, and (B) the gyration radius
of the OPN vs reformation time.
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MECHANICAL RESPONSE OF THE INTERFACE

3.1

Introduction
The interface model with water and Ca2+ ions was implemented to study the mechanical

response of the interface. 220 Ca2+ ions and 1,000 water molecules were added to the interface
model to neutralize and hydrate the system, respectively. Under tension, up to ~ 60% of the overall
tension in bone is accommodated by the shearing of the interfibrillar interfaces (the rest goes into
the tension of the mineralized fibrils), which is often referred to as the nanoscale ductility
responsible for significant energy dissipation [39]. During the fracture of the bone, individual
fibrils and/or the bundles of fibrils (fibers) are pulled out of the crack faces and are either ruptured
or form bridges within the crack. Interface proteins are deformed during this pull-out mechanism.
In the load-bearing cortical bones (such as femur) the fibrils are in helical geometry (3dimensional), as shown in Figure 1.1, therefore, under tension or compression, the proteins in the
interface are under combine tension/compression and shear deformation. The stress-strain
responses of the nano-interface under shear and tensile deformation are shown in Figures 3.1 and
3.2, respectively. The specific energy to failure represents the maximum energy a material can
absorb before failure, normalized by the mass of the nano-interface (Figure 3.3). The specific
energy was obtained from the area under each stress-strain response up to the failure point (Figures
3.1 and 3.2). It was observed that the interface can sustain remarkable strains of ~ 4835% and
~2419% under shear and tension, respectively.
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Figure 3.1. Stress-strain responses of the nano-interface under shear.
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Figure 3.2. Stress-strain responses of the nano-interface under tension.
In particular, under shear loading, the nano-interface exhibits a combination of strain
softening and strain hardening, which combined with the large ductility results in an outstanding
specific energy to failure exceeding ~350 J/g. This specific energy is several times larger than the
specific energy of most commonly known tough materials, such as the spider silk, Kevlar and
carbon nanotube yarns (Figure 3.3) [40-51].
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Figure 3.3. Comparison of the specific energy to failure (specific toughness) with other tough
materials [40-51]. The specific energy of the nano-interface under shear deformation is ~ 6 times
larger than tension.
The nano-interface under tension shows a large sudden drop in stress after the yield point
~14% strain and continues to stretch at a stress level of 10 - 20% of the peak stress up to the point
of the failure of ~2419%. The specific energy to failure under tension reaches ~58 J/g, which
although is six times smaller than shear loading, is still remarkable compared to other tough
materials (Figure 3.3). Under compression, strain increases to the values of 75%, which is much
smaller than the strain under shear and tension.

Other detailed mechanical properties under shear and tension deformation are provided in
Figure 3.4. Given the remarkable energy dissipation capability of the interfibrillar interface, it was
aimed to understand the origin of such outstanding properties, as well the molecular mechanisms
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of the cooperative deformation at the interface, and the role of OPN and OC in the mechanics of
the interface under shear and tensile deformations.

Figure 3.4. Mechanical properties the nano-interface under shear and tension. The (A) elastic
modulus, (B) strength, and (C) elongation at break.

3.2

Shear Deformation
The initial configuration corresponding to zero strain is shown in Figure 1.2. Figure 3.5

shows the snapshots of the MD simulation during the shear deformation of the interface.
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Overall, during deformation OC chains are tightly bound to the HAP surface, while OPNs
initially get sheared and then gradually start peeling off from OCs and roll on the adjacent OCs in
the shear direction (Figure 3.5A and 3.5B). Additionally, OPN chains penetrate through OCs to
reach to the surface of HAP, and form new OPN-HAP binding regions (Figure 3.5B inset).
Bindings between OPN/OC and OPN/HAP break and reform (“dynamic binding sites”) as OPNs
roll and slide in the shear direction, which results in the dissipation of a large amount of energy.
Under larger strain, the binding sites of OPN/OC and OPN/HAP tightly hold two ends of the OPN
on HAP surface, and hence allow OPN chains to unravel and stretch without detaching from the
HAP. This “anchoring” of OPN on HAP, mostly provided by OC, is strong such that the unfolding
and detaching of OPN from HAP starts from one side of OPN with less binding sites with OCs
and other OPNs (red circles in Figure 3.5).

The deformation mechanisms of the interface can be explained quantitatively in the terms
of changes in the configuration (shape) of the proteins and changes in the number and energy of
non-covalent interactions between the different constituents of the interface, OPN, OC, and HAP.
In particular, for the change in configuration, changes in the bond energies, i.e., bond stretch
energy, bond angle energy, and dihedral energy (Figure 3.7), and the gyration radius (Figure 3.8)
of the protein chains were considered. The variation in the number of bonds between proteins and
HAP is depicted in Figure 3.9. The interactions energy (Figure 3.10) includes electrostatic and van
der Waals interactions, with a negative value indicating attractive interaction. We note that changes
in interaction may lead to the configuration changes. For instance, constant interaction between
proteins and HAP leads to continuous deformation of the protein chains and failure of bonds, which
leads to the detachment and sudden configuration change of the protein.
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Figure 3.5. Snapshots of the interface at different shear strains show the configuration and
interaction between interface constituents (corresponding to the red points in Figure 3.6). The
dashed rectangle demonstrates top HAP. Water and calcium (Ca2+) ions are removed for clarity.
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(A) The deformed configuration in the elastic region at ~73% shear strain. The nano-interface is
stretched in the shear direction and the rectangle in initial configuration (Figure 1B) is deformed
into a parallelogram. (B) The yield point at ~388% shear strain. Eight OCs at the top and eight
OCs at the bottom layer are fully detached from each other. Dashed rectangle shows the separated
region of the interface. The dashed line in the inset shows the formed hydrogen bonds between
OPN and HAP. (C) The strain softening region at ~1552% shear strain. All of the OC/OC bonds
between the OCs on top and bottom platelets are broken. (D) Strain softening with constant stress
region at the strain of ~2688%. Red circles show the ends of OPNs where unfolding happens. (E)
Strain hardening region at the shear strain of ~3390%. The detachment of OPN 3 from the bottom
HAP causes a sudden drop in the stress-strain graph (Figure 3.6). (F) Snapshot of the failure at the
strain of ~4835% (62.6 ns simulation).

Figure 3.6. Strain-stress response of OC/OPN nano-interface in bone under shearing, regions:
elastic and yielding (yellow), strain softening with the stress drop (blue), strain softening with the
almost constant stress (purple), strain hardening (green). Red dots are the selected points at which
interface configuration is shown in Figure 3.5.
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Figure 3.7. The corresponding change in bond energies i.e., bond stretch, bond angle, and dihedral
energies vs. strain.

Figure 3.8. (A) and (B) are the corresponding changes in the gyration radius of 4 OPNs and OC
layers vs. strain, respectively.
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Figure 3.9. The variations of the non-bonded interactions vs. shear strain.
The interaction energy under shear between proteins and HAP with Ca2+ ions and top and
bottom layers of OCs is shown in Figure 3.11. Among all the interaction energies, HAP/ Ca2+ has
the strongest interaction (Figure 3.11). The large interaction energy of HAP/ Ca2+ indicates that
Ca2+ ions have a high affinity for HAP. As OPN unfold, more Ca2+ ions can reach to HAP surface
and the absolute value of the interaction energy of HAP/ Ca2+ increases. Ca2+ ions bond phosphate
PO43- or OH- in HAP to ASP or GLU residues in OPN. Therefore, Ca2+ ions provide more binding
sites for OPN to attach to HAP.

Figure 3.10 shows the interaction energies of the interface under shear deformation. The
interaction energy between OPN/HAP is initially -27.1 MJ/mol. It decreases during the softening
region, which indicates that more bonds are formed while OPNs unfold. OCs are continuously
being flattened over HAP surface under shear loading since the interaction energy of OC/OC and
OC/HAP decrease and increases, respectively.
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Figure 3.10. Interaction energy under shear between (A) proteins and HAP; and (B) OPN and
HAP.

Figure 3.11. Interaction energy under shear between (A) proteins and HAP with Ca2+ ions; (B) top
and bottom layers of OCs.
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The stress-strain response under shear deformation includes four distinct phenomena
(Figure 3.6). These are highlighted in the stress-strain curve and represented schematically in
Figure 3.12, and include (i) the elastic deformation followed by the penetration of OPN through
OC for the formation of dynamic bonds between OPN/HAP, (ii) unfolding of OPN, (iii) unfolding
of OPN and formation of new OPN/HAP binding sites, and (iv) stretching and crawling of OPN
chains followed by the failure of the chains. These phenomena result in the observed mechanical
yielding of the interface, strain softening, and strain hardening behavior in the stress-strain
response. Within the strain softening range, stress dropped ~61%, from ~54 MPa to 21 MPa, and
then maintained the stress level of ~20 - 40 MPa afterward. There was another sudden drop in
stress at the strain of ~3390%, following which stress increased to ~24 MPa (stress hardening).
The failure occurs by several gradual drops in stress up to the final rupture point at the strain of
~4835%.

Figure 3.12. Schematic figure shows the different stages of the deformation mechanism of the
interface under the shear.
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3.2.1 Elastic deformation mechanism

Under shear deformation, the interface initially deforms elastically up to the strain of
~73%. The elastic deformation is accommodated by the slight flattening and elongation of OCs
over the surface of HAP platelet as indicated by the increase of their respective radius of gyration,
(Figure 3.8). Additionally, within the elastic deformation region, the total number of OC/HAP
bonds increases (Figure 3.9), which shows that the number of OC/HAP bonds that form is more
than the number of OC/HAP bonds that break. The results also show that within the elastic range,
the number of OC/OC bonds decreases by ~245 (Figure 3.9). All three bond energy terms are
almost constant within the elastic region. The change in the number of bonds is the main
configuration change in the elastic region. Both OCs and OPNs contribute to the elastic
deformation.

3.2.2 Yielding mechanism

After the elastic strain of ~73%, OPNs start penetrating through OCs to reach to the surface
of HAP platelets. In addition, the top and bottom OC layers start to detach from each other. The
number of OPN/HAP bonds increases by 52 at the end of the elastic region. The inset in Figure
3.5B shows a snap-shot of this process. Additionally, OPNs start sliding and rolling on OC layers.
These processes together result in the mechanical yielding of the interface. The interaction energy
between OPN/HAP is ~ - 27 and ~ - 43 MJ/mol at zero strain and at the yield point, respectively
(Figure 3.10). In particular, three amino acids ASP, GLU, and ARG in OPN were found in the
binding sites with HAP (Figure 3.13). These binding sites are dynamic and break and reform along
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the surface of HAP platelets during deformation. These dynamics binding sites play an important
role in carrying the force in subsequent large deformation in the nano-interface.

Figure 3.13. Bindings between (A) GLU and (B) ASP residues in OPN and Ca2+ ions in HAP. (C)
Hydrogen bonds between ARG residue in OPN and phosphate PO43- and OH- in HAP.
3.2.3 Strain softening region

After yielding, OPN chains experience large deformation. This large deformation is
enabled by the anchoring of their ends onto the surface of the HAP supported by OCs. Initially, up
to the strain of ~1552%, this large deformation continuously changes the configuration of OPNs
by unfolding the protein. As less force is required to unravel the remaining part of the protein,
force eventually reduces, which shows up as the strain softening with the stress drop in the stressstrain diagram (Figure 3.6). With further strain beyond ~1552%, the OPN chains start becoming
aligned in the direction of shear. In the strain range of ~1552 % - ~2688%, the strain is
accommodated by the unfolding of the OPN chains. In this range of strain, OPN chains unfold
while approaching and creating new dynamic binding sites with HAP surface (Figure 3.5 inset).
This combined unfolding and binding results in a relatively constant level of stress in this strain
range.
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Qualitatively, at the end of the strain softening region (~3390%), the average Rg of OPNs
increases by ~20 nm from the initial configuration at zero strain. Initially up to the strain of
~1552%, increase in the bond stretch is smaller than bond angle as the OPNs are being unfolded.
In the strain range of ~1552% - ~3390%, the rate of increase in the bond stretch energy is larger
than other bond energies since OPN chains are aligned in the shear direction and are being
stretched. The bond variation of OPN/OPN shows 1120 bond breakages at the end of the strain
softening region, as the OPNs are being unfolded and stretched (Figure 3.5). The number of bonds
between OPN/HAP initially increases during the yielding process (as the OPN penetrates through
OC to form bonds with HAP) and unfolding up to strain of ~1552%. Afterward, within the strains
of ~1552% - ~3390%, the number of bonds and interaction energy between OPN/HAP remains
relatively constant, which support that the number of bonds that break and reform are
approximately the same as the OPNs uncoil. The increase in the stretched length (free length) of
the three active OPNs (OPN 2-4 in Figure 1.2) during the softening region is shown in Figure 3.14.

3.2.4 Strain hardening region

For strain larger than ~3390% only two chains of OPNs (OPN 3 and 4) carry the force
between two HAP platelets (Figure 3.5). In this strain range, the only configuration change is the
stretching of OPN chains. These OPN chains undergo large stretch in their backbone and the
observed sudden jumps and drops in the stress, bond stretch energy, and bond angle energy
correspond to the sudden changes in the configuration of OPNs, the stretch and failure of different
chains. The interaction energy of OPN/HAP is ~ -45.8 MJ/mol at a strain of 3390%, and changes
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to ~ -41.8 MJ/mol at the failure point. This change in energy level is due to the detachment of the
OPNs from HAP platelets.
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Figure 3.14. The free length of OPN 2, 3, and 4 vs. shear strain. OPN 1, which is fully detached
from the top HAP platelet at the strain of 1520%, is not shown here.
3.2.5 OC and OPN roles in deformation mechanism

OPN is a long chain, which can directly connect two platelets by HAP/OPN interaction,
while OC is a short chain (~9.6 times shorter than OPN), which cannot directly transfer the load
between the platelets, rather OCs transfer the load through other OCs and OPNs. OCs also function
as the anchor for OPNs (Figure 3.15) on the surface of HAP platelets. OCs move with HAPs since
they firmly adhere to HAP through several binding sites shown in Figure 3.16. OPNs, however,
move over HAP surface and get anchored to OC chains as they move. The entanglement among
OPNs and OCs enhances the load-transfer capacity of the interface since it improves attachment
of OPNs to the HAP platelets. The number of bonds between OC/HAP monotonically increases
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during deformation (Figure 3.9). Similarly, the absolute value of interaction energy between
OC/HAP increases and slowly tapers off during deformation. This behavior shows that each OC
flattens over on the surface of HAP, which enlarges their surface area with HAP. OCs form strong
bonds with HAP and remain relatively stationary during deformation. Shearing deformation
facilitates mostly A and B alpha-helices of the OCs to find their way to the surface of HAP to
enhance OC/HAP attachment. ASP and GLU residues on OCs form bonds with calcium Ca2+ ions
on the HAP surface while ARG forms bonds with PO43- and OH- (Figure 3.16).

Figure 3.15. Hydrogen bonds between OPN and OC. (A) ASP residue in OC and ARG residue in
OPN; (B) GLU residue in OC and ASP in OPN.
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Figure 3.16. (A) Bindings between the GLU and ASP amino acids in OC and Ca2+ ions in HAP;
(B) The hydrogen bonds between ARG residue in OC and PO43- and OH- in HAP.

3.3

Tension Deformation
The behavior of the nano-interface under tensile deformation is shown in Figure 3.17. The

stress-strain curve and variations in the number of bonds are also shown in Figures 3.18 and 3.19,
respectively. The main characteristic of the tensile behavior of the interface is the rapid rise in the
stress in the elastic range, followed by a sudden drop in stress (red dots in Figure 3.18). After the
sudden drop in stress, the OPN chains are unfolded and stretched, which maintains a large strain
at a low level of stress up to the failure point. During the sudden drop in stress, the number of
bonds for OPN/OPN and OPN/OC interactions decreases.

In the initial stage of tension, OPNs are indirectly connected to HAP platelets through OCs,
while OCs are firmly attached to the HAP surface through ASP, ARG, and GLU residues (Figure
40

3.16). With further tension after the elastic range, the number of bonds between OPNs and OCs
suddenly drops, as the interfaces “split”, which can be observed in Figure 3.19 from the variation
of the number of bonds between OC/OC and OC/OPN. At this point, only OPNs maintain the
connection between the two HAP platelets. The sudden split between OPNs and OCs between two
platelets results in the sudden drop in the stress. The saw-tooth behavior of the stress after the yield
point is because of the change in the interaction and configuration of OPNs. Dynamic bonds within
OPN chains continuously break and reform throughout the process. These bonds are formed
between the amino acid residues in the protein chains and between the amino acid residues and
Ca2+ ions. Figure 3.20 shows the bond energy vs. tensile strain in the nano-interface.

Figures 3.21 and 3.22 show the interaction energy between protein chains and HAP and
top and bottom layers of OC, respectively. After the first sudden drop in stress, the number of
OC/OC bonds remains nearly constant, while the number of OC/HAP bonds slowly increases.
Therefore, OCs simply increase their association with the HAP surface throughout the shear and
tension deformation.

The sudden drop in the stress-strain graph (Figure 3.18) at the strain ~1870 (green squares
in Figure 3.18) is due to the breakage and formation of dynamics bonds between OPN and Ca2+
ions (Figure 3.17 inset). During tension, the number of OPN/HAP bonds remains unchanged while
the number of OPN/OC bonds vary (Figure 3.19). Therefore, it can be concluded that OPNs are
mainly connected to HAP through OCs.
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Figure 3.17. Snapshots of the behavior of the nano-interface under tensile deformation at different
strains. Water molecule and calcium ions are depicted as red and black dots, respectively. The
zoomed-in view shows the dynamic bonds in OPN chain due to the presence of calcium ions.
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Figure 3.18. Stress-strain under tensile loading. Red and green dots are the selected points at which
interface configuration is shown in Figure 3.17.
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Figure 3.19. The variations of bonds vs. tensile strain.
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Figure 3.20. The variation in bond energies, i.e., bond stretch, bond angle, and dihedral energies
vs. tensile strain.

Figure 3.21. (A) The interaction energy under tension between proteins and HAP. (B) The
interaction energy between OPN, OC, and HAP.
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Figure 3.22. The interaction energy between the top and bottom OC layers under tension.

Figure 3.23. (A) and (B) the corresponding change in gyration radius of 4 OPNs and OCs vs.
tensile strain, respectively.
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Similar to the shear deformation, the OCs tightly anchor the ends of the OPNs on the HAP
platelet surface, which allows the chains of OPNs to fully stretch up to the failure point, without
detachment from the platelets (Figure 3.17). The variation in the gyration radius and bond energy
of the protein chains are shown in Figure 3.23. The sudden drops in gyration radius variation of
OPNs are due to the coiling back and detachment of OPN from top or bottom HAP. At strain
~945%, OPN 3 detaches from its anchorage point with OCs and HAP, which results in a decrease
in stress. After failure, OPN chains coils back that results in a sudden jump in the bond variation
of OPN/OPN (Figure 3.19).

The bonding of different OPN chains together considerably influences the mechanical
response of the nano-interface, in particular in the strain hardening region in shear. For instance,
OPN 4 detaches from the bottom HAP, while it does not fully coil back, and attaches to OPN 3 at
the strain of 3390%. OPN chains are mainly connected to each other through ARG, ASP, and
GLU. The hydrogen bonds within the OPN is shown in Figure 3.24.

Figure 3.24. Hydrogen bonds in an OPN chain: (A) between GLU and ARG residues; (B) between
ASP and ARG residues.
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Ca2+ ions bond ASP residues in an OPN together and form a dynamic bond as shown in
Figure 3.25. When the dynamic bonds break, Ca2+ ions move and form bonds with new ASP
residues or with the same residues in a different site.

Figure 3.25. Bindings between ASP in OPN3 and Ca2+ ions.

3.3.1 Analysis of the hydrogen bond interaction

Figure 3.26 illustrates the number of hydrogen bonds between interface constituents versus
shear and tensile strain. The number of OPN/OPN hydrogen bonds at the initial configuration is
1059 and then changes to 826 and 1082 at the end of shear and tension deformation, respectively.
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The number of OPN/OPN hydrogen bonds in shear is lower than tension since in shear there is
more stretch in the backbone of OPN.

Figure 3.26. Comparison of the number of hydrogen bonds within the nano-interface under (A)
shear (B) tension.
OC adheres to the HAP platelets surface through its ASP, GLU, and ARG residues as
shown in Figure 3.16. Negatively charged GLU and ASP residues interact with Ca2+ in HAP and
create strong electrostatic bonds (Figure 3.16). In addition, hydrogen atoms in ARG form hydrogen
bonds with oxygen in OH- and PO43- in HAP (Figure 3.16). The OC/HAP bonds are static.
OPN/HAP binding is, however, dynamic, and OPN/HAP binding sites form, break, and reform in
other sites. OPN chains have a rich content of ASP and GLU residues. These residues are
negatively charged and tend to adhere to the HAP surface. OPN chains penetrate through OC and
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form binding sites with HAP. The carboxyl carbon in GLU and ASP residues of OPN interact with
Ca2+ on the HAP and create a dynamic bond [52].

3.4

Combined loading
Most bones in the body undergo combined loadings during normal daily activities.

Therefore, consideration of nano-interface damage in bone under combined loading conditions
(tension-shear and compression-shear) is essential to understand bone fracture. Here, two most
plausible cases of combined loading, i.e., compression-shear and tension-shear were investigated.
The loadings were applied in two consecutive steps. In the first step, nano-interface was subjected
to tension or compression. Different points from the force-displacement graph were then selected,
and the configuration of the interface for those points were extracted (Figure 3.27). In the second
step, the shear load is applied to the selected configuration (Figure 3.28).

Figure 3.27. Force-displacement responses of the nano-interface under (A) compression (B)
tension. The red circles show the selected points considered for the subsequent shear loading step.
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Figure 3.28. Force-displacement responses of the nano-interface under shear for different
configurations extracted from (A) compression (B) tension force-displacement graphs.

The first loading steps reveal that the nano-interface can be present in a specific range of
the gap distance between HAPs. This range is from 1.5 to 50 nm, which is also equivalent to the
gap between the collagen fibrils (Figure 2.27). The strength of the nano-interface as a function of
the gap between HAPs is shown in Figure 2.29. Figure 2.29 shows that a considerable enhancement
in the mechanical properties can be observed as the gap distance decreases. The strength increases
from a 1.6 MPa to 255.5 MPa when the gap distance increases from 50.5 nm to 1.2 nm. In the gap
distance below 2.1 nm, all OCs directly connect both HAPs together. Therefore, a sudden increase
in strength can be observed when the gap distance decreases from 2.1 nm to 1.4 nm.

50

Figure 3.29. The strength of the nano-interface vs. gap between HAP platelets.

3.5

Conclusions
In conclusion, the atomistic simulation presented in this disseration reveals a unique

synergistic deformation mechanism between the two proteins at the interfibrillar interface in bone.
OC chains were found to tightly anchor the ends of the OPN on HAP mineral platelets, and hence
allow bundled OPN chains to fully stretch between two platelets. Additionally, OPN chains were
found to form dynamic binding sites on OCs and even penetrate through OC layer to bind to HAP
during shear deformation. Together, these two proteins that may constitute ~2-3% of bone weight,
function as a double-part glue and sustain a large non-linear deformation with ductility
approaching 5000%. This large deformation results in an outstanding specific energy to failure
exceeding ~ 350 J/g, which is larger than the most known though materials (such as Kevlar, spider
silk, etc.).

Given their significant contribution, these interface proteins may also be important enough
to be considered as one of the building blocks of bone. Diseases such as osteoporosis, and
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genotypes such as OPN-deficiency may significantly compromise the composition and mechanics
of the nano-interface and result in degradation of mechanical properties of bone. Hence,
development of standard tests for assessing composition and quality of the interface in bone may
be relevant.
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EFFECTS OF HYDRATION ON MECHANICS OF THE NANO-INTERFACE

4.1

Introduction

The effect of water on the macroscopic behavior of bone has been well explored [53-55].
Experimental studies have shown that bone strength increases with a 5% loss of water by weight
[53]. It is also reported that for a water loss of more than 9%, the strength decreases. Although
these experimental studies have proven the direct influence of water on the mechanical properties
of bone, the underlying nano-scale mechanisms have not been well explored. This research
attempted to understand the behavior of a hydrated nano-protein complex (with water) and
compare it to the dry case (without water) when interacting with HAP. It is challenging to find the
appropriate amount of water to add to the nano-interface. In the following section, the maximum
amount of water that can be added to the system is discussed. The optimal value for water content
is then identified. Finally, the results for hydrated (with water) and dry (without water) cases are
compared to each other. The interaction between water and the nano-interface is explained. Water
molecules interact with the protein and mineral phases of the interface. Water enhances the
flexibility and deformation of the proteins, particularly OPN. Therefore, larger elongation is
expected in the hydrated case. A non-linear relationship between strength and water content was
observed.
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4.2

Maximum water content
In order to investigate the interaction between proteins and HAP, different numbers of

water molecules were added to the system. The selected numbers of water molecules in the system
were 100, 1,000, 5,000, 10,000, 50,000, and 100,000. The results revealed that for a system with
more than 1,000 water molecules, the water forms a droplet within the gap space between HAPs
due to the surface tension (Figure 4.1). The droplet submerges the protein complex and eliminates
the direct contact of the protein chain with HAP.

Figure 4.1. The nano-interface with ~100,000 water molecules. The blue and yellow chains
represent OPN and OC. The red and black dots are water and ions, respectively. The protein chains
are submerged in water and have no direct contact with each other and with HAP.

The protein chains in the nano-interface shown in Figure 4.1 are not directly connected to
each other but are merely connected by water molecules. In a system with a high content of water,
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water has the dominant role in the mechanical response of the interface. Another challenge of
modeling a large amount of bulk water is that the protein complex becomes almost incompressible.

For instance, a 100-times greater load is needed to compress the interface between the HAPs when
the water content increases from 1,000 to 100,000 molecules. The high value of the compressive
force would result in inelastic deformation of protein chains and HAP platelet (Figure 4.2).
Therefore, it can be concluded that the number of water molecules in the system should not exceed
100,000 to avoid droplet formation.

Figure 4.2. The snapshot of the interface configuration with ~100,000 water molecules after
compression. The blue and yellow chains represent OPN and OC. The red and black dots are water
and ions, respectively. For clarity purposes, water and ions are removed in the front and side view.

4.3

Optimum water content
The optimum number of water molecules that enhances the mechanical response and

preserves the integrity of the interface needed to be determined. Therefore, molecular dynamics
simulations with the different numbers of water molecules, including 100, 1,000, and 5,000, were
conducted. The snapshots of the interface configurations for each case are shown in Figure 4.3.
The force-displacement response of the interface under shear for each case is also plotted in Figure
4.3.
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Figure 4.3. (A) Snapshots of nano-interfaces with different numbers of water molecules, i.e.,
100, 1,000 and 5,000. The blue and yellow chains are OPN and OC. The red and black dots are
water and ions, respectively. Black circles show regions of the nano-interface that are separated
due to the presence of water in the system with 5,000 water molecules. (B) The shear response of
the nano-interface with different water content. All the models contain 200 Ca2+ ions to
neutralize the negative charge of the protein chains.

The strength and elongation of the nano-interface with different numbers of water
molecules is depicted in Figure 4.4. A non-linear relationship between strength and water content
can be observed.

Adding water facilitates the inelastic deformation of protein chains and increases the
elongation of the nano-interface. The interface with 1,000 water molecules shows greater
elongation compared to the interface with 100 water molecules. However, adding more than 1,000
water molecules may adversely affect the interface integrity. As shown in Figure 4.3, the addition
of 5,000 water molecules damages the interface configuration by keeping the OCs at the top and
bottom layers separated (shown as black circles in Figure 4.3). The interaction between OC at the
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top and bottom layers controls the strength. Therefore, the nano-interface with 5,000 water
molecules shows the least strength between all three cases.

Figure 4.4. (A) The strength and (B) the elongation of the nano-interface with different numbers
of water molecules.
In summary, the interface with 1,000 water molecules is selected as the optimized interface
configuration that contains enough water molecules to hydrate the system and facilitate the
inelastic deformation of protein chains without adversely affecting the interaction between
interface constituents.

4.4

Comparison between dry and hydrated cases
To elaborate on the influence of water on the nano-interface, the configuration, interaction,

and behavior of the nano-interface with (hydrated) and without water (dry) were compared. Both
models contain 220 Ca2+ ions to neutralize the negative charge of proteins. Here, the optimum
water content of the interface (1,000 water molecules) is considered as the hydrated case. The
shear stress-strain response of the hydrated and dry models is shown in Figure 4.5.
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Figure 4.5. Stress-strain response of the nano-interface with (hydrated) and without water (dry)
under shear. Red dots are the selected points at which interface configurations are shown in Figure
4.6.
As expected, the strength of the nano-interface for the dry case was larger. Water has a
direct effect on the deformation of protein chains. The snapshots of the configuration of the
interface at different strains are shown in Figure 4.6 and Figure 3.5 for the dry and hydrated cases,
respectively.

The gyration radius and bond energy for hydrated and dry cases are depicted in Figures 4.7
and 4.8, respectively. The polarity of water facilitates its bonding with the hydrophilic groups in
the protein chains, e.g., carboxyl and PO4-3 in HAP. OPN influences the specific energy of the
system, and its interaction with water controls the post-yield deformation behavior of the nanointerface. A decline in the flexibility of OPN occurred in the dry system due to the absence of
water/OPN interactions. Therefore, the gyration radius of OPN chains and bond energy variation
indicates longer stretching of OPN in the hydrated case compared to the dry case. Consequently,
the hydrated model exhibits larger elongation compared to the dry case (Figure 4.5).
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Figure 4.6. Snapshots of the dry nano-interface at different shear strains show the configuration
and interaction between interface constituents (corresponding to the red points in Figure 4.5). The
dashed rectangle shows the top HAP. Calcium (Ca2+) ions are removed for clarity. (A) The
deformed configuration in the elastic region at ~ 7% shear strain. (B) The yield point at ~ 225%
shear strain. Dashed rectangle shows the separated region of the interface. (C) The end of the
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yielding at ~ 1,251% shear strain. All of the OC/OC bonds between the OCs at top and bottom
platelets are broken. (D) Strain softening with constant stress region at a strain of ~ 1,789%. (E)
The configuration at a shear strain of ~ 2,833%. (F) Snapshot of the failure at a strain of ~ 3,481%.

Figure 4.7. (A) and (B) are the corresponding changes in gyration radius of four OPNs for hydrated
and dry cases, respectively.
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Figure 4.8. (A) and (B) are the variation in bond energies, i.e., bond stretch, bond angle, and
dihedral energies vs. strain for hydrated and dry cases, respectively.

As OPN regulates the toughness of the nano-interface, its interaction with water is expected
to impact the post-yield behavior of the nano-interface. Figure 4.8 shows that the bond stretch and
bond angle energy of the hydrated model is larger since water eases the unfolding and stretching
of the proteins. The mechanical properties of the dry and hydrated nano-interfaces are shown in
Figure 4.9.
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Figure 4.9. Comparison between the mechanical properties of the nano-interface with water
(hydrated) and without water (dry) under shear loading. (A) Shear modulus. (B) Ultimate strength.
(C) Elongation at break. (D) Specific energy.
Elongation decreases, whereas strength, stiffness, and specific energy increase when water
is removed. Figures 4.10 and 4.11 show the variation in non-bonded interaction and interaction
energy variation of the nano-interface during shear loading, respectively.
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Figure 4.10. (A) and (B) are the variations of the non-bonded interactions vs. strain for hydrated
and dry cases, respectively.
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Figure 4.11. Interaction energy under shear between all proteins and HAP are shown in (A) and
(C); (B) and (D) are the interaction energy under shear between proteins and HAP with Ca2+ ions
for hydrated and dry nano-interface cases, respectively.
Bonds between the interface constituents continuously form and break during the loading
step, resulting in the saw-tooth response shown in Figure 4.5. Water greatly influences the
interaction energy of OCs and Ca2+ ions (Figures 4.11B and 4.11D). Water enhances the HAP/OC
bonding by flattening them over the HAP surface (Figures 4.11A and 4.11C). In the dry case,
therefore, OCs can easily detach from the surface of HAP platelets.

The bonding between water and protein chains is shown in Figure 4.12. Water tends to
form hydrogen bonds (HBs) with oxygen in negatively charged amino acids in OC and OPN.
Chains of OPN have a rich content of aspartic acid (ASP) and glutamic acid (GLU) residues. Water
tends to adhere to OPN chains through these residues.
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Figure 4.12. Hydrogen bonds between H2O and (A) GLU in OC, (B) ASP in OPN, and (C) GLU
in OPN.
Extra water in the system spreads out over the HAP surface. Figure 4.13 shows the HBs
formed between water and OH- and PO43- on the HAP surface. Water can also form electrostatic
bonds between Ca2+ ions, as shown in Figure 4.13. As previously discussed, Ca2+ ions significantly
affect the deformation behavior of the nano-interface by creating dynamic bonds. Adding water
would deteriorate the positive role of Ca2+ ions by removing the sacrificial bonds formed by Ca2+
ions within protein chains. Moreover, water detaches Ca2+ ions from OCs and deposits them on
HAP surface, indirectly decreasing the OC/HAP interaction.

Figure 4.13. Hydrogen bonding between H2O and (A) PO43- and (B) OH- in HAP. (C)
Electrostatic binding between H2O and Ca2+ ions.
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The HB interaction for dry and hydrated cases was also evaluated. Figure 4.14 illustrates
the number of HBs between interface constituents versus shear strain. The number of OPN/OPN
HBs in the hydrated model is ~1,000 – 1,600 more than the dry case.

Figure 4.14. The number of HBs in the (A) hydrated and (B) dry nano-interface. (C) Extra HBs
in the hydrated model due to the presence of water. (D) Comparison of the number of HBs in the
hydrated and dry nano-interface.
The difference in the effective area of the protein complex and the gap space between HAPs
for the dry and hydrated case is shown in Figure 4.15.

The effective area of the interface for the dry case is ~ 8% larger than the hydrated model
while both systems have the same gap distance of ~ 2.58 nm between HAPs. Different gaps
between HAPs result in different interactions between the OC chains at the top and bottom HAPs
and subsequently decrease the strength of the nano-interface.
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Figure 4.15. (A) The effective area and (B) gap between the HAP platelets for dry and hydrated
cases. The effective area is the area of the HAP surface covered by protein.

4.5

Conclusions
The effects of water on the mechanical behavior, interaction, and configuration of the nano-

interface were investigated. Water facilitates the deformation of the protein complex, particularly
OPN. Different numbers of water molecules were used to fill the gap between HAP platelets. The
results reveal that including more than 100,000 water molecules in the system leads to the
formation of a droplet between HAPs that eliminates the interaction between proteins. The
optimum amount of water for the nano-interface was found to be 1,000 water molecules. The
optimum amount of water results in a large elongation by adding HBs between different interface
constituents and assists in the stretching and unfolding of the protein chains. In addition, the
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mechanical responses of nano-interfaces with and without water were compared. Elongation
decreases, whereas strength, stiffness, and specific energy increase when water was removed from
the nano-interface.
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REFORMATION OF THE NANO-INTERFACE

5.1

Introduction

This chapter elaborates on the formation of bonds in the nano-interface during the
reformation process that may influence bone recovery. The modeling procedure was discussed in
section 2.5. The influence of reformation duration on the recovery of the nano-interface was
studied. Reformation duration considered in this study ranged from 0 – 5 ns. During the
reformation process, bonds between proteins chains and HAP platelets start to form again. The
interaction and configuration change of the nano-interface during the reformation is discussed in
detail. The results revealed that more than 60% recovery in terms of ultimate strength and specific
energy was obtained for reformation durations longer than 0.5 ns.

5.2

Stress-strain response

The stress-strain responses of the nano-interface before and after reformation process are
shown in Figure 5.1. The interface can sustain a remarkable tensile strain of ~ 1,234% in the first
stretch (before reformation). The value of the elongation in the second stretch (after reformation)
varies from ~ 227 – ~ 1,250% depending on the reformation duration.
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Figure 5.1. The stress-strain responses of the nano-interface before and after reformation. The
reformation duration varies from 0 – 5 ns.
Figure 5.1 shows that longer reformation durations enhance the mechanical properties of
the interface. The specific energy to failure represents the maximum energy a material can absorb
before failure, normalized by the mass of the nano-interface (Figure 5.2). The specific energy was
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obtained from the area under each stress-strain response up to the failure point (Figure 5.1).
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Figure 5.2. Specific energy of the nano-interface as a function of reformation duration.
The results suggest that soon after reformation starts (0.5 ns), the specific energy of the
interface increases from ~ 0 to ~ 70 J/g. Figure 5.2 shows that the interface can recover up to 68%
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in specific energy. Figure 5.3 displays the ultimate strength of the interface as a function of
reformation duration. The configurations of the nano-interface before the first and second stretches
are also included in Figure 5.3.

Figure 5.3. The ultimate strength of the interface versus reformation time. The red dashed line
shows the trend of the reformation response.
Similar to specific energy (Figure 5.2), the ultimate strength also changes from 0 to 60 MPa
in 0.5 ns and remains constant for the rest of reformation process (Figure 5.3). The results show
that more than 30% of the specific energy and ultimate strength are unrecoverable.

5.3

Energy variation

Figure 5.4 shows the OPN/OC interaction at the initial configuration (before the first
stretch) and during the reformation process. The OPN/OC interaction at the end of reformation is
30% less than the initial configuration.
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Figure 5.4. (A) OPN/OC interaction at the initial configuration (dashed red line) and during
reformation process (solid black line). (B) Top view of the OPN/OC interface in the initial
configuration and at the end of reformation process.
Figure 5.4 reveals the irreversible OPN/OC bond breakage that happened during the first
stretch and that could not be reformed in the reformation process. As discussed in chapter 4,
OPN/OC interaction has a direct influence on the overall deformation behavior of the nanointerface. Less interaction between OPN and OC means less elongation since fewer anchoring
points exist for OPN on the HAP surface. The OPN/HAP and OPN/OPN interactions—the other
important factors directly influencing the nano-interface—are shown in Figures 5.5 and 5.6,
respectively.
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Figure 5.5. Interaction of OPN/HAP at the initial configuration (dashed red line) and during
reformation process (solid black line). The black circle shows the location of the new OPN/HAP
bond after the reformation.

Figure 5.6. Interaction of OPN/OPN at the initial configuration (dashed red line) and during
reformation process (solid black line). The red circle shows the unfolded part of the OPN chain.
The non-covalent bonds between OPN and HAP are continuously formed during the
reformation process. The results suggest that the OPN/HAP bonds fully restore during reformation.
The OPN/OPN interaction jumps from -182.5 to -177 MJ/mol as soon as the reformation starts
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due to the unfolding of OPN chains (Figure 5.6). The interaction energy of OCs and the bond
energy of the system are shown in Figures 5.7 and 5.8, respectively.

Figure 5.7. Interactions of (A) OPN/OC and (B) OC/HAP at the initial configuration (dashed red
line) and during reformation process (solid black line).

Unfolding and flattening of OC chains over HAP during the first stretching step increases
the OC/OC and OC/HAP interactions (Figure 5.7). The bond energy terms for both reformation
and initial configuration are very close in value. Dihedral and angle energy are slightly above the
initial configuration since OPN chains were unfolded and twisted before the reformation process.

A comparison between initial configuration and the configuration after the reformation
process in the terms of bond and interaction energy is shown in Figure 5.9.

Figure 5.9 reveals that a 5 ns reformation would be enough to recover most of the energy.
However, OPN/OC interaction energy is the only energy that cannot fully recover. The OPN/OC
interaction energy after the reformation is ~ 30% less than the initial configuration.
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Figure 5.8. The (A) bond stretch, (B) bond dihedral, and (C) bond angle energy.
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Figure 5.9. Comparison between the initial configuration and the configuration after 5 ns
reformation in terms of bond and interaction energy.
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5.4

Nano-interface with only OPN or OC

Figure 5.10 shows the stress-strain responses of the (isolated) OPN and OC proteins under
initial tensile deformation and after reformation. The OPN and OC models at the initial stage are
shown in Figure 5.11. Under the first stretch, OPN and OC show a ductility of 120% and 217%,
respectively. Moreover, they fail at strains of ~ 138% and ~ 185%, respectively.

Figure 5.10. Stress-strain responses before and after reformation for the nano-interface
containing only one type of protein: (A) OCN and (B) OPN.

5.5

Conclusions

The reformation of bonds in the nano-interface was investigated and the influence of
reformation duration on the recovery of the nano-interface was studied. The range of reformation
duration considered in this study varied from 0 – 5 ns. As soon as the reformation process initiates,
the HBs and other non-covalent bonds between proteins chains and HAP platelets start to form
again. The results revealed that the nano-interface can recover itself 0.5 ns after the reformation
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process begins. No further improvement on the specific energy and ultimate strength was observed
for reformation times greater than 0.5 ns.

Figure 5.11. The constructed configurations of (A) OC model containing 64 OCs in two layers
and (B) OPN models containing eight OPNs in two layers. The top and bottom figures show the
front and top views, respectively.
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CONCLUSIONS AND PERSPECTIVE

The atomistic simulations presented in this dissertation revealed a unique synergistic
deformation mechanism between the two proteins at the interfibrillar interface in bone. As OC was
found to tightly anchor the ends of OPN on HAP mineral platelets, it allowed bundled OPN chains
to fully stretch between two platelets. Additionally, OPN chains were found to form dynamic
binding sites on OC and even penetrate through the OC layer to bind to HAP during shear
deformation. Together, these two proteins, which constitute ~ 2 – 3% of bone by weight, function
as a double-part glue and sustain a large non-linear deformation with ductility approaching
5,000%. This large deformation results in an outstanding specific energy to failure exceeding 350
J/g, which is larger than most known tough materials (such as Kevlar, spider silk, etc.).

The effects of water on the mechanical behavior, interaction, and configuration of the nanointerface were also investigated. Water facilitates the deformation of the protein complex,
particularly OPN. A nano-interface with 1,000 water molecules was found to be the optimum
system. The optimum amount of water results in larger elongation by adding HBs between
different interface constituents and assists in the stretching and unfolding of protein chains. In
addition, the mechanical responses of nano-interfaces with and without water were compared.
Elongation decreases, whereas strength, stiffness, and specific energy increase when water was
removed from the nano-interface.

In the present study, the nano-interface model was constructed based on the best evidence
reported in the literature. However, it is difficult to precisely determine the geometrical parameters
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of the nano-interface, such as the number of layers or arrangement of proteins in the nano-interface
(Figure 6.1).

Figure 6.1. Nano-interface with different numbers of protein layers can be considered. (A) Nanointerface with three layers of OC and two layers of OPN. (B) Parameters that control the
symmetrical distribution of OC and OPN on the HAP surface.
The geometrical parameters shown in Figure 6.1 may influence the behavior of the nanointerface. In the future, new nano-interface models may be created and studied by changing the
geometrical parameters. Unsymmetrical distribution of proteins would be also a plausible case
study in the future.
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The presence of Ca2+ ions enhances the effectiveness of the nano-interface in resistance to
separation and energy dissipation [55, 66], consistent with the earlier observations reported in [67,
68]. Here, the interactions of Ca2+ ions with OPN, OC, and HAP at the atomistic scale were
elaborated. Further studies could be carried out to investigate the deformation mechanisms of the
nano-interface in the ionic environment where both Ca2+ and Na+ ions are present.
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