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Abstract. Bone, a hard biological material, possesses a combination of high stiffness and
toughness, even though the main basic building blocks of bone are simply mineral platelets and
protein molecules. Bone has a very complex microstructure with at least seven hierachical levels.
This unique material characteristic attracts great attention, but the deformation mechanisms in bone
have not been well understood. Simulation at nano-length scale such as molecular dynamics (MD)
is proven to be a powerful tool to investigate bone nanomechanics for developing new artificial
biological materials. This study focuses on the ultra large and thin layer of extrafibrillar protein
matrix (thickness = ~ 1 nm) located between mineralized collagen fibrils (MCF). Non-collagenous
proteins such as osteopontin (OPN) can be found in this protein matrix, while MCF consists mainly
of hydroxyapatite (HA) nanoplatelets (thickness = 1.5 — 4.5 nm). By using molecular dynamics
method, an OPN peptide was pulled between two HA mineral platelets with water in presence.
Periodic boundary condition (PBC) was applied. The results indicate that the mechanical response
of OPN peptide greatly depends on the attractive electrostatics interaction between the acidic
residues in OPN peptide and HA mineral surfaces. These bonds restrict the movement of OPN
peptide, leading to a high energy dissipation under shear loading.

Introduction

Bone possesses interesting material properties, especially unique mechanical properties (a
combination of high stiffness and toughness) [1, 2]. For developing artificial biological materials or
medical implants with similar or even better mechanical properties, bone has been widely
investigated to understand its deformation and failure mechanisms. One of the main challenges is
that bone has a very complex microstructure, with at least seven hierarchical levels [3]. Besides, the
basic building blocks of bone are very small (e.g. thickness of mineral platelet = 1.5 — 4.5 nm) [3].
Therefore, the mechanism in bone is hardly to be understood through conventional studies at
macro-level. Molecular dynamics (MD) simulation has been used previously to investigate
nanomechanics in biological materials as it may provide more detailed information at smaller length
scale [4-6]. The study of the bone mechanics at nano-length scale is crucial for better understanding
of the bone mechanical behavior.

As a biological nanocomposite, bone has an extremely large and thin area (thickness = 1 — 2 nm)
of extrafibrillar protein matrix. This layer of protein matrix can be found between mineralized
collagen fibrils (MCFs), and one of the main components in MCF is the tiny hydroxyapatite (HA)
platelets. The extrafibrillar protein matrix is consists of non-collagenous protein (e.g. osteopontin
(OPN)). Different from tropocollagen protein, OPN protein is a highly flexible and consists of a
high number of acidic amino acids (AA) [7]. As the interfacial area in nanocomposite such as bone
can be up to 700m*/nm’ [8], the bone mechanical behavior greatly depends on the interaction
between OPN protein and HA platelet. The adsorption of OPN peptide on HA surface has been
examined previously by using atomistic simulation [5, 6]. However, the desorption of OPN peptide



from HA surface was not covered in those studies. In this work, OPN peptide was pulled between
two HA platelets to investigate the shearing between OPN peptide and HA surfaces.

Methodology

GROMACS [9-12] and Visual Molecular Dynamics (VMD) [13] were used for MD simulation
and visualization of the results, respectively. The computational model consists of a 18-residue
OPN peptide located between two flat plates of HA mineral (Ca;o[PO4][OH],). The sequence of
OPN peptide is DDSHQSDESHHSDESDEL and 8 of the residues are acidic residues (Aspartate
and Glutamate) [5]. Each HA platelet is around 2 ns thick, with {100} crystal faces at the top and
bottom surfaces. The interaction of OPN peptide to the HA {100} crystal face was studied in this
study, as {100} crystal surface is believed is the main crystal face developed in the HA nanoplatelet
in bone [14]. The HA initial atomic coordination is based on previous experimental work (space
group P63/m and unit cell parameters of a = b=9.423 A, c=6.883 A, a=£=90"°, y =120 [15].
The gap between two HA platelets is around 1 nm. Besides the OPN peptide and two HA platelets,
the empty space of periodic boundary condition (PBC) simulation box was filled with SPC water
molecules [16], and some calcium and chloride ions were included to ensure the whole system has a
neutral net charge.

GROMOS force field [17] was used for OPN peptide, while Hauptmann apatite model [18] was
used for HA mineral. Lennard-Jones (LJ) potential term derived from Born-Mayer-Huggins (BMH)
potential term in Hauptmann apatite model was implemented in this study [19]. Lorentz-Berthelot
mixing rule described in Equations 1-3 were used to calculate the intermolecular potential between
OPN peptide and HA mineral [20]. Particle mesh ewald (PME) [21, 22] and a time step of 2 fs were
used in MD simulation.
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Energy minimization with steepest descent method was performed first. 100-ps NVT and 100-ps
NPT were subsequently simulated to achieve a temperature of 310K and an atmospheric pressure of
1 bar. It is followed by 5-ns MD simulation to get an equilibrated peptide structure for pulling
simulation. Then, the C, atom in C-terminal residue was pulled between the HA platelets. The
pulling rate and spring constant are 0.01 nm/ps and 1000 kJ/mol nm?, respectively.

Results and Discussion

After 5-ns MD simulation, the interaction energy between the OPN peptide and two HA platelets
are extracted. The average value of van der Waals interaction energy, E,;, during 5-ns MD
simulation (-4 kJ/mol) is found too small compared to electrostatics interaction energy, Fep. (-170
kJ/mol). This indicates that the interaction between OPN peptide and HA platelets is mainly
governed by the electrostatics interaction, and the van der Waals interaction has a minor effect on
the OPN-HA interfacial interaction. Azzopardi et al. [6] also suggested that electrostatics plays an
important role for OPN peptide interacting to HA surface. Based on the OPN peptide structure after
5-ns MD simulation shown in Figure 1(a), few side chains, mainly carboxyl groups of acidic
residues, are attracted to the HA surfaces. The corresponding interaction energy plotted in Figure



1(b) shows that not all the OPN residues are strongly attracted to HA platelets. These results
indicate that the interaction between OPN peptide and HA platelets is mostly due to the attractive
electrostatics interaction between the acidic residues in OPN peptide and HA surfaces.
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Figure 1. 5-ns MD simulation results. (a) OPN peptide structure after 5-ns MD simulation. Solvent molecules are

removed for clarity. (Ca — green; P — orange; O — red; H — white; C — black; N — blue), and (b) Interaction

energy between OPN residues and HA platelets after S-ns MD simulation.

Figure 2 illustrates the OPN peptide structure during pulling simulation in positive z-direction.
The pulling atom (C, atom in C-terminal residue) is shown in purple colour. For the sake of clarity,
only three acidic residues (Residues S, T, and U) are discussed and shown in colour in Figure 2.
The corresponding interaction energy between these three acidic residues and HA surfaces are
shown in Figure 3(a). The interaction energy is mainly contributed by electrostatics interaction
energy, E... In this work, a bond between an OPN residue and HA platelet is defined as interaction
energy below -100 kJ/mol, and the OPN residues with interaction energy below -100 kJ/mol are
shown in blue dotted circles in Figure 2. Based on Figure 3(a), the initial interaction energy of
Residues S, T and U is below -100 kJ/mol, and these residues are close to HA surfaces as shown in
Figure 2(a). However, these residues separate from HA surfaces when OPN peptide is subjected to
pulling load, as observed in the OPN peptide structure during pulling simulation in Figure 2 and the
interaction energy evolution in Figure 3(a). These residues subsequently reattach and detach
repeatedly to HA surfaces throughout the pulling process. The simulation results also indicate that
the OPN residue is able to form a new bond at different HA surface during pulling process. For
instances, Residue U detaches from bottom HA surface and attaches to upper HA surface, as
illustrated in Figure 2.

The initial bonds between OPN residues and HA surfaces constrain the movement of OPN
peptide. Although these bonds fail while the OPN peptide is being pulled, new bonds are formed
during pulling process. This explains why the measured pulling force plotted in Figure 3(b)
maintains at around 2500 pN after increasing from zero. These new bonds formed during pulling
process ensure the OPN peptide always sticks to HA surfaces and continuously resist the movement
of OPN peptide, thus leading to high energy dissipation. As bone has an extremely large area of
extrafibrillar protein matrix, the shearing between OPN peptides and HA surfaces is expected
dissipating a huge amount of energy. This high energy dissipation subsequently improves the
overall bone fracture resistance. This is one of the possible reasons explaining why bone has
excellent fracture resistance. More studies are necessitated to further explore and understand the
mechanism in bone.
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Figure 2. OPN peptide structure during pulling simulation. Solvent molecules are removed for clarity. (a) 0 nm,
(b) 3.50 nm, (c) 4.50 nm, (d) 5.10 nm, (e) 7.15 nm, (f) 8.60 nm, and (g) 8.85 nm. Residues S, T, and U attracted to
HA surfaces (below -100 kJ/mol) are shown in blue dotted circles. (Ca — green; P — orange; O —red; H — white; C
— black; N — blue; Pulling atom (C, atom) — purple).
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Figure 3. Pulling simulation results. (a) Interaction energy between three acidic residues (Residues S, T and U)
and HA surfaces, and (b) Force-displacement curve.

Conclusions

The shearing between osteopontin (OPN) peptide and hydroxyapatite (HA) surfaces was
investigated by pulling the OPN peptide between two HA platelets using molecular dynamics
simulation. The results indicate that OPN-HA interfacial interaction is mainly governed by the
attractive electrostatics interaction between some acidic residues of OPN peptide and HA platelets.
The side chains of these acidic residues are attracted closely to the HA surfaces. These bonds fail if
the OPN peptide is subjected to pulling load. However, new bonds are also formed during shearing
process. These bonds continuously resist the movement of OPN peptide, and lead to high energy
dissipation. As bone has a very large area of extrafibrillar protein matrix, high amount of energy is
dissipated from the shearing between OPN peptides and HA surfaces. This is considered to be one
of the main reasons for the excellent fracture resistance in bone.
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