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Introduction

Molecular origin of viscoelasticity in mineralized
collagen fibrils

Mario Milazzo, € 2P Alessio David, 2 € Gang Seob Jung,®® Serena Danti {22 and
Markus J. Buehler & *2

Bone is mineralized tissue constituting the skeletal system, supporting and protecting the body’s organs
and tissues. In addition to such fundamental mechanical functions, bone also plays a remarkable role in
sound conduction. From a mechanical standpoint, bone is a composite material consisting of minerals
and collagen arranged in multiple hierarchical structures, with a complex anisotropic viscoelastic
response, capable of transmitting and dissipating energy. At the molecular level, mineralized collagen
fibrils are the basic building blocks of bone tissue, and hence, understanding bone properties down to
fundamental tissue structures enables better identification of the mechanisms of structural failures and
damage. While efforts have focused on the study of micro- and macro-scale viscoelasticity related to
bone damage and healing based on creep, mineralized collagen has not been explored at the molecular
level. We report a study that aims at systematically exploring the viscoelasticity of collagenous fibrils with
different mineralization levels. We investigate the dynamic mechanical response upon cyclic and impulsive
loads to observe the viscoelastic phenomena from either shear or extensional strains via molecular
dynamics. We perform a sensitivity analysis with several key benchmarks: intrafibrillar mineralization per-
centage, hydration state, and external load amplitude. Our results show an increase of the dynamic
moduli with an increase of the mineral percentage, pronounced at low strains. When intrafibrillar water is
present, the material softens the elastic component, but considerably increases its viscosity, especially at
high frequencies. This behavior is confirmed from the material response upon impulsive loads, in which
water drastically reduces the relaxation times throughout the input velocity range by one order of magni-
tude, with respect to the dehydrated counterparts. We find that, upon transient loads, water has a major
impact on the mechanics of mineralized fibrillar collagen, being able to improve the capability of the
tissue to passively and effectively dissipate energy, especially after fast and high-amplitude external loads.
Our study provides knowledge of bone mechanics in relation to pathologies deriving from dehydration or
traumas. Moreover, these findings show the potential for being used in designing new bioinspired
materials not limited to tissue engineering applications, in which passive mechanisms for dissipating
energy can prevent structural failures.

both with experimental and modeling tools across different
length scales.*'*> Among them, the molecular scale is the

Bone is the main constituent of the skeletal system, providing
shelter to the organs and soft tissues, and allowing sound
transmission and conduction for hearing.'™ It possesses a
special hierarchical structure that has been deeply studied
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observation level that is still open to new research avenues,
since the material composition and its microstructural factors
determine bone properties and dynamic behavior."*® Bone
presents a staggered periodicity length, derived from pure col-
lagenous tissues, called the D-period, which is of ~67 nm,
which is composed of two parts named overlap and gap
regions.'®'® The latter is the space where the mineral com-
ponent, hydroxyapatite (HA), fills most of the interfibrillar
voids."” As a biopolymer material working at 37 °C, collagen is
subject to viscoelastic phenomena.

Viscoelastic properties of bone are crucial to understand
how the tissue behaves in terms of fracture toughness,'®
failure,'® and fatigue, among others,'® since our daily activities

This journal is © The Royal Society of Chemistry 2021
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(e.g., walking and running) dynamically load our bone tissues
with different intensities and frequencies. Since bone has hier-
archical structures, a deep knowledge of the origin of mole-
cular level viscoelasticity may further elucidate macroscale
mechanisms observed in previous studies. Specifically, bone
exhibits creep and stress relaxation and is able to efficiently
dissipate high-energy inputs.”® Crack propagation and cata-
strophic failure of bones and tendons are the most predomi-
nant topics that have been widely investigated, but the origins
of micro-damage are still under debate.”"** The most accre-
dited hypotheses were related to the heterogeneity of the
microstructural composition that is affected by several factors
(e.g., gender),”® and atomic-scale structural changes due to
shearing by accumulating the damage from cyclic loadings on
tendon.>*

A number of studies have provided a description of the
mechanics of dry mineralized fibrils, highlighting the impor-
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tant role of HA in strengthening and toughening the collagen
macromolecular chains.'®*>? At the same time, a previous
study*® found that collagen is the component primarily
responsible for dissipating energy upon transient loads, with
relaxation times that tend to decrease as fast as the increase of
the input load velocity, independent of the mineralization per-
centage and load directionality. This feature is in good agree-
ment with the mechanics of the tissue on the macroscale, thus
giving new insights into how the physiology of the macro
tissue works. Another component that influences the mech-
anics of bone is water, which represents about 10% of the total
weight of bone, in addition to 30% of collagen and 60% of HA
(Fig. 1A).>>?*7*® Researchers have demonstrated the key role of
water in providing bone quality in terms of toughness® and in
mitigating the deterioration of aging bone.*"*?

Water is present in different forms: (i) bulk water fills the
spaces of the vascular network to deliver nutrients and evacu-
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(A) Hierarchical structure of bone: from the macro tissue to the atomistic scale at which level we find tropocollagen (~*30% w/w), hydroxy-

apatite (~+60% w/w), and water (~10% w/w).2® (B) Dry and hydrated topologies employed in our studies.
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ate waste. It plays a negligible role in stiffening the
material,”*> but has effects on the viscoelasticity at the
macroscale;*® (ii) structural water is present between the stag-
gered mineralized fibrils to ensure the stabilization and assem-
bly of bone ultrastructure;*”*® and (iii) bound water fills the
voids of the mineralized fibrils,***° and is observable with
nuclear magnetic resonance procedures.>* Recently, a 2D finite
element model has been proposed to investigate the effect of
bound and structural water on bone mechanics, highlighting the
ability of the material to tolerate external loads and microcracks,
but without any specific speculation on intrinsic viscoelastic
phenomena.”’ Moreover, the stiffness of the mineralized fibrils,
which is monotonic with the %HA, has a linearly decreasing
trend with the increase of the intrafibrillar water content, inde-
pendent of the presence of minerals.>*This interesting behavior
gives the opportunity for a research question related to the effect
of bound water on the viscoelastic properties of bone that, cur-
rently, have been studied mainly at the macroscale,>*>%***

In this paper, we explore the viscoelastic properties of
mineralized collagen fibrils based on the different mineral
and water contents at the atomic scale. Full atomistic models
are utilized to understand the atomic scale behavior of dry and
hydrated (also later referred to as ‘wet’) mineralized fibrils
under cyclic shearing and impulsive loads by using molecular
dynamics simulations. Understanding the mechanics of the
materials upon cyclic angular loads will complement the
studies on bone failure and damage in which shear defor-
mation is more prominent than homogeneous uniaxial loads,
especially at the molecular scale.

Previous works have speculated on the viscoelasticity of
bone at the macroscale with experiments,>**>*3
lation tools focusing on a single collagen peptide
mechanics of dry mineralized fibrils upon quasi-static and
impulsive loads.*® Recently, Fielder et al. have presented a first
study investigating the effect of water on the mechanical be-
havior of the D-period varying the %HA. They observed a
decrease of Young’s moduli with respect to similar dry topolo-
gies.”® Previous studies have highlighted the role of collagen
as the main responsible component for the creep phenom-
enon in the bone matrix at the macroscale, due to its poly-
meric structure that is loading-rate dependent; however, its
description does not take into account the synergies with the
mineral component and water.”” Also, other studies have
speculated on a possible role of water in improving the vis-
cosity of bone, comparing the viscoelastic response of dry/wet
bone upon experimental extensional cyclic loads,** and con-
firming an increase of tan 8.2°** To the best of our knowledge,
a systematic investigation on the viscoelastic properties of
mineralized fibrils, considering the role of water and %HA,
has been firstly explored in this study.

or with simu-
4546 or the

{ G"m(%HA) = 10.98 + 0.67 x %HA
7o max :
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Our work can also be exploited to create efficient bioin-
spired synthetic materials that may employ energy trans-
mission and dissipation mechanisms, overcoming the limit-
ations of the biological material. Moreover, from the clinical
standpoint, an improved knowledge on the capability of col-
lagen-based tissues to dissipate energy will pave the way to
new treatments of pathologies or traumas, which mostly affect
the elderly population,*®™° by actively exploiting the intrinsic
features of bone damage.>"

Results and discussion

We first conduct a study considering the D-period of the minera-
lized collagenous fibrils (Fig. 1B), and perform a sensitivity ana-
lysis on the elastic and viscous components of such structures
under axial and tangential transient loads. Based on earlier
studies on bone-like materials at the macroscale, we take advan-
tage of the dynamic mechanical analysis (DMA, see Materials and
methods section) to observe the shear viscoelastic mechanisms*?
by performing a sensitivity analysis on three different parameters:
%HA, angular strain amplitude, and hydration state.

First, we investigate the properties of the dried mineralized
collagen fibrils by varying the %HA. Fig. 2A-C present the
viscoelastic behavior of the dry topologies with a mineral per-
centage ranging from 0% to 40% upon angular strain ampli-
tudes (yo) of 0.017 (yo min) and 0.17 (Yo max). We obtain G’
(storage modulus) and G” as a function of y, (see details in the
Materials and Methods section) and describe through math-
ematical interpolation of the dependency of the moduli on the
%HA. G' appears almost constant over the frequency, indepen-
dent of y, and the mineral percentage. The frequency averaged
value of G’ shows a clear linear trend with %HA for both y,s,
with a higher angular coefficient for yo i, (Fig. 2D):

G'(%HA) = 577.83 + 15.02 x %HA, R*> = 0.98440
G'(%HA) = 1067.17 4 45.03 x %HA, R = 0.99497
(1)
At 7o max, WE estimate an increase of +66% from 0%HA to
20%HA, and +25% from 20%HA to 40%HA. In contrast, these
increments are more pronounced at ¥y min With +72% from 0%HA
to 20%HA, and +53% from 20%HA to 40%HA (Fig. 2A and D).
The values of G"” show a constant behavior over the fre-
quency range for 7, min (between 100 MPa and 200 MPa), but
show a linear increase for y, max, especially for 40%HA
(Fig. 2B). Therefore, we linearly fit every data series and, sub-
sequently, linearly fit the extracted angular coefficients (G"y,)
and intercepts (G"y) of the loss modulus over the %HA (Fig. 2E
and F) to evaluate the dependency of such modulus against
the mineral content in the topology:

Y0 max -

Yo min -

R?> =0.99987

G"o(%HA) = 212.50 + 7.07 x %HA’ R? = 0.99629 )
R?> =0.03894 (2)
R?> =0.83710

. G"m(%HA) = 6.30 — 0.06 X %HA
Yo min G"o(%HA) = 65.99 + 3.38 x %HA’
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Fig. 2 Results from the shear DMA varying the %HA and shear strain amplitude yo on dry topologies. (A—C) Elastic component (G'), loss modulus, or
viscous component (G"”), and the lag between shear and strain (tan 5) over frequency. We observe a G’ that is almost constant independent of the fre-
quency for each strain amplitude. The increase of %HA leads to a stiffening of the compound that is quantitatively higher at yo min. In contrast, the
increase of yo implies a reduction of the elastic component and a simultaneous increase of the viscosity that is more pronounced above 5 GHz. (D—
F) G" and G” over %HA. (D) G’ presents linear trends over %HA with the angular coefficient that is higher at yo min. (E) and (F) show the angular coeffi-
cient (G",,) and the intercept (G"() for the viscous component. Also in this case, we denote linear trends in both cases. The angular coefficient at
Y0 min IS Very low, almost constant, while the trend for yo max is markedly increasing, confirming the triggering of viscosity at high strains and frequen-
cies. The intercepts have monotonic increasing values due to the increase of %HA.

From the intercepts, we deduce that the frequency-indepen-
dent component of G” is linearly dependent on the %HA, but
the increase is stronger for yo max, Which also registers higher
G" values throughout the whole frequency range. The fre-
quency dependence of G", deduced from the analysis of the
angular coefficients, shows a clear linear trend for yy max
which is almost absent for yo min, as formalized by the low R*
value. The above results are consolidated through the analysis
of the loss factor tan § (Fig. 2C), which is lower and frequency-
independent at yy min (~0.1), while higher and frequency-
dependent for yy max. This shows that the tissue hardens when
increasing the %HA but, at the same time, it does not show
significant variations across input frequencies. In contrast, the
viscous behavior is activated at high strains and is more pro-
nounced at high frequencies, confirming the natural propen-
sity of the tissue to efficiently dissipate high-energy inputs.

Then, we explore the difference between wet and dried
systems through the same methodology. Fig. 3 shows a synop-
tic table comparing the DMA results for the dry/wet systems at
0%HA and 20%HA. By looking at the first column, we observe
the growth for G’ over the %HA that is enhanced in the dry
state rather than in the hydrated one (~+65% vs. 48%). G'
shows a frequency-independent behavior in the dry state,
while we notice a marked frequency-dependent behavior at low
frequency in the wet state. For both dry and wet systems, the
numerical values for G’ at yy min are about double the ones
achieved at yy max- In contrast, the viscous component of the

This journal is © The Royal Society of Chemistry 2021

material is more pronounced for the hydrated states, especially
for 0%HA at high frequencies above 5 GHz with yy max
(Fig. 3C). G" shows a frequency-dependent behavior at y max
with a numerical value for tan§ up to ~1.4 (Fig. 3B and C).
These features are almost absent for yy min, in which G” and
tan§ are equal to 600 and 0.5, respectively (Fig. 3E and F).
Viscous behaviors are, thus, triggered by a stronger shear
deformation and hydration, a trend which is also observable
in Fig. 2B.

To understand the behavior under the impact of creep
loading, we utilize the characterization based on the response
upon axial impulses (later referred to as wave propagation —
“WP”). This approach is a validated technique, exploited
across different scales in earlier works, able to deliver a com-
plete description of a material or structure with a simple
broadband impulsive load.>**>>

Next, we analyse the propagation and dissipation of energy
along the hydrated 0%HA and 20%HA topologies from WP,
and later compare the results with the outcomes from the dry
materials studied in earlier works.”® We use impulsive loads
delivered with compressive displacements, investigating the
material behavior across input velocities from 100 m s™' to
1000 m s~'. We use wave speed and relaxation time as bench-
marks to estimate the energy propagation and dissipation.
Fig. 4 shows the normalized and average displacements of the
C, atoms over time and position from the loading interface to
the fixed constraint, while Table 1 summarizes the main

Biomater. Sci,, 2021, 9, 3390-3400 | 3393
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Fig. 3 Results from the shear DMA varying the %HA and shear strain amplitude yo on dry/wet topologies. Panels A—C show the elastic component
(G'), viscous component (G”), and the lag between shear and strain (tan §) over frequency, at yo = 0.17, while panels D—F present the results at yog =
0.017. We notice a different ratio of the G’ between 0%HA and 20%HA for the dry and wet topologies. Specifically, hydration softens the materials
and induces a monotonic increase of G’ up to a saturation above 3 GHz. The role of the hydration is more pronounced at 0%HA since the intrafibrillar
voids are completely filled with water. It enhances the viscosity of the material, especially at high frequencies, with a growing trend above 5 GHz at
high angular strains. In contrast, at lower yo, we observe a high viscosity that tends to a saturation over frequency.

results after post-processing the data, comparing the outcomes
with the dry topologies from earlier works.>®

We observe a decreasing trend of the wave speed numerical
values with the increase of the input velocity (Table 1A) in the
wet fibril. Specifically, 0%HA at 100 m s ' presents a wave
speed of 3640 m s~' that decreases to 3039 m s~' at 1000 m
s~'. In contrast, 20%HA shows, on average, higher velocities
from 3781 at 100 m s™" to 2974 m s~ " at 1000 m s~ . The same
topologies without water molecules in the intrafibrillar voids
show a general increase of the wave speeds that is more pro-
nounced for 0%HA (~+83%) than 20%HA (~+20%).

We find the relaxation time decreases over the input vel-
ocity, although more slowly than in the dry material results, as
shown in Table 1B. We observed the same trend in the
hydrated one. Quantitatively, comparing the dry/hydrated
states, we observe a noticeable reduction of the numerical
values of about one order of magnitude, from 3.78 ps at 100 m
s' to 2.55 ps at 1000 m s~ (between 11% and 20% of the
results estimated in ref. 26). These results highlight the promi-
nent role of water in dissipating energy with relevant impli-
cations on the toughness of the tissue in the case of specific
pathologies that are characterized by a reduced presence of
water in bones. Our results on the relaxation times from the
WP are comparable with those of the DMA upon impulsive
loads. It is important to note that the definition used for this
parameter is expressed by eqn (6), also used in ref. 26 and 45,
and is different from the time required for the convergence of
the strain upon external loads to investigate the creep in the

3394 | Biomater. Sci, 2021, 9, 3390-3400

material.*®>® A previous study has observed a decreasing trend
for the relaxation time that is stabilized at high-velocity loads
in the order of 10 ps.>® The addition of water drastically flat-
tens the curve of one order of magnitude. This also appears in
the outcomes from the DMA, in which the addition of water
marks a high G”, especially at a frequency above 5 GHz. 20%
HA is the topology that is less affected than 0%HA, since part
of the intrafibrillar voids are filled by HA.'® This outcome is
mainly due to the molecular movement within the material
that is enhanced by water that acts as a lubricant (i.e., plastici-
zer) between the collagen and HA.”* Looking at the bonds
(data not shown), we observe an increment of the H-bonds for
the wet topologies (~+456% at 0%HA and ~+290% at 20%HA)
and their cyclic breaking and recovery induces a stick-slip
motion that significantly affects energy dissipation.*®>>"’
Lastly, we estimate the mechanical properties along the
fibrils by using the front-wave speed from the WP. In this case,
compared to ref. 26, water fills the intrafibrillar voids (bound
water), ensuring an almost full continuity to the material.
From the WP, we also observe an increase of the wave speeds
~83% and 20% for 0%HA and 20%HA, respectively. A direct
measurement of Young’s modulus is not possible using the
equation:
E=v%p, 3)
which relates it with the wave speed (v) and density (p) since
the material is not homogeneous and presents different

This journal is © The Royal Society of Chemistry 2021
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1

input velocities (v;), respectively, for the 0%HA and 20%HA wet topologies. We observe that the slope of displacement over time gets steeper (viz.,
wave speed increases) with the input velocity and %HA. Moreover, we observe a cleaner energy transmission and faster energy at a high v;, which are

less disturbed by the water molecules.

Table 1 Benchmarks for energy propagation and dissipation. A. Wave speeds estimated for the 0%HA and 20%HA dry and hydrated topologies at
different input velocities, along with the average increase introduced by water in the compound. B. Average relaxation time estimated for the 0%HA
and 20%HA dry and hydrated topologies at different input velocities, along with the average increase introduced by water in the compound

Input velocity [m s™']

100 500 1000
Wave speed
A [ms™] Dry?® Wet Dry?® Wet Dry*® Wet Average increase [%)]
% HA 0 2255 3640 1817 3244 1462 3039 ~+83%
20 3224 3781 2654 3301 2528 2974 ~+20%
B Average relaxation time [ ps] Input velocity [m s™'] Dry*® Wet Ratio [%)]
100 34.30 3.78 11
500 14.04 2.60 19
1000 12.91 2.55 20

This journal is © The Royal Society of Chemistry 2021
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phases.”® However, the effect of water on the elasticity behavior
is manifested through the DMA, in which we observe the
numerical values of G’ that are always lower when the topolo-
gies are hydrated. This is in good agreement with the out-
comes presented in ref. 25, which showed a softening due to
the water component upon quasi-static loads. Moreover, the
effect of water is dependent on the load frequency since it
gives a monotonic growth to G’ up to a substantial saturation
above 3 GHz. In contrast, the elasticity of the dry topologies
presents a constant behavior over frequencies.

A major impact is the applicability of our study to auditory
apparatus, whose components are collagen-based structures in
which the frequency-dependent mechanical response is critical
for the physiological functions. The tympanic membrane is a
thin hydrated membrane mainly composed of collagen with
fiber bundles that have different arrangements across the
thickness.>® Due to its conformation and structural organiz-
ation, it filters the acoustic energy collected by the pinna and
delivers a selection of the energy content to the three ossicles
of the middle ear. Although the macro functions of the
eardrum have been deeply studied (see for instance: ref. 52
and 60), its nanostructural behavior is still being investi-
gated.®! A preliminary study explained the role of water and
load directionality in energy transmission and dissipation on a
single collagen peptide,®® but our outcomes on the dry/wet 0%
HA topologies have the chance to elucidate the viscoelastic
mechanisms at a higher hierarchy. We observe a reduced elas-
ticity and viscosity in pure dry collagenous structures that are
independent of the amplitude of the angular displacement,
with numerical values almost constant across frequencies. In
contrast, the addition of water promotes the viscous com-
ponent of the material with a monotonic increasing trend
across frequencies with numerical values that are much higher
than those of the mineralized topologies. Water, indeed,
enables the sliding mechanisms between collagenous fibers
that are not constrained by the presence of rigid HA molecules.
A similar scenario is also highlighted by the wave transmission
study, in which we observe a significant reduction of the relax-
ation time. Hydrated collagen is the material that mostly con-
stitutes tissues like skin, muscles and tendons that primarily
receive external loads and are responsible for the first reaction
or response upon external energetic inputs that may damage
living bodies. Understanding the capabilities and limits of
such structures may really help designing efficient tissue repla-
cements to treat pathologies or traumas.

Furthermore, the results on mineralized fibrils help in
understanding the viscoelastic mechanisms of the ossicular
chain and the temporal bone, which with different mecha-
nisms provide conductive hearing.>® A deeper knowledge of
healthy collagen-based structures can also pave the way to new
bioinspired materials to replace and treat native tissues after
traumas or pathologies.”**®> With the advent of additive
manufacturing and machine learning, a new generation of
optimized prostheses and structures can take advantage of
this study to mimic, and even improve, the behavior of native
tissues for the eventual benefit of patients suffering different
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bone-related diseases (e.g., osteogenesis imperfecta and osteo-
porosis) or injuries.®®"®® In view of this, new research avenues
could be pursued to develop novel inks for replacing load-
bearing bone parts. Hydrated constructs with peculiar visco-
elastic properties could be fabricated by tuning the amount of
water present in the ink.

The use of biocompatible materials has some major advan-
tages compared to that of synthetic materials, as it promotes
the inclusion of the implant in the host site by lowering the
probability of rejection. Although this approach is promising,
several challenges have to be considered. Firstly, the rheology
of the ink highly influences the fabrication process. In fact,
high viscosity promoted by water facilitates extrusion through
the nozzle, but can also jeopardize the stability of the final
structure. On the opposite site, the dehydration of the con-
structs that occurs over time may change the mechanical pro-
perties of the implant and should be prevented by efficiently
incorporating water into the constructs.

Conclusions

Bone is indisputably one of the most interesting and peculiar
tissues of the human body due to its excellent mechanical pro-
perties originating from its hierarchical structures. It accom-
plishes different mechanical functions related to the body’s
support and movement, containment, and protection of vital
organs, as well as sound conduction and transmission.”’
Despite the different tasks, all these applications take advan-
tage of bone’s capability in managing energy from external
sources and conveying/dissipating it to prevent damage to the
living tissues or to accomplish specific functions. Based on
this premise, we design this work to understand bone’s visco-
elastic behavior from the molecular perspective, delivering a
description of this specific aspect of mechanics of the
material, starting from its building blocks: collagen, HA, and
water.

In this study, we investigated the viscoelastic properties of
dry versus hydrated mineralized fibrils under shear and longi-
tudinal transient loads. From our approach, we achieve two
complementary sets of results that provide the understanding
of the origin of viscoelasticity in bones, and broadly, of col-
lagen-based materials at the microscale. Even a simple axial
loading is transferred as a combination of extensional and
shear strain.”’””* We unveil the origin of the tissue’s capability
for efficiently transferring energy with its elastic features and,
simultaneously, dissipating high energy quickly from loading
at its fibrillar levels.

Our study provides new knowledge on bone mechanics,
highlighting new aspects at the molecular scale. The visco-
elastic behaviors of mineralized fibrils help in understanding
the responses of the nanostructures upon transient loads and
give a new perspective on how microcracks are tolerated
without causing a macroscopic failure of the tissue.”””®
Moreover, hydration is confirmed as a key player in tissue bio-
mechanics since it severely affects the mechanical properties,

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm02003f

Open Access Article. Published on 02 March 2021. Downloaded on 4/7/2026 11:11:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

creating a synergistic effect with the solid phases of the
materials and enhancing the passive mechanisms to prevent
structural failure.>**34%46

Materials and methods
Topologies

We use the dry topologies employed in previous works to inves-
tigate the effect of mineralization on collagen fibrils with three
different percentages of %HA (W%/w%): COL/HA 100/0-0%HA,
representing pure collagenous structures (e.g., tendons and
the tympanic membrane), COL/HA 80/20-20%HA and COL/HA
60/40-40%HA. Our model is able to properly describe the
intrafibrillar mineralization with the mineral component that
fills the voids between collagen fibrils, mostly in the gap
region.'”®> We hydrate and randomly ionize 0%HA and 20%
HA using VMD software, filling the vacuum in the simulation
boxes. We exclude the 40%HA topology since the intrafibrillar
voids are almost fully filled with HA.

Force field for molecular dynamics

We perform molecular dynamics simulation using LAMMPS
software (https:/lammps.sandia.gov/index.html).”” We employ
an improved version of the CHARMM force field in all MD
simulations, consistent with previous works.”*®® OQur para-
meters include hydroxyproline (HYP), which is one of the
building blocks of the collagen protein structure. We use pre-
vious studies on atomistic simulations matching quantum
mechanical models to provide a suitable parameter set for
HYP.*!

Equilibration

Full periodic topologies. The following procedure is applied
to the topologies with full periodic boundary conditions. The
equilibration of the full periodic topologies includes in first
instance 11 cycles, 0.5 ns each, of NVT integration at 310 K
with a 1 fs time step, fixing the net momentum of all the
atoms as zero. Thus, achieving the energy convergence after
5.5 ns, we use an anisotropic NPT ensemble for 6 cycles, 0.5 ns
each, at 310 K and 1 atm. The final energy convergence was
reached at 8.5 ns.

Chopped topologies. In order to study the wave propagation
and energy dissipation along the structures, we chopped the
bonds at the edges of the simulation box from the reference
geometry, leaving the periodic conditions only along the y- and
z-directions.

We preliminarily define two groups of atoms. The first
group is named “bound” - BD, including the C, atoms at the
end of the triple helices, and the second group is labelled
“mobile” - MB, including all the remaining atoms. We relax
the structures with several steps to prevent abrupt structural
changes from the reference. The duration of the first step is
0.1 ns with an NVE ensemble fixing the momentum of the
atoms belonging to the MB group. Then, we perform two
cycles of 50 ps NVT ensemble each with a Langevin thermo-
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stat: in the first one, we change the temperature from 10 K to
310 K, and in the second one, the temperature is kept fixed at
310 K. Afterwards, we fix the temperature of the MB group at
310 K with a Berendsen thermostat for 0.2 ns. During the equi-
libration, we fix the displacements and velocities of the MB
group along the y-/z-axis, without any constraint along the
x-axis.

We stabilize the system without this last constraint for
0.2 ns and, then, we use an NVT ensemble for all the atoms
for 0.2 ns, fixing the temperature at 310 K. Finally, we employ
an NPT ensemble for 2 ns at 310 K with a pressure constraint
at 1 atm only along the y-/z-direction. A final energy conver-
gence is reached at 2.8 ns based on RMSD, energy and
pressure.

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) is an experimental tech-
nique that aims at characterizing the viscoelastic behavior of a
material upon cyclic strains.®” In this work, we implement a
computational version of the DMA by imposing a periodic
angular deformation (y) to the simulation box:

v = vo sin(2xft), (4)

in which y, is the deformation amplitude and f is the fre-
quency of oscillation (Fig. 5A and B).

We study the behaviour of the full periodic dry/hydrated
topologies as a function of different features: the deformation
frequency (viz., 1 GHz-10 GHz), amplitude (0.017 rad and 0.17
rad, corresponding to the &, strain of the top face of the box
of 1% and 10% of the total length of the box), mineralization
percentage (0%HA-40%HA) and hydration. Following earlier
studies, we also investigate the behavior of wet structures at
lower frequencies (0.01 GHz and 0.1 GHz). We do not extend
the simulation for the dry state at such low frequencies, since
the obtained curve shows no trend. This choice is motivated
by the computational effort that these simulations require.
Simulations are carried out in the NVT ensemble at 300 K. We
record stress data every 1 ps. The output data are averaged over
the values calculated at every time step. We fit the shear stress
(7xy) with a sinusoidal function:

Ty = 7o Sin(wt + 8), (5)

in which 6 is the delay between the stress and the strain.

According to ref. 83, we define the storage modulus (G') and
loss modulus (G") as parameters that give the capability of the
material to store (elastic component) and dissipate (viscous
component) energy, respectively:

G ="coss G"="sins (6)
70 Yo

From eqn (3), we estimate tan § as:

"
tan 6 = vk (7)
We organize our outcomes in order to provide a com-
parison among related systems to highlight how the visco-
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Fig. 5 Methodologies to study the viscoelastic behavior of the material. (A and B) Shear DMA of the material. We apply a cyclic angular deformation
with an amplitude equal to 7 to the full periodic topologies, varying the %4HA, amplitude, frequency, and hydration state of the material. (C and D)
Wave propagation in the chopped topologies. (C) Topology fixed at one end and loaded by an axial compressive displacement-based load at the
opposite end. (D) Impulsive load evolution over time. The load is applied for T = 2 ps with an input velocity (v;) equal to 100 m s™%, 500 m s or

1000 m s™*. The observation time t; is equal to 140 ps.

elastic behavior is affected by: (1) the %HA in the com-
pound; (2) the presence of water; and (3) the amplitude of
the angular strain. For each frequency of deformation, we
simulate three shear loading cycles and report the average
value along with the error bars to highlight the main
tendencies.

Wave propagation analysis (WP)

We fix the atoms belonging to the BD group at one end and
use the other to apply a displacement-based load. Based on a
previous study that demonstrates the similar outcomes from
tensile/compressive loads,”® we carry out our study using
impulsive compressive loads with three reference input vel-
ocities (v;): 100 m s™, 500 m s~ and 1000 m s™'. The load is
delivered in 2 ps, while the total observation time (¢) is 140 ps
(Fig. 5C and D).

We post-process the displacements of the C, atoms along
the x-axis and estimate the wave speed by taking into account
the evolution of the average displacement peak of the traveling
wave.

We study the dissipative behavior of the material
through the evolution of the square value of the velocity of the
wave front (vpa.), which resembles the normalized kinetic
energy of the assuming the following
approximation:

system. By

t

et (5

vmax

we define 7 as the relaxation time of the system, which is the
amount of time needed to reduce the amplitude of the func-
tion of a factor equal to e~ *.>¢>>%2
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