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Elucidating the role of diverse mineralisation
paradigms on bone biomechanics — a coarse-
grained molecular dynamics investigationt

Mahdi Tavakol "2 * and Ted J. Vaughan*

Bone as a hierarchical composite structure plays a myriad of roles in vertebrate skeletons including pro-
viding the structural stability of the body. Despite this critical role, the mechanical behaviour at the sub-
micron levels of bone’s hierarchy remains poorly understood. At this scale, bone is composed of
Mineralised Collagen Fibrils (MCF) embedded within an extra-fibrillar matrix that consists of hydroxyapatite
minerals and non-collagenous proteins. Recent experimental studies hint at the significance of the extra-
fibrillar matrix in providing the bone with the stiffness and ductility needed to serve its structural roles.
However, due to limited resolution of experimental tools, it is not clear how the arrangement of minerals,
and in particular their relative distribution between the intra- and extra-fibrillar space contribute to bone’s
remarkable mechanical properties. In this study, a Coarse Grained Molecular Dynamics (CGMD) frame-
work was developed to study the mechanical properties of MCFs embedded within an extra-fibrillar
mineral matrix and the precise roles extra- and intra-fibrillar mineralisation on the load-deformation
response was investigated. It was found that the presence of extra-fibrillar mineral resulted in the develop-
ment of substantial residual stress in the system, by limiting MCF shortening that took place during intra-
fibrillar mineralisation, resulting in substantial compressive residual stresses in the extra-fibrillar mineral
phase. The simulation results also revealed the crucial role of extra-fibrillar mineralisation in determining
the elastic response of the Extrafibrillar mineralised MCF (EFM-MCEF) system up to the yield point, while
the fibrillar collagen affected the post-yield behaviour. When physiological levels of mineralisation were
considered, the mechanical response of the EFM-MCF systems was characterised by high ductility and
toughness, with micro-cracks being distributed across the extra-fibrillar matrix, and MCFs effectively brid-
ging these cracks leading to an excellent combination of strength and toughness. Together, these results
provide novel insight into the deformation mechanisms of an EFM-MCF system and highlight that this uni-
versal building block, which forms the basis for lamellar bone, can provide an excellent balance of
stiffness, strength and toughness, achieving mechanical properties that are far beyond the capabilities of
the individual constituents acting alone.

assembled into collagen fibrils that are several micro-meters in
length and have diameters in the range of 50-200 nm.> The

Bone is a naturally occurring composite material that com-
bines organic proteins with Hydroxyapatite (HAp) mineral crys-
tals to form a mineralised tissue that exhibits high stiffness
and excellent resistance to fracture."” Tropocollagen proteins
at the nanoscale level of the bone structure are made of three
collagen molecules wrapped around each other to provide a
helical protein with an overall radius ~1.5 nm and length of
~300 nm.*> At the next level of hierarchy, tropocollagens are
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staggered arrangement of collagen molecules in the fibrils
results in high and low density collagen, creating what are
termed overlap and gap regions that repeat throughout the
structure at a periodic length of D = 67 nm.>* Mineralisation
of collagen fibrils gives rise to Mineralised Collagen Fibrils
(MCFs). Even though higher-order structures of bones may
differ, MCFs are present across the majority of bone types, ana-
tomies and species and are considered a universal building
block of bone tissue.>* For many years, the mineral phase of
bone was thought to be concentrated in these regions in the
intra-fibrillar structure.”” However, it has become evident that
the volume available within the gap and overlap zones is rela-
tively limited and these regions cannot accommodate the
overall mineral content in the tissue.®® This implies that min-
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eralisation must extend beyond
regions>1°
implications of various intra and extra-fibrillar mineralisation
patterns on mechanical properties of MCFs and the load-defor-
mation response of bone tissue remains poorly understood.

A major challenge in understanding the mechanics of
MCFs is the inherent difficulty in isolating and testing intri-
cate micron-scale fibrillar structures, with only a limited
number of experimental studies specifically addressing roles
of intra- and extra-fibrillar mineralisation.">'* For example,
Karunaratne et al. showed that mouse bone with impaired
extra-fibrillar mineralisation had lower stiffness and higher
extensibility compered to healthy bone.'” A range of models
have sought to uncover the relative roles of intra- and extra-
fibrillar mineral on tissue biomechanics through
theoretical'>'® and finite element based'>™'® approaches.
Reisinger et al.'® demonstrated through a theoretical hom-
ogenisation approach that the extra-fibrillar mineral is the
phase that makes the primary contribution towards the tissue
stiffness. Subsequent models that have been developed using
the finite element method have confirmed this, with these
models providing additional information on the role of
arrangement and organization of constituents on tissue-level
behaviour."”™*® However, to date, the vast majority of these
models have only considered behaviour in the elastic regime,
with a wide variation of Young’s modulus for collagen fibrils
being prescribed."**° More recently, molecular dynamics mod-
elling has been used to provide mechanistic insight into the
mechanics of mineralised collagen fibrils themselves.*"*?
These frameworks have provided a platform to understand
deformation and mechanics of individual proteins and inter-
actions between proteins and mineral phases.”®> With this,
while the extra-fibrillar matrix is known to be a key determi-
nant of elastic properties,'®'® our recent coarse grained mole-
cular dynamics (CGMD) study has shown that intra-fibrillar
mineralisation is essential in providing MCFs both high
strength and ductility.® Furthermore, these results show that
MCFs have fracture strains that are far higher than tissue-level
fracture strains.>® These observations suggest that MCFs could
play an important role in extrinsic toughening to crack propa-
gation at this scale. However, all of the models that have been
developed to date have only considered a single MCF,*'72%?” in
the absence of any extra-fibrillar matrix, which represents a
highly idealised system. While MCFs are considered as one of
the universal building blocks of bone tissue, these structures
do not physically exist in isolation of the extra-fibrillar matrix
in bone tissue structures. Therefore, to fully understand the
mechanical behaviour of lamellar bone at this scale, the per-
formance of MCFs in the presence of the extra-fibrillar matrix
must be considered.

In this study, a CGMD framework is used to investigate the
effect of extra-fibrillar mineralisation on the load-deformation
response of MCFs. This framework builds on our previous
CGMD study on a single MCF system®® and introduces a
matrix of extra-fibrillar minerals around an array of four MCFs
to predict the uniaxial mechanical properties of these extra-

the gap and overlap
to the extra-fibrillar space.*™® However, the
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fibrillar mineral-mineralised collagen fibril (EFM-MCF)
systems. Through systematic investigation, we provide new
insight into the relative roles of intra- and extra-fibrillar miner-
alisation on the fracture behaviour of EFM-MCF systems, high-
lighting the importance of the extra-fibrillar mineralisation on
the mechanical properties of bone tissue.

Results

Mechanical properties of MCFs with various extra-fibrillar
mineralisation

Fig. 1 shows the stress-strain plots for the EFM-MCF systems
for various levels of extra-fibrillar mineralisation and a con-
stant level of intra-fibrillar mineral (iDoM = 35% w/w). Here,
the importance of extra-fibrillar mineralisation on the load-
deformation response of the EFM-MCF system (Fig. 1a) is
evident, with several different characteristic shapes observed in
the stress-strain plots depending on the level of extra-fibrillar
mineralisation. Highly mineralised systems (DoM = 81.85-83.90%
w/w) were characterised with high initial stiffness and low fracture
strain, with a high sensitivity in the pre-yield mechanical
response depending on the amount of extrafibrillar mineral
present. For intermediate levels of mineralisation (DoM =
43.36-80.17% wi/w), the fracture strain was higher, with less vari-
ation in the pre-yield mechanical properties. Finally, for systems
without extra-fibrillar mineralisation (DoM = 35.05% w/w), there
were initial toe and heel regions (Fig. 1a) in the response and the
loading regime was characterised by lower stiffness and high frac-
ture strain and ultimate tensile strength (UTS) values, with a work
hardening region evident before the final fracture. Our previous
study evaluated the performance of an MCF in absence of extra-
fibrillar mineral in detail,>® and the load-deformation mecha-
nisms associated with these cases will not be discussed in detail
here.

For the highly mineralised regime, where the total degree
of mineralisation ranged between DoM = 81.85-83.90% w/w,
the initial stress-strain response prior to the UTS was heavily
dependent on the amount of extra-fibrillar mineral. Both the
Young’s modulus and UTS increased linearly with the amount
of extra-fibrillar mineral present (Fig. 1b) and there was a
slight decrease in the toughness (the thumbnail in Fig. 1c),
while the fracture strain and residual strain were largely
similar across these regimes (the thumbnail in Fig. 1c). Fig. 2a
shows simulation snapshots of this regime with DoM = 83.85 +
0.03% w/w, where it is shown that both the extra-fibrillar
mineral and the MCFs were under loading (Fig. 2a). Once the
UTS is reached, the stress initially drops to a fixed value for a
short range of strains before the final fracture. From the simu-
lation snapshots, the UTS is reached at 8% strain, at which
point fracture takes place in the extra-fibrillar matrix and the
loading is re-distributed to the MCFs and a crack bridging
mechanism is clearly observed (Fig. S2t), which contributes to
the load plateau in stress—strain response until the final frac-
ture takes place through fracture in the individual MCFs com-
ponents themselves.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Mechanical properties of EFM-MCF systems with 35% w/w intra-fibrillar mineralization and various degrees of extra-fibrillar mineralization
illustrating the importance of extra-fibrillar mineralization. (a) Stress—strain plots for different degrees of mineralization showing the effect of extra-
fibrillar mineralization on the MCF mechanical behaviour. (b) Young modulus and UTS and (c) Fracture strain, residual strain and Toughness (GPa) for
various mineralisation degrees for MCF systems with 35% w/w intra-fibrillar mineralization. The mineralization amount of 35.05% w/w corresponds
to the system without extra-fibrillar mineralization, while 83.90% w/w refers to the maximum amount of extra-fibrillar mineralization possible.

For medium levels of extra-fibrillar mineralisation, where
the total degree of mineralisation range between DoM =
43.36-80.17% w/w, the mechanical response was characterised
by higher ductility and toughness, higher fracture strains and
lower stiffness than the highly mineralised regime (Fig. 1c).
However, the UTS remains almost fixed for various DoM
values, while the Young’s modulus only showed modest
increases compared to the highly mineralised regime (Fig. 1b).
The simulation snapshot for the system with DoM = 81.85%
w/w (Fig. 2b) shows that each drop in the stress value corres-
ponds to the formation of a new transverse crack in the extra-
fibrillar mineral (identified in Fig. 2b with arrows), with one
dominant crack path emerging in the extra-fibrillar mineral in
the later stages of loading. The simulation snapshots for other
cases in this regime (Fig. 2c) show similar transverse cracks
initiating in the extra-fibrillar mineral matrix, although these
do not result in failure of the EFM-MCF system. Here, some
longitudinal cracks are gradually formed, but these do not
grow beyond the length of an overlap or a gap region. In this
case, failure is dominated by the MCF array whereby the UTS
strain corresponds to the final fracture strain, which is when
the MCFs break.

The role of collagen, intra and extra fibrillar minerals in the
load deformation response of EFM-MCFs

Fig. 3a—c shows the stress in the collagen and intra- and extra-
fibrillar mineral components under uniaxial tension for
various degrees of mineralisation, and Fig. 3d shows the

This journal is © The Royal Society of Chemistry 2024

residual stress in each of these components for each degree of
mineralisation. Prior to loading, Fig. 3d shows the residual
stress values in each of the EFM-MCF components, where the
intra-fibrillar mineral always has tensile residual stress
present. Collagen generally had compressive residual stresses,
up until the DoM = 63.06% w/w case (start of highly minera-
lised regime). Finally, the extra-fibrillar mineral had tensile
stresses at low mineralisation, which gradually decreased with
increasing mineralisation, until these eventually became com-
pressive at DoM = 63.06% w/w. Fig. 3d shows that the residual
stress in the EFM-MCEF system for the highest level of mineral-
isation provides tensile and compressive residual stresses in
the intra- and extra-fibrillar regions, respectively. Our previous
simulations on individual MCFs showed that intra-fibrillar
mineralisation causes MCFs to shorten (see Fig. 6¢), which is
characterised by an increase in the residual strain.”® However,
the presence of the extra-fibrillar mineral limits the shortening
of the MCFs, which induces tensile residual stress in the MCF
components (collagen and the intra-fibrillar mineral) and sub-
stantial compressive residual stress in the extra-fibrillar
mineral. Different residual stress values are the reason for
different mechanical properties observed in the various miner-
alisation regimes observed in (Fig. 1a) which is explained in
the following paragraph.

In the small deformation regime (strain < 0.04), the extra-
fibrillar mineral content directly influences the relative contri-
butions of collagen, intra- and extra-fibrillar minerals on the
response of the system, while in larger deformation regime the

Nanoscale, 2024, 16, 3173-3184 | 3175
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Fig. 2 The representative simulation snapshots for uniaxial pulling of
different extra-fibrillar mineralisation regimes of MCFs showing different
deformation mechanisms. (a) Simulation snapshots for the system with
83.90% w/w mineralised system as a representative for the system with
highly mineralised extra-fibrillar matrix shows that until the strain of 8
percent there is no crack in the system and both the extra-fibrillar matrix
and collagen fibrils carry the external loading and after the strain of 8% a
crack is formed in the sample and the external loading is exerted into
the fibrils until the final fracture event which also occurs in the fibrils. (b)
The system with 81.85% w/w mineralisation which is considered as a
handshake between the systems with highly mineralised and medium
mineralised extra-fibrillar matrix which is characterized by consecutive
drops in the stress value each concomitant with the formation of a new
crack in the system. (c) Simulation snapshots for the system with miner-
alisation of 63.06% w/w representing the slight mineralisation of the
extra-fibrillar matrix which is characterized by the gradual deformation
of both the matrix and the collagen fibrils and the lack of crack growth.
The cracks in the matrix are shown with arrows.

brittle behaviour of hydroxyapatite is the reason why the col-
lagen takes the external loading. For the lower mineralised
case of DoM = 63.06% w/w, the collagen molecule is initially
under compression due to the presence of residual stress
(inset in Fig. 3a), while both the intra- and extra-fibrillar min-
erals are under pre-tension. As a result, in small deformation,
the external loading is applied mainly to the minerals until the
strain of ~0.15, at which point it is exceeded by the stress
applied to the collagen fibril. For DoM = 74.19% w/w mineral-
isation (inset in Fig. 3b), the residual stress in the extra-fibril-
lar mineral becomes compressive, while there is a tensile
residual stress on the collagen and intra-fibrillar minerals.
Thus, the external loading is initially mainly carried by the col-
lagen and the intra-fibrillar minerals in the small deformation
regime, while the collagen itself becomes dominant in the
large deformation regime. Finally, in the highly mineralised
case of DoM = 83.85% w/w (Fig. 3c), the residual tensile stress
in the collagen is larger than minerals, which is the reason
why it has larger stress than other two phases in the whole
strain range studied here, and again is dominant in the large
deformation regime. Decreasing the mineralisation from DoM
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= 83.85% w/w to 83.27% w/w, 82.59% w/w and 81.85% w/w,
the stress carried by the intra-fibrillar minerals in the MCFs
decreases by 1.97%, 5.83% and 11.03%, while the same
changes leads to decrease of 26.55%, 50.83% and 74.30% in
the extra-fibrillar matrix, respectively.

Effect of intra-fibrillar mineralisation on the EFM-MCF
mechanical properties

In addition to the extra-fibrillar mineralisation, the degree of
intra-fibrillar mineralisation (iDoM) also affects the mechani-
cal properties of the EFM-MCF system. Fig. 4a shows the
stress—strain plots for EFM-MCF systems with iDoM = 5% w/w,
which can be compared to the corresponding plots for iDoM =
35% w/w (Fig. 1a). Lower levels of intra-fibrillar mineralisation
in the fixed extra-fibrillar mineral amount brings about less
mineral in the system and lower stiffness as a result. Thus,
lower levels of intra-fibrillar mineralisation exhibited reduced
stress values for the same extra-fibrillar mineral amount, until
matrix fracture occurred with three distinct regimes observed,
as before (Fig. 4b and c). In highly mineralised systems, the
stress drops to an independent value after reaching UTS upon
matrix fracture. However, in the case of iDoM = 5% w/w, stress
gradually declines following UTS.

Fig. 5a compares the toughness values for iDoM = 5% w/w
with iDoM = 35% w/w for various extra-fibrillar mineral
content (eDoM). For highly mineralised EFM-MCFs, lower
intra-fibrillar mineralisation (iDoM = 5% w/w) had higher
toughness than higher levels intra-fibrillar mineralisation
(iDoM = 35% w/w). In these cases, after the extra-fibrillar
mineral matrix fractures, the lower intra-fibrillar mineralised
MCFs provides the collagen fibrils with the ability to withstand
larger strain values without breaking due to the higher sliding
capacity of the collagen molecules. For extra-fibrillar mineralis-
ation (eDoM) of smaller than 50% w/w (Fig. 5a, eDoM < 50%
w/w), the length of post-yield region in the stress-strain plot is
not long enough to counteract the lower stress in this intra-
fibrillar mineralisation density. Thus, the toughness in this
range of extra-fibrillar mineralisation is lower for EFM-MCFs
with iDoM = 5% w/w.

Fig. 5b presents the Young’s modulus and UTS for
EFM-MCF systems with low (iDoM = 5% w/w) and high (iDoM
= 35% w/w) intra-fibrillar mineralisation regimes, illustrating a
slight increase in Young modulus and UTS with an increase in
intra-fibrillar mineral content. However, it is notable that, for
the same amount of total mineral content, the 5% w/w intra-
fibrillar mineralised system have larger Young’s modulus
(Fig. 4 and 1). This implies that, while the total mineral
content directly contributes to both the UTS and Young
modulus values, the presence of mineral in the extra-fibrillar
matrix provides a greater contribution to these properties in
the elastic regime. The residual stress shows a similar trend.
The residual stress is larger for 35% w/w for the same extra-
fibrillar mineralisation, while for the same total number of
minerals 5% w/w case have larger residual stress (Fig. 5c¢).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The role of individual components of extra-fibrillar mineralized MCF with intra-fibrillar mineralisation of 35% w/w and various degrees of
extra-fibrillar mineralization showing the significance of collagen and intra-fibrillar minerals in carrying the external loading in tension. The stress
carried by collagen, intra-fibrillar and extra-fibrillar minerals for MCFs with mineralisation of (a) 63.06% w/w, (b) 74.19% w/w and (c) 83.90% w/w.
The zoomed in views shown in the thumbnails of panels a and b illustrated residual stress in all the three components of the system. (d) The residual
stress for the various components of the system. In all the panels the legend is the same as panel a legend. In panels a and b the stress—strain plots
for small deformation are shown in the inset.
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Fig. 4 The mechanical properties of EFM-MCF with 5% w/w intra-fibrillar mineralization and various degrees of extra-fibrillar mineralisation illus-
trating the effect of extra-fibrillar minerals in the MCF mechanical properties. (a) stress—strain plots, (b) Young modulus, UTS and (c) residual strain
and toughness values for MCFs with various degrees of extra-fibrillar mineralization and 5% w/w intra-fibrillar mineralization. The inset in panel a
shows the stress values in the strain of 5%.
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Fig. 5 Mechanical properties of MCFs with 5% and 35% w/w intra-
fibrillar mineralisation and various degrees of extra-fibrillar mineralis-
ation illustrate more significant effect of extra-fibrillar mineralisation on
the MCF mechanical properties. (a) Toughness values show that an
increase in the intra-fibrillar mineralisation decreases the MCF tough-
ness. (b) Young modulus (blue colored line and the left axis) and UTS
(orange colored line and the right axis) showing that the intra-fibrillar
mineralisation slightly affects the MCF mechanical properties while the
extra-fibrillar mineral amount significantly influences both the para-
meters. (c) Residual stress values for MCF with various intra-fibrillar and
extra-fibrillar mineral amounts depicting smaller residual stress for lower
intra-fibrillar mineralisation. In all the panels the 5% w/w and 35% w/w
intra-fibrillar mineralized MCFs are depicted with dashed and solid lines,
respectively.

Discussion

This study used a CGMD framework to investigate the effect of
extra-fibrillar mineralisation on the load-deformation response
of EFM-MCEF systems. Prior to loading, it was found that sub-
stantial compressive residual stresses (60-70 MPa at biologi-
cally relevant DoM = 60%-70%) were present in the extra-fibril-
lar mineral phase once (intra-fibrillar) mineralisation of the
MCFs had taken place. These arose as the stiff extra-fibrillar
matrix phases limited the amount of shortening that could
take place in the fibrillar collagen components due to intrafi-
brillar mineralisation. Depending on the amount and the posi-
tion of the mineral (intra vs. extra-fibrillar), the residual stress
on the collagen and the extrafibrillar mineral can be compres-
sive or tensile. Under loading, several characteristic behaviours
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were observed depending on the amount of extra-fibrillar
mineral present. For high amounts of extra-fibrillar mineral,
the EFM-MCF system showed high stiffness and immediately
after the UTS was reached, there was a brittle fracture in the
extra-fibrillar matrix, with MCFs showing subsequent load
take-up and a crack-bridging mechanism. For intermediate
levels of extra-fibrillar mineral, the mechanical response was
characterised by higher ductility and toughness, with micro-
cracks being distributed across the extra-fibrillar matrix, and
MCFs effectively bridging these cracks leading to an excellent
combination of strength and toughness. On the other hand,
for low amounts of extra-fibrillar mineral, the stiffness and
stress values were substantially lower, with the stress-strain
response of the system resembling previous isolated represen-
tations of MCF systems without a surrounding extra-fibrillar
matrix,”> showing a response that was similar to a character-
istic tendon stress-strain curve. Together, these results provide
novel insight into the deformation mechanisms of an
EFM-MCF system and highlight that this universal building
block, which forms the basis for lamellar bone, can provide an
excellent balance of stiffness, strength and toughness, achiev-
ing mechanical properties that are far beyond the capabilities
of the individual constituents acting alone.

Even though extra-fibrillar mineral may account for up to
60-70% of the total mineral content in bone tissue,"® there
remains a lack of understanding on how both intra- and extra-
fibrillar mineralisation contribute to the mechanical pro-
perties of bone tissue.'>'>'®?% Our simulation results show
that the extra-fibrillar mineral provides an important contri-
bution to the stiffness of bone tissue, with the predicted
Young’s moduli of the EFM-MCF systems directly dependent
on extra-fibrillar mineral content. On the other hand, the
amount of intra-fibrillar mineral content had little influence
on the stiffness of the EFM-MCF system. Other theoretical'®
and finite element-based'>™*® approaches have made similar
observations on the dominant role of the extra-fibrillar
mineral on the tissue stiffness. Considering that physiological
levels of mineralisation would range between 60-70% wj/w,>°
the predicted range of Young’s moduli predicted across the
this mineralisation range (9.6-12.27 GPa) were in a comparable
range to previously measured tissue-level values for bone
through experiments,”*° while the wider predicted range of
Young’s moduli across these EFM-MCF systems (2-45 GPa)
were in a similar range to previously measured tissue-level
values for mice bones with various degrees of impaired extrafi-
brillar mineralisation.”> Our previous computational study?®
showed that isolated MCFs, in the absence of extra-fibrillar
mineralisation, had fracture strains that were in the range of
100%, which were much higher than experimentally measured
values of mineralised fibrillar systems. However, the current
simulations showed that introducing extra-fibrillar mineralis-
ation to an MCF system resulted in yield strains of the order of
~7% for highly mineralised EFM-MCF systems, which are
much closer to experimentally-measured values of 5.14-6.72%,
which have been observed for highly mineralised antler
bone.'* A major difficulty in conducting experiments on MCFs

This journal is © The Royal Society of Chemistry 2024
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in mineralised fibrillar systems is that it is difficult to phys-
ically isolate and test MCFs in the absence of any extra-
fibrillar mineral and therefore the EFM-MCF system that we
have simulated here may better represent previous micro-
scale experimental studies on mineralised fibrillar systems.
Also, the calculated extra-fibrillar shear stress values of
21.94 + 2.89 MPa and 20.28 + 4.03 MPa for mineralisation
for this system (see ESI{ section) were in a good agreement
with the value of 18.2 MPa from experiments conducted on
hydrated multiple lamellas.” The CGMD model presented
here represents a significant advance on previous MD frame-
works that considered single MCFs in isolation,*!?224726:27:31
and is the first to explicitly consider the presence of extra-
fibrillar mineral. These findings highlight the critical impor-
tance of extra-fibrillar mineral in both elastic and post-yield
behaviour of the tissue, with the EFM-MCF system providing
much better agreement with experimental observations of
bone’s mechanical properties compared to isolated MCF
models'21,22,24726,27,31

Our simulation results showed a wide range of load-defor-
mation behaviour for EFM-MCF systems, depending on the
relative amounts of intra- and extra-fibrillar mineralisation. In
our previous study, we showed that several features of the load-
deformation behaviour of MCFs including the initial toe
region arose due to the partial release of residual strains,
which were generated upon mineralisation of the system.>® In
the absence of extra-fibrillar mineral, there is a large build-up
of residual strain in MCFs upon intra-fibrillar mineralisation,
with considerable shortening of the MCF taking place.*® In
considering an extra-fibrillar region, we based our EFM-MCF
simulations on the recent evidence for the initiation of miner-
alisation from the extra-fibrillar matrix obtained in recent
experimental work by Macias-Sanchez et al.** In the case that
opposite mineralisation path from intra to extra-fibrillar space
was considered the EFM-MCF would have behaved like a tra-
ditional composite due to less residual stress in the extrafibril-
lar matrix. However, in the current study with the hypothesis
of mineralisation pathway from extra to intra-fibrillar matrix
according to the finding of Macias-Sanchez et al.,** the extra-
fibrillar mineral was added to the system before equilibrating
the whole system to reflect that finding} and this resulted in
substantial residual stresses being generated. The effects of
these residual stresses were most evident when the response of
MCFs with and without extra-fibrillar mineralisation were con-
sidered. In particular, the presence of the extra-fibrillar
mineral limited the shortening of the MCFs that takes place
upon intra-fibrillar mineralisation, which resulted in lower
residual strains in the EFM-MCF system, but instead generated
higher residual stresses in the system. The predicted magni-
tudes of residual stresses were in agreement with experimental
findings of Almer and Stocks,® who observed compressive

1 Equilibrating the intrafibrillar mineralised collagens and then adding the
extrafibrillar minerals would imply the start of mineralisation from the intrafi-
brillar space.
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residual stresses on the order of —100 MPa, which was similar
to our model predictions of compressive stresses in the extra-
fibrillar phase for highly mineralised systems (which are lower
than intra-fibrillar mineralised MCFs). Interestingly, the pres-
ence of extra-fibrillar mineral also plays an important role in
determining the characteristic load-deformation response for
the EFM-MCF system. In the absence of extra-fibrillar mineral,
MCFs typically have a toe region in the stress-strain curve,
which would be a typical characteristic response of tendon-like
tissues. This toe region is caused by the partial release of the
collagen residual strain in the non-mineralised length of col-
lagen components of an MCF.”® However, this is prevented
due to the lack of non-mineralised length in the EFM-MCF
system. Thus, the presence of the extra-fibrillar limits partial
release of its lower residual strains resulting in a stress-strain
profile similar to those of bone tissue, which does not typically
have an initial toe-region. The presence of residual strains in
the intra-fibrillar region also results in various dependence of
the elastic response on the mineral amount which is discussed
in more detail below.

Comparing various simulations in this study and our pre-
vious study,”® the mechanical response of MCF and EFM-MCF
systems depended on overall mineral content and its distri-
bution between either the intra- or extra-fibrillar space. Firstly,
in the absence of extra-fibrillar mineralisation, higher levels of
intra-fibrillar mineralisation in MCFs actually decreases the
effective elastic modulus of an MCF, due to the higher levels of
residual strain that are generated upon mineralisation.
Meanwhile, for fixed amounts of extra-fibrillar mineral,
increasing the amount of intra-fibrillar mineral has little effect
on the effective elastic modulus of the system, which suggests
that the mechanical properties of the tissue might not change
greatly as the mineralisation proceeds from extra-fibrillar to
intra-fibrillar region.*” For fixed levels of intra-fibrillar miner-
alisation, it was found that higher levels of extra-fibrillar min-
eralisation directly resulted in higher effective Young’s moduli
in EFM-MCF systems in the elastic regime. For highly minera-
lised regimes (>80% w/w), both the extra-fibrillar mineral and
the MCFs carry the external loading. The stress in the intrafi-
brillar mineralised MCF is dependent on both its load-defor-
mation response and the load transferred to it through shear
transfer from extrafibrillar matrix. However, the load-defor-
mation response of the intra-fibrillar mineralised MCF** only
shows slight changes in the highly mineralised regime, while
the extra-fibrillar matrix shear stress does not change prior to
the yield point. Therefore, the applied load on the intra-fibril-
lar mineralised MCF does not experience any meaningful
changes with the mineral amount, explaining only slight
changes in its stress. However, the extra-fibrillar matrix stress
is heavily dependent on the extra-fibrillar mineral content,
with the stress carried by extra-fibrillar mineral increasing
with higher mineral content (see Fig. S1}). While increasing
amounts of mineralisation result in a very high stiffness
response, and therefore good load-bearing properties, these
systems show drastic reductions in the overall toughness of
the EFM-MCF system due to the fact that the extra-fibrillar
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matrix is dominating the loading regime. For medium levels of
extra-fibrillar mineralisation (60-70% w/w), the effective elastic
properties seems to be independent of the mineral content,
which might be the reason why the bone mineral amount is
tightly regulated in this range. In this physiological range, it
would seem that the best balance of mechanical properties is
achieved, with substantially higher toughness values than the
highly mineralised regime, with good stiffness and UTS values
also predicted.

Thus, the current study provided novel insights into the
mechanical properties of MCFs with different intra and extra-
fibrillar mineralisation amounts. This effort was not devoid of
limitations. Since drying affects the mechanical properties of
bone, the lack of solvation in the current study is the first
limitation enumerated here. However, for the high extra-fibril-
lar mineralisation regime which was the main focus of the
current study the water molecules are replaced with minerals.
The other shortcoming is the lack of crosslinks in the current
model. Crosslink breaking might happen before the MCF
breaking in medium extra-fibrillar mineralisation EFM-MCF
which might explain large fracture strains reported in the
current study for this regime. Finally, a more accurate repre-
sentation of extra-fibrillar matrix is needed which might be
possible in future with advent of more accurate experimental
methods.
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Concluding remarks

This study used a CGMD framework to investigate the effect of
extra-fibrillar mineralisation on the load-deformation response
of EFM-MCF systems. It was found that the extra-fibrillar
mineral provides an important contribution to the stiffness of
bone tissue, with the predicted Young’s moduli of the
EFM-MCF systems directly dependent on extra-fibrillar
mineral content. It was also found that the presence of extra-
fibrillar mineral significantly affected the development of
residual strains in MCFs, limiting the amount of shortening
that takes place during intra-fibrillar mineralisation, resulting
in higher levels of residual stresses in a full EFM-MCF system.
The presence of these residual stresses subsequently affected
the load-deformation response of fibrillar systems. When phys-
iological levels of mineralisation were considered, the mechan-
ical response of the EFM-MCF systems was characterised by
high ductility and toughness, with micro-cracks being distribu-
ted across the extra-fibrillar matrix, and MCFs effectively brid-
ging these cracks leading to an excellent combination of
strength and toughness. Together, these results provide novel
insight into the deformation mechanisms of an EFM-MCF
system and highlight that this universal building block, which
forms the basis for lamellar bone, can provide an excellent
balance of stiffness, strength and toughness, achieving
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Fig. 6 The initial setup for the current system under study with different distribution of minerals in the intra and extra-fibrillar spaces. (a) The
system with 35% w/w intra-fibrillar mineralisation, no porosity in the extra-fibrillar matrix and total mineralisation of 83.85 + 0.03 w/w. The length of
5D distance was chosen to eliminate interaction of each collagen molecule with its period image and the radius was selected since the mechanical
properties of an individual MCF are not dependent on its diameter. The d distance is equal to 2 nm unless stated otherwise. Various extra-fibrillar
mineralisation patterns for MCF systems with (b) 5% and (c) 35% extra-fibrillar mineralisation. The sliced view of each system is shown beside it and
the intra-fibrillar mineralisation is considered only in the gap region.
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mechanical properties that are far beyond the capabilities of
the individual constituents acting alone.

Methods

Coarse grained model framework

This study considers the uniaxial load-deformation and frac-
ture behaviour of an array of MCFs that were embedded within
an extra-fibrillar mineral matrix. Fig. 6a shows the EFM-MCF
model arrangement whereby, four MCFs with a diameter of
20 nm were arranged in a 2 x 2 configuration, with a gap dis-
tance of d = 2 nm between them,” unless stated otherwise.
Since the length of one collagen molecule is equal to 300 nm
and the periodic length (D) of collagen fibrils is D = 67 nm
(Fig. 6), the length of MCFs was chosen as L = 5D = 0.335 pm
to eliminate periodic boundary effects.>* Using this arrange-
ment, several systems were considered such that the amount
of intra-fibrillar mineralisation of MCFs was considered as 0%
wiw, 5% wiw (Fig. 6b) and 35% w/w (Fig. 6c), while various
extra-fibrillar mineralisation patterns were also generated.

For the collagen components in the CGMD model, the
atoms along the collagen molecule central axis were replaced
by 14A equidistance beads.>?* The coordinates of the col-
lagen central axis were taken from the Protein Data Bank
code®** of “3hr2”, which was the structure resolved by Orgel
et al.*® Mapping the all-atom resolution to the CG resolution
was done through a python code®® that used the symmetry
information provided with the structure to build collagen
fibrils with the chosen radius and mineralisation patterns
(explained below). A C++ code was developed to add bond and
angle information to the atomic coordinates and transform it
to the LAMMPS input file.?”

To mineralise the system, intra-fibrillar mineralisation of
MCFs was considered by using an in-house tcl code
implemented in VMD software®® similar to our previous
study.”® The entire mineralisation region, which is the gap
region in the current study, was filled with minerals arranged
in a Face Centered Cubic (FCC) lattice. However, those min-
erals that were within a specific cut-off distance to a collagen
bead were removed. This cut-off distance was adapted to get
the desired intra-fibrillar mineral amount (see Table S1t). The
procedure was carried out several times with various intra-
fibrillar cut-off values to assure that there is no bias towards
the initial random pattern. The intra-fibrillar Mineral Volume
Fraction (iMVF) for MCF was calculated through eqn (1),

4 3
Mpm X E X T X T'mineral

IMVF =
Tipm X — X T X 13 +n X 4 XX
IFM 3 T mineral collagen 3 T collagen

(1)

where 7ipm, Meollageny Tmineral AN Teoliagen TEPTEsent the number
of intra-fibrillar mineral beads, number of collagen beads,
radius of mineral and collagen beads, respectively. The radius
values for all beads were considered equal to the van der
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Waals radius from the forcefield.>® The iMVFs of 0%, 1.54%
and 13.88% corresponded to the intra-fibrillar Degree of
Mineralisation (iDoM) of 0% w/w, 5% w/w and 35% w/w,
which were chosen since the maximum intra-fibrillar bone
mineral weight concentration is ~40% w/w according to experi-
mental studies.*”

For extra-fibrillar mineralisation, the region was modelled
as a matrix of HAp minerals that has various degrees of poro-
sity to represent a porous material structure.’® Different per-
centages of extra-fibrillar minerals ranging from 100% to 0%
were randomly removed from the extra-fibrillar region to
obtain the various extra-fibrillar mineral amounts. This pro-
cedure was carried out multiple times with various random
seeds to ensure there is no bias towards the initial random
pattern (see Table S1f). The extra-fibrillar Mineral Volume
Fraction (eMVF) was calculated with eqn (2)

eMVF =

4 3
Ngrm X g X T X T'mineral

4 4
3 3
(nem + nppm) X 3 X T X I'nineral T Meollagen X 3 X T X Teollagen

(2)

where the parameters were the same as the eqn (1), with an
extra parameter of ngpy introduced to represent the number of
extra-fibrillar minerals. Filling the whole extra-fibrillar matrix
with minerals led to the maximum values of eMVF = 54.59 +
0.07% and eMVF = 58.00 + 0.05% for iMVF = 13.88% and
iMVF = 1.54%, respectively. The degree of mineralisation was
defined as the mass of the minerals divided by the mass of the
system with units of % w/w according to Eqn 3, 4 and 5

nipm X Mmineral

iDoM = X 100% w/w
MiFM X Mmineral + Ncollagen X Mcollagen
3)
"gFM X Mmineral
eDoM = e x 100% w/w
NgrM X Mmineral + Neollagen X Mcollagen
(4)
DoM — (iem + MEFM) X Mimineral

NipM X Mmineral + MEFM X Mmineral + Neollagen X Meollagen
x 100% w/w

(5)

where DoM, iDoM, eDOM, Mmineral aNd Mcoliagen TePresent the
total degree of mineralisation, intra-fibrillar degree of mineral-
isation, extra-fibrillar degree of mineralisation, mass of
mineral beads and mass of collagen beads, respectively. In the
text, the total amount of mineralisation is described as the
total Degree of mineralisation (DoM).

Coarse grained model forcefields

A reactive CGMD framework was employed that was based on
the forcefield developed by Buehler®'**>>2° since the conven-
tional non-reactive all atom forcefields such as CHARMM*" do
not reach the time and length scales® required to predict
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breaking of covalent bonds®*** at large deformation. Reactive
bonds with a bilinear function (eqn (6)) connecting two neigh-
bouring collagen beads belonging to the same molecule were
considered, while a harmonic angle was considered between
three consecutive beads. The coefficients of bonds and angles
were calibrated through simulation of a uniaxial tension test
on the single collagen molecule with a reactive all-atom MD
simulation.** A new bilinear bond style similar to*! was added
to LAMMPS to model the bond interaction between beads.
Non-bonded collagen beads interacted through non-bonded
Lennard-Jones interactions calibrated based on the all-atom
simulation of one collagen fibril being pulled from two adja-
cent fibrils.>* A Lennard-Jones potential was used to calculate
mineral-mineral interactions, which was calibrated based on
the HAp bulk modulus and Poisson’s ratio which are K = 90
GPa and v = 0.28, respectively. The mineral beads interacted
with collagen beads through the similar potential function,
with coefficients calibrated based on collagen-HAp adhesion
energy obtained through all-atom simulations.””> eqn (6)
describes the variables of the potential function for the
bonded interaction (Upong), small (k(o)) and large deformation
(k) spring constants, bead-bead distance (), the equilibrium
distances for small (r,) and large deformation regimes (7;), the
distance at which the potential function switches (r;) and the
cut-off distance (r,). eqn (7) describes the relation between the
Lennard-Jones non-bonded potential function (Unon-bonded)s
the distance at which the potential energy is zero (s), depth of
potential well (¢), bead-bead distance (r) and the cut-off dis-
tance (rcutoff)'

1
Ek(())(r—ro) forr < I

={1
Ubond Ek“)(r —F)forr <r<mn (6)
Oforr >r,
o\ 12 o\ 6
Unon-bonded = 4€ |:<;> -2 (;) :| forr < T'cutoff (7)

Uniaxial tensile test simulation

Monotonic uniaxial tension was simulated on the EFM-MCF
system according to protocol described in** and the load-
deformation behaviour was evaluated. Prior to the main simu-
lation, a short energy minimization was conducted to remove
any possible bead overlap followed by an energy equilibration
of 20 ns to generate the correct atomic position and velocity
distributions. The equilibration stage was carried out in a con-
stant Number of particles, constant Pressure and constant
Temperature (NPT) ensemble, with Nose-Hoover thermostat
and barostat implemented with the equation of motion of
Shinoda et al** The temperature and pressure of the system
were kept fixed in 7= 310 K and P = 1 atm, respectively, with
the number of beads for each system provided in Table S1.f
The use of canonical ensemble assures the anisotropy of the
extrafibrillar minerals. In this study, a strain rate of SR = 5 x
10° s~" was adapted to achieve the quasi-static loading regime.
The stress values were calculated through the virial equation.*®
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The virial stress was calculated according to the eqn (8) in
which the integration is carried out over N,, N, or N, neigh-
bours of atoms i, its bonded neighbours and the atoms with
whom it has angle interactions, respectively. The Sap, 1, T2a,
(73a) represent the ab component of the virial stress tensor and
the positions of 2 atoms (3 atoms) in pairwise (angle) inter-
actions. Since the virial stress values are stress x volume, in
calculating the stress applied to each component of the system
it was assumed that the volume was proportional to the
number of beads belonging to that component. The toughness
was defined as the area under the stress-strain plot.

Np Ny

1 1
EZ(rlaFlb + 12aFap) + EZ(rlaFlb + 12aF2p)

n=1 n=1
. (8)

1
+ gZ(rlaFw + 12aFap + 13aF31)

n=1

Sab =

Parameter studies

Various combinations of DoMs in the form of intra- and extra-
fibrillar mineralisation patterns summarised in Table S11 were
considered. Specifically, this study investigated the effect of
various DoM in the range of 5-83.85% w/w for three iDoM
values of 0% w/w, 5% w/w and 35% w/w. Also, several simu-
lations with values of “d” other than the default value of 2 nm
(3 nm, 4 nm, and 5 nm) were conducted to study the effect of
EFM-MCF arrangement. There were 31 simulation sets, with
each simulation repeated on average 5 times and average simu-
lation time of 0.8 ps leading to the total number of 138 simu-
lations with the cumulative simulation time of 124 ps. More
information on the details of mineralisation patterns for each
system considered in the current study is provided in that
Table S1.7

Data availability

All the files necessary to reproduce the results reported here
alongside with the processed simulation data are openly available
in Figshare at https:/dx.doi.org/10.6084/m9.figshare.23936445.

Code availability

All Codes written for different pre and post processing of the
simulations are available at GitHub under the addresses of:
https://github.com/MahdiTavakol/CollagenCGBuilder, https:/
github.com/MahdiTavakol/LammpsDataFile4CGCollagen
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