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The denaturation of collagen at the molecular level in bone and dentin can
impact their structure and properties, leading to increased brittleness in
pathological diseases such as osteogenesis imperfecta, dentinogenesis imper-
fecta, diabetes, and cancer. This study investigates the relationship between
collagen denaturation and the macroscale resistance of bone and dentin.
Through heat treatment at 160°C on bovine bone and human dentin, the
effects of collagen denaturation on macroscale flexural strength, scanning
electron microscopy, and transmission electron microscopy imaging of micro-
and nanostructure were studied. The results show that collagen denaturation
decreases the resistance of bone and dentin to fracture, even though collagen
denaturation did not impact the mineral organization around and inside col-
lagen fibrils. This is attributable to (1) a reduction in bone and dentin ability to
deform (e.g., 40-75% decrease in strain to failure) and to resist fracture (e.g.,
83-95% decrease in work to fracture) properties and (2) to a smoother crack
path with less crack deflection around microstructural features. Reduction in
deformation and toughness not only removed plastic deformation but also
drastically decreased elastic deformation and elastic work to fracture in all
tissues. However, the elastic modulus was only affected in radial-oriented
bone samples where collagen fibrils are oriented perpendicularly to crack
opening forces. This study highlights the crucial role of collagen molecule
integrity and orientation in bone/dentin deformability and resistance.

INTRODUCTION

Mineralized tissues such as bone and dentin
exhibit unique mechanical properties and resistance
to fracture, which are imparted by their hierarchical
structure ranging from nanoscale to macroscale.?
However, in patients with genetic disorders like
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osteogenesis imperfecta (OI) and dentinogenesis
imperfecta type 1 (OIDI)®>® or fragility diseases
related to diabetes or cancer,® these tissues
become weaker and more prone to fracture. The
aim of this study is to isolate the factors and
pertinent length scale associated with the loss of
plasticity and toughness that contribute to the
brittleness of bone and dentin in these patients,
with the hope of finding new therapeutic targets to
reduce the risk of fracture.
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The complex hierarchical structure of bone and
dentin is at the origin of their unique stiffness (i.e.,
ability to resist elastic deformation), strength (i.e.,
ability to resist plastic deformation), and toughness
(i.e., ability to resist fracture) properties; however,
different properties ori%inate at widely differing
structural length scales.” Regarding fracture resis-
tance, the ductility in bone or dentin results from
“plasticity” mechanisms that principally operate at
sub-micron (10 to 100 nm) scales via such processes
as the sliding of mineralized collagen fibrils;'%!!
this contributes to the intrinsic toughness of bone.
Extrinsic toughness, conversely, is generated at
much coarser length scales (1 to 100 s mm) via the
nature of the crack path and its effect of “shielding”
the crack via such mechanisms as crack bridging
and deflection.”'? These widely divergent length-
scale mechanisms are coupled, however.'> When
“plasticity” (intrinsic toughness) in bone or dentin is
curtailed because of restricted collagen fibrillar
sliding, as can occur in diabetes from excessive
collagen cross-linking, or in OI/DI due to type I
collagen mutation, the tissue dissipates energy at
higher length scales by microcracking; the microc-
racking, in turn, promotes extrinsic toughening by
motivating the formation of uncracked ligament'*
and crack deflection.

At the nanoscale (collagen-mineral level), the
collagenous mineralized matrix of bone and dentin
have similar characteristics in composition (approx-
imately 70% weight of hydroxyagatite crystals, 20%
of collagen, and 10% of water'®'%). At the micro-
scale, cortical bone is made up of concentric lamellae
forming osteons around the central Haversian
canals, which contain the bone’s blood vessels,
nerves, and lymphatic vessels.”'”1® The orientation
of osteons in the longitudinal direction forms the
Haversian systems. Each osteonal lamella com-
prises mineralized collagen fibers, consisting of
collagen fibrils, formed of collagen molecules, all
mainlly arranged in the longitudinal direction of the
bone.'??° The interstitial spaces between the lamel-
lae (about 4 um depth, 10 wm width, and 17 um
length?"??) house the osteocyte cells, which play a
critical role in bone remodeling through their
dendritic branches (i.e., canaliculi with an average
diameter of about 100-600 nm?>??) that communi-
cate with other cells and remodel the local bone
matrix.?® At the microscale, crown dentin is made
up of tubules (1 um diameter) extending radially
from the pulp towards the dentin-enamel junction,**
with small lateral branches (0.2 um diameter)
extending peripherally from the tubules.?’ The
collagen fibrils in the dentin are isotropically dis-
tributed in the plane perpendicular to the tubule
axis.

Disruption of the nanostructure or microstructure
in mineralized tissues causes bone fragility by
impairing intrinsic or extrinsic toughness mecha-
nisms. Diseases and genetic disorders can also
impact the cells involved in repairing and
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maintaining tissue matrix composition, organiza-
tion, and function. The healing processes in bone
and dentin differ,?” with bone being regenerative
(i.e., the tissue is remodeled similarly to the original
structure) while dentin is re};arative (i.e., nonsim-
ilar morphological features).?” Phylogenetic studies
have shown that dentin analogs were initially
similar to bone,?*3° but during evolution, the
odontoblast-like cells in dentin were located within
alveoli, as is the case for osteocytes surrounded by
bone within lacunae. During evolution, the cell
bodies in dentin were then located outside the
mineralized tissue (contrary to bone tissues), along
the border of the mineralization front, and their
long branches occupied the Ilumen of dentin
tubules.?®3° Vascularization also evolved differ-
ently between both tissues, displaying a dense
network of blood vessels supplying nutrients in
bone whereas dentin is not vascularized.>* These
two different healing processes will affect the
anisotropy and porosity of the tissue structures,
the mechanical properties, and the repair of micro-
cracks which are involved in intrinsic and extrinsic
toughness mechanisms.

Because dentin and bone are mineralized tissues
with similar genetic origins, genetic disorders and
diseases result in fragility in both types of tissues.?!
This is the case of osteogenesis imperfecta and
dentinogenesis imperfecta type 1, both caused by a
mutation of the genes encoding type I collagen,
which results in loss of tissue resistance to frac-
ture.* Tyge I collagen defects in diabetes,®” cancer,®
and age®*3® also significantly deteriorate mechani-
cal properties by cross-linking and stiffening the
collagen in bone and teeth. This highlights the
critical role collagen plays in bone and dentin
strength and resistance to fracture despite their
different multiscale structures. However, because
genetic disorders and diseases in bone and dentin
affect different factors of tissue quality spanning
from the nano- to macroscale (e.g., composition,
structure, properties, cell-mediated remodeling/re-
generation), it is difficult to evaluate the sole
contribution of collagen damage. Therefore, the
origins of the brittleness affecting bone and dentin
in genetic and fragility diseases are poorly under-
stood. This knowledge would help evaluate the
fracture risk and identify new collagen targets for
future treatment development. Our hypothesis is
that collagen molecular denaturation will alter
mechanical resistance at the macroscale and affect
fracture mechanisms at the microscale and nanos-
cale. To test this hypothesis, we used a heat-
treatment model on human dentin and bovine
cortical bone known to induce 10% collagen dam-
age'® after 2h at 160°C** in a similar way to
collagen molecular unfolding associated with patho-
logical conditions.?® We quantified tissue mechani-
cal properties using flexural strength tests. We
visualized tissue structures at the micro- and
nanoscales and compared the fractured surface



Multiscale Effects of Collagen Damage in Cortical Bone and Dentin

using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The heat-
treatment model allows us to modify the collagen
molecules and isolate differences in structure and
tissue mechanical properties within bone and
dentin.

MATERIALS AND METHODS
Samples and Preparation

Bone samples were obtained from the tibial mid-
diaphysis tibia of a young adult (2—-3 year-old) bovine
and dentin samples from two non-carious human
third molars of a 23-year-old donor. Bone samples
were extracted from the anterior quadrant (compres-
sion side), which has been shown to be dominated by
osteon microstructure with a limited plexiform
bone.?®” The bone specimens are collected from
areas that are relatively close to each other, with a
maximum distance of 3 cm between them. Since the
dentin area of a tooth is small (only a few millimeters
in distance), the dentin specimens are obtained from
regions even closer to each other than the bone
specimens. The samples were fixed during sectioning
using a cutter disc to ensure parallelism. The disc cut
the first surface before moving sideways to cut the
following surfaces. Bone and dentin samples were
sectioned using a low-speed diamond saw (Struers
Secotom-10 and Buehler) and then ground and
polished under constant irrigation down to beam
dimensions of 1 mm thickness, 1 mm width, and 10
mm length. Finally, the dimensions were measured
at different positions to verify parallelism. Bone
samples were cut in two different directions: along
the direction of Haversian canals for longitudinal-
oriented samples and perpendicular to the direction
of Haversian canals for radial-oriented samples
(Fig. 1). Dentin samples were cut in the radial
direction for radial-oriented samples (Fig. 1). Each
type of sample was separated into two groups: a heat-
treated group and an untreated control group. The
samples are named D for control dentin, DH for heat-
treated dentin, L for control longitudinal bone, LH for
heat-treated longitudinal-oriented bone, R for con-
trol radial bone, and RH for heat-treated radial-
oriented bone. Six samples were taken for each
configuration. To avoid the impact of sample dehy-
dration on the experiemental results, the samples
were stored in Ringer’s solution at 4 °C for at least
24 h prior to mechanical testing.

Flexural Strength Tests

Bone and dentin mechanical properties were
measured using flexural strength tests of beam-
shaped samples in three-point bending (N = 6 /
group) in general accordance with ASTM D790.
Flexural tests were carried out using a SHIMADZU
AGS-X stage with 500 N load cell under displace-
ment control with a displacement rate of 0.05 mm/
min. Force and displacement data were recorded

every 0.01 s and used to calculate stress and strain
using beam theory. Mechanical properties (bending
stiffness, yield stress, yield strain, ultimate stress,
strain to failure, work to fracture) were then
evaluated from the stress—strain plots.

Scanning Electron Microscopy Imaging
and Fractography

To explore the microstructure of cortical bone and
dentin, we observed the fractured surfaces of
mechanically tested samples (N = 6 /group) using
LEO Gemini 1530 (Zeiss) scanning electron micro-
scopy (SEM) equipped with a Schottky field emis-
sion gun (FEG). The SEM was operated at electron
beam accelerating voltage of 3 kV. The samples
were coated by a layer of silver on side surfaces and
a fine layer of carbon (transparent to electron beam
but conductive) on the observed surface to enable
and improve the imaging.

Section Preparation with Dual-Focused Ion
Beam-Scanning Electron Microscopy
(FIB-SEM)

Sections for transmission electron microscopy
(TEM) imaging were obtained at the fracture sur-
face of mechanically tested samples using FIB-SEM
lift-out procedures. We used a Helios Nanolab 660
FIB-SEM equipped with an ion gun, platinum gas
injector system, and micro-manipulator. To reduce
charging, the samples were held on a metal support
and solidified by silver lacquer and covered by fine
carbon layers. For longitudinal bone samples, lam-
ina cuts were extracted in the radial direction of an
osteon between two osteonal lamellae with collagen
fibril and fibers oriented in the section plane
(Fig. 2a). For radial bone, lamina cuts were
extracted inside an osteonal lamella and parallel
to the direction of the Haversian canal. For dentin,
laminae were extracted between two tubules and in
the direction parallel to them so that fibril and
fibers are oriented in the section plane (Fig. 2b).

Transmission Electron Microscopy
Observation

To image and analyze bone and dentin at a
nanometric scale, we employed TEM. For TEM
observation, one representative fractured sample
from each group was chosen based on its bending
modulus, yield stress and strain, and ultimate
stress and strain to failure. The imaging was
conducted using a Titan3 G2 80-300 TEM. Collagen
fibril-mineral crystal level samples were imaged
using bright-field (BF) TEM imaging, while selected
area electron diffraction (SAED) was used to deter-
mine the crystal orientation.

For each lamina, the TEM bright-field images
taken at different locations were assembled. Recon-
struction was carried out using photo stitching
(Imaged software).
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RESULTS

Collagen Denaturation Significantly Impacts
the Mechanical Properties of Both Dentin
and Bone

We evaluated the mechanical properties of corti-
cal bone samples and dentin samples using three-
point bending tests. Both bone and dentin mechan-
ical properties have been significantly affected by
collagen denaturation induced by heat treatment.
We observed a decrease in strength and work to
fracture for all the heat-treated samples as well as
varying trends in the evolution of their elastic
moduli. Longitudinally oriented bone samples (N =
6 in L group and 6 in LH group, Table I, Fig. 3a)
showed a drastic and significant loss of post-yield
properties with 70% decrease (p< 0.01) in strain to
failure and 92% decrease (p<0.01) in work to
fracture in samples with heat-induced collagen
damage. However, elastic moduli were not signifi-
cantly affected by heat treatment (Fig. 3a).

Radially oriented bone samples (N = 6 in R group
and RH group, Fig. 3b) also show a dramatic drop in
strain to failure (39% decrease, p < 0.01) and work
to fracture (83% decrease, p < 0.01) with heat
treatment, this time associated with a significant
decrease in elastic properties such as bending
modulus and yield stress (p < 0.05). Dentin
mechanical behavior (N = 6 samples in D group
and in DH group, Fig. 3c) reveals similar changes in
strain to failure (75% decrease, p = 0.04) and work
to fracture (95% decrease, p = 0.04) than in longi-
tudinal bone samples (70% decrease, p < 0.01 in
strain to failure and 92% decrease, p < 0.01 in work
to fracture) without change in bending modulus.
However, dentin mechanical behavior does not
display plastic deformation. Comparison between
tissues indicates that the ultimate stress of the
untreated radial-oriented bone is four times lower (p
= 0.02) than that of the untreated longitudinal-
oriented bone and 2.8 times lower (p < 0.01) than
that of the dentin. The elastic stress-strain behavior
of dentin is identical to that of longitudinal bone,
but it lacks the ability to wundergo plastic
deformation.

Fracture Surface and Structure Imaging
at Micrometer Scales

Fracture surfaces obtained from the flexural test
were observed using scanning electron microscopy
(SEM). In longitudinal-oriented bone, the fracture
surface of the heat-treated sample LH (Fig. 4c) is
seen to be scaly with many small flat areas and clear
steps in the crack path whereas the fracture surface
is rougher in the control sample L with no steps to
be seen (Fig. 4a). The side view of samples (Fig. 4b)
reveals crack deflection indicated by changes in
crack angles along the crack path in the L samples,
whereas in the LH samples, the crack propagates in
a flat manner (or smoothly curved) with no

tortuosity in between an abrupt jump of the crack
(Fig. 4d) (indicated by 90°change in crack angle).
Roughness and abrupt changes in crack direction
are almost nonexistent in radial samples. The crack
propagates in a really straight manner with a fairly
smooth crack surface in both heat-treated RH and
control R samples (Fig. 4e-h). In dentin samples, we
observed a smoother fracture surface in the heat-
treated sample DH (Fig. 4k) compared to the control
sample D (Fig. 4i). We also noticed a curved shape
in the crack path that was intermittently inter-
rupted by a change in crack direction (indicated by
the write arrow in Fig. 4i) when the crack crossed
the neutral axis (transition between tension and
compression areas) (Fig. 4j). Less crack deflection
was observed at the neutral axis in the heat-treated
dentin sample DH (Fig. 41).

Structure Characterization at the Nanometer
Scale

From the bright-field TEM images, we do not find
significant visual differences between the untreated
and heat-treated sample (Fig. 5). The collagen fib-
rils in L (or LH) are lying within the TEM section
plane whereas for D and DH samples collagen fibrils
are crossing the plane of the TEM section in
accordance with the knowledge of the collagen fibril
organization in bone and dentin.?%3®

We found that in areas relatively far from pores or
voids such as lacunae and canaliculi, the collagen
fibrils are roughly organized in one direction. Cor-
respondingly, in these “ordered” areas, the electron
diffraction patterns show preferred orientations
(Supplementary Fig. 1). In areas near canaliculus
or near a lacuna, collagen fibrils are arranged in
different directions, crossed and overlapped. In
these areas, the diffraction spots are distributed at
different angles and nearly form a ring (Supple-
mentary Fig. 1). On the other hand, in the TEM
image of longitudinal control bone, we observed that
the collagen fibrils were arranged in a “chaotic”
manner at the interface between two adjacent
osteon lamellae, with a sudden change in the
direction of the collagen fibrils (Supplementary
Fig. 2), as described by Wagermaier et al.** The
TEM bright-field imaging was also used to measure
the periodicity of the banding pattern along collagen
fibrils because of the periodic arrangement of min-
eral crystals. We found an average periodicity of
63.6 nm for the control bone (with standard devia-
tion 2.8 nm) and 63.8 nm for heat-treated bone
(standard deviation 2.8 nm). The heat treatment
does not significantly change the average periodicity
of collagen banding and its variability. High-reso-
lution TEM imaging was used to observe the
interatomic distance along the c-axis of hydroxyap-
atite crystals (Supplementary Fig. 3). As a result,
the average interatomic distance is 0.341 nm for the
control bone (N = 5) and 0.344 nm for the heat-
treated bone (N = 2).
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Table I. Mechanical properties in bovine cortical bone and human dentine measured on hydrated samples

(untreated or heat treated) using flexural strength tests

Bone (Longit.)

L LH % change
Bending modulus (GPa) 89+ 1.7 7.2 +0.8 19%
Yield stress (MPa) 276.0 + 38.8 93.3 + 8.3 ** 66%
Ultimate stress (MPa) 314.5 + 36.2 93.3 + 8.3 ** 70%
Yield strain (%) 3.44+0.9 1.4 4+ 0.2 ** 59%
Strain to failure (%) 46 + 0.4 1.4 £+ 0.2 ** 70%
Work to fracture Wy (J/mz) 2.4 + 0.3 0.19 4 0.34 ** 92%
Preyield W (J /m?2) 14404 0.17 & 0.03 ** 88%
Postyield Wy (J/m?)
0.9 4+ 0.40.03 £ 0.02 **97%
Bone (Radial)

R RH % change
Bending modulus (GPa) 52+ 0.8 2.8 £ 1.1 ** 46%
Yield stress (MPa) 63.2 + 4.3 16.0 = 6.2 * 75%
Ultimate stress (MPa) 75.9 + 11.6 20.4 + 7.6 ** 73%
Yield strain (%) 1.55 + 0.03 094+0.1%* 42%
Strain to failure (%) 1.65 +£ 0.2 1.0 &£ 0.2 ** 39%
Work to fracture Wy (J/m?) 0.19 £+ 0.02 0.03 £+ 0.01 ** 83%
Preyield Wy (J/m?) 0.11 = 0.05 0.01 £ 0.01 ** 91%
Postyield Wy (J /m?) 0.08 = 0.05 0.02 £ 0.01 75%

Dentin

D DH % change
Bending modulus (GPa) 86+1.2 7.0+ 1.7 19%
Yield stress (MPa) 223.5 + 29.9 441+ 352 * 81%
Ultimate stress (MPa) 212.0 +£ 59.1 441 +35.2°%* 79%
Yield strain (%) 2.6 +£0.1 074+04* 73%
Strain to failure (%) 2.7+ 0.5 0.7+04%* 75%
Work to fracture Wf (J/mz) 09+04 0.04 £+ 0.09 * 95%
Preyield Wy (J/m?) 0.7+ 0.3 0.04 £+ 0.09 * 95%
Postyield Wy (J/m?) 0.2+ 0.1 0.01 £+ 0.00 * 96%

H stands for “heat-treated”. Values marked with ** are such that p<0.01, values marked with * are such that p<0.05 and values not

marked did not reach p =0.05.

DISCUSSION

Our results show that collagen denaturation at
the molecular scale impacts mineralized tissue
behavior and resistance in bovine bone and human
dentin. We found that the loss of fracture resistance
is due to a significant decrease in the tissue’s ability
to deform (plastically and elastically) independently
of the collagen fibrillar orientation and indepen-
dently of the type of tissue. More specifically, 70—
75% loss of strain to failure in longitudinal bone and
dentin and 39% in radial bone (p < 0.05) was
associated with 80-95% decrease (p < 0.05) in
fracture resistance (i.e., work to fracture) of bone
and dentin compared with control samples. This loss
of resistance and deformation capacity coincided

with a smoothing of the fracture crack surface in
heat-treated longitudinal bone and dentin samples
where collagen fibrils cross the crack plane. In the
radial-oriented bone samples, where collagen fibrils
were oriented in the plane of the crack, the crack
plane was flat without visible differences between
groups. The flexural strength response of dentin
and longitudinal-oriented bone samples overlaps
almost perfectly in the linear elastic region, though
bone material also presents a post-yield behavior
indicative that bone is less prone to brittle rupture
than dentin. The observed low plasticity of dentin is
consistent with the study of Ryou et al.*® In
agreement with previous studies, we observed that
collagen damage significantly reduces macroscale
toughness and post-yield properties, and a
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compromised collagen network has reduced
amounts of crack deflection.’® Our new data show
that collagen denaturation by heating has a similar
impact on mechanical properties and on the fracture
crack surface for longitudinal-oriented bone and
dentine, different from radial-oriented bone. Our
TEM imaging did not indicate any differences in the
nanoscale organization and structure of collagen
fibrils and minerals with heat treatment. These
findings show that collagen molecule integrity is key
to maintaining the ability of bone and dentin to
deform and dissipate large amounts of energy via
collagen fibril mechanisms inducing crack rough-
ness. Collagen denaturation at the molecular level
impairs bone and dentin properties without chang-
ing the nano- and microstructure of these tissues.

Heat Treatment Does Not Affect the Structure
of Mineralized Collagen Fibrils
at the Nanoscale

In this study, we used heat denaturation as a
model to induce a local triple helix unfolding. We
have shown in previous studies'® that the heat
treatment model of bovine cortical bone at 160 °C for
2 h denatures approximately 10% of collagen mole-
cules, which affect bone macroscale }S)rO}l)erties in a
similar way as fragility diseases.®3*3%*1-47 We did
not find a change in fibril direction or local damage
along collagen fibrils at the nanoscale using TEM
imaging. These two aspects are known to have a
determinant effect on bone and dentin strength.*®4°
This result is consistent with the literature®® indi-
cating that the orientation of aligned collagen is
unchanged with heating. Even though the nanos-
tructure was not visually affected, breaking of
collagen enzymatic and non-enzymatic cross-links
or H-bonds can occur during heat denaturation,®*~>?
which would lead to a less stabilized or even
fragmented collagen fibril and molecules. This kind
of effect would impact the collagen banding period-
icity®* (known to be approximately 67 nm for
healthy bone®>*®) or at least its variability. Neither
the average periodicity of collagen banding nor its
variability was altered by the heat denaturation in
dehydrated samples (63.6 &+ 2.8 nm in untreated
versus 63.8 + 2.8 nm in untreated samples). The
AFM technique may help to further investigate the
collagen. In bones with osteogenesis imperfecta,
Formino et al.’” and Stylianou et al.’® found that
although the average spacing remains unchanged,
it presents more significant variability than healthy
bones. Unlike OI bone, which combines several
mechanisms of collagen alteration, the mechanism
of collagen denaturation induced by heat treatment
is primarily due to unfolding triple helix structures
in collagen molecules. The heat treatment does not
affect the crystal nanostructure either: the inter-
atomic distance along the c-axis of hydroxyapatite
crystals is unchanged.?® The values for the control

and heat-treated samples are approximately 0.34
nm, as in other studies.®>®! Our study did not bring
evidence of a significant impact of heating on the
nanoscale level of bone and dentin tissues. The loss
of tissue material properties was a direct effect of
collagen molecular denaturation as indicated in our
previous study.'® In this study, a similar heat
treatment in bone caused a two to three time
reduction in crack initiation toughness, an intrinsic
toughness mechanism known to be associated with
collagen-induced plasticity.®?

Collagen Denaturation Alters Crack
Propagation at the Microstructural Level

The crack propagation path at the micrometer
scale is characterized by less tortuosity and a less
rough fracture surface in treated bones leading to
fewer crack deflections (e.g., fewer changes in
angles). Since crack deflection is the main extrinsic
toughening mechanism in bone using the weakest
microstructural resistance (along the cement lines
parallel to the long axis of the bone),'*5%¢* the
smoothing of the crack surface in longitudinal-
oriented bones indicates that less energy is neces-
sary to propagate a crack through in denatured
samples. One explanation is that denatured colla-
gen can create a “weaker path” than the cement line
for the crack to propagate. These results are con-
sistent with'® where denatured collagen in bovine
cortical bone was associated with three times fewer
crack deflections and a 15°reduction in crack deflec-
tion angle. In dentin, the crack surface in treated
samples is also smoother. When we compare longi-
tudinal bone and dentin microstructure, the crack is
perpendicular to the orientation of the fibril plane
(where fibrils are isotropically distributed) but
follows the tubule orientation in dentin (whereas
the crack cuts the osteons in bone).?® This was
shown to be the toughest direction with a 50%
higher work of fracture in the plane perpendicular
to collagen fibrils (parallel to the tubules).®5~57
There is a possibility that denatured collagen
increases the common occurrence of microcracks in
the peritubular dentin surrounding the tubules,?
which would allow the crack to propagate with less
energy.

In radial-oriented bone, this smoothing effect
with collagen denaturation is not distinguished on
the flat crack surface of both treated and untreated
samples. The flat and straight crack path is due to
the fact that the direction of the paths of maximum
driving force coincides with the weakest microstruc-
tural resistance (along the cement lines).® It is
difficult to compare how the collagen denaturation
weakening competes with cement line weakness
since both lead a low-energy crack parallel to their
direction. Denaturation of collagen has a stronger
impact on longitudinal-oriented bone and dentin by
weakening the cutting resistance of collagen fibrils
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Fig. 3. Mechanical properties of (a) bovine longitudinal-oriented cortical bone, (b) bovine radial-oriented cortical bone, and (¢) human dentin,
comparing the heat-treated groups and untreated (control) groups. For each individual flexural test, the strain values are binned every 0.5% strain
for longitudinal-oriented bone and dentin and every 0.25% strain for radial-oriented bone. Then, for each group, the average and standard error of
the binned values are calculated and shown as the trendline and error bars, respectively. Finally, p-values of the binned values are calculated to
compare the heat-treated group and the untreated group for statistical differences. (d) Orientation of Haversian canals and collagen fibrils in
cortical bone samples as well as the orientation of tubules and collagen fibrils in dentin samples.

whereas in radial-oriented bone the propagation
along the cement lines seems to already be a low-
energy dissipation mechanism.

Collagen Denaturation Induces Bone
and Dentin Fragility at the Macroscopic Scale

Collagen denaturation creates bone fragility in
bone and dentin, which is related to loss of mechan-
ical properties at higher length scales.

Bending modulus in longitudinal-oriented bone
and dentin samples (Fig. 3A and C) is not affected
by the collagen denaturation induced by heat treat-
ment because the elastic modulus of bone is mostly
affected by minerals,®®"® which are not degraded
under heat treatment at 160°C. However, the
bending modulus decreases after heat treatment
for radial-oriented bone. One explanation would be
to consider the tissue as a composite of collagen
fibrils and hydroxyapatite crystals as explained
hereafter.

Radial bone can be modeled in a very simplistic
way with a Reuss configuration’! where the Young’s
modulus of the composite Er can be assessed by:

1

1
C,
Eff; ECII.I{AAPP ( )

Er =

with c¢; the volume of collagen fibrils, cgap the
volume of hydroxyapatite crystals, Ef the, Er/Epap
the Young’s modulus of the fibrils, Egzap the Young’s
modulus of hydroxyapatite crystals, and Er the
composite (tissue) Young’s modulus. This equation
indicates that when the fibrils Young’s modulus E
decreases, the composite Young’s modulus will
decrease. The similar direction of collagen fibrils
and mineralized cement lines along the osteons
might be why both mineral and collagen moduli
play an essential role in the whole-material stiff-
ness. The E; decrease can be due to the denatura-
tion of collagen or to a microcracked interface with
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Radial bone
Control (R)

Longitudinal bone
Control (L)

(T r——

Dentin

Control (D)

Heat-treated (DH)

Fig. 4. SEM images of fracture surfaces of longitudinal-oriented cortical bone samples (a and ¢), radial-oriented cortical bone samples (e and g),
and human dentin samples (i and k) paired with optical microscopy side views of the sample (b, d, f, h, j, I). The red lines represent the tension
side, and the blue lines represent the compression side of the beam samples. The green lines in (b), (d), (f), and (h) indicate the direction of
osteons in bones, and the orange lines in (i), (j), (k), and (l) the direction of tubules in the dentin. The yellow lines indicate the direction of collagen
fibrils. (b), (f), and (j) are lateral views of the crack propagation path in control samples, and (d), (h), and (l) are the same type of views in heat-
treated samples. The (x, y, z) coordinates system is direct (Color figure online).

the mineral part that will hinder the participation
of collagen fibrils in the homogenized -elastic
modulus.

For longitudinal bone or dentin samples, we can
propose a Voigt configuration’’ for which the
Young’s modulus of the composite E; can be
assessed:

Er, = crEr + cuapEnap (2)

Here, when E; decreases, as Er < <Egsp, no major
change of the global Young’s modulus is to be
expected. Despite the simplicity of the two proposed
rheological models, they are useful to understand
the difference of tendencies found in radial and
longitudinal bone (or dentin) and to link it with the
collagen organisation.

For bone more specifically, collagen denaturation
reduces post-yield properties or plasticity of the
bone. In bones, as in most materials, plasticity
conferred by collagen is a major contributor to

intrinsic toughening mechanisms, by dissipating
energy and forming “plastic zones” surrounding
incipient cracks that further serve to blunt crack
tips, thereby reducing the driving force for crack
propagation.’? The reduced plasticity limits energy
dissipation and makes the bone more brittle. We
also notice that, compared to the bone, the dentin
displays more brittle behavior (no post-yield
response) for both the heat-treated and untreated
samples. As we described in 3, the fracturing of the
samples during the bending test was brutal because
of the lack of plasticity. We hypothesize that the
presence of highly mineralized areas in dentin, e.g.,
peritubular dentin surrounding tubules and collars
surrounding their lateral branches, might be the
reason for the lack of plasticity. On the other hand,
the fact that there is little or no remodeling in
dentin®® may also contribute to its brittleness
compared to bone, considering that a remodeling
or repairing procedure would allow the tissue to
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along the canal axis

Wu, Touraivane, Reiss, Vallet, Roubier, and Acevedo

Dentine tubule

Collagen fibrils oriented in parallel
planes perpendicular to the tubules

Fig. 5. TEM bright-field image of dentin and longitudinal bone samples (D, DH, L and LH). In D and DH samples the collagen fibrils are crossing
the imaged plane whereas in L and LH samples the fibrils are lying within the imaged plane. In L and LH samples the periodic banding appears
clearly. No significant differences are observed between control and heat-treated groups.

remove microcracks in highly mineralized areas and
recover the resistance to fracture.”” Exploring
deciduous teeth would be an interesting perspective
to investigate how younger dentin tissue react to
mechanical loading.

Limitations and Perspectives

One limitation of our study is that heat treatment
(at 160 °C) does not perfectly replicate the effect of
pathological diseases. In addition to unwinding the
collagen molecule, it might also affect the mineral-
collagen interface and the bonding and cross-linking
of the collagen.” In addition, pathological diseases,
such as osteoporosis, OI, DI, and diabetes, often
impact the tissue microstructure and the cells
maintaining bone and dentin homeostasis.”?%"
This study is a first step towards understanding
the different mechanisms causing fragility in these
pathologies. In future work, we will be interested in
analyzing pathological specimens. On the other
hand, in our study we used TEM to observe
minerals. It would be be of interest to examine
collagen using alternative techniques such as AFM
(atomic force microscopy). Finally, bovine cortical
bone samples were prepared from the posterior mid-
diaphysis of adult femurs. This area presents a
Haversian-dominated microstructure with well-
formed osteons; however, it might also contain
regions of plexiform combined with osteons.”®"”
Therefore, bovine bone microstructure does not
perfectly mimic human bone microstructure.

CONCLUSION

This study has confirmed the crucial role of
collagen in the microstructural crack propagation
and macroscale mechanical and fracture properties
of bone and dentin. Our results show that the heat
treatment at 160°C leads to a decrease in elastic
deformation (and removal of plastic deformation in
bone) associated with a lower elastic limit and yield
stress in bone and dentin samples. Loss of tissue’s
ability to deform causes a flatter crack path, which
dissipates less energy through the tissue’s
microstructure. Our results also highlight the
importance of the orientation of collagen fibrils
and hydroxyapatite crystals on the elastic and
plastic properties. Our study provides new insights
into the effect of collagen denaturation on the
behavior of bone and dentin and contributes to a
better understanding of the impact of diseases
associated with collagen denaturation such as
osteogenesis imperfecta, dentinogenesis imperfect,
diabetes, or cancer on these tissues. The results of
this study have important implications for the
development of new strategies for the diagnosis
and treatment of these diseases targeting collagen
deficits. Future studies should focus on the rela-
tionship between collagen denaturation and loss of
resistance in pathological tissues. This will provide
a more comprehensive understanding of the role of
collagen when compared with other disease-related
impairments of tissue structure and cell integrity.
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