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Abstract

The multiscale hierarchical structure of bone is naturally optimized to resist fractures. In
osteogenesis imperfecta, or brittle bone disease, genetic mutations affect the quality and/or
quantity of collagen, dramatically increasing bone fracture risk. Here we reveal how the collagen
defect results in bone fragility in a mouse model of osteogenesis imperfecta (oim), which has
homotrimeric a1(l) collagen. At the molecular level we attribute the loss in toughness to a
decrease in the stabilizing enzymatic crosslinks and an increase in non-enzymatic crosslinks,
which may break prematurely inhibiting plasticity. At the tissue level, high vascular canal density
reduces the stable crack growth, and extensive woven bone limits the crack-deflection toughening
during crack growth. This demonstrates how modifications at the bone molecular level have
ramifications at larger length scales affecting the overall mechanical integrity of the bone; thus,
treatment strategies have to address multiscale properties in order to regain bone toughness. In this
regard, findings from the heterozygous oim bone, where defective as well as normal collagen are
present, suggest that increasing the quantity of healthy collagen in these bones helps to recover
toughness at the multiple length scales.
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Introduction

Bone is strong and tough because of its complex hierarchical composite structure with
primarily collagen and hydroxyapatite (HA) as its constituents. The integrity of the bone at
all levels of its hierarchical structure is of clinical importance for preserving bone function.
In osteogenesis imperfecta (Ol), or brittle bone disease, mutations at the molecular level
result in bone fragility and spontaneous fracture at the whole bone level.

Ol affects 1/15,000 births and currently has no cure.() Clinically, low bone mass and
strength, extreme bone fragility and skeletal deformities are characteristics of Ol, resulting
from a variety of mutations of type | collagen structure and quantity.(2®) Histomorphometric
analysis of the iliac crests from Ol patients revealed reduced cortical and trabecular bone
volume, increased osteoblast and osteoclast presence with increased bone turnover but
reduced mineral apposition rate which is not compensated by the increased cell number.(:6)
Fourier transform infrared spectroscopy (FTIR) and quantitative backscattered electron
imaging of bones from Ol patients show high mineral content and loss of mineralization
heterogeneity.(®) All of these features, together with the poor collagen organization(") and
the high vascular canal density and connectivity,® contribute to the bone fragility in
patients with O1.(Y) An understanding of why the collagen molecular defect results in bone
tissue fragility in Ol is critical for developing therapies that can repair bone's mechanical
integrity.

The Ol murine (oim) model has been widely used to examine bone properties©®17) and
develop treatments.(18-22) Oim mice naturally produce a1(l) collagen homotrimers instead of
normal heterotrimer a1(1)2a1(1) collagen, a similar collagen mutation seen in human OI,(23)
and exhibit phenotypic and biochemical features typical of the disease.(1%:16) Homozygous
oim mice (oim/oim) have spontaneous skeletal fractures, acute osteopenia, bone deformities
and decreased body size.(19) Qim/oim cortical bone has increased mineralization with
decreased heterogeneity,(®) increased woven bone, 9 and increased vascular and osteocyte
lacunae density.(4) Long bones and vertebrae of oim/oim mice have inferior mechanical
properties compared to healthy counterparts including very little plastic deformation and
reduced stiffness.(13:25.26) The heterozygous oim mice (oim/+) have the same collagen
mutation but also have normal collagen.(16) As a result bones from oim/+ mimic mild
human OI with less severe osteopenia, no spontaneous fractures, and intermediate
mechanical and morphological features between brittle oim/oim and healthy bone.(16)

Despite the body of research conducted on Ol and oim bone, it is still unclear how structural
and compositional changes through the hierarchy result in brittle bone. Here we investigate
the mechanisms responsible for aberrant fracture resistance in oim bones. Specifically, we
first measure bone toughness of oim homozygous, heterozygous, and healthy wild type
(WT) bones at the whole bone level. To explain differences in their crack resistance
behaviour, we characterize crack propagation at the microscale within an environment
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scanning electron microscope (ESEM) and determine changes in bone in relation to the
crack extension (crack-resistance curve or R-curve). In order to relate the crack path to the
3D intracortical architecture, we compare the nano-CT of oim/oim, oim/+ and WT of
cracked bones and define the influence of vascular canal structure on crack extension and
deviation by using finite element analysis. Then we determine the contribution of the bone
constituents at the nanoscale to its fracture resistance by assessing the mechanical behaviour
of collagen fibrils and HA crystals using x-ray scattering and diffraction (SAXS/WAXD)
patterns with the bone under tension. Finally, we associate mechanical changes with
compositional changes at the bone tissue level and to cross-linking structural changes in the
collagen. Through such a multiscale study, we are able to detect the salient damage modes
and corresponding degradation in specific toughening mechanisms in oim bone that leads to
its brittleness.

Materials and Methods

Bone test samples were taken from 10 homozygous mice B6C3Fe-a/aCol1a2°™0im (gim/
oim) model of severe Ol, 10 heterozygous B6C3Fe-a/aCol1a2°™* (oim/+) mice model of
mild Ol, and 10 wild type B6C3Fe-a/a +/+ (WT or +/+) mice model of healthy bone, from a
maintained local colony. All mice were male and sacrificed at 8 weeks old. The mice were
fresh frozen after culling and bones were dissected at the time of testing.

Fracture toughness

For toughness testing, right femora of the mice were dissected and machine micro-notched
on the posterior surface of the mid-diaphysis with a razor blade irrigated with 0.05 pm
diamond suspension; notch root radii with this technique consistently were less than 5 pm.
Tests were performed in general accordance with American Society for Testing and
Materials (ASTM) standards.(2”) All samples were stored in Hanks’ Balanced Salt Solution
(HBSS) soaked gauze at 25°C until testing (less than 12 hours). Consistent with ASTM
standards,(27:28) a three-point bending configuration was used for the toughness tests with a
displacement rate of 1 um/s in 37°C HBSS bath. The toughness was calculated with the
instability method which accounts for the contributions to the toughness from the extension
as well as the initiation of cracking.(?9)

In situ fracture tests in an environmental scanning electron microscope (ESEM)

To identify the dominant sources of toughness in mouse bone and their contributions to the
bone's resistance to the growth of cracks, we also performed fracture mechanics testing of
healthy WT (+/+), oim/oim and oim/+ bones in situ in an ESEM.(30) Left femora of five
oim/oim, five oim/+ and five +/+ mice were dissected for testing. The periosteal surface of
the femora was polished with 400 grit silicon carbide paper and then with increasingly
higher finish until a final polish with 0.05 um diamond suspension to make the osteocyte
lacunae and the vascular canals visible within the ESEM (Hitachi S-4300SE/N ESEM,
Hitachi America, Pleasanton, CA). The samples were then machine micro-notched, as
described above, and immersed in ambient HBSS for at least 12 hours prior to testing. Crack
propagation was observed on the bone surface in the ESEM while bones were tested moist
in three-point bending at a rate of 1.6 um/sec at 25°C on the in situ loading stage (Gatan,
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Abington, UK). Images of the crack path were obtained simultaneously in back-scattered
mode at 25 kV with a pressure of 35 Pa.(30)

Fracture toughness values were calculated at each increment of stable crack extension so
that crack-resistance curve (R-curves) for stable crack propagation in the mouse bone could
be determined in terms of the stress-intensity factor, K,(2% and work of fracture, W, as a
function of the crack extension, Aa.(3% The work of fracture was defined as the work per
unit area of fracture; it was determined from the area under the load-displacement curve
divided by twice the area of the fracture surface at the point of measurement.(30)

Synchrotron x-ray computed tomography

Synchrotron x-ray computed tomography (CT) was performed at the hard x-ray tomography
beamline 8.3.2 of the Advanced Light Source (ALS, Lawrence Berkeley National
Laboratory) to visualize the interaction in 3-D between the vascular canal network of the
bones and the crack path after R-curve testing. Bones were oriented with their longitudinal
axis parallel to the stage rotation axis during scanning and high-resolution 3-D
representations of the femoral mid-diaphysis of the bones and crack path were acquired for
oim/oim, oim/+ and WT (+/+) bone using a nominal resolution of 0.9 um at a photon energy
of 18.25 keV. The data were reconstructed using filtered back-projection (Octopus software)
and 3-D morphology of the bone was binarized in ImageJ®Y through grayscale thresholding
followed by binary operations of pixel dilation and erosion to eliminate artefacts from
thresholding. The vascular canal network and crack were spatially decomposed into separate
domains for 3-D volumetric visualization (Avizo, Burlington, MA).

In silico 3-D fracture propagation modelling

We assessed the influence of vascular canals size and density on crack propagation in bone
in silico using a 3-D finite element model that explicitly models vascular canals, crack angle
and crack extension. A notched femoral shaft (approximated as a homogeneous, isotropic,
linear elastic hollow cylinder, with elastic modulus E = 20 GPa and Poisson's ratio v = 0.3)
was subjected to three-point bending displacement boundary conditions equivalent to
applying a load of 2.1 N in the transverse direction at the bone mid-diaphysis (location of
the notch). 3-D fracture propagation was simulated using an in-house linear elastic mesh-
independent finite element model (C++ 3D Fracture propagation code based on the CSMP+
+ Mechanics library developed at Imperial College).(32)

Fracture behaviour through the bone was modelled in presence of a single large vascular
canal (diameter equal to a quarter of the cortical thickness) and in presence of eight smaller
vascular canals (diameter equal to 1/16 of the cortical thickness) modelled as voids within
the bone structure. Canals are defined using smooth parametric surfaces as part of the bone
geometric model. Canals are modelled explicitly by the mesh and their interior is not
meshed.

Fracture geometries were represented explicitly and their growth was based on the step-by-
step deformation of the bone matrix. At each growth step, the J-integral is applied to
compute modal (tension - opening and shear) stress intensity factors at each elements.(32)
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Energy-based growth, propagation, and angle criteria are used to predict growth extent and
direction. An Irwin type law is used to evaluate failure in an iterative manner. At each
iteration relative growth increments along the tip are computed as a function of local stress-
intensity factors.(33-36) At each step, the length advance at a given fracture tip location is
defined as the maximum crack advance by a power of the ratio between the local strain
energy release ratio and the maximum strain energy release. Maximum crack advance at
each step is set to 1.3 x 107> mm and the exponent is equal to 4.5.36) A maximum
circumferential stress angle criterion determined the crack angle.(32)

The simulations were interaction-free with a crack surface geometric modification based on
localized stress intensity factor and angle computations, and an automatic resolution
adjustment of arbitrary tetrahedral mesh at each growth step.

In situ tensile testing with small-/wide-angle x-ray scattering/diffraction (SAXS/WAXD)

To examine the toughening behaviour of oim bones at submicron length scales, we
performed in situ high-flux synchrotron x-ray scattering experiments on oim/oim, oim/+ and
WT bone (ulna) while loaded uniaxially in tension. Ulnae of the same mice were dissected
and wrapped in HBSS-soaked gauze for at least 12 hours prior to testing. The samples were
mounted in a load frame positioned in beamline 7.3.3 at the ALS synchrotron radiation
facility so that they were loaded in tension at a displacement rate of 1 um/s in a custom-
made rig with a 5-kg load cell (Omega, LC703-10) while in situ SAXS/WAXD data were
collected simultaneously with mechanical loading. Nanoscale fibril strain and mineral strain
within the bone can be determined at each level of externally applied load from shifts in the
Bragg peak positions arising from the meridional axis of the collage fibril stagger and c-axis
(002) of the HA mineral, taken at the small and wide scattering angle, respectively. The
influence of radiation on mechanical testing was minimized by limiting the total x-ray
exposure to 30 kGy.(37) Ulnae were exposed to x-rays for 0.5 s every 15 s during mechanical
testing. Tests were conducted at 25°C on continuously hydrated samples. SAXS and WAXD
data were collected simultaneously by a high-speed Pilatus detector and a Quantum CCD x-
ray detector (Area Detector Systems Corporation), respectively, positioned at approximately
4,100 and 250 mm from the bone. ESEM images of the bone cross-section permitted the
measurement of the tissue stress. The applied load was normalized by the cross-sectional
surface of the bone to calculate the tissue stress while the tissue strain was determined by
imaging the change in spacing of horizontal lines marked on the sample's surface; the
displacement these lines was then divided by the separation at zero loading to determine the
bulk tissue strain. The images were analysed with image analysis software (National
Instruments Vision Assistant 8.5). The software IGOR Pro (Wavemetrics) used
simultaneously with the custom macro NIKA (Jan Ilavsky, Argonne National Laboratory,
Argonne, IL) permitted the conversion of the scattering data from 2-D to 1-D. The sample-
to-detector distance and beam centre were calibrated with a silver behenate standard. The 2-
D SAXS and WAXD data were converted to 1-D by radially integrating over a sector of 10°
and a sector 20-pixels wide, respectively oriented parallel to the direction of loading.(3®) The
peaks of the first-order collagen fibril and the (0002) HA were found by fitting the 1-D
datasets with a Gaussian and a linear function.(38) Collagen fibrils strain and mineral strain
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were determined as the change in position of the corresponding peak's centre normalized by
its location at zero loading (unstressed state sample).

Fourier transform infrared (FTIR) spectroscopy

The analysis of the FTIR absorbance band areas of the bone was conducted to reveal the
difference in composition of the oim bones. Mid-diaphysis of right femora from fracture
toughness tests were analysed by FTIR spectroscopy. After testing, bones were fixed in 70%
ethanol. From each specimen, a 2-mg (~2 mm long) bone segment from the desired region
was isolated, desiccated through a series of washes with increasing concentration of ethanol
and finally exposed in a desiccant chamber. A homogenized powder mixture was created of
1% bone by weight in potassium bromide (KBr; Thermo Electron, Waltham, MA). A pellet
for FTIR spectroscopy was created by compressing the powder mixture using a manual die.
A bench top interferometer system (Nexus 870, Thermo Electron) was used for performing
spectroscopy and 32 spectra scans at a spectral resolution of 4 cm~1 were acquired for each
specimen. A background scan, recorded immediately after each sample scan, was subtracted
for correction. The spectra were then analysed with a custom made code (Matlab,
Mathworks, Natic, MA) and double checked with a chemical imaging software (Isys,
Spectral Dimensions, Olney, MD). Spectra were baseline-adjusted and the areas of the
amide 1 (1,595-1,720 cm™1), v1v3 phosphate (PO,43", 895-1,215 cm™1), and v, carbonate
(CO427, 840-890 cm™1) bands were integrated so that mineral-to-matrix (PO43~/amide 1)
and carbonate-to-phosphate (CO327/P0O,43") ratios were calculated.

Accumulation of AGEs

The extent of the non-enzymatic crosslinks, or advanced glycation end products (AGEs),
present in the left tibiae of the same mice was evaluated using molecular florescence. The
tibiae were demineralized using ethylenediaminetetraacetic (EDTA) acid and then
hydrolysed using 6 N HCI for 24 hours at 110 °C. AGEs content was determined by reading
the natural bone fluorescence at the excitation wavelength of 370 nm and emission
wavelength of 440 nm(39 (Molecular Devices SpectraMax M5, Sunnyvale, CA). These
readings were then standardized to a quinine-sulphate standard and normalized to the
amount of collagen present in each bone sample. The amount of collagen present in each
sample was considered to be the amount of hydroxyproline contained into the bone and
determined using a chloramine-T colorimetric assay that recorded the absorbance of the
hydrolysates against a commercially available hydroxyproline standard at the wavelength of
585 nm.(40)

Statistical Analysis

Variables homogeneity of variance and their normal distribution were analysed by the
Levene's test and the Shapiro-Wilk test, respectively (SPSS, IBM, Somers, NY). Toughness,
FTIR and AGEs measures in WT, oim/+ and oim/oim bone were compared using analysis of
variance (one-way independent ANOVA) as all the variables had normal distributions
(SPSS, IBM, Somers, NY). Variables were tested with Post Hoc procedures for multiple
comparisons. All tests were two-tailed and, throughout the study, p-values smaller than 0.05
were considered to be significant.
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Results

Fracture toughness

The toughness of ex vivo femoral cortical bone of oim/oim, oim/+ and WT (+/+) mice
(n=10/group, 8 weeks old) at the whole bone (macroscale) level is reported in Fig. 1A
Severe osteogenesis imperfecta (oim/oim) bone shows a dramatic 70% decrease in toughness
compared to the normal counterpart (WT), while mild osteogenesis imperfecta (oim/+)
showed a 30% decrease in toughness compared to healthy values.

In situ fracture tests in an ESEM

Crack-resistance curves (R-curves) for the growing stable cracks in such bone are plotted in
Fig. 1B-C and presented in terms of measurements of crack-driving force, i.e. the stress-
intensity factor K, and energy absorbed, i.e. the work to fracture Wy, as a function of the
stable crack extension Aa. Results for the mouse cortical bone reveal a progressive loss in
(i) stable crack extension, (ii) crack-initiation toughness (where Aa — 0) and (iii) crack-
growth toughness (slope of the R-curve), with severity of osteogenesis imperfecta (Fig. 1B-
C).

The extent of stable cracking is reduced by a factor of two in oim/+ bone and by a factor of
four in oim/oim bone, as compared to healthy WT bone, while crack-initiation toughness in
oim/+ and oim/oim is only, respectively, 30% and 65% of the value for healthy WT bone.
The crack-growth toughness is large in WT bone as the toughness almost doubles its initial
value at the end of the stable crack growth (~400 um), while it is almost null (flat R-curve)
in oim bones.

Real-time images of the crack profile for the three types of bone illustrated in Fig. 2A
(details in Fig. S1 and Table S1), indicate that for WT bone, deflections in the crack path of
~60 to 90° run for hundreds of micrometers along the longitudinal direction of the bone,
then restart their path in the transverse direction of the bone with an increased applied load
or absorbed energy. These mechanisms result in extremely rough fracture surfaces (Fig. 2B)
and high crack growth toughness (high slope of R-curve) (Fig. 1B-C). In contrast, fractures
in oim/+ and oim/oim bone requires far lower driving force or energy to propagate (i.e., a
low slope of the R-curve) (Fig. 1B-C), consistent with the relative smooth fracture surfaces
with little crack deflection (Fig. 2B and Table S1).

Synchrotron x-ray computed tomography

Results presented in Fig. 3A shows an increase in vascular canals within cortical oim bones
with crack propagating transversally through vascular canals in both healthy and diseased
murine bone. 3-D crack paths are highly deflected in WT bone, while an almost flat and
smooth crack is observed in oim bones.

TWe have used a constant displacement rate in this work to determine the R-curve toughness behaviour; however, it should be noted
that the magnitude of the toughness will likely diminish somewhat at higher displacement rates. This was not evaluated in this study.
Toughness values were, however, insensitive to any small difference in hydration of the bones caused by testing HBSS-saturated
femora in situ within the ESEM, as compared the ex situ loading in HBSS.

J Bone Miner Res. Author manuscript; available in PMC 2015 June 23.
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In silico 3-D fracture propagation

Computational results showed that the crack propagates transversally through the vascular
canals with little or no deflection in all scenarios (Fig. S2). However, the crack propagates
faster in the presence of smaller and more numerous vascular canals than in presence of a
single large vascular canal; specifically, crack extension is 1.4 times larger in the presence
of multiple small vascular canals as compared to one large vascular canal (Table S2).#

In situ SAXS/WAXD tensile tests

Fig.4A illustrates that oim/oim and oim/+ bones are mechanically weaker than healthy bone,
with a dramatic decrease in both ultimate tissue stress and strain. At small tissue strains, the
curves are nearly identical for oim/+ and healthy bone, but oim/oim bone is already
significantly weaker. The ultimate (peak) stress is 40% and 67% of the normal healthy bone
for the oim/oim and oim/+ bone, respectively.

Fig.4B-C show the results from the simultaneous use of small-angle x-ray scattering (SAXS)
and wide-angle x-ray diffraction (WAXD) techniques during in situ straining of the bone,
which enables the partitioning of tissue strain between the mineralized collagen fibrils and
the mineral crystals. At small tissue strains (< 0.3%), the mineralized collagen fibril strain
curves (Fig.4B) are nearly identical for all bones. For tissue strains higher than 0.3%, the
strain in the mineralized collagen fibrils is, respectively, 50% and 25% more in oim/oim and
oim/+ bone than in normal bone (Fig.4B), implying that the fibrils are less stiff with disease
severity. The corresponding strain carried by the mineral did not differ significantly with the
state of disease (Fig.4C).

FTIR spectroscopy

The analysis of the FTIR absorbance band showed that the oim/oim bone tissue has
significantly higher mineral-to-matrix ratio with lower carbonate-to-phosphate ratio than the
oim/+ and healthy WT bone tissues (Fig.5A-B). Oim/+ bone has intermediate material
composition and no significant differences in carbonate content compared with healthy
bones (Fig. 6A-B).

Accumulation of AGEs

By using molecular fluorescence technique we found a 30% increase of non-enzymatic
crosslinks, or advanced glycation end products (AGEs) 1), in oim/oim bone, as compared
to healthy bone (Fig. 6C). The AGEs content in the oim bones is underestimated in this
study as the content of hydroxylisine is higher in homotrimer collagen than in the
heterotrimer collagen,(#2) therefore there is actually less collagen than estimated in oim
bones, suggesting a greater difference in AGEs content between oim and WT bone.

Discussion

Bone fragility in Ol has been primarily attributed to osteopenia and low bone strength
caused by the collagen mutations.(!) Here we reveal how collagen defects in Ol
deleteriously influence aspects of bone quality reducing the toughening mechanisms of bone
at the multiple length-scales, and hence increasing bone fragility at the organ level. Such
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information is important for the understanding of Ol disease and for the development of
novel treatment strategies to manage or cure patients with brittle bones.

Crack path and resistance to crack-growth

Fracture toughness values from three-point bending tests of notched femurs showed reduced
mechanical properties in oim bones, in agreement with findingsin human Ol biopsies.(")
By measuring the resistance-curve behaviour for stable growing cracks in mouse bone, we
were able to relate the resulting bone toughness to the nature of the crack trajectory during
bending in WT and oim bones. First, from the R-curves, we can see that the crack extension
is far less stable in oim bones than in healthy WT bone, indicating that a small crack in oim
bones quickly progresses to unstable fracture and failure. One reason for this may be the
bone porosity. Previous studies conducted on ex vivo human cortical bone have
demonstrated that cortical porosity can be crucial for bone toughness, with the toughness
negatively related to high intracortical porosity.(344) Qur in situ ESEM images of crack
propagation and ex situ 3-D synchrotron x-ray tomographic reconstructions of crack
propagation through the oim and WT bones indicate that cracks propagate transversally
through vascular canals in both healthy and oim bone. Although oim/oim and WT bone have
similar cortical porosity, the vascular canal density in oim/oim bone is 4.5 times higher with
more small vascular canals that are highly branched.(?4) A very similar configuration has
been found in human OI samples, where vascular canals had increased density and
connectivity compared to healthy bones.(® Our in silico 3-D fracture propagation model of
the bone with the vascular canals explicitly modelled, indicates that in an isotropic medium,
intracortical vascular canals have little influence on the deflection of the crack, but small
vascular canals may reduce stable crack extension. Thus, when the crack is growing in
oim/oim and Ol bone, many small vascular canals can interrupt the continuity of the bone
material and reduce its capacity to resist the crack propagation, decreasing the overall
extension of the stable crack and facilitating its failure.

Coupled with the limited extent of stable crack extension, the slope of the R-curve is also
low in oim bones. The degree of toughening of mouse bone is influenced by micro-scale
toughening mechanisms, such as crack deflection. High resolution ESEM images of the
crack propagation and of the fracture surface together with synchrotron tomographic
reconstructions show that crack trajectories are highly deflected out of and in the notch
plane (crack twist) in healthy bone. Crack deflection and twisting are extrinsic toughening
mechanisms, () which are a characteristic of healthy human bone, principally where
propagating cracks interact with the cement lines of the osteons.>-47) Mouse bones do not
have osteons or Haversian canals; the highest level of organization of their bone is in
concentric lamellae around their medullary cavity.(6) Studies conducted on human and
other mammalian bones showed that the large number of interfaces between the lamellar
structure of the bone can give rise to toughness mechanisms, such as crack deflection(48:49)
and twisting.(45) Results from our study suggest that the lamellae in healthy mouse bone act
as delamination barriers, causing deflections and twist of the crack. In human bone it is
estimated that a single crack deflection of 90° can halve the stress intensity at the crack tip,
thereby essentially doubling the fracture toughness.®) Any combination of deflection with
twisting of the crack can potentially further increase the toughness of bone.46) These
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toughening mechanisms are consistent with the two-fold increase in toughness during crack
growth of the healthy WT bone found in this study, and their absence in oim/oim bone
contributes to the reduced crack-growth toughness in brittle bone. Histological(19.16) and
ultrasound critical-angle reflectometry®0 studies have revealed an increased woven bone
content in oim/oim and oim/+ bone. As previously postulated by Jepsen et al.(4%:51) when
analysing fracture surface of Mov13 mouse bone (another model of mild Ol), the reduced
presence of lamellae in oim bones may explain the absence of crack deflections and twist in
these bones. Thisin turn can explain their almost flat R-curves, which indicate an almost
total lack of extrinsic toughening in oim bones. The significance of this is that once a crack
nucleates in oim bones, with such minimal resistance to crack propagation, unstable
cracking immediately ensues leading to a complete fracture of the bone. We expect cracks to
propagate smoothly without deflections in human Ol bone as the weak interfaces between
osteons can be comparable to the poorly organised collagen.(”)

Finally from the R-curves, it is noticeable that oim bones have markedly low crack-initiation
toughness. Resistance to crack initiation is a function of intrinsic toughening, which is
principally associated with plastic (or more correctly, inelastic) deformation, the origin of
which in bone is primarily related to mechanisms of fibrillar sliding acting at submicron to
nanoscale structural size-scales,(*%) as discussed below.

Collagen and mineral contribution to toughness

Our SAXS/WAXD results combined with tensile testing revealed that mineralized fibrils are
less stiff with increasing severity of disease. For the stiffness of the mineralized fibrils to
change within brittle oim bones, structural and compositional changes must occur in the
collagen and mineral. Increased mineralization in the oim/oim compared to the oim/+ and
WT bones was revealed by our FTIR analysis, in agreement with previous studies.(2052) The
higher mineralization may promote the occurrence of microcracks,®3) which may explain (i)
the elevated bone turnover of oim bones,(1254) as the bone attempts to remove microcracks,
and, consequently, (ii) the reduced carbonate content, as carbonate is typically incorporated
as crystals mature.

The high mineralization and low ultimate strength observed in oim/oim bone may appear to
be a contradiction. In normal bone a well-established correlation exists between mineral
content and strength(®®) and stiffness,®6) which has been proposed to be caused by an end-
to-end fusion of the apatite crystals.(°8) However, because oim/oim bone has small and
disorganized apatite crystals(2® with low crystallinity,(®) it is possible that the defective
quality of mineral present in oim/oim bone prohibits normal fusion of crystals into a
contiguous structure.(6)

The structural changes in the mineral result from the improper folding and kinks in the a(1)
homotrimeric oim collagen molecule,®”) which cause a disruption of the fibril alignment
and structure,(58:59) thereby providing an abnormal scaffold for mineral deposition. Oim/oim
bone has 27% fewer stabilizing intermolecular enzymatic collagen crosslinks
(hydroxylysino-keto-norleucine or HLKNL);(17) a decrease in such enzymatic crosslinks is
known to decrease the mechanical strength of bone.(®9) Using molecular fluorescence, we
further reveal in this study an increase of non-enzymatic crosslinks in oim/oim bone

J Bone Miner Res. Author manuscript; available in PMC 2015 June 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carriero et al.

Page 11

compared to healthy bone, probably as a consequence of the high oxidative stress induced
by renal dysfunction in oim mice.(61) The accumulation of AGEs is known to deteriorate the
mechanical properties of normal bone, increasing its stiffness and reducing its
ductility.(41.62.63) |n oim bone aberrant crosslinks may contribute to bone tissue fragility,
already altered by abnormal enzymatic crosslinking.(®4) However, mineralized fibril
(shown here) and bone tissue(@ are less stiff in oim than in WT mice. Thus, it is possible
that at low tissue strain, AGEs compensate for the reduction in stabilizing enzymatic
crosslinks, slightly increasing the stiffness and strength of the oim bone. In any case, both
enzymatic and non-enzymatic crosslinks are insufficient to maintain mechanical integrity
and break prematurely without manifesting plasticity at the nanoscale dimension. Although
further studies need to precisely elucidate the correlation between crosslinking and
mechanical properties of murine bone, results from this study suggest that these crosslink
modifications contribute to the increased fragility of the oim bone at the fibril and tissue
level (Fig.4A-B).

In healthy bone the number and type of crosslinks allows collagen fibrils to slide with
respect to each other and/or stretch under mechanical forces.(®8) In oim/oim bone with
compromised collagen, its defective mineralized fibrils show large deformations at low
tissue strains (> 0.3%) but with no further ability to extend at larger tissue strains.
Specifically, the oim/oim fibrils fail at a smaller ultimate tissue strains resulting in a
catastrophically brittle bone. When the same external forces are applied to healthy bone, the
normal collagen fibrils are able to withstand these strains without failure; the resulting
deformation then contributes markedly to the bone tissue toughness. These results show that
fibril packing and intermolecular cross-linking are critical for maintaining mechanical
strength and plasticity of the bone because initiation fracture toughness depends on the
association between collagen fibrils and crystals.

Conclusions and clinical implications

This work provides an improved understanding of fracture in Ol mouse bone and may offer
insight for more effective treatment strategies for preventing bone fragility. The findings
from this study indicate how collagen defects in oim alter bone structure and mechanical
integrity. The hierarchical structure of healthy cortical bone, in mouse as well as in human
bone, is naturally optimized to resist fracture. In this study we show that in healthy mouse
bone, three features of its hierarchical structure particularly influence its mechanical
properties: i) collagen fibrils with effective crosslinks and organized mineralization at sub-
micron level, which increases bone plasticity, ii) vascular canal density, which influences
crack propagation, and iii) the lamellar structure of bone, which increases bone toughness by
shielding the crack propagation with crack deflection and twisting (Fig.6). The absence of
the a2(1) chain of collagen in oim/oim bone results in altered fibril packing and
intermolecular cross-linking: stabilizing enzymatic crosslinks are missing while AGEs form.
This generates an abnormal template for bone mineralization and affects the biomechanical
quality of oim/oim bone tissue decreasing its plasticity. At microscopic length-scales, the
high vascular canal density and the woven fibers of oim bone provide little shielding to resist
crack propagation. These findings provide guidance as to where therapeutic targets should
be focused to increase toughness in bone.
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Current treatments of the Ol rely on bisphosphonate injection and exercise management.
Both can increase the amount of bone, but not its quality.t) Findings from our oim/+ group
suggest that treatment strategies for Ol should aim to increase the quantity of healthy
collagen in these bones. In oim/+ bone, the coexistence of normal and abnormal collagen
packing also reduces bone plasticity and toughness, but helps to avoid spontaneous
fractures. In this sense, cellular therapy may offer a viable treatment to improve bone quality
by delivering healthy cells to the affected bone, which produce healthy collagen that in turn
restores lamellar structure. Further studies need to be conducted in order to introduce
cellular approached into clinical trials for Ol patient in the future.

These findings have implications for many bone diseases, where treatments have largely
focused on enhancing the mineral quantity and density of bone. However, in bones where
quality is an issue, collagen plays an important role and treatments should aim to improve
the collagen fibril packing, collagen fiber organization, and the interaction of collagen with
the mineral. Therapies based on collagen chaperones and stem cells may represent the
treatment for the future to improve collagen fibrillogenesis, regain organization at the fibril
level, and create thick and strong fibers. Increasing the amount of good quality collagen
within these bones will serve to improve its bone tissue quality and reduce their fragility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Bc?ne toughness and crack-resistance curves. (A) Critical values of in vitro instability
fracture toughness properties of mouse cortical bone for healthy (WT, red) and mild (oim/+,
blue) and severe osteogenesis imperfecta (oim/oim, green). Fracture toughness R-curve
properties, in terms of (B) stress intensity K and (C), the work of fracture W¢, for WT, oim/+
and oim/oim bone shows a reduced stable crack growth in oim bones. Crack-growth
toughness (slope of R-curve) is high in WT and almost non-existent in oim bones. Crack-
initiation toughness (where Aa — 0) in oim/oim and oim/+ bone are, respectively, 30% and
60% of that of healthy bone. (*** indicates p<0.001.). In Figure B, ASTM valid
measurements are represented with a continuous line and ASTM invalid measurements with
a dotted line(27:28),
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Fig. 2.
Scanning electron micrographs of the crack path and fracture surface. (A) Crack paths in

WT bone underwent multiple crack deflections, in conjunction with the through-thickness
crack twists (Fig. 2B), resulting in a two-fold increase in bone toughness with crack
extension-rising R-curve behaviour (Fig. 1B-C). Crack growth in oim/+ and oim/oim bone
displayed a much more linear crack path, contributing to ~25% of its toughness (Fig. 1B-C)
and resulting in an almost flat fracture surface (Fig. 2B). (B) Rough deflected and twisted
fracture surface in WT bone (in correspondence with its lamellar structure) contrasts the flat
fracture surfaces in oim bones.
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Fig. 3.
Synchrotron x-ray reconstruction of 3-D crack profile and vascular canal network. (A)

Synchrotron x-ray computed tomography of WT, oim/+, and oim/oim bone shows 3-D
images of the crack profile (purple) during stable crack growth from a razor—sharpened
micro-notch (red). Images show an increase in the vascular canals within cortical oim bones
(green). In all cases, crack propagates transversally through the vascular canals. (B) Detail
of the crack initiation in WT, oim/+, and oim/oim bone showing 90°-120° deflections for
WT bone and a smooth crack path in oim bones.
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Collagen fibril and mineral nanomechanics. (A) Tissue bone stress-strain curves for WT
(red), oim/+ (blue) and oim/oim (green) bone show reduced mechanical properties in oim
bones. (B to C), Results for the SAXS and WAXD experiments during tensile tests show
that at small tissue strain, the mineralized fibrils stretch more in the oim bones before break
at only ~1% tissue strain, as compared to more than 1.5% tissue strains in healthy bone.
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Fig. 5.

Bone mineral composition and collagen non-enzymatic crosslinks. (A) Mineral-to-matrix
ratio and (B) carbonate-to-phosphate ratio obtained by scanning pellets of femoral mid-
diaphysis bone for WT (red), oim/+ (blue) and oim/oim (green) bone using FT infrared
spectroscopy technique show a 40% increase in mineralization in oim/oim bone, with a 25%
reduction in the carbonate content, compared to WT bone (C) AGEs accumulation
fluorimetrically quantified in the tibiae of WT (red) oim/+ (blue) and oim/oim (green) mouse
bone, is 30% greater in oim bone. (*** indicates p<0.001 and * indicates p<0.05.).
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Schematic of bone toughness (K) vs. crack extension (Aa). Schematic exemplifying the bone
hierarchical structural feature contributing to its toughness in healthy and brittle mouse

bone.
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