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Abstract

The structure of human cortical bone evolves over multiple length-scales from its basic
constituents of collagen and hydroxyapatite at the nanoscale to osteonal structures at near-
millimeter dimensions, which all provide the basis for its mechanical properties. To resist
fracture, bone’s toughness is derived intrinsically through plasticity (e.g., fibrillar sliding) at
structural-scales typically below a micron and extrinsically (i.e., during crack growth) through
mechanisms (e.g., crack deflection/bridging) generated at larger structural-scales. Biological
factors such as aging lead to a markedly increased fracture risk, which is often associated with
an age-related loss in bone mass (bone quantity). However, we find that age-related structural
changes can significantly degrade the fracture resistance (bone quality) over multiple length-
scales. Using in situ small-/wide-angle x-ray scattering/diffraction to characterize sub-micron
structural changes and synchrotron x-ray computed tomography and in situ fracture-toughness
measurements in the scanning electron microscope to characterize effects at micron-scales, we
show how these age-related structural changes at differing size-scales degrade both the intrinsic
and extrinsic toughness of bone. Specifically, we attribute the loss in toughness to increased
non-enzymatic collagen cross-linking which suppresses plasticity at nanoscale dimensions and
to an increased osteonal density which limits the potency of crack-bridging mechanisms at
micron-scales. The link between these processes is that the increased stiffness of the cross-linked
collagen requires energy to be absorbed by “plastic” deformation at higher structural levels,
which occurs by the process of microcracking.

Keywords: Human cortical bone, toughness, aging, plasticity, x-ray scattering, cross-linking,
advanced glycation end-products
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Human cortical bone is a nanocomposite of collagen molecules and hydroxyapatite
(HA) nanocrystals. However, its essential mechanical properties of stiffness (~15-25
GPa), strength (~100 MPa) and toughness (= 5 MPa/m)* are not derived solely from the
characteristic structure at the nanoscale but rather at multiple length-scales through
bone’s hierarchical architecture, which extends from molecular dimensions to the
osteonal structures at near-millimeter levels. Indeed, salient mechanisms that
strengthen and toughen bone can be identified at most of these length-scales (Fig. 1)
and can be usefully classified, as in many materials, in terms of intrinsic and extrinsic

toughening mechanisms.

Intrinsic toughening mechanism (1-6) enhance the inherent resistance of the material
to fracture by inhibiting both the initiation and growth of cracks; in bone, they can be
identified by plasticity (strictly inelasticity) mechanisms acting ahead of a crack and
derived primarily at sub-micron length-scales (Fig. 1). Extrinsic toughening
mechanisms (7, 8), conversely, act primarily in the crack wake to inhibit crack growth
by “shielding” it from the applied stresses. In bone, they are created principally by the
interaction of growing cracks with the osteonal structures; as such, they are derived at

much larger length-scales in the range of 10-100s pm.

Aging markedly increases the risk of fracture in bone. Although a major reason is
the age-related loss in bone-mineral density (bone quantity) (9, 10), recent studies show
that the structure and properties of bone specifically degrade with age, independent of
the bone-mineral density (11), an issue of bone quality. Indeed, a deterioration in the
bone toughness has been correlated with aging (12, 13), as a result of a variety of

nano/micro- structural changes including progressively larger osteonal dimensions and

* Stiffness is related to the elastic modulus and defines the force required to produce corresponding elastic
deformation. Strength, defined by the yield stress at the onset of permanent deformation or maximum strength at the
peak load before fracture, is a measure of the force/unit area that the bone can withstand. The fracture toughness
measures the resistance to fracture of a material.



densities (14), increased non-enzymatic cross-link densities (15) and increased
microcracking. In human cortical bone, cross-links occur in two forms: i) enzymatic
cross-links - as immature intrafibrillar (DHLNL and HLNLS) and mature interfibrillar
(pyridinoline and pyrrole) and ii) non-enzymatic advanced glycation end-products
(AGEs), such as pentosidine, that form both intra- and inter-fibrillar links along the
collagen backbone (16). While the level of enzymatic cross-links stabilizes around 10-15
years of age (17, 18), AGEs can increase up to five-fold with age (15, 18, 19), which has
been correlated to reduced bone toughness and fracture resistance (20-23). Similarly,
excessive remodeling with age increases the osteonal density in human cortical bone;
this governs the degree of microcracking and in turn affects the development of crack
bridges, which provide a major source of toughening at micron-scale levels and above

(12).

In this work, we examine the role of aging on the mechanical properties of human
cortical bone at multiple structural hierarchies using a set of samples from the same
donors, by relating significant age-related structural changes to a degradation in
specific toughening mechanisms detrimental to fracture resistance that arise at length-

scales from ~10s nm to 100s pm.

Results

Mechanical Properties. We examined the in vitro strength and toughness properties of
hydrated human cortical bone samples from diaphyses of fresh frozen humeri from
young and old groups: Young [34 - 41 years old (N =7)] and Aged [85 - 99 years old (N =
6)]. Middle-aged bone [61 - 69 years old (N = 5)] was additionally evaluated for
toughness measurements. Strength properties, determined from the three-point
bending of unnotched beams, showed a 5% loss in yield strength and a 10% loss in peak

strength with age (Fig. 2a). Corresponding fracture toughness properties, presented in

S DHLNL and HLNL are, respectively, dehydrodihydroxynorleucine and dehydrohydroxylysinonorleucine.
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the form of stress-intensity K-based crack-resistance curves (R-curves)™ in Fig. 2b, reveal
a progressive loss in both the crack initiation and growth toughnesses in the
longitudinal orientation with age. These latter data represent the current measurements
on small cracks sized below ~500 um, performed in situ in the environmental scanning
electron microscope (ESEM), together with our previous ex situ measurements (12) on
the same bone, where crack sizes were an order of magnitude larger. As the combined
R-curves plotted in Fig. 2b indicate that the crack-growth toughness (i.e., slope of the R-
curve) is dependent upon the extent of crack extension, we measured this toughness
from the slope of regression lines through each entire data set but at larger crack
extensions along the steady-state region of the curves. Based on these measurements, it
is apparent that the toughness of the Aged bone is over 4 times smaller than that of the

Young bone.

Structural characterization at micron-scales and above. From in situ ESEM and ex situ
3-D synchrotron x-ray computed tomography, the fracture surfaces were seen to be
relatively smooth in the longitudinal orientation with crack paths showing extensive
evidence of microcrack formation nominally parallel to, and ahead of, the growing
crack (Fig. 3). The intact regions between the microcracks and the main growing crack
result in the formation of “uncracked-ligament bridges” to provide a source of extrinsic
toughening by carrying load that would otherwise be used to further crack growth. As
reported previously, we found smaller and fewer crack bridges in the Aged bone (Fig. 3)

(12), resulting in a reduced contribution to the crack-growth toughness with age.

" The crack resistance-curve provides an assessment of the fracture toughness in the presence of subcritical crack
growth. It involves measurements of the crack-driving force, e.g., the stress intensity K or J-integral, as a function of
crack extension (Aa). The value of the driving force at Aa — 0 provides a measure of the crack-initiation toughness
whereas the slope (used in this study) and/or the maximum value of the R-curve can be used to characterize the
crack-growth toughness. Indeed, the slope of a rising R-curve is directly related to the potency of the extrinsic
toughening mechanism involved.



3-D x-ray computed tomography was also used to characterize the number and size
of osteons in Young and Aged bone. Fig. 4 demonstrates the dramatically higher number
of osteons in Aged bone; in fact, the Aged sample has nearly three times the osteonal
density, defined as the number of osteons per unit bone area (On.Dn.), consistent with
reports elsewhere (24). The higher osteon density in Aged bone supports the notion that
a growing crack will have more cement lines at which microcracks can form, resulting

in both smaller crack bridges and a lower crack-growth toughness.

Structural characterization at submicron-scales. To examine the corresponding
intrinsic behavior at smaller (submicron) dimensions, we performed in situ high-flux
synchrotron x-ray scattering experiments on uniaxial tensile specimens to study the

mechanical behavior of the individual constituents of bone (Fig. 5).

Results from the SAXS/WAXD experiments are shown as strains in the mineralized
collagen fibrils (Fig. 5a) and mineral** (Fig. 5b) as a function of the macroscopic strain
applied to the sample (i.e., tissue strain). For a given tissue strain, the strain in the
mineralized collagen fibrils is more than 25% lower in Aged bone (Fig. 5d) than in Young

bone, implying that the fibrils have become stiffer with age#t.

For the stiffness of the fibrils to change with age, structural changes must be
occurring at this level. To examine changes to the collagen environment with age, we
quantified the collagen cross-linking due to non-enzymatic glycation, i.e., AGEs (Fig. 6).
Consistent with the literature (15, 18), our results show a higher level of AGEs in Aged
bone than in Young bone (Fig 6). The SAXS/WAXD observations clearly indicate that
these increased levels of non-enzymatic cross-links with age stiffen the collagen fibrils,

thereby affecting the plasticity of the bone.

* The mineral strain does not significantly change (Fig. 5b), principally because it has a stiffness roughly three orders
of magnitude larger than the collagen.

* The SAXS/WAXD results reveal that the aged fibrils are stiffer because for a given tissue strain, the collagen fibrils
in Young bone have a higher strain and thus absorb more energy through deformation at this structural level
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Discussion

The mechanisms of fracture resistance in human cortical bone derived over a range of
length-scales from molecular levels to near millimeter dimensions are individually
related to nano/microstructural features in the bone-matrix structure. These features
degrade with biological aging and lead to a deterioration in the bone strength and
toughness. Our macroscopic mechanical property measurements demonstrate that over
the age range of ~34 to 99 years, there is a definite loss in bone quality affecting the
fracture risk; specifically, there is a reduction in bone strength, initially as a loss in
plasticity and subsequently in peak strength, and a corresponding significant decrease
in fracture toughness, respectively, for crack initiation and crack growth (Fig. 2).
However, the origin of these properties and their biological degradation reside at very

different length-scales.

Phenomena at submicron length-scales. Mineralized collagen fibrils, the basic building
blocks of the bone matrix, consist of a self-assembly of collagen molecules and HA
platelets. At this length-scale, bone deforms by stretching/unwinding of individual
collagen molecules (25, 26) and deformation of the mineral’s crystalline lattice, which is

primarily deposited in the gaps between the collagen molecules” 67-nm stagger.

At the next length-scale, the mechanical properties of the mineralized collagen fibril
reflect the composite deformation of the collagen and HA. Within the fibrils, sliding at
the HA/collagen interface (27), intermolecular crosslinking (16, 28, 29) and sacrificial
bonding (3) constrain molecular stretching and provide the basis for the increased
apparent strength of the collagen molecules without catastrophic failure of either
component. The molecular behavior of the protein and mineral phases (fibrillar sliding)
within a fibril enables a large regime of dissipative deformation once plastic yielding
begins in mineralized tissues (4, 30, 31) and other biological materials (32). This model

of load transfer represents the principal plasticity mechanism at this length-scale. As in



most materials, plasticity provides a major contribution to the intrinsic toughness by
dissipating energy and forming “plastic zones” surrounding incipient cracks that
further serve to blunt crack tips, thereby reducing the driving force (i.e., stress intensity)

for crack propagation.

We find here that the strength and plasticity of bone are clearly degraded with age.
The current in situ SAXS/WAXD studies provide the first experimental evidence of
intrinsic mechanical degradation at the collagen fibril length-scale; the results indicate
that for a given strain applied to the bone tissue, the strain carried by the collagen fibrils
is significantly less, by some 25%, in Aged bone compared to Young (Fig. 5a). The origin
of this stiffening of the collagen with age though, can be associated with an even lower

level of the hierarchy.

These conclusions are completely consistent with cross-linking measurements in this
study (Fig. 6), and elsewhere (15, 18), that demonstrate that aging results in increased
AGEs cross-links. These act to degrade the structural integrity of the fibrils by stiffening
them to restrict fibrillar sliding®$ (plasticity) and consequently degrade the ductility,
strength and intrinsic toughness of the bone. Further, our results are consistent with
computational models of fibril deformation (28, 29, 33) which predict an inhibition of
fibrillar sliding with cross-linking, and with experiments (22) showing a reduced

toughness in bone glycated in vitro.

Taken as a whole, the evidence at submicron length-scales strongly suggests that
aging results in changes to the collagen environment, which specifically act to constrain

the fibril’s capacity to deform. The loss in plasticity at these nanometer length-scales

*In Fig. 5a, the fibril strain vs. tissue strain curve is linear until the yield point. Once the samples begin to yield (at
~1% strain), the Young and Aged bones begin to deviate from linearity, which is much more apparent in the Young
bone. The non-linearity may represent decoupling of the fibrils (4, 31). The fact that Aged bone has a smaller degree of
non-linearity demonstrates the ability of non-enzymatic crosslinks to inhibit fibrillar sliding past the yield point.
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directly degrades the intrinsic toughness, thereby contributing to the increased fracture

risk.

Phenomena at micro to near-millimeter length-scales. Another contribution to the
fracture resistance of bone, however, is at much coarser length-scales in the range of 10s
to 100s of microns and involves mechanisms of extrinsic toughening that inhibit the
growth of cracks. The primary driver for these mechanisms is the nature of the crack
path and how it interacts with the bone-matrix structure. Two salient toughening
mechanisms can be identified (7,8): crack bridging and crack defection/twist. Several
structural features (such as osteocyte lacunae, porosity, etc. (34)) can deflect the crack
path, but it is the largest features, specifically the secondary osteons, that are the most

otk

effective™ (7, 36). The key feature is the hyper-mineralized osteonal boundaries (i.e.,
cement lines) that act as primary locations for microcracking. In the longitudinal
orientation under study here, microcracks largely form parallel or ahead of the main
growing crack and result in the formation of uncracked-ligament® bridges (Fig. 3).
Detailed 2-D ESEM and 3-D computed x-ray tomography studies show that in general
the size and frequency of these crack bridges is much lower in older bone (Fig. 3). We
believe that this is the result of increased osteonal density and decreased size (Fig. 4),
which is characteristic of older bone due to a higher rate of turnover. As the nominal
size of the uncracked ligaments scales with the 3-D osteonal spacing, the increased
osteonal density leads to smaller and less frequent crack bridges. The marked reduction
in the slope of the fracture toughness R-curves with age (Fig. 2b) is completely

consistent with this diminished contribution from extrinsic toughening by crack

bridging.

™ Larger-scale structural features, such as the interfaces (cement lines) of the osteonal structures, invariably result in
far more substantial deflections of the crack path as compared to smaller structural features such as osteocyte lacunae
and porosity; they accordingly have a more significant effect in enhancing the crack-growth toughness (35).

® These are simply uncracked regions in the wake of the main crack tip. They are not ligaments in the anatomical
sense.



Coupling of phenomena across length-scales. We observe intrinsic toughening in
cortical bone by fibrillar sliding plasticity mechanisms at nanoscale levels and extrinsic
toughening principally by crack deflection and bridging at length-scales three orders of
magnitude or so larger. We have direct evidence that aging leads to a suppression of
fibrillar sliding associated with increased collagen cross-linking at molecular levels. It is
intriguing to contemplate whether these multi-scale mechanisms are coupled. We
believe one route is through the mechanism of microcracking, which serves as a
plasticity mechanism, a source of toughening as it induces both crack deflection and
bridging, and may well initiate the signaling processes that promote bone remodeling
(37). In this regard, it is pertinent to note that the SAXS/WAXD data in Fig. 5a show that
the strain in the mineralized collagen fibrils in Young bone is not that much less than the
applied tissue strain (dotted line); this implies that the applied loads are being
transferred far more effectively to the nanostructural length-scales in Young bone than
Aged, consistent with plasticity occurring by fibrillar sliding. In Aged bone, conversely,
this mechanism is clearly less effective as the fibrillar strains are significantly lower than
the tissue strain. Consequently, the tissue deformation in Aged bone must be
accommodated by mechanisms occurring at higher structural levels to compensate for
lack of plasticity in the mineralized collagen fibrils. Indeed, our observations are
consistent with models of deformation in hierarchical structures (28, 38) and by
ribosylating bone samples to induce non-enzymatic glycation in vitro, which was found

to decrease the bone’s ability to dissipate energy post yield (22, 39, 40).

A higher incidence of microcracking in aged bone (41, 42), arising from non-
enzymatic cross-links at the molecular and fibrillar level (40), is known to result in the
formation of smaller crack bridges and diminished extrinsic toughening in aged bone

(12). Additionally, at submicron length-scales, it is consistent with observations
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showing a higher incidence of pre- and post-yield microcracks in bone samples with

higher levels of ribosylation-induced AGEs (40).

Whereas we believe that increased non-enzymatic cross-linking plays a prime role in
suppressing deformation at the fibrillar level (22, 33, 39, 40), at this size-scale, additional
age-related changes to the organic matrix (3, 43-46), the mineral size (47) and post-
translational modifications to the collagen (23) may influence the material properties.
Additionally, variability in both mineralization (48-50) and the local mineral content
(51-53) due to disease or osteoporosis treatments are known to affect the mechanical
properties and may play a role in aging. We believe that the age-related increase in
microdamage originates at the fibrillar level; however, changes in the location (42) or
nature (54, 55) of microcracking with age may further reveal how this contributes to the
toughness. At higher structural levels, intracortical porosity (56-58) and an irregular

collagen fibril orientation (59, 60) may additionally impact the mechanical properties.

Closure

Human cortical bone derives its strength and toughness from mechanisms that
dissipate energy at many different structural length-scales; by the same token,
biological factors such as aging that impair bone quality also operate at these differing
scales. In this study, we have partitioned these mechanisms into intrinsic toughening
(plasticity) mechanisms such as fibrillar sliding that operate at dimensions typically
below a micron, and extrinsic toughening (crack-tip shielding) mechanisms such as
crack bridging that operate at dimensions often well above a micron. At the
macroscopic level, aging compromises the strength, ductility (plasticity) and intrinsic
toughness. Through a series of experimental multi-scale structural and mechanical
characterizations, we attribute this to a series of coupled mechanisms starting at the
lowest (molecular) hierarchical levels, by changing the deformation behavior of the

mineralized collagen fibrils due to increased inter- and intra-fibrillar crosslinking. The

11



resulting elevated stiffness of the collagen negatively affects the bone’s ability to
plastically deform by fibrillar sliding, which then must be accommodated at higher
structural levels, by increased microcracking. Coupled with an increased osteonal
density in older bone, this in turn compromises the formation of crack bridges which
provide one of the main sources of extrinsic toughening in bone at length-scales in the

10s to 100 pm.

Materials and methods

Sample preparation. The cortical bone used in this study was from the diaphyses of fresh
frozen human humeri from several age groups, specifically Young [34 years old (N = 1), 37 years
old (N =4) and 41 years old (N = 2)] and Aged [85 years old (N = 3), 91 years old (N = 1) and 99
years old (N = 2)]. Middle-aged bone [61 years old (N = 1), 69 years old (N = 2) and 69 years old

(N = 2) years] was additionally evaluated for toughness measurements.

Strength and toughness testing. For strength and toughness testing, samples of bone with ~2-
mm width and ~1.5-mm thickness were machined with a low-speed saw. The fracture
toughness samples contained a notch oriented with the nominal crack-growth direction parallel
to the bone’s long axis. Notches were cut with a low-speed diamond saw and then sharpened
with a razor blade that was continually irrigated with 1 um diamond slurry producing micro-
notches with a root radius of ~3-5 um and an initial crack length of # #1 mm in accordance with
ASTM standards (61). The resulting toughness specimens were ground and polished to a 0.05
um finish. All samples were stored in Hanks’ Balanced Salt Solution (HBSS) at 25°C for at least
12 h prior to testing.

In accordance with ASTM Standards (61, 62), a three-point bending configuration was used
for the strength and toughness™* (i.e., R-curve) tests with a displacement rate of 0.55 pm/s in
25°C HBSS. To make such measurements while simultaneously imaging the initiation and
growth of cracks in real time, in situ testing of HBSS-soaked samples was performed in a
Hitachi S-4300SE/N environmental scanning electron microscope (Hitachi America, Pleasanton,
CA) at 25°C using a Gatan Microtest 2-kN three-point bending stage (Gatan, Abington, UK).

Images of the crack path were obtained simultaneously in back-scattered electron mode at a

" While a non-linear J-integral analysis is often recommended, a linear-elastic fracture mechanics (LEFM) analysis
was used here (similar to the long crack data of Nalla et al. (12) presented in Fig. 2). The LEFM approach is justified

by the fact that the plastic-zone size, calculated as ry~i K oy 2, where oy is the yield stress (120 MPa), was small

enough to achieve a state of small-scale yielding and plane strain in our samples.
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voltage of 25 kV and a pressure of 35 Pa. These tests were used to define the early portion of the
R-curves. The total crack extensions were small (< 500 pm) and as such physiologically relevant.

R-curve determination was limited to small-scale bridging conditions.

SAXS/WAXD testing. Samples of human cortical bone were prepared with a low-speed saw
and polished to a final dimension of roughly 15 mm x 1 mm x 200 pum, such that the long axes of
the samples and bone were parallel. The samples were wrapped in HBSS-soaked gauze for at

least 12 h prior to testing.

The samples were loaded in tension at a displacement rate of 1 um/s in a custom-made rig
with a 5-kgf load cell (Omega, LC703-10). The rig was positioned in beamline 7.3.3 at the
Advanced Light Source (ALS) synchrotron radiation facility (Lawrence Berkeley National
Laboratory, Berkeley, CA), such that SAXS/WAXD data were collected simultaneously with
mechanical loading#. The testing was performed at 25°C on continuously hydrated samples. A
high-speed Pilatus detector and a Quantum CCD X-ray detector (Area Detector Systems
Corporation) were positioned at ~4100 and ~250 mm from the sample, respectively, to collect
SAXS and WAXD data.

The tissue strain was measured by imaging the change in spacing of horizontal lines marked
on the sample’s surface, which were later analyzed with image analysis software (National
Instruments Vision Assistant 8.5); the lines” displacement was divided by the separation at zero
load to determine the bulk tissue strain. The analysis software IGOR Pro (Wavemetrics) was
used in conjunction with the custom macro NIKA (Jan Ilavsky, Argonne National Laboratory)
to convert the 2-D data to 1-D. The sample-to-detector distance and beam center were calibrated
with standards. The 2-D SAXS and WAXD data were converted to 1-D by radially integrating
over a 10° sector and a 20-pixel wide sector, respectively oriented parallel to the direction of
loading. The first-order collagen peak and the (0002) HA peak were found by fitting the 1-D
datasets with a Gaussian function and a fourth-order polynomial. The strain in the collagen
fibrils and mineral were measured as the change in position of the corresponding peak’s center

divided by its location at zero load.

X-ray computed micro-tomography. Synchrotron x-ray computed micro-tomography was
performed at the ALS (beamline 8.3.2) to visualize the 3-D distribution of secondary osteons
and the crack path after R-curve testing. An incident x-ray energy of 18 keV was selected with

an exposure time of 350 ms. The final spatial resolution was 1.8 um per voxel. The datasets were

nt During mechanical testing, samples were exposed to x-rays for 0.5 s every 15 s limiting the total x-ray exposure to

30 kGy to minimize its influence on the mechanical properties (35)
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reconstructed using the software Octopus (63) and 3-D visualization was performed using
Avizo™ software (64). Through a series of binary pixel open, close and erode operations, the
morphology of the bone volume was binarized. Calculations of the Haversian canal diameter
were performed using a 3-D ellipsoid fitting algorithm. The average osteonal density was

derived from the ratio of the binary black pixels over the total image stack volume.

Accumulation of advanced glycation end-products. A fluorometric assay was performed to
evaluate the extent of AGEs in the bone samples. A section of the humeral midshafts was
demineralized using EDTA and then hydrolyzed using 6 N HCl (24 h, 110°C). AGE content was
determined using fluorescence readings taken using a microplate reader at the excitation
wavelength of 370 nm and emission wavelength of 440 nm. These readings were standardized
to a quinine-sulfate standard and then normalized to the amount of collagen present in each
bone sample. The amount of collagen for each sample was determined based on the amount of
hydroxyproline, the latter being 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 (65).
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Fig. 1. Each level of the hierarchical structure influences the deformation and fracture
of human cortical bone; the smaller levels affect the intrinsic toughness, while the
higher length-scales impact the extrinsic toughness. At the nanoscale, the polymeric
nature of the collagen molecules allows them to uncoil and slide with respect to one
another by breaking sacrificial bonds that absorb energy (2, 6). Sacrificial bonding also
exists within higher levels of the hierarchy through shearing/stretching of the
interfibrillar matrix and between fibrils (fibrillar sliding) (1, 3, 4). The process of
microcracking can act as a plasticity mechanism by dissipating energy at coarser length-
scales typically exceeding several microns (5). Extrinsic mechanisms primarily act at the
microstructural level by the interaction of growing cracks with the osteons; the weak
boundaries in the secondary osteons absorb energy by microcracking during crack
growth to toughen the structure mainly via crack bridging and crack deflection/twist (7,
8, 12).
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Fig. 2. In vitro mechanical properties of human cortical bone in 25°C HBSS as a function
of age showing (a) strength and (b) fracture toughness R-curve properties for the Young,
Middle-Aged and Aged groups. The R-curve results encompass (long crack growth)
previous data, measured using crack sizes from ~500 pm to several mm (12), in addition
to the current results on realistically short crack extensions (< 500 pm) performed in situ
in the ESEM. The inset schematics describe the orientation of the osteons with respect to

the sample geometry.
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Fig. 3. (a,b) X-ray computed micro-tomography of Young and Aged bone samples show
3-D images of the crack profile after roughly 500 um of crack growth from a razor-
sharpened notch (white arrows). (c,d) SEM images during small-crack R-curve
experiments confirm the presence of large crack bridges (other arrows) in Young bone
and smaller bridges in Aged bone. The increased osteonal density in older bone leads to
smaller and less frequent crack bridges and correlates with the marked reduction in the
slope of the R-curves with age.
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Fig. 4. X-ray computed tomography was also used to image the size and density of
Haversian canals in (a) Young and (b) Aged human cortical bone (the color coding
indicates the diameter of the Haversian canals). (c) Aged bone has nearly three times the
osteonal density (On.Dn.) as Young implying more cement lines for microcracks to

initiate and smaller crack bridges during crack growth.
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Fig. 5. The results of the (a) SAXS and (b) WAXD experiments for tensile testing of
Young and Aged cortical bone samples in the longitudinal orientation. For each
individual tensile test, the strain values were binned every 0.1% tissue strain; then, for
each age group, the average and standard deviation of the binned values were
calculated and are shown as the dots and error bars, respectively. Inset (c) shows a
representative stress-strain curve for the tensile tests. (d) At a fixed tissue strain, the
individual strain in the fibrils is ~25% smaller in Aged bone than Young bone, while

changes in the mineral strain are not significant.
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Fig. 6. The accumulation of advanced glycation end-products (AGEs) was
fluorimetrically quantified in the cortex of Young and Aged bone samples. These results
indicate that the Aged bone contained nearly three times as many fluorescent crosslinks

as the Young bone.
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