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Abstract
The ability of bone to resist catastrophic failure is critically dependent upon the material properties
of bone matrix, a composite of hydroxyapatite, collagen type I, and noncollagenous proteins. These
properties include elastic modulus, hardness, and fracture toughness. Like other aspects of bone
quality, matrix material properties are biologically-defined and can be disrupted in skeletal disease.
While mineral and collagen have been investigated in greater detail, the contribution of
noncollagenous proteins such as osteopontin to bone matrix material properties remains unclear.
Several roles have been ascribed to osteopontin in bone, many of which have the potential to impact
material properties. To elucidate the role of osteopontin in bone quality, we evaluated the structure,
composition, and material properties of bone from osteopontin-deficient mice and wild-type
littermates at several length scales. Most importantly, the results show that osteopontin deficiency
causes a 30% decrease in fracture toughness, suggesting an important role for OPN in preventing
crack propagation. This significant decline in fracture toughness is independent of changes in whole
bone mass, structure, or matrix porosity. Using nanoindentation and quantitative backscattered
electron imaging to evaluate osteopontin-deficient bone matrix at the micrometer level, we observed
a significant reduction in elastic modulus and increased variability in calcium concentration. Matrix
heterogeneity was also apparent at the ultrastructural level. In conclusion, we find that osteopontin
is essential for the fracture toughness of bone, and reduced toughness in osteopontin-deficient bone
may be related to the increased matrix heterogeneity observed at the micro-scale. By exploring the
effects of osteopontin-deficiency on bone matrix material properties, composition and organization,
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this study suggests that reduced fracture toughness is one mechanism by which loss of
noncollagenous proteins contribute to bone fragility.
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Introduction
Currently, bone mineral density (BMD) is the most common diagnostic used to assess fracture
risk [1,2], yet less than half of non-vertebral fractures can be explained by BMD alone [3]. The
limitations of using solely BMD for the prediction of fracture risk can even be shown in
vitro. The mechanical competence of healthy human bone is compromised when exposed to
chemical treatments that affect the organic matrix but not BMD [4-7]. These findings are not
surprising given that the inorganic mineral is only one of several constituents that make up the
complex hierarchical composite that is bone. To better reflect these complexities, the scientific
and medical communities have adopted the term “bone quality” to summarize the aspects of
bone that contribute to fracture risk but are not encompassed by BMD measurements [8]. Bone
quality, the subject of growing interest and research efforts, comprises a number of parameters
such as the microarchitecture of trabecular bone, prevalence of microcracks, bone geometry
and, importantly, bone matrix material properties.

Bone matrix material properties, including elastic modulus, hardness, and fracture toughness,
reflect the ability of bone to resist deformation and catastrophic failure. Even without changes
in bone mass, average mineralization or bone shape, the alteration of bone matrix material
properties can dramatically impact the mechanical competence of bone. For example, it is
known clinically that defects in bone matrix material properties due to increased collagen cross-
linking likely contributes to bone fragility in diabetes [9,10], whereas collagen point mutations
contribute to bone fragility in osteogenesis imperfecta [11]. Even in healthy tissue, bone matrix
material properties are biologically regulated [12,13] and anatomically distinct [14]. Bone-
specific material properties are present across multiple species, suggesting that their regulation
is functionally advantageous and evolutionarily conserved. However, the mechanisms that
specify the material properties of bone matrix remain largely unknown.

Bone matrix is a composite of osteoblast-derived collagen and noncollagenous proteins (NCPs)
that undergoes mineralization. Both the mineral and organic components of bone matrix
contribute to its characteristic hardness and toughness, and defects in the composition or
organization of either can cause bone fragility. While the roles of mineral and of collagen type
I in bone quality have been investigated in some detail [15-20], we know little about the
influence of the noncollagenous proteins on bone matrix material properties. Noncollagenous
proteins such as osteocalcin, osteopontin (OPN) and others comprise a relatively small
percentage of the bone matrix volume or weight, but they may contribute to bone matrix quality
in a number of ways. Noncollagenous proteins control hydroxyapatite crystal nucleation,
growth, shape and size as well as facilitate attachment between the major organic (collagen)
and inorganic (hydroxyapatite) phases [21-26]. In addition to their effects on mineral, it has
more recently been suggested that the intrinsic properties of certain NCPs could also be
important for the material properties of bone matrix [27]. Networks of highly phosphorylated
proteins such as OPN exhibit a molecular self-healing character allowing them to repeatedly
dissipate large amounts of energy when loaded in tension [6]. Such protein networks were also
found to have an energy storage mechanism and, importantly, exhibit large cohesion and
toughness [28]. Hence, the role of NCPs, particularly OPN, as determinants of bone matrix
material properties and fracture resistance warrants further study.
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Although OPN deficiency has previously been shown to impair the macro-mechanical
properties of whole bones, the mechanism for this impairment remain unclear. Duvall et al.
[29] found a decreased maximum load and torque, as well as work to failure in OPN deficient
mice, but these tests do not explore the underlying changes in bone matrix material properties
and ultrastructure. Therefore, the origin of the effect of OPN on bone quality is unclear, which
is in part due to the multiple roles attributed to it. OPN facilitates osteoclast attachment and
guides mineral deposition by influencing crystal shape and size [23,25,30]. OPN, as well as
other noncollagenous proteins, are enriched in cement lines, lamellar interfaces, and
interfibrillar spaces of mineralized collagen fibrils [31-34]. High-resolution imagery shows
that bone ultimately fails through delamination of mineralized collagen fibrils [6,35-37].
Therefore, perturbation of either the mineral or organic components at these interfaces due to
genotype, such as OPN-deficiency, or disease, such as osteoporosis, could dramatically impact
fracture resistance. Therefore, we hypothesized that OPN, because of its effects on bone
mineral and its localization in interfibrillar spaces, is critical for the material properties of bone
matrix.

In order to investigate this hypothesis, bones of male OPN-deficient (OPN -/-) mice and wild-
type littermates (WT) were evaluated to determine the role of OPN in bone structure,
composition, and mechanical and material behavior. Our most important result was a
significant decrease in fracture toughness due to OPN deficiency. Fracture toughness is
influenced by a multitude of factors including uncracked-ligament bridging, microcracking,
crack deflection, and porosity [38-40]. As these factors arise at multiple length-scales, our
analysis extended from the whole bone level down to the composition and organization of
individual matrix constituents.

Materials and Methods
Mice

Osteopontin-deficient mice (OPN-/-) on a C57BL/6 background were purchased from the
Jackson Laboratory [41]. Protocols were performed as approved by the Institutional Animal
Care and Use Committee. Male mice were sacrificed at 8 weeks of age. Harvested hind limbs
were cleaned of soft tissue. Left tibiae were stored in Hanks' balanced salt solution (HBSS)
containing 0.05% NaN3 at 4°C for a maximum of 5 days, whereas all other bones were wrapped
in HBSS soaked gauze and stored in sealed plastic pouches at -80°C.

Fracture Toughness
Dissected femora from 9 mice of each genotype were tested in bending to measure the fracture
toughness. For such measurements, ASTM standards [42] require that fracture is initiated from
a sharp precrack. Generally, this is achieved by fatigue precracking, but this is not really
feasible for small mouse bones. Because of this, machined notches have often been used, but
more often than not, these are not sharp enough to obtain an accurate toughness measurement.
Accordingly, we use a micro-notching technique here, where machined notches are sharpened
by “polishing” with a razor blade using 1 μm diamond polishing solution to cut the bone
midshaft through the posterior wall of the femur. The resulting micro-notches were maintained
at ∼ 1/3 of the bone diameter in length with a reproducible notch root radius of ∼10 μm [43].
In this study, femora were tested in 37°C HBSS in a three-point bending configuration with a
custom-made rig for the ELF 3200 mechanical testing machine (ELF3200, EnduraTEC,
Minnetonka, MN), in general accordance with ASTM Standard E-399 [42] and E-1820 [44]
and as discussed in previously developed methods for small animal bone testing [43]. Testing
was conducted in displacement control at a cross-head displacement rate of 0.001 mm/s. Half-
crack angle at point of instability was determined by scanning electron microscopy. Fracture
toughness, Kc, was calculated using a stress-intensity solution for a circumferential through-
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wall flaw in cylinders [45]. This methodology and its motivations are discussed in more detail
by Ritchie et al. [43].

Areal Bone Mineral Density (aBMD) Measurement
aBMD of dissected spines (N=9 WT, 11 OPN-/-) and femurs (N=6 WT, 7 OPN-/-) was
measured using a PIXImus mouse densitometer (GE Lunar II, Faxitron Corp., Wheeling, IL).
Importantly, it should be noted that this areal BMD measurement is a combined measure of
tissue mineral content as well as the structural organization of bone.

Micro-Computed Tomography
Dissected femora from 6 mice of each genotype were subjected to micro-computed tomography
to determine cortical thickness. Femora were scanned fully hydrated in a benchtop CT 160Xi
tomography system (XTEK, Tring, UK) using an acceleration voltage of 75 kV and a current
of 60 mA. 1920 projections were recorded for each bone. Bone was segmented from
reconstructed volumes using an adaptive threshold algorithm [46], from which the region of
interest (ROI) containing only the midshaft of each bone was chosen for quantitative analysis.
Segmentation and processing of ROIs was done using algorithms programmed in IDL (ITT,
Boulder, CO). As each slice was roughly perpendicular to the long axis of the bone, a 2D
component labeling algorithm allowed detection of the main bone compartment as well as the
medullary cavity and outside void space. A thickness map of the cortical bone was obtained
by filling the outside void space and performing a 3D distance transformation. The individual
thickness values were obtained from the outermost voxels of the cortical bone surface using a
morphological erosion, which allowed determination of average cortical bone thickness.

Synchrotron Radiation Micro-Computed Tomography
Femora from 2 mice of each genotype were tomographically imaged using synchrotron
radiation. These experiments were performed at Beamline ID19 of the European Synchrotron
Radiation Facility (ESRF). A 2 mm long region of the midshaft of each femur was scanned,
as described in [47], at a photon energy of 20 keV and a voxel size of 1.4 μm. Histograms of
reconstructed volumes were bimodal distributions with peaks representing either bone or void
space. For each sample, the peak representing bone was fitted with a Lorentzian function and
analyzed in terms of peak position and full width at half maximum (FWHM), which represent
average calcium concentration and calcium concentration variability, respectively. In addition,
the volumes were processed for bone porosity using both IDL and ImageJ. In brief, bone was
segmented using an adaptive threshold algorithm [46]. Subsequently the volumes were
subjected slice by slice to a 2D component labeling algorithm in order to suppress noise arising
from soft tissue remnants on the outside surface of the bone as well as in the medullary cavity.
Using morphological operators, all internal voids were filled. The resulting closed bone space
was used as a mask on the original volumes containing only the main bone component. The
resulting volume contained only the void spaces, which were analyzed using a component
labeling algorithm that was programmed to return voids larger than 274 μm3. Detected particles
were ordered by size and a particle size distribution curve was computed. From these data we
computed BV/TV values for the cortical bone as well as the ratios of lacuna pore space
(PSLAC) and blood vessel pore space (PSVES) to the total pore space (PS). Based on the particle
distribution curves, the size threshold for blood vessels was set at 1098 μm3.

Nanoindentation
Dissected tibiae from 4 mice of each genotype were encased in a 2-component epoxy (Stycast
1266, Emerson & Cuming, Henkel, Dusseldorf Germany) without infiltration. Bones were
sectioned with a diamond wafering blade at the midshaft perpendicular to the long axis to
generate cortical bone surfaces for nanoindentation. Retrieved sections were polished with
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sandpaper and diamond suspensions down to a particle size of 0.25 μm. Naonindentation was
performed as described in dry conditions with a Triboindenter (Hysitron, Minneapolis, MN)
equipped with a Berkovich tip [12]. Indents were applied using a trapezoidal loading profile
with a loading rate of 100 μN/second, peak load of 600 μN, and a hold period of 10 seconds.
From the resulting load-deformation curves, local elastic modulus was calculated as described
[48]. Three sets of 10 nanoindentation points were performed in a line with a 5 μm separation.
Mean values for each mouse were averaged to determine the average and standard errors for
elastic modulus and hardness for each genotype.

Quantitative Back Scattering Imaging (qBEI)
Sections of tibial cortical bone adjacent to those used for nanoindentation were carbon-coated
in preparation for qBEI. QBEI images for each of 5 bones for each genotype were acquired
using a Hitachi S-4300SE/N environmental scanning electron microscope (ESEM) (Hitachi
America, Pleasanton, CA) at 20keV electron beam energy and 1000X magnification under
high-resolution image mode as described in [49]. For each bone, three images of mid-cortical
bone matrix were taken in regions that generally corresponded to those tested by
nanoindentation. As described in detail by Roschger et al. [49], grayscale values from QBEI
images were calibrated using hydroxyapatite and carbon standards (MAC Consultants, St. Ives,
UK) and beam current was controlled using a Faraday cup in then center of the standard. Fitting
the bone mineral density distribution with a Gaussian curve allowed determination of the
calcium concentration (weight %) and variability. Graphs indicate the mean and standard error
of values for 5 mice, each of which reflects the mean of the three qBEI measurements.

Small Angle X-ray Scattering (SAXS)
Tibiae from 4 wild-type and 3 OPN-/- mice were thawed, air-dried and embedded in a 2-
component epoxy (Stycast 1266). Embedded tibiae were sectioned parallel to their long axis
using a diamond wafering blade. Cut sections were thinned to approximately 300 μm in
thickness using a polishing wheel. SAXS patterns for several sections of the cortical bone were
acquired using a benchtop system with Cu Kα radiation (Nanostar, Bruker, Madison, WI) as
well as a dedicated experiment at beamline 8.3.3 at the Advanced Light Source (ALS) at the
Lawrence Berkeley National Laboratory using an X-ray energy of 10 KeV. Acquired patterns
were absorption-corrected and azimuthally integrated to calculate mean crystal thickness
[50]. Values using these two approaches were pooled.

Transmission Electron Microscopy (TEM)
Two methods of sectioning were chosen: Ultramicrotomy (UM) and Focused Ion Beam Milling
(FIB). 1. Ultramicrotomy: Additional tibiae from 2 mice of each genotype were fixed in
anhydrous ethylene glycol for 24 hr, dehydrated by rinsing in 100% ethanol three times for 5
min in acetonitrile, and then infiltrated with resin (Agar Scientific) over several days. Mounting
resin was prepared with 12 g Quetol, 6.5 g methyl nadic anhydride (MNA), 15.5 g
nonenylsuccinic anhydride (NSA), and 0.7 g benzlydimethylamine (BDMA). The samples
were agitated at room temperature in 1:1 solutions of acetonitrile and resin for 1 day, then 1:2
acetonitrile resin for 1 day, and finally 100% resin for 3 days under vacuum; the resin was
changed every 24 hr. Samples were then cured in fresh resin for 24 hr at 60°C. Silver to gold
sections (70–90 nm) were cut onto distilled water with an ultramicrotome using a 35 degree
diamond knife. Samples were collected immediately on lacy carbon 300 mesh copper grids.
2. Focussed ion beam milling: For each of 2 tibiae per genotype, focused ion beam milled
sections of approximately 80 nm thickness were prepared using FIB 200 (FEI Company,
Hillsboro, OR) which is a single focused gallium ion beam (FIB) instrument. The samples were
first coated with approximately 40-50 nm of gold to minimize specimen charging during FIB-
milling. Before milling, a platinum layer, 20 μm × 2.5 μm and 1 μm thick, was deposited over

Thurner et al. Page 5

Bone. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the area of interest on each of the two coated samples. Thin sections were prepared parallel to
the long axis of the samples. The FIB ion beam was operated at 30 kV with beam currents that
ranged from 3 nA to 100 pA with the lower current used for final polishing of the electron-
transparent portion of the sample.

For TEM analysis, bright field imaging was performed on a JEOL 2000 FX TEM using
operating voltages of 120 and 200 kV. Multiple longitudinal and transverse sections were
investigated for each bone to assess nanoscale tissue organization. Quantitative analyses
included measurement of hydroxyapatite dimensions, collagen fibril diameter and D-banding.
To study the collagen fibril diameter, selected sections where decalcified in 5% ethylene-di-
aminetetra-acetic acid (EDTA) disodium salt (Sigma, St. Louis, MO) in 0.1 M Pipes buffer
(pH 7.4) for 15 minutes. The decalcified sections were subsequently stained with uranyl-acetate
and lead citrate for 5 minutes in each. The collagen fibril banding pattern was also evident in
non-stained TEM sections prepared by FIB.

The thickness of the crystals was measured from TEM images using methods described in
[51]. Crystals were observed both on edge and en face within the mineralized collagen fibrils.
Crystals oriented en face were plate-like in shape with no well defined profile, whereas crystals
on edge were needle-shaped with a well defined, oblong profile. The plate-like dimension of
the crystals could not be determined accurately due the scarcity of clearly visible plate-like
crystals. In comparison, the needle-like crystals were generally uniform and much easier to
isolate and measure. The thickness of these needle-like crystals were measured for both UM
and FIB prepared OPN-/- and WT bone sections using N=50 for apatite thickness.

In order to confirm the 3D morphology of the crystals and the supposition that differences in
contrast observed from the crystals observed on edge and en face arises from differences in
their orientation, tilting experiments were performed. Nine images were taken with a variation
of tilt angles ranging from -20° to +20° with 5° increments. Ultramicrotomy prepared WT and
OPN-/-were imaged to determine a difference in 3D morphology of crystal apatite. These tilting
experiments confirmed that the needle-like crystals were actually plate-like crystallites viewed
on edge.

Demineralized Bone Testing
Dissected femora from 5 mice of each genotype were thawed and cut at both ends to permit
flushing with HBSS to remove bone marrow. The samples were demineralized in a 19% EDTA
solution containing 0.05% NaN3, 2 μg/ml leupeptin and 2 μg/ml aprotinin for 3 days.
Subsequently, the samples were soaked in 110 mM NaCl, 40 mM CaCl2, and 10 mM HEPES
overnight, after which they were prepared for tensile testing according to Silva et al. [19].
Tensile testing was performed in 20°C HBSS using custom grips and a small scale mechanical
tester (ELF3200, Bose) at a displacement rate of 0.1 mm/s. Digital video recordings of the
specimens, marked with Verhoeff's stain at two points, allowed determination of strain in the
gauge region of the samples using a custom algorithm (Labview 8.6, National Instruments,
Austin, TX), from which tensile strength and elastic modulus were calculated. Sample width
was determined from digital images. Thickness was based on measurements using a pair of
calipers and micro-CT. In brief, we compared cortical thickness of a set of mineralized femora
determined using micro-CT and image processing, including a distance transform, with cortical
thickness of a set of demineralized femora determined using a pair of calipers and found good
agreement of average thicknesses without any significant differences between the two methods.
Therefore, calipers were used measure cortical thickness of the remaining demineralized
samples used for tension testing in order to minimize protein degradation due to ambient
exposure.
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Statistics
Statistical comparisons of data for OPN-/- and WT mouse bones were compared using two
tailed Student's T-test using a significance threshold of p=0.05.

Results
Reduced fracture toughness in OPN-deficient bone

Bone's fracture resistance is significantly derived from its ability to impede the propagation of
cracks once a fracture is initiated [52]. Fracture toughness testing measures a material property
of bone, specifically the ability of a bone to resist crack propagation independently of its ability
to resist crack initiation. To determine if OPN is important for the ability of bone to resist crack
propagation, dissected femora from wild-type and OPN-/- mice were prepared for fracture
toughness testing. Femora were notched at the mid-diaphysis and loaded to failure in a three-
point bending configuration (Figure 1A). The fracture toughness of wild-type femora (Kc =
5.55 ± 1.78 MPa m1/2) was consistent with previously reported values [12,43]. However, the
fracture toughness of OPN-/- femora (3.87 ± 0.79 MPa m1/2) was 30% lower than wild-type
values (p<0.05, Figure 1B). This result is significantly above the coefficient of variation (18%)
for analysis of fracture toughness in mouse bone. Therefore, the reduced fracture toughness
indicates that OPN deficiency compromises the ability of bone to resist crack propagation.

Though the reduced fracture toughness of the OPN-deficient bone likely contributes to the
bone fragility reported by Duvall et al. [29], the mechanisms by which OPN contributes to
fracture toughness remain unclear, in part due to the multiplicity of roles for this protein. For
example, OPN has been previously been shown to influence bone remodeling [53] and mineral
crystallization [54], both of which may impact the ability of bone to resist fracture. In an effort
to better understand the contribution of the OPN protein to the mechanical competence of bone,
the structural and material properties of bone from OPN-deficient mice were investigated at
multiple length scales.

Loss of fracture toughness is not accompanied by loss of bone mass or cortical thickness
At the largest length scale, bone mass and structure influence the ability of bone to resist
fracture. Accordingly, DEXA and micro-CT analysis were used to evaluate bone mass and
structure in wild-type and OPN-deficient mice. DEXA analysis showed a significant increase
in the aBMD of the OPN-deficient mouse spine, which is composed primarily of trabecular
bone (Figure 2A). Since OPN-deficient mice have previously been reported to possess
increased trabecular bone volume [55], this observation validated the OPN-deficient phenotype
of the mice used in this study. However, OPN-dependent differences in areal aBMD were not
apparent in femora (Figure 2B). The structural features of cortical bone were examined more
carefully using micro-CT since this is the region that was assayed in fracture toughness tests.
The cortical thickness of OPN-deficient femora (318 ± 36 μm) did not differ significantly from
that of wild-type bones (303 ± 28 μm), (Figures 2C, 2D), a finding that is consistent with
Koyama, et al. [56]. Hence, there are no macroscopic changes in cortical bone mass or geometry
which could be responsible for the OPN-dependent reduction in fracture toughness.

Absence of changes in porosity in OPN-deficient mice
Microstructural features such as microcracks or changes in bone porosity can impact the
fracture toughness of bone. To assess the effect of OPN-deficiency on cortical bone porosity,
bones were examined by synchrotron radiation micro-computed tomography (SRμCT).
Figures 3A and 3B show reconstructed slices of cortical bone from wild-type and OPN-
deficient femora, respectively. Quantitative analyses revealed no significant differences in
overall cortical bone volume or porosity (BV/TVWT 0.9386 ± 0.0011, BV/TVOPN-/- 0.9317 ±
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0.0042), (Figure 3C). Reconstructed images, such as the example shown in Figure 3D, were
used to evaluate the distribution of pore size. A threshold set based on pore size was used to
distinguish between osteocyte lacunae which represent approximately 47-48% of the pore
volume (Figure 3F), and blood vessels which comprise the remaining 52-53% (Figure 3G). No
differences in the distribution of pores for osteocyte lacunae or vasculature were observed
between wild-type and OPN-deficient mice (Figure 3H). In addition, pore organization also
appeared to be very similar with no evidence of the qualitatively striking differences in blood
vessel or lacunae organization that were reported by Schneider et al. [47]. Therefore, the loss
of fracture toughness in OPN-deficient bones is also not a result of microstructural defects in
porosity.

OPN-deficiency results in decreased indentation modulus
This suggests that the factors responsible for the reduced fracture toughness were independent
of bone size and shape. Several proposed mechanisms for bone toughening occur at smaller
length scales. Therefore, we analyzed bones from WT and OPN-deficient mice using several
higher resolution approaches. Nanoindentation was used to evaluate the local material
properties of tibial cortical bone matrix. The hardness reflects the ability to resist plastic
deformation whereas the indentation modulus reflects the ability of the mineral/protein
composite to resist elastic deformation. Although bone matrix hardness did not differ between
wild-type and OPN-deficient mice, the indentation modulus for OPN-deficient mice was
reduced to 20.3 ± 1.0 GPa compared to 23.9 ± 1.7 GPa (p<0.05, Figure 4A). The 15% decrease
in indentation modulus in OPN-deficient mice is consistent with the recent observations of
Kavukcuoglu, et al [57].

Increased calcium variability in osteopontin-deficient bone matrix
Defects in either the mineral or the organic matrix can alter the indentation modulus. To relate
the changes in local indentation modulus to changes in local mineral content, cross-sections
of wild-type and OPN-deficient tibial cortical bone were evaluated by quantitative
backscattered electron imaging (qBEI). This approach was chosen because it queries bone
matrix at the same length scale as nanoindentation; nanoindentation probes matrix material
properties in the superficial 4 μm, whereas QBEI, at 20 keV electron energy, quantifies the
mineral concentration of the superficial 2 μm of the section [58]. Figures 5A and 5B show
representative qBEI images from wild-type and OPN-deficient bone matrix, each of which
approximately corresponds to the sites of nanoindentation. Interestingly, significant
differences in average matrix calcium concentration were not apparent (Figure 5C). However,
the average full width at half maximum (FWHM) of the bone mineral density distribution
curves was increased by 5% to 2.89 ± 0.06 wt%Ca in OPN-deficient bone compared to 2.76
± 0.05 wt%Ca in the WT bone, demonstrating an increase in calcium variability (Figure 5D).
Therefore, OPN-deficient bone matrix has a significantly higher variability of calcium
concentration. Though not significantly different, a similar trend was observed by SRμCT
(Figure 5E).

A combination of in vitro and in vivo studies has implicated OPN in the control of mineral
crystal maturity and size [23,53,54,59]. Therefore, we hypothesized that OPN-deficiency might
have more significant effects on crystal organization and size than it did on mineral
concentration. Small angle X-ray scattering (SAXS) was performed to evaluate the effect of
OPN-deficiency on bone matrix mineral organization. In SAXS, changes in the symmetry of
the diffraction pattern indicate altered organization of the matrix, whereas the t-parameter can
be used to determine crystal thickness. Osteopontin-dependent differences were not apparent
either in the distinct diffraction features originating from the collagen D-banding or in the
ellipsoid pattern originating from the alignment of the mineral crystals along the long axis of
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the bone (Figure 6A). Figure 6B shows the quantitative analysis of mean crystal thickness in
OPN-deficient bone matrix relative to WT matrix.

To examine the effect of OPN deficiency on bone matrix organization, transmission electron
microscopy studies were performed. However, these studies did not provide conclusive
evidence with regards to differences in collagen organization (Figure 6) in OPN-deficient bone
or changes in apatite length, collagen fibril width, or collagen fibril banding (Table 1). So whilst
bone matrix did show increased heterogeneity in qBEI images (Figure 5) a similar increase in
heterogeneity could not be detected at the ultrastructural level.

Tension testing of demineralized osteopontin-deficient bone matrix
The subtle differences in matrix mineralization in OPN-deficient mice suggested that the OPN
protein itself might contribute to the mechanical properties of bone. In vitro studies have shown
that OPN can form self-healing networks with very high toughness that might be important for
the material properties of bone, independently of the role of OPN in regulating mineral
deposition [28,60]. To examine the role of OPN in bone matrix material properties in the
absence of mineral, test specimens were cut in a standard geometry from demineralized femora
of wild-type and OPN-deficient mice [19]. Specimens evaluated in tension tests showed no
differences in ultimate peak tensile strength or elastic modulus (Figure 7). Although an intrinsic
contribution of the OPN protein to the mechanical behavior of bone matrix was not detectable
at the macro-scale, studies on smaller scale specimens or in different geometries may be more
informative.

Discussion
By combining approaches that assess the material properties and composition at different levels
of bone hierarchy, the present results reveal that OPN participates in establishing bone matrix
material properties. Most notably, OPN deficiency results in 30% decreased fracture toughness,
suggesting an important role for OPN in impeding crack propagation. This marked decline in
fracture toughness was independent of changes in whole bone mass, structure, or matrix
porosity. The search for mechanisms potentially responsible for the loss of fracture toughness
revealed that OPN-deficient cortical bone has a significantly reduced indentation modulus.
Though the reduction in modulus did not correspond to local changes in mineral concentration,
the mineralization and ultrastructural organization of OPN-deficient bone matrix was more
heterogeneous. Some of these features resemble the compositional and mechanical properties
of osteoporotic bone matrix, which also exhibits a significant loss of toughness [18]. In
conclusion, we find that OPN is essential for the fracture toughness of bone. By exploring the
effects of OPN-deficiency on bone matrix material properties, composition and organization,
this study narrows the search for mechanisms by which OPN toughens bone, and how
toughness is lost in skeletal disease such as osteoporosis.

The results of this study extend and confirm previous observations that OPN plays a critical
role in the mechanical behavior of bone. The reduced fracture toughness in the current study
likely contributes to the decreased work to failure observed by Duvall, et al [29]. Work to
failure indicates the ability of bone to resist both crack initiation and crack propagation, whereas
our fracture toughness measurements evaluate resistance to crack propagation. Since
microcracks invariably pre-exist in bone, the latter measurements represent a more appropriate
measure of resistance to fracture. Therefore, at least part of the impaired work to failure is due
to the role of OPN in impeding crack propagation. Similar to Kavukcuoglu et al. [57], our
nanoindentation studies showed a decrease in elastic modulus. Although Duvall et al., reported
an increase in elastic modulus in OPN-deficient bone matrix, this value was ascertained in
whole bone three-point bending studies. Differences between elastic modulus values measured
by nanoindentation and those acquired by three-point bending have previously been reported
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[61]. Such differences can be explained by the anisotropic properties of bone and the
contribution of hierarchical structural elements that influence mechanical behavior when going
from the nanoor micrometer level to the whole bone. While elastic modulus and fracture
toughness are related, the dependence of elastic modulus on fracture toughness is not linear,
which suggests that the smaller decrease in elastic modulus in OPN-deficient bone alone cannot
explain the detected decrease in fracture toughness.

The reduced fracture toughness of OPN-deficient bone is also not explained by structural
changes. Fracture toughness tests evaluate the material properties of cortical bone, which
showed no difference in cortical thickness or bone volume. The fact that we did not detect such
changes in cortical bone suggests that growth and development in OPN-deficient mice is
normal, which is in accordance with previous communications [62]. In contrast, spine aBMD,
representing primarily of trabecular bone, was increased. aBMD is a combined measure of
both structure tissue mineral content and represents, in the case of the spine, primarily
trabecular bone, due to its high volume fraction in vertebrae. Trabecular bone is most sensitive
to changes in osteoclast activity, which is significantly affected by OPN deficiency [55].
Another important structural parameter to consider in cortical bone is the porosity and pore
size distribution. Pores detected by SRμCT may result from lacunae, vasculature or
microdamage [47,63]. Marked changes in pore size distribution or organization could critically
influence the ability of cortical bone to resist crack propagation. As our data show, however,
no such changes are present in OPN-deficient femora suggesting that the effect of OPN on
fracture toughness is not due to changes in the size distribution or organization of pores in
cortical bone.

Progressing to the micrometer length scale, qBEI and nanoindentation provide information on
local mineral content and material properties. Although local elastic modulus typically
correlates with the local mineral concentration, the decreased elastic modulus in OPN-deficient
bone matrix was not accompanied by a reduction in calcium concentration. Instead, QBEI
detected a significant increase in calcium variability in OPN-deficient bone matrix.
Interestingly, this increased heterogeneity of OPN-deficient bone corresponds to recent
observations by Busse et al [18]. These authors investigated the properties of single trabeculae
from bone biopsies of healthy and osteoporotic patients. They reported an increase in mean
calcium concentration and heterogeneity in osteoporotic trabeculae, which was accompanied
by a decrease in elastic modulus and energy to failure, as determined from three-point bending
tests. Furthermore, Grynpas et al. observed a marked decrease in certain NCP fractions in
osteoporotic bone [64]. The extent to which changes in osteoclast activity in OPN-deficient
mice, or in osteoporosis, are responsible for the altered bone matrix material properties remains
unclear and is an important area for future research. Collectively, current studies suggest that
loss of noncollagenous proteins such as OPN may contribute to osteoporosis by compromising
bone matrix material properties.

Although fracture toughness can be affected by matrix material properties, bone structure,
porosity, matrix mineralization or organization [12,52,65], this study shows that these leading
potential mechanisms are insufficient to explain the reduced fracture toughness in OPN-
deficient mice. An attractive area for future research will be investigating the role of cross-
linking of collagenous and noncollagenous extracellular matrix proteins in the reduced fracture
toughness of OPN-deficient mouse bone. Studies on diabetic, osteoporotic and aging bone
highlight the potential role of collagen cross-linking in fracture toughness [9].
Transglutaminase 2 cross-links several noncollagenous proteins in bone, including osteopontin
[66,67]. However, the extent to which defects in matrix protein cross-linking contribute to the
reduced fracture toughness of OPN-deficient mouse bone, or in the altered size-independent
mechanical properties of bones from mice exposed to physical exercise or high-fat diet
[68-70], remains to be fully elucidated.
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We hypothesized that the ability of OPN to form self-healing protein networks [28,60] may
contribute to fracture toughness. OPN and other noncollagenous proteins, are abundant at
interfibrillar interfaces and lamellar/cement lines [31-34]. Microscopic and mechanical
investigations have shown that bone generally fails at these well-defined interfaces, either on
the single mineralized collagen fibril level or at the lamellar/cement line [35-37,39,52,71].
Therefore it can be argued that variability, such as compositional variations, at these interfaces
may influence fracture behavior and hence fracture toughness. The possibility that OPN-
deficiency causes interfacial weakening and a lowered fracture toughness merits further
investigation. Such a mechanistic analysis of fracture behavior could be achieved using a
combination of imaging and fracture toughness testing, as in two recent studies [52,63]. In this
light, it might have also been beneficial to perform tension tests perpendicular to the long axis
of the bone. Due to technical limitations of sample preparation, however, this was not possible.
Consequently, this study does not exclude a direct role for OPN in influencing the fracture
toughness. More advanced sample preparation methods, such as laser microdissection of bone
specimens [72], may enable analysis of specific bone interfaces. In addition, more advanced
multiscale indentation testing, previously reported on cartilage [73], might enable the
investigation of fibrillar and interfibrillar mechanical properties in demineralized bone
samples.

The expression of OPN and other noncollagenous proteins, such as osteocalcin, is highly
regulated throughout osteoblast differentiation. Both factors that regulate bone matrix material
properties, TGF-β and glucocorticoids, also regulate OPN expression in vitro [74]. We
hypothesized that OPN maybe a downstream target of TGF-β in the control of bone matrix
material properties. However, the expression of OPN was not significantly altered in neonatal,
2-month old, or 6-month old transgenic mice (data not shown) that express a dominant negative
TGF-β type II receptor and have increased bone matrix material properties. The downstream
targets of the TGF-β and glucocrticoid pathways that are responsible for the changes in bone
matrix material properties remain unknown. Since these properties are biologically regulated,
anatomically distinct, and important aspects of bone quality, identifying the mechanisms by
which they are established is a critical area for future investigation.

In conclusion, we find that OPN-deficiency significantly impairs the ability of bone to resist
the propagation of incipient cracks, accompanied by a decrease in matrix elastic modulus and
increased calcium variability. Whether the interfacial strength of micro- and nanostructural
features such as cement lines, interlamellar boundaries or mineralized collagen fibrils is also
impaired can neither be proven nor falsified at this stage and requires further study. Importantly,
our results suggest that osteoporotic and OPN-deficient bone share some common hallmarks;
in both cases, local mineral distribution is altered and leads to increased heterogeneity. Hence,
the possibility of using noncollagenous proteins such as OPN as biomarkers for the mechanical
competence of bone should be further investigated.
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Figure 1. OPN-deficient bone has reduced fracture toughness
The test configuration is shown schematically (A). A notched femur is tested in three-point
bending, with the polished notch on the posterior of the femur, opposite the applied load. An
examination of the broken cross section (bottom of schematic and SEM image) after the test
reveals a smooth notched region, from which extends a stable crack growth region, followed
by unstable cracking for the remaining circumference of the sample (approximate borders
between these regions are indicated with dashed lines in the SEM image). Further details on
this fracture toughness testing procedure are described in [43]. Asterisks (*) indicate
statistically significant differences in fracture toughness (p<0.05) in WT and OPN-deficient
bone. (B).
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Figure 2. Femoral bone mineral density and cortical thickness are not affected by OPN deficiency
DEXA analysis of dissected spines (A), but not femora (B), showed OPN-dependent
differences in areal bone mineral density (aBMD), (**, p<0.01). As shown by the arrows in
panel C, micro-computed tomography data of dissected femora from OPN-/- mice and their
wild-type littermates were used to determine cortical thickness (D).
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Figure 3. Cortical bone porosity is not affected by OPN-deficiency
Synchrotron radiation micro-computed tomographic (SRμCT) analysis of cortical femoral
bone from OPN-/- mice (B) and wild-type littermates (A) showed no differences in bone
volume (BV/TV) (C). The size distribution of cortical bone pores was assessed in wild-type
(open circles) and OPN-/- mice (grey squares) using reconstructed images (D, E). Based on
particle size, pores were segmented as blood vessels (F) or osteocyte lacunae (G). Quantitative
analysis of lacunar pore volume (PVLac/PV) and blood vessel volume (PVVes/PV) showed no
OPN-dependent differences (H).
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Figure 4. OPN-deficiency impairs the elastic modulus of cortical bone matrix
Cross-sections of polished mid-tibial cortical bone matrix were assessed by nanoindentation
to determine elastic modulus (A) and hardness (B), (*, p<0.05).
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Figure 5. OPN-deficiency increases mineral heterogeneity
Bone specimens equivalent to those in Figure 4 were assessed by quantitative backscattered
electron imaging to evaluate local variation in matrix mineralization in wild-type (A) and
OPN-/- (B) mice. Mineral concnetration in bones was calibrated to standards to produce a
pseudo-color scale, with yellow regions indicating the highest mineral concentration (given in
wt%). Though no differences in mineral concentration were detected (C), OPN-/- bone matrix
had significantly increased mineral heterogeneity (D), (*, p<0.05). A similar, however,
insignificant trend in mineral heterogeneity was also detected in the samples imaged with
synchrotron radiation micro-computed tomography (SRμCT) (E).
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Figure 6. Analysis of mineral and collagen size and organization
Panel A shows a representative diffraction pattern from small angle X-ray scattering analysis,
which showed trends (p=0.09) towards lower crystal thickness in OPN-deficient (1.930 ±
0.039) nm vs. WT (2.044 ± 0.036) nm tibial cortical bone (B). Representative images of
samples prepared by focused ion beam (FIB) milling (C, D) showed no differences in collagen
organization; but those prepared by ultramicrotomy showed increased in matrix
disorganization in OPN-/- femoral cortical bone matrix (F) relative to wild-type (E).
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Figure 7. OPN-deficiency does not compromise the tensile strength of demineralized bone matrix
Tensile testing of specimens of demineralized femoral bones showed no difference in tensile
strength (A) or elastic modulus (B).
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Table 1

Quantitative analysis of apatite and collagen by transmission electron microscopy.

Variable Wild-type OPN-deficient

Apatite Thickness (nm) 2.26 ± 0.38 2.16 ± 0.48

Collagen Fibril Width (nm) 79.14 ± 2.20 78.8 ± 2.33

Collagen Banding (nm) 67.3 ± 2.42 65.1 ± 2.67
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