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Contributions of Raman spectroscopy to the
understanding of bone strength

Gurjit S Mandair and Michael D Morris

Department of Chemistry, University of Michigan, Ann Arbor, MI, USA.

Raman spectroscopy is increasingly commonly used to understand how changes in bone composition and structure
influence tissue-level bone mechanical properties. The spectroscopic technique provides information on bone
mineral and matrix collagen components and on the effects of various matrix proteins on bone material properties as
well. The Raman spectrum of bone not only contains information on bone mineral crystallinity that is related to bone
hardness but also provides information on the orientation of mineral crystallites with respect to the collagen fibril axis.
Indirect information on collagen cross-links is also available and will be discussed. After a short introduction to
bone Raman spectroscopic parameters and collection methodologies, advances in in vivo Raman spectroscopic
measurements for animal and human subject studies will be reviewed. A discussion on the effects of aging, osteogenesis
imperfecta, osteoporosis and therapeutic agents on bone composition and mechanical properties will be highlighted,
including genetic mouse models in which structure—function and exercise effects are explored. Similarly, extracellular
matrix proteins, proteases and transcriptional proteins implicated in the regulation of bone material properties will be

reviewed.
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Introduction

Raman spectroscopy has become an important tool in the
assessment of bone quality, because the technique can be
used with fresh, as well as fixed and imbedded, specimens and,
with limitations, can be used for noninvasive measurements on
live animals. The sampling versatility must be balanced
against a lower signal/noise ratio than that obtained in bone
Fourier transform infrared (FTIR) spectroscopy, which provides
much the same information. Although there have been a few
scattered reports of noninvasive acquisition of bone Raman
spectra of human subjects, there have been no validation
studies to date.

The Bone Raman Spectrum

Figure 1 shows a typical Raman spectrum of bone. The major
mineral and matrix bands are summarized in Table 1. Many
assignments are taken from Penel et al.,! with references to
other sources in which more recent work has required mod-
ification of the assignments. Bone matrix band assignments are
mostly those of collagen type |. Most spectra are reported only
for a window from about 400cm ~ ' to about 1750cm . This
region includes characteristic bands of bone mineral and bone
matrix, but it does not include matrix C-H and N-H stretches.

These are found in the 2900-3300cm ~' region. With few
exceptions, these bands contain little information that is not
available in lower wavenumber bands.

Mineral bands that are intense in Raman spectra will be weak
in FTIR spectra, and vice versa. However, although relative
intensities may be different, most matrix bands in the Raman
spectra are the same as in the FTIR spectra. Major exceptions
are a prominent phenylalanine band in the Raman spectrum
(1003 cm ~ ") that is weak or absent in the FTIR spectra and the
prominent amide Il in FTIR spectra (1540-1580cm ™) that is
absent in the Raman spectra® (nonspecialist introductions to
the theory of Raman spectroscopy are available for those who
wish to explore the physical chemistry underlying the general
rules governing relative intensities).>*

There is some variability in the reported position of major
bands. In part, the variability is real and is a function of age,
health status and of differences among human subjects and
among the rodent animal models used. However, there may
also be small 1-2cm ~ ' systematic errors from instrument drift
or miscalibration. Changes of band position from some
reference state such as an age point or before administration of
a chemical agent or an exercise protocol are usually unaffected
if the spectroscopy system is stable over the measurement
period. Reported band intensity ratios may also be affected if
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the detector is not calibrated for the wavelength dependence of
its response or if the analysis does not account for the presence
of one or more weak and unresolved bands. Comparison of
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Figure 1 Baselined-corrected Raman spectrum of mouse cortical bone acquired
using a 785-nm laser. Major bone mineral and matrix collagen band positions and
associated spectral regions are marked.

direct and peak-fitting methods has been reported for some
bands in bone Raman and FTIR spectra.®

The most widely used mineral band is a phosphate band at
~959cm ™" (vsPO3 ~), which is characteristic of carbonated
apatites. The exact position is sensitive to mineral carbonate
(CO%~) and monohydrogen phosphate (HPO2~) content.
Newly deposited mineral has a high HPO3 ~ content that shifts
this band to a lower wavenumber.% The full-width half-height
of the v4PO;~ band is inversely proportional to mineral
crystallite c-axis length, and it is often used as a measure of
mineral crystallinity. The most intense B-type carbonate band at
1070cm ™~ " (v;CO3 ™) for bone mineral lies close to a com-
ponent of a phosphate band at 1076cm ™" (vzPO3 ), and
accurate measurement requires careful band fitting.®

The most widely reported collagen band is amide I. The band
is actually a composite of several partially resolved compo-
nents. The most important bands are at 1660cm ' and
1690cm . Using FTIR spectroscopy, the ratio of these two
components was shown to be proportional to the relative
amounts of the trivalent cross-link pyridinoline and the divalent
(immature) cross-link dihydroxylysinonorleucine.'® This ratio
was soon imported into Raman spectroscopy, and ratio
changes were used as evidence for rupture of cross-links
caused by mechanical indentation of bone."" By extension,
increases in the 1660/1690 cm ~ ' intensity ratio has been used
toinfer the presence of pathological cross-links, as discussed in
later sections.

Table 1 Raman spectroscopic band assignments for bone mineral and matrix components

1

Raman shift, cm~ Assignment Comments Reference(s)
430 voPOS ~ Strong band !
450 v2PO3 ™ Shoulder on 430cm ~ " band !
584-590 v4PO; ~ Multiple partially resolved components !
609 v4PO3 ™~ Shoulder on 590cm ~ ' band !
668 v(C-8) Cysteine 1,85
756 v4CO3 B-type carbonate, very weak 1
853 v(C-C) Collagen proline, may include §(C-C-H) contribution from tyrosine 1,85
872 v(C-C) Mostly collagen hydroxyproline 61,86
920 v(C-C) Shoulder, mostly collagen proline 88,87
937 v(C-C) Proline and protein backbone 1.85
955 v1PO§* Transient bone mineral (P-O) phase, usually seen in immature bone. 6
957 v1PO§* Bone mineral containing extensive HPO3 ~, usually immature 6
959-962 v4PO3 ~ Bone mineral, mature 1,6,9
1003 v(C-C) Phenylalanine 1.87
1035 v3PO§* Overlaps with proline v (C-C) component 9,86
1048 vaPOjZ ~ e
1060 Proteoglycan Overlaps with lipids, collagen and components of vsPO3 ~ 88
1070 v1CO§’ Overlaps with component of vzPO3 ~ o
1076 vaPOz Overlaps with component of v{CO35 "~ o
1176 v(C-0-C) Tyrosine, phenylalanine 1,85
1204 ®(CH,) Tyrosine, hydroxyproline 85,86
1242 Amide Il Protein p-sheet and random coils 8589
1272 Amide I Protein a-helix 85
1293-1305 8(=CH) Lipid band, sometimes seen in fresh untreated bone 1,90
1340 Amide Il Protein a-helix, sometimes called CH,CH, wag 1,85
1365 Pentosidine Overlap with lipid 1369cm ~ ' band 1:12,13,85
1375 Proteoglycan Representative of glycosaminoglycans 88
1446 3(CH,) Protein CH, deformation 1.85
1585 v(C-C-H) Weak band, aromatic ring !
1609 3(C=C) Phenylalanine, tyrosine 85
1640 v(C=C) Shoulder to 1660cm ~ ' band 1,61
1660 Amide | Strongest amide | v(C = 0O) component, polarization sensitive 1.17
1690 Amide | Shoulder, prominent with immature cross-links 45,5191
The band also relates to B-sheet or disordered secondary structure
2 JANUARY 2015 | www.nature.com/bonekey
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Amide | components are measures of changes in
collagen secondary structure, rather than direct measures of
collagen cross-link content. Few collagen cross-links are
sufficiently abundant to have directly observable Raman
markers. An exceptionisaband at 1362cm ™~ 1 which has been
assigned to advanced glycation end products in a rat model of
chronic kidney disease.'®"® Unsurprisingly, the interpretation
of the 1660/1690cm ~ ' intensity ratio has been contentious,
leading some to call it the matrix maturity ratio.’* The ratio
does depend on measurement conditions, especially if
agents such as p-aminopropionitrile that perturb cross-linking
are used.'®

Absolute measurements of Raman band intensities are
difficult, especially in turbid media such as bone. For this
reason, Raman metrics are usually band intensity ratios. They
include the mineral/matrix ratio, carbonate/phosphate ratio and
the collagen cross-link (or collagen maturity) ratio. The major
exception is crystallinity, which is usually measured as the
inverse of the phosphate 959 cm ~ ' band width. In many cases,
the choice of a mineral or matrix band does not matter, except
that more intense bands will provide more precise results.

However, in confocal Raman microscopy, polarization effects
caninfluence band intensities.'® The problem can be minimized
by using a randomly polarized (also called unpolarized) laser or
by using bands that are polarization-insensitive (called
depolarized in the Raman literature).'”"'® Both phosphate
v1PO3 "~ and collagen amide | bands are strongly polarization-
dependent. Polarization effects in microspectroscopy are
minimized with low numerical aperture objectives and, if
available, slit spatial filters rather than pinhole spatial filters in
the microscope.®

Although the phosphate 959 cm ~ 1 band is almost universally
accepted as a measure of bone mineral content, there is
disagreement over the band to use as a measure of matrix
content. Candidates include amide | (1660cm ™), amide IlI
(1242cm~ "), CH, deformation (1446cm "), phenylalanine
(1003cm~") and proline (853cm~") or proline+
hydroxyproline (853 + 876 cm ~ ). Several groups object to the
use of most of these bands because they are not collagen-
specific. The proline or proline + hydroxyproline markers do not
have this problem.

There are a few validation studies. A few band intensity ratios
have been correlated with corresponding FTIR ratios.®>2°
Recently, the v,PO3 ~/amide Ill intensity ratio has been shown
to be proportional to calcium content, as measured by
quantitative backscattered electron microscopy, with correc-
tion for the different sampling properties of electron microscopy
and optical microscopy.?

Experimental

Most instruments use near-infrared (NIR) lasers to minimize
tissue fluorescence. The most commonly used wavelength is
785 nm. At this excitation wavelength, C-H stretches are visible,
but N-H stretches are found at wavelengths beyond the long
wavelength response limit of most currently available detectors.
Spectrographs are usually operated with a resolution of at least
8.cm ~ ' to avoid instrument-induced band-broadening effects.
Low-noise charged-coupled device detectors are used to
capture bands in a wide window (usually about 2000cm ~ ') of
Raman shifts simultaneously.
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Microprobes

Most commercially available Raman microprobes are built
around standard research microscope frames, to which the
vendor adds the excitation laser and the spectrograph/detector
components, as well as supporting software. In many recent
instruments, the microscope stage and other light-sensitive
parts of the system are in a light-tight enclosure to enable
measurements in room light.

Fiber optic probes

There is increasing use of fiber optic probes for bone Raman
spectroscopy. Most probes are compact and can be used at
distances of several meters from the instrument. Some are
designed to contact a specimen, whereas others are non-
contact and rely on lenses to deliver laser light and collect
Raman scatter. The topic has been reviewed by Sato et al.??

The simplest probe design uses a single optical fiber to
transmit laser light and collect backscattered Raman signal.
A dichroic filter or other optic is used to separate the exciting
laser beam and signal. The distal end of the fiber may be lensed
to control the depth of penetration or to allow noncontact
operation. In a closely related design, the beams from separate
excitation and collection fibers are combined near their distal
ends, and a single lens is used for excitation and collection.

The second basic design, generally called an N-around-1,
has a single excitation fiber surrounded by one or two rings of
collection fibers.?® This configuration provides efficient col-
lection of scattered light. Dielectric filters may be used at or near
the distal end to remove silica Raman scatter from the excitation
fiber and to prevent backscattered laser light from entering the
collection fibers and generating silica background.

A related fiber optic probe design enables noninvasive bone
Raman spectroscopy, although only at limited depths below the
skin. Human and animal tissues are highly scattering, and
probing more than a millimeter below the surface requires that
the laser light injection and collection of Raman scatter be
spatially separated.?* The technique is called diffuse spec-
troscopy in the tissue fluorescence and NIR absorption lit-
eratures and spatially offset Raman spectroscopy (SORS) in the
Raman literature.?® The N-around-1 design was shown to have
subsurface probing capability in the mid-1990s.2% The impli-
cations for depth penetration were not fully realized until a
decade later when the first versatile probe designs were
demonstrated and the theory was developed.?*

In vivo SORS has been demonstrated in mice,?”"?® and the
results have been validated against measurements made on
excised bone.?” Recently, the first in vivo human subject
SORS has been reported.?® The measurement site was the
tibial plateau. Although validation by direct measurement of
bone of the volunteer was impossible, the data agreed
well with periosteal tibial Raman spectra from cadaveric tissue.
Because of light scattering, the depth of penetration in
backscattered mode is limited to less than 1cm in human
subjects or animals.

Diffuse Raman tomography is based on the spatial offset
principle.®>32 The methodology is the same as for
diffuse fluorescence and NIR absorbance diffuse tomo-
graphy.®® Unlike the more familiar X-ray micro-computed
tomography (micro-CT) or magnetic resonance imaging, elastic
light scattering (turbidity) limits the amount of detail available.
Best results are obtained when the optical spectroscopic
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data are fitted to a model based on a high-resolution tomo-
graphy, such as micro-CT.

Although mostinvestigators have used principal components
analysis-based methods to extract Raman spectra from sets of
transcutaneous measurements, fitting to a library of bone
components and soft tissue components works well, especially
for the mineral/matrix ratio.®* If band fitting is used, it is
advisable to use the second derivative technique or an

equivalent method to determine the number of bands in the
fit.10'35

Calibration

Calibration of the wavelength/wavenumber and intensity axes
of the Raman system is important for inter-laboratory com-
parisons and to correct for instrument drift, but investigators do
not always report calibration protocols. For wavelength cali-
bration, the gold standard is a rare gas atomic discharge lamp,
usually a neon lamp, using wavelength values measured by the
US National Institute of Standards and Technology (NIST)
(http://www.nist.gov/pml/data/asd.cfm). An excellent alter-
native is one or more standard materials specified by American
Society for Testing and Materials (ASTM) International.®® They
are stable chemical compounds whose consensus Raman
spectra are given in the standard. The intensity axis can be
calibrated against the output from a stabilized and calibrated
quartz-halogen lamp. A simpler alternative is the fluorescence
from a NIST standard Raman reference glass.>” For bone
Raman spectroscopy at 785-nm excitation, the recommended
glass is NIST SRM 2241.%8

Development and Aging Effects

An early study of intramembranous mineralization using parietal
sections from murine skulls ranging from 13-day embryos
(before mineralization) to 6-month-old (skeletally mature) ani-
mals found that Raman signatures of mineral varied with
skeletal development.®® Force-induced craniosynostosis was
shown to be a rate effect only, with mineral that was indis-
tinguishable from normal bone mineral.*° Mineral development
has been studied using cranial tissue section cultures sampled
every 12h® and, more recently, hourly.® Hourly interrogation
allows observation of circadian mineralization periodicity and its
temporal relation to peripheral clock gene expression.
Increasing crystallinity (decrease in the v{PO3; ~ band width) is
aperiodic and reaches a c-axis length limit of about 22 nm, as
determined by correlation of band width against powder X-ray
spectroscopy.

In male human cortical bone, skeletal mineralization and
mineral carbonation increases and crystallinity decreases, and
the variance about the means of these parameters decreases
with age, indicating that the overall tissue composition
becomes increasingly homogeneous with age.*' In female
femoral head specimens, bone near an osteoporotic fracture
was found to be less mineralized but with more highly car-
bonated mineral than bone 2 mm from the fracture site.*? The
carbonate/amide | ratio was the only significant differentiator
between undamaged bone of fractured specimens and
undamaged controls. It is not clear why phosphate/amide | was
not a significant predictor, although this may be a function of the
high variability of this ratio in the fracture specimens. Con-
founding factors include possible damage to tissue 2 mm from
the fracture, as well as small specimen sizes. However, the

same study also found that in iliac crest biopsies, in cortical
bone but not in trabecular bone, carbonate/phosphate ratio
was significantly higher in fracture victims than in controls. This
and other early studies of B-type carbonation may be com-
promised by the presence of a nearby component of vaPOS ™,
because the Raman spectrum in that region was not fully
elucidated until 2007.°

Correlation with Biomechanical Parameters

There are discrepancies in the literature correlating Raman
spectroscopic parameters and biomechanical parameters.
Confounding factors include choice of tissue (rodent versus
human), age (chronological age versus time of deposition),
anatomic site, whether cortical or trabecular bone was tested
and whether measurements are of periosteal surface or an
average across a cross-section. Still, general patterns are
observable.

In an early study of female Sprague-Dawley rats of ages 3-24
months, stiffness and bending modulus were found to be
significantly dependent on crystallinity, degree of mineralization
and B-type carbonate content.*® Yield stress was found to be
significantly dependent on crystallinity and degree of miner-
alization. Follow-up work on human cadaveric specimens of
femoral cortical tissue confirmed mineral composition effects
on modulus, yield stress and fracture stress, and also showed
positional effects.** In a more detailed mouse model study of
age effects, it was shown that the most important Raman
spectroscopic predictors of mechanical properties varied with
animal age.*® It has been shown in a mouse model that Raman
composition parameters correlate with mechanical properties
at the whole bone (3-point bending) and tissue level
(nanoindentation).*®

Animal Age Effects

Although animal age has usually been the subject of Raman
spectroscopic studies, tissue age presents a very different
picture. Hardness and indentation modulus appear to be
independent of mineral/matrix and carbonate/phosphate ratios
until substantial amounts of mineral are laid down, although the
authors fit their entire data set to straight lines.*”

There are a few studies of the correlation between bio-
mechanical parameters and Raman spectroscopic composi-
tion parameters in mouse models of disorders, including
osteogenesis imperfect (O1)*3°" and osteoporosis,®? as well as
on the effects of knocking out matrix proteinase,® transcription
factor®® and noncollagenous proteins.>>®2 These are dis-
cussed in the following sections.

Osteogenesis Imperfecta

There have been surprisingly few applications of Raman
spectroscopy to the study of Ol. Most mouse model studies
have used either oim/oim or Brtl/ +. The heterozygous Brtl/ +
has cysteine in place of glycine at position 349 on one COL1(a1)
chain, and itis a model for Ol type IV. In oim/oim mice, the matrix
trimeric COL1(a1)s rather than COL(a1)»(a2). As a model for Ol is
oim/oim is largely obsolete, but it is widely used in biophysical
and other studies on defective matrix.

Early on, Brtl/ + was reported to have differences in mineral/
matrix and carbonate/phosphate ratios at 2 and 6 months,
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compared with wild type, although most were not statistically
significant.*® This model has demonstrated that that use of
alendronate to speed fracture healing has no significant effect
on existing bone or the callus boundary 3 weeks post fracture,
whereas reduced crystallinity and increased carbonate/
phosphate ratio imply some incipient increase in mineraliza-
tion.®® Oim/oim mouse has been used to demonstrate com-
position differences between male and female mice,*°
increased disorder of collagen and mineral by polarized
Raman'® and noninvasive measurements by time-resolved
Raman spectroscopy®® and SORS.%*

Recent work with tissue from human Ol patients has con-
firmed increased mineral/matrix ratio, decreased crystallinity
and both a shiftin amide | wavenumber and a decrease in amide
| intensity, itself consistent with increased mineral/matrix
ratio.®* At the mouse model level, transplantation of human fetal
blood stem cells into oim/oim during gestation shows partial
rescue of mechanical properties, as well as spectroscopic
differences between wild-type, treated and untreated mice.%®
Similar results have been shown for grafting bone marrow into
Brtl/ 4 . Mutations in gene FKBP10, which codes for FKBP65, a
collagen chaperone, cause a decrease in collagen cross-
linking, detectable by Raman spectroscopy.®? The decrease is
directly because of reduced hydroxylation of proline.

Osteoporosis, Models and Treatment Effects

Several studies have shown that Raman spectroscopy can
detect compositional changes in osteoporotic bone following
bisphosphonate and/or parathyroid hormone treatment.6-58
Some model and treatment studies have gone further to examine
relationships between changes in osteoporotic bone compo-
sition with alternations in bone material properties.®>%°"2 For
example, the mineral/matrix ratio and indentation modulus were
found to be reduced in cancellous bone from the lumbar spine of
female donors with osteoporosis.”’ In another study, femurs
from SAMP6 mice had impaired failure properties that were
partially attributed to reduced collagen content and reduced
collagen/mineral ratios, as determined by collagen biochemical
analysis and Raman spectroscopy, respectively.>?

In regard to treatment effects, femurs from osteoporotic
sheep treated with zoledronate (ZOL) or raloxifene (RAL) were
examined using colocalized Raman microscopy and nanoin-
dentation techniques, including lamellar aligned collagen
measurements obtained by second harmonic generation
microscopy.®® Carbonate substitution, crystallinity and lamellar
aligned collagen parameters explained the greatest variability in
indentation modulus and hardness following RAL treatment. In
contrast, mineral/matrix ratio, crystallinity and/or lamellar
aligned collagen parameters only partially explained the
variability in hardness following ZOL treatment. Other con-
tributors to bone composition, such as nonenzymatic collagen
cross-links, mineral crystal orientation and noncollageneous
proteins may also need to be considered.

Glucocorticoid Effects

Raman maps of trabecular bone acquired from glucocorticoid
(GC)-administered mice showed that mineral/matrix ratios
surrounding osteocyte lacunae were reduced and that the
reductions were associated with changes in elastic modulus.”
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In another study related to rheumatoid arthritis, tibiae from
GC-administered wild-type mice not only exhibited reduced
mineral/matrix ratios but also exhibited increased carbonate/
phosphate and collagen cross-link ratios compared with wild-
type placebo controls.”* Increases in cross-link ratios were
consistent with changes in bone biomechanical properties
found in this study.

TGF-p Signaling Effects

In a study of genetically modified mice with altered transforming
growth factor-f (TGF-f) levels, an inverse relationship between
TGF-p signaling and bone mechanical properties was found.”®
Bone from Smad3*’~ mice, in which TFG-f expression was
impaired, exhibited the highest bone mineral concentration,
elastic modulus and hardness compared with D4 mice, the
phenotype with the highest TFG-8 expression. Elastic modulus
mapping studies revealed considerable heterogeneity of bone
matrix in D4 mice and which was spatially correlated with
Raman maps of matrix or mineral components. These results
and more recent findings suggest that the pharmacological
reduction of TGF-B expression may improve bone material
properties, especially in patients with bone cancer.”®

In a study of femurs from mice in which TGF-3 expression was
inhibited by a 1D11 antibody, the bending strength and tissue-
level modulus were increased. Mineral/collagen ratios of
trabecular bone were also increased, whereas carbonate/
phosphate and crystallinity levels were unchanged, indicating
that 1D11 treatment did not impair the purity of hydroxyapatite.””

Vitamin D Deficiency Effects

In the study of material properties of femurs in growing rats,
dietary deficiency in vitamin D resulted in reduced Raman
mineral/matrix ratio, which was consistent with reduced bone
mineralization measurements made by micro-CT.”® Amoderate
relationship between tissue modulus and Raman mineral/
matrix ratio was also found. However, the relationship was
bimodal, possibly indicating changes in bone tissue mechanical
requirements during primary and secondary mineralization.
Similar reductions in mineral/matrix ratios had been reported in
humeri from rats following dietary intervention. However, the
results were only significant for whole bone FTIR and not tissue-
level Raman spectroscopic measurements.”®

A recent synchrotron radiation micro-CT (SRuCT) study
found that the bone hidden underneath the osteoid layer in
osteomalacic bone continued to mineralize unabated.2’ Raman
spectroscopy and FTIR found evidence for altered collagen
secondary structure and changes in collagen maturity/mineral
composition, respectively, that were consistent with aged bone.
In situ toughness tests and 3D SRuCT imaging revealed greater
numbers of initiation and propagation cracks in osteomalacic
bone. These results supported the hypothesis that osteoclasts
could not penetrate the thick undermineralized osteoid layer in
osteomalacic bone, whereas mineral outside the osteoid frame
was subject to remodeling.

Inbred and Knockout Mouse Models

Structure—function studies have shown that inbred A/J mice
have smaller femoral diameters, larger cortical thicknesses and
higher mineral/matrix ratios than B6 mice.?" A/J femora were
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also found to be mechanically robust in terms of stiffness, but
their higher mineral content made them more brittle than B6
femora. Correlations between mineral/matrix ratios and elastic
modulus (loading, unloading), yield strength and hardness were
also highlighted in this study.

To relate genetic traits with responsiveness to mechanical
stimuli, exercised and nonexercised B6;129 and C3H mice were
studied.®® Mineral/matrix, carbonate/phosphate and collagen
cross-links ratios were all increased in C3H mice, whereas
exercised B6;129 mice had higher carbonate/phosphate ratios,
post-yield deformation and failure deformation. These results
showed that mechanical stimuli could influence bone material
properties and that it was strain-specific. Although increased
collagen cross-links ratios failed to elicit changes in C3H mice
bone mechanical properties, they could have maintained the
mechanical integrity of bone by mitigating tissue rearrange-
ment. Exercised and nonexercised biglycan-deficient B6;129
and C3H mice were also examined in this study and compared
against their wild-type counterparts.

By examining bones from Mmp2~/~ and Mmp9 ~/~ mice,
differential effects of deleting MMP-2 and MMP-9 on bone
architecture, composition and material properties could be
determined.®® For instance, the deletion of MMP-2 reduced
tibial mineral/matrix ratio that was consistent with lower tissue-
level modulus and hardness relative to controls. In contrast,
deletion of MMP-9 reduced trabecular tissue mineral density
(TMD) and thickness relative to controls. Taken together, the
loss of MMP-2 disrupted tissue-level mechanical properties,
whereas loss of MMP-9 affected bone architecture. In a follow-
up study, correlations between bone compositional parameters
and whole bone and tissue-level mechanical properties were
examined, including those with cortical TMD.*®

Therole of phospho1 in maintaining bone quality and strength
in Phospho1 ~/~ knockout mice has been recently reported.®?
Phospho1 =/~ long bones deformed plastically during 3-point
bending tests, whereas the majority of long bones from wild-
type mice fractured. The deformability of Phospho? ~/~ bone
was attributed to the low bone mineralization status and young
age of the mice. Moreover, tissue-level modulus and hardness
were compromised in Phospho? ~/~ mice. With Raman
spectroscopy, Phospho? ~/~ bone had lower mineral/matrix
and carbonate/phosphate ratios. Overall, the loss of phospho1
resulted in undermineralized, immature bone that was able to
deform without fracturing.

The involvement of the activating transcription factor 4 (ATF4)
in bone development has been established using Atf4-deficient
mice.82 To clarify the role of ATF4 on the resistance of bone to
fracture, intact femurs and embedded tibial cross-sections
from Atf4 =/~ and Atf4"’* male mice were examined.’* No
significant difference was evident in either the material strength
or cortical TMD in femurs from Atf4 =/~ and Atf4*'* mice.
However, femurs from 20-week Atf4~/~ mice had higher
mineral/collagen ratios and were more brittle with lower fracture
toughness than Atf4'* mice. By using the polarization-
sensitive mineral/amide | parameter, Atf4*'* mice exhibited
more fibril anisotropy, suggesting that bone matrix contributed
to the brittleness phenotype.

Femurs from fibrillin-2 (Fbn2~'7),%® fetuin-A/alpha-HS-
glycoprotein  (Ahsg ~/7),>® osteopontin (OPN~/7)%® and
osteocalcin (OC ~/ ~)*"-deficient mice have been studied using
bone mechanics and Raman spectroscopy. In one study,

Fbn2~'~ mice had decreased hardness and elastic modulus in
the midcortical region and decreased carbonate/phosphate
ratio in the endosteal region relative to wild-type controls.®® This
study showed that Fbn2 deficiency directly influenced the
mechanical properties of bone. However, arecent FTIR imaging
study indicates that Fbn1-deficiency has a far greater role than
Fbn2 in regulating the material properties of bone.® In contrast,
despite Ahsg ~/~ mice having stunted femoral bones and
increased cortical thickness, no significant differences in bone
material properties, mineral/matrix ratios or collagen fibril
orientation were found when compared with the wild-type
genotype.®® These results show that Fetuin-A/Ahsg has a
greater developmental, rather than structural, role in this
model.

Osteopontin (OPN) has a critical role in the early stages of
mineralization, because the loss of OPN resulted in young mice
with reduced cortical hardness and elastic modulus relative to
age-matched OPN*’/* and older OPN~/~ mice (>12
weeks).’® Moreover, mineral/matrix ratios were lower in
younger OPN ~/~ mice. Raman spectroscopic studies on the
OC~’/~ genotype suggest that OC also has a role in miner-
alization, but unlike in the OPN~/~ genotype mineral/matrix
ratios were not different between OC ~/~ and OC*/* mice.*” In
contrast, OC =/~ mice have lower carbonate/phosphate ratios
and reduced crystallinity than OC*/* mice. This suggests that
OC regulates the growth of apatitic crystals, which was
consistent with nanoindentation studies in which tissue
hardness increased more than elastic modulus in OC ~/~ mice.

The depletion of osteoblast-derived bone morphogenic
protein-2 (BMP2) could cause structural and mechanical
defects in long bones of Osx-Cre knockout mice, but Raman
spectroscopic analyses could not explain these defects.®° The
authors suggested that other parameters related to collagen
alignment, cross-links and structure should be examined. In
another study, Raman spectroscopy found that calvarial
osteoblastic cell cultures treated with BMP2 in the presence or
absence of lysyl oxidase resulted in mineralized tissue with
distinct collagen secondary structures®’ Moreover,BMP2 and
lysyl oxidase treatment yielded in vitro mineralized tissue with
increased hardness and elastic modulus, which were com-
parable to that of 4-week-old calvarial bone.
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