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Abstract. Polarized Raman spectroscopy allows measurement of mo-
lecular orientation and composition and is widely used in the study of
polymer systems. Here, we extend the technique to the extraction of
quantitative orientation information from bone tissue, which is opti-
cally thick and highly turbid. We discuss multiple scattering effects in
tissue and show that repeated measurements using a series of objec-
tives of differing numerical apertures can be employed to assess the
contributions of sample turbidity and depth of field on polarized
Raman measurements. A high numerical aperture objective minimizes
the systematic errors introduced by multiple scattering. We test and
validate the use of polarized Raman spectroscopy using wild-type and
genetically modified �oim/oim model of osteogenesis imperfecta� mu-
rine bones. Mineral orientation distribution functions show that min-
eral crystallites are not as well aligned �p�0.05� in oim/oim bones
�28±3 deg� compared to wild-type bones �22±3 deg�, in agreement
with small-angle X-ray scattering results. In wild-type mice, backbone
carbonyl orientation is 76±2 deg and in oim/oim mice, it is
72±4 deg �p�0.05�. We provide evidence that simultaneous quan-
titative measurements of mineral and collagen orientations on intact
bone specimens are possible using polarized Raman spectroscopy.
© 2010 Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3426310�
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Introduction
olarized Raman spectroscopy has long been used to study
rientation in crystalline solids1 and in both natural and syn-
hetic fibers,2 because it is possible to determine the most
robable distributions of molecular orientations. Because dis-

ddress all correspondence to: Michael D. Morris, University of Michigan, De-
artment of Chemistry, 930 North University Avenue, Room 4811, Ann Arbor,
ichigan 48109. Tel: 734-764-7360; Fax: 734-647-1179; E-mail:
dmorris@umich.edu
ournal of Biomedical Optics 037001-
eases are frequently marked by changes in molecular organi-
zation of tissues, it is useful to have methodologies that can
quantitatively report on molecular orientation. Bone is a com-
posite tissue consisting of apatite mineral crystallites embed-
ded within a predominantly collagen matrix. We focus on
bone because maintenance of bone tissue organization at all
hierarchical levels is important to its mechanical functioning.

1083-3668/2010/15�3�/037001/7/$25.00 © 2010 SPIE
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n long bones, the collagen fibers are preferentially aligned
arallel to the long axis of the bone. The crystallographic
-axes of the crystals align along the long axis of the collagen
brils.3,4 Many disorders of bone are characterized, qualita-

ively, by changes in collagen and/or mineral organization.5,6

t is therefore imperative to quantitatively assess how this
rdering is influenced by genetic defects, metabolic disorders,
nd other factors that affect bone quality.

Techniques such as X-ray diffraction,7,8 and scanning
mall-angle X-ray scattering �SAXS�9,10 have been used to
easure quantitative orientation distributions for collagen and
ineral crystallites in bone and other mineralized tissues.
-ray diffraction is limited to the crystalline regions within

he tissue and involves harsh preparation techniques such as
eproteination.11 Hence, such orientation distributions have
ever been simultaneously obtained for collagen and mineral
rystallites and never on fresh bone specimens.

Previous polarized Raman spectroscopy studies of dental
namel12,13 and model apatite compounds14 have only been
ualitative. Qualitative polarized Raman spectroscopic imag-
ng has been used to study mineral and matrix orientation in
ortical bone tissue by examination of the polarization com-
onents of phosphate �1 �P–O symmetric stretch� and amide I
carbonyl stretch�.15,16 Because the crystallites are oriented
ith their c-axes along the length of collagen fibrils, phos-
hate �1 scattering is more intense along this axis. Similarly,
ecause collagen carbonyl groups are oriented perpendicular
o the collagen chain, amide I scattering is more intense in the
irection perpendicular to the collagen fibril orientation.

The polarized Raman data on bone confirm what was
hown by polarized Fourier transform-infrared spectroscopic
FTIR� studies.17 It is widely understood that FTIR and
aman spectroscopies provide similar information. Spectral
orrespondences have recently been validated.18 Raman spec-
roscopy provides experimental advantages that include mini-

al specimen preparation and applicability to specimens of
rregular shape or even intact bones. The problem of interfer-
nce from fluorescence can be minimized by using excitation
n the 650–800 nm range and by appropriate spectral pro-
essing methods, such as background subtraction. Polarized
aman spectroscopy yields both the second and fourth coef-
cients of the orientation distribution function, whereas IR
pectroscopy yields only the second coefficient.2 Both coeffi-
ients are needed to calculate the most probable orientation
istribution function.

Bone tissue poses special challenges to the use of polarized
aman spectroscopy for measurement of quantitative orienta-

ion distribution functions because the tissue is turbid and
irefringent. Standard theory assumes that the medium is
ompletely transparent. However, multiple scattering in turbid
edia depolarizes light and introduces errors in the polarized
aman measurements.19 It is difficult or impossible to correct
rientation functions for multiple scattering; thus, measure-
ents must be made under conditions in which multiple scat-

ering is negligible. Similarly, the simplest polarized Raman
heory assumes that refractive index is the same in all Carte-
ian directions. Thus, a birefringence correction may be
eeded to describe bone tissue.20

In this paper, we examine the conditions under which po-
arized Raman spectroscopy can be used to quantitatively
ournal of Biomedical Optics 037001-
measure mineral and matrix orientation in bone. We use ob-
jectives of increasingly higher numerical aperture �NA� to
find the values at which polarized Raman measurements are
independent of NA. We next test and validate the use of po-
larized Raman spectroscopy using genetically modified osteo-
genesis imperfecta �oim/oim� murine bones for which mineral
crystallite orientation distribution functions have been mea-
sured by SAXS.10 Finally, we use polarized Raman spectros-
copy to compare mineral and matrix orientation distributions
in cortical bone tissue from oim/oim and wild-type mice.

2 Materials and Methods
2.1 Specimen Preparation
Both tibiae from four five-week-old wild-type and four oim/
oim female mice were used. The mice were part of a larger
Institutional Animal Care and Use Committee �IACUC�-
approved study at the Hospital for Special Surgery, New York.
Specimens were harvested and immersed in phosphate-
buffered saline �PBS� and frozen at −20°C until use. The
specimens were thawed to room temperature before collection
of spectra. They were kept moist throughout the experiment
by a drip of PBS. Bone powders used to acquire isotropic
Raman spectra were prepared from the mid-diaphyses of the
wild-type specimens using a cryogenic impact grinder �Spex
6750 Freezer Mill, Spex CertiPrep, Metuchen, New Jersey�.
The age, bone, and background strain of the oim/oim speci-
mens used in this study match that of the specimens �tibiae
from five-week-old oim/oim mice� used in the SAXS study.10

2.2 Light-Scattering Measurements
To quantify the changes in elastic light scattering in wild-type
versus oim/oim bone specimens, an integrating sphere �RT-
060-SF, Labsphere, North Sutton, New Hampshire� setup was
used to extract the scattering coefficient of the wild-type and
oim/oim tibiae.21 A lamp attached to a Kohler Illuminator �KI-
120, Labsphere� and powered by an LPS preset power supply
�LPS-150-0660, Labsphere� was used to deliver a uniform
beam of light to the mid-diaphysis of the bone specimens,
with the beam diameter �1 �m� controlled by a 1:2 telescope
and an adjustable iris. The specimens were placed between
the telescope and the sphere such that diffusely transmitted
light was sent into the sphere and ultimately detected by a
spectrograph �HR 2000+, Ocean Optics, Dunedin, Florida,
200–1100 nm�. All measured transmittance spectra were cor-
rected for both dark current and the lamp spectrum. Because
the wavelength regime of interest was in the near-infrared
�800–896 nm�, it was assumed that tissue absorption would
have a negligible effect on the transmittance of the samples.
The reduced scattering coefficient �s� was calculated by set-
ting the corrected measured transmittance of the samples
equal to a Beer–Lambert factor of the form exp�−�s�d�, where
d is the thickness of the tissue �set equal to the cross-sectional
diameter of the bone specimens: 1.37�0.06 mm for wild-
type and 1.25�0.08 mm for oim/oim specimens�. For lin-
early polarized light depolarization length calculations, the
anisotropy was taken to be 0.9.22
May/June 2010 � Vol. 15�3�2
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.3 Polarized Raman Spectroscopy
he locally constructed Raman microprobe has been de-
cribed previously.23 The system was constructed around a
ikon E600 microscope frame �Nikon USA, Melville, New
ork�. The exciting laser was a 400-mW, 785-nm diode laser

Invictus, Kaiser Optical Systems, Inc., Ann Arbor, Michigan�
rom which the circularizing optics had been removed to al-
ow line focusing. An axial transmissive imaging spectrograph
HoloSpec, Kaiser Optical Systems, Inc.� with 25-�m en-
rance slit �approximately 3–4 cm−1 resolution� and a 1024

256 pixel deep depletion charge-coupled device detector
CCD� �Model DU 401-BR-DD, Andor Technology, South

indsor, Connecticut� were used to disperse and record the
pectrum. The polarization direction of the beam was selected
sing a half-wave plate. The collected Raman scatter was
assed through an analyzing polarizer and directed onto the
lit of the spectrograph. A wedge depolarizer after the ana-
yzer eliminated intensity artifacts caused by the polarization
ependence of the grating transmission efficiency.

Polarized Raman spectra were collected from at least three
id-diaphyseal locations along the length of the bone in each

f the eight wild-type and oim/oim tibial bone specimens and
rom powdered bones. For comparisons of wild type to oim/
im, each mouse was treated as an independent measure. In
ll experiments, the polarization of the incident laser beam
as maintained either parallel �x� or perpendicular �y� to the

ong axis of the bones. The analyzer was adjusted to pass
ither the component of Raman scatter polarized parallel or
erpendicular to the polarization direction of the incident la-
er. The intensities �I� of the four possible polarization com-
onents of the Raman scatter are described by their excitation
nd detection polarizations along the conventional directions:

xx, Ixy, Iyy, and Iyx respectively.

.4 Effect of Elastic Scattering on Polarized Raman
Measurements

o assess the effect of light scattering on the molecular orien-
ation measurements, the depth of field was varied using a
eries of objectives with differing NA. These were 4�
0.20 NA�, 20� �0.50 NA�, 20� �0.75 NA�, and 40�
0.90 NA�. The depth of field, zmin, was taken to be equal to
he diffraction-limited axial resolution of an objective24 and is
iven by

zmin = 2�n/�NA�2,

here n is the refractive index of bone tissue, NA is the nu-
erical aperture of the objective, and � is the laser wave-

ength �785 nm�. Polarized Raman spectra �Ixx and Iyy� from
he wild-type specimens measured using the different objec-
ives were compared to define the NA needed for artifact-free
olarization measurements independent of NA.

.5 Data Analysis
he wavenumber scale of the spectrograph was calibrated
gainst the emission lines of a neon lamp discharge. Intensi-
ies were corrected for polarization dependence of the optics
y calibration against cyclohexane.25 The spectra were cor-
ected for spectrograph image curvature. Dark-current sub-
raction and white-light correction �flat-fielding� were per-
ournal of Biomedical Optics 037001-
formed using locally written scripts on Matlab �Mathworks
Inc., Natick, Massachusetts�. Spectra were analyzed using
GRAMS/AI 7.01 �Thermo Galactic, Waltham, Massachu-
setts�.

For the wild-type and oim/oim specimens, peak fitting was
performed using GRAMS/AI 7.01 �ThermoGalactic� and the
intensities of the characteristic mineral band �phosphate �1 at
959 cm−1� and the collagen band �amide I at 1665 cm−1�
were measured. Band intensities were used because they can
be measured with less error from spectral background subtrac-
tion than areas. The Raman intensity ratios �Rx= Ixy / Ixx and
Ry = Iyx / Iyy� for the mineral and amide I bands were corrected
for the influence of sample birefringence �reflectivity, internal
field, divergence� by assuming the typical collagen and min-
eral birefringence values of 3�10−3 and 7�10−3,
respectively.18,26 Statistical tests were performed on band in-
tensities and intensity ratios using two-tailed unpaired t-tests
to compare the effect of NA and to compare wild-type with
oim/oim specimens. A value of p�0.05 was considered sig-
nificant.

Polarized Raman spectroscopy provides both the second-
and fourth-order parameters, �P2� and �P4�, which are the first
two coefficients of the expansion in Legendre polynomials of
the orientation distribution function.27,28 The refractive index
of the bone specimens was set as 1.55.29,30 Assuming a
uniaxial cylindrical symmetry, the orientational order param-
eters �henceforth referred to as P2 and P4� were calculated for
both phosphate �1 and amide I components of the wild-type
and oim/oim groups from their respective intensity ratios, Rx
and Ry, and the parameter a. The parameter a of the Raman
tensor for both phosphate �1 and amide I was determined
from their isotropic depolarization ratio, Riso, using the bone
powder. From P2 and P4, the most probable orientation dis-
tribution functions, N���, of the phosphate �1 and amide I
groups for the wild-type and oim/oim groups were estimated.
As a uniaxial cylindrical symmetry is assumed, y and z direc-
tions are not distinguished in an x-y-z plane. Hence, the prob-
ability that these groups are oriented at an angle � with re-
spect to the axis of reference was calculated by multiplying
N��� by sin���. The maximum position of this N��� sin���
distribution corresponds to the direction of preferred orienta-
tion with respect to the axis defined and the mean of the
distribution calculated as the first moment characterizes the
average orientation angle.10 The average orientation angle for
the phosphate group obtained by Raman spectroscopy was
compared to the typical tilt angle �i.e., distribution of orienta-
tion angles� of mineral crystals obtained using SAXS.9,10

3 Results
Representative peak fitted spectra of the mineral and collagen
amide I bands are shown in Fig. 1. The reduced scattering
coefficient, �s�, of the wild-type and oim/oim specimens was
obtained from integrating sphere measurements of diffuse
transmittance in the 800–896 nm wavelength range. The
mean �s� for the wild-type and oim/oim specimens using a flat
slab model were calculated to be 14.7�0.5 and
12.3�0.8cm−1, respectively �p�0.05�. The lower scattering
coefficient in oim/oim bones is consistent with observations
May/June 2010 � Vol. 15�3�3
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hat molecular spacing in collagen fibrils from oim/oim mice
s larger than normal.31

Polarized mineral spectra �Ixx and Iyy� from the wild-type
pecimens as functions of depth of field were measured using
ifferent objectives �Fig. 2�. For the largest depth of field
0.2 NA�, complete depolarization occurs and no polarization
ffects are observed �i.e., Ixx and Iyy are identical�. As the
epth of field decreases �NA increases to 0.90�, the polariza-
ion effects in the phosphate �1 band become more prominent
i.e., Ixx is stronger�.

ig. 1 Typical curve-fit spectra illustrating the sub-bands contributing
o the overall contour of the mineral �phosphate �1 and carbonate�
nd amide I bands. The spectrum shown is from a wild-type specimen
sing a 0.90-NA objective.

ig. 2 Mineral bands of the parallel-polarized bone spectra of a rep-
esentative wild-type specimen as a function of depth of field. The
olarization effects in the phosphate �1 band �Ixx� Iyy� are more
rominent with the use of a high-NA objective.
ournal of Biomedical Optics 037001-
Table 1 compares the intensity ratios and P2 value of the
phosphate �1 component of the wild-type specimens as a
function of depth of field. The P2 order parameter qualita-
tively defines the molecular orientation, with a value of −0.5
defining perfect perpendicular orientation and a value of +1
corresponding to perfect parallel orientation. A P2 value of
zero indicates random orientation with respect to the reference
axis. With decreasing depth of field, depolarization decreases
resulting in higher P2 values. The 0.90 NA objective �i.e.,
smallest depth of field� gives P2 values indicating parallel or
near parallel orientation of mineral crystallites and therefore
was found suitable for further quantitative polarized Raman
measurements. Lower NA objectives �0.75 or 0.80 NA� could
be employed for qualitative measures but are not suitable for
quantitative estimations of molecular orientation. Higher NA
objectives �water or oil immersion� might indeed give slightly
higher P2 values, but calibration and correction for partial
depolarization by the high gathering angle would be challeng-
ing and laborious.

Table 2 compares the order parameters, P2 and P4, of the
959 cm−1 phosphate �1 band and the 1665 cm−1 amide I band
for the wild-type and oim/oim specimens obtained using a
0.90 NA objective. The order parameters were calculated
from the intensity ratios, Rx and Ry. The parameter a was

Table 1 Measured intensity ratios and the calculated orientational
order parameter, P2, for the phosphate �1 component of wild-type
specimens as a function of the depth of field �zmin� of the objective
used.

Objective

Intensity Ratios

Order Parameter, P2Rx Ry

4�, 0.20 NA
�zmin=60.8 �m�

0.60±0.2 0.78±0.1 0.03±0.02

20�, 0.50 NA
�zmin=9.7 �m�

0.26±0.1 0.36±0.11 0.06±0.01

20�, 0.75 NA
�zmin=4.3 �m�

0.29±0.05 0.59±0.09 0.20±0.02

40�, 0.90 NA
�zmin=3.0 �m�

0.06±0.03 0.74±0.1 0.72±0.06

Table 2 The calculated orientational order parameters, P2 and P4, for
the phosphate �1 and amide I components for wild type and oim/oim
groups. Polarized Raman measurements were made with a 0.90 NA
objective.

Raman bands Order parameters
Wild-type group

�Mean+SD�
oim/oim group

�Mean+SD�

Phosphate
�1

P2 0.72±0.06 0.60±0.06a

P4 0.58±0.08 0.48±0.06

Amide I P2 −0.37±0.09 −0.32±0.05

P4 0.15±0.05 0.06±0.03a

ap�0.05
May/June 2010 � Vol. 15�3�4
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alculated to be −0.04 for the phosphate �1 band and −0.48
or the amide I 1665 cm−1 band using isotropic samples of
urine cortical bone powder. Correcting for the effects of

irefringence has a small effect �i.e., �1% change in the
omputed values of P2 and P4� and can be neglected for these
amples.

The N��� sin��� plot for amide I is shown in Fig. 3 for the
ild-type and oim/oim groups. For the wild-type group, the
lot peaks at �=90�19 deg, demonstrating that the amide I
roups have a preferred orientation perpendicular to the lon-
itudinal axis of the bone �x direction of the diaphysis in the
omenclature used here�, although there is a distribution of
20 deg. For the oim/oim group, the amide I N��� sin���

eaks at �=90�32 deg. This indicates that although the pre-
erred orientation is still perpendicular to the x direction of the
iaphysis, collagen orientation is more variable in oim/oim
ice. The influence of uncertainty in the P4-order parameter

alue on the orientation distribution function should be noted
ere. For example, at one standard deviation below the mean,
he calculated amide I distribution for the oim/oim group
Table 2� is an improbable asymmetric unimodal shape
eaked at 69 deg, rather than the Gaussian shape that is ex-
ected.

Calculation of the first moments for these distributions for
mide I give an average orientation angle of 76�2 deg for
he wild-type group and that of 72�4 deg for the oim/oim
roup. For comparison purposes, we have calculated the av-
rage orientation angles for the collagen backbone consider-
ng that amide I carbonyl groups are perpendicular to the col-
agen backbone. The average orientation angle for collagen
ackbone with respect to the x direction is 14 �90–76 deg� in
he wild-type group. In the oim/oim group, the average orien-
ation angle is 18 �90–72 deg�. There could be a tendency for

larger average orientation in oim/oim, although the differ-
nce is not statistically significant. In the case of random ori-
ntation of the collagen backbone, the average orientation
ngle would be 57.3 deg.

ig. 3 Rectangular coordinate plot of the orientation distribution func-
ion, N��� sin���, of amide I for wild-type and oim/oim groups. The
verage orientation angles are 76±2 deg for the wild-type group and
2±4 deg for the oim/oim group. The average orientation of collagen
ackbone can be calculated by subtracting the average orientation
ngle of amide I group from 90 deg.
ournal of Biomedical Optics 037001-
The N��� sin��� plot for phosphate �1 is shown in Fig. 4.
The N��� sin��� distribution peaks at �=10�8 deg for the
wild-type group and at �=11�11 deg for the oim/oim group,
indicating that the mineral crystallites are highly oriented
along the x direction of the bone diaphysis and have a nar-
rower distribution than collagen. Calculation of the mean of
these distributions yields an average orientation angle of
22�3 deg for the mineral crystallites in the wild-type group.
This is in agreement with values published in earlier X-ray
scattering32 and electron microscopic tomography studies33 on
normal mice �typically around 20 deg�. For the oim/oim
group, the mean of the distribution yields an average orienta-
tion angle of 28�3 deg for the mineral crystallites, which is
significantly larger than that measured in the wild-type speci-
mens �p�0.05�. This average orientation angle is in agree-
ment with the distribution of orientation angles of aligned
crystals �25�3 deg with respect to the bone long axis� ob-
served in a SAXS study on cortical bone samples also from
five-week-old oim/oim mice.10 These changes in the mineral
crystallites could be due to the increased molecular spacing
and reduced packing order of osteogenesis imperfecta-type
collagen fibrils.31

4 Discussion
The orientation distributions of mineral crystallites and col-
lagen fibers in the cortical regions of murine wild-type and
oim/oim bone specimens have been determined for the first
time by polarized Raman spectroscopy. The orientation distri-
bution functions for mineral and collagen in the wild-type
group are in agreement with mineral and collagen orientation
distributions obtained using SAXS and X-ray pole figure
analysis on bone,32,34 and X-ray diffraction on demineralized
bone.35 Furthermore, the average orientation angle of mineral
crystallites in the oim/oim group from our measurements
agrees with that observed in an earlier SAXS study.10 These
measurements provide validation for the use of Raman spec-
troscopy to assess mineral and matrix orientation simulta-

Fig. 4 Rectangular coordinate plot of the orientation distribution func-
tion, N��� sin��� of phosphate �1 for wild-type and oim/oim groups.
The average orientation angles are 22±3 deg for the wild-type group
and 28±3 deg for the oim/oim group. Note that the carbonated apa-
tite is preferentially aligned along the backbone axis of collagen �x
direction�.
May/June 2010 � Vol. 15�3�5
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eously in intact normal and diseased or damaged tissues.
Using line illumination or point illumination requires

rade-offs. A slit aperture has worse axial and lateral perfor-
ance than a pinhole aperture, making the line illumination

echnique more vulnerable to artifacts rising from scattering
ffects.36 However, line illumination has the advantage of
ower distribution, which limits thermal damage to the tissue
pecimen.37 Furthermore, line illumination allows faster data
cquisition over a wider region of interest. Hence, line illumi-
ation was the method of choice for this study. The line focus
nabled the simultaneous collection of 126 spectra �one for
ach row of pixels on the CCD detector�.

Systematic errors from elastic scattering in bone tissue can
e reduced by the use of a high NA objective to minimize
epolarization. In tissues with higher turbidity and an aniso-
ropy factor of �0.9, an oil- or water-immersion objective

ight be required to limit depth of field. We caution that such
bjectives themselves partially depolarize Raman scatter be-
ause of their high gathering angles. Corrections for this ef-
ect are complicated. In soft tissues with a lower anisotropy
actor and reduced turbidity, a lower NA objective might
rove sufficient for quantitative polarized Raman measure-
ents. Techniques such as spatially offset Raman spectros-

opy and transmission Raman spectroscopy have been used to
tudy bulk scattering materials, but it is unclear if they will be
uitable for quantitative polarization analysis.

We caution that the mathematical description of orientation
ffects in Raman spectra has been derived for single fibers,
ot for extended arrays of fibers that are found in bone. We
sed a microscope objective with NA=0.90 with a nominal
xial resolution of �3.0 �m. Taking the thickness of a
amella to be �300 nm, our microscope is integrating over
lmost 10 lamellae of intact bone. In the case of SAXS, the
rientation information is averaged over a 200-�m thick sec-
ion of demineralized bone.10 That we obtain agreement with
AXS orientation measurements in our wild-type and oim/
im groups suggests that extension of polarization theory to
one is valid. The elastic scattering problem would have to be
ddressed in human bone specimens, such as those that have
reviously been used in polarized FTIR.17 In humans, the
amellae are about 2–9 �m thick38 thus, confounding effects
f multiple lamellae would be diminished, but multiple scat-
ering would still occur.

In conclusion, the first simultaneous quantitative measure-
ents of matrix collagen and mineral orientation in nondepro-

einated, genetically disordered �OI� bone specimens have
een reported. Systematic errors in the orientation distribution
alculations due to contributions from sample turbidity and
ultiple elastic scattering effects have been minimized by

mploying a high NA objective. Mineral crystallite orienta-
ions in OI mouse bones calculated using polarized Raman
pectroscopy have been validated against SAXS results. The
echniques described in this paper may have widespread util-
ty because the mechanical properties of calcified tissue are
ependent on the molecular structure and the arrangement of
he constituent mineral crystals within the organic matrix.39

or example, in the SAMP6 mouse model for skeletal fragil-
ty, the reduced strength of the bone matrix is attributed to
oorer organization of collagen fibers and reduced collagen
ontent, although the animals have normal levels of collagen
ournal of Biomedical Optics 037001-
cross-links and normal mineral crystallite structure.40 In
biglycan-deficient mice, alterations in collagen and overex-
pression of noncollagenous proteins lead to an increase in
mineralization, yet reduced mechanical properties.41 The abil-
ity to probe simultaneously mineral and matrix composition
and orientation makes Raman spectroscopy a valuable tool to
study such problems.
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