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Objectives: The degree of orientations of collagen fibers and bone apatite crystals affects bone strength.
We demonstrated that collagen fibers were aligned along the long axis of bone and that the degree of
collagen fiber orientation changed with aging using infrared (IR) dichroism imaging. In this study, we
developed a technique for evaluating bone apatite crystal orientation using IR dichroism imaging to
investigate the relationships between collagen fiber and bone apatite crystal orientations.
Methods: Femora were harvested from male Sprague Dawley rats of different ages (6, 12, and 33 weeks);

; they were then embedded in poly (methyl methacrylate) and sectioned with a microtome into 3-pm
Keywords: . . . . . .
Bone longitudinal sections. The angle-dependent Fourier transform infrared (FTIR) spectra for sections were
FTIR collected using FTIR imaging, and collagen fiber and bone apatite crystal orientations in the sections were
assessed using IR dichroism imaging.
Results: Collagen fibers and poorly crystalline apatite in the femoral cortical bone were longitudinally
aligned; however, the stoichiometric hydroxyapatite crystal and all of the bone apatite were not aligned.
The degree of poorly crystalline apatite orientation was higher in 33-week-old rats than in 6-week-old
rats.
Conclusions: Poorly crystalline apatite in the rat femoral cortical bone was aligned along the collagen
fibers. The degree of poorly crystalline apatite orientation and collagen fiber orientation in the femoral
cortical bone increased until at least 33 weeks; meanwhile, on aging, the stoichiometric hydroxyapatite
crystal was not longitudinally aligned.
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1. Introduction

Carbonated apatite and collagen are the main components of
bone, and type I collagen fibers are mainly mineralized with
nanocrystalline carbonated apatite. The material and structural
properties of carbonated apatite crystals and collagen fibers in
bone, bone quality including the rate of turnover, mineral/collagen
matrix properties, microdamage accumulation, and architecture/
geometry of trabecular and cortical bone contribute to bone
strength with bone mineral density [1]. Bone quality has been
assessed using various analytical imaging techniques such as
vibrational spectroscopic imaging for material properties, quanti-
tative computed tomography (CT), micro-CT, and high-resolution

Abbreviations: CT, computed tomography; IR, infrared; FTIR, Fourier transform
infrared; MCT, mercury-cadmium-telluride; PMMA, poly (methyl methacrylate).
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magnetic resonance imaging, and scanning electron microscopy
for structural properties. The obvious common advantage in using
these analytical imaging techniques is that they allow the distri-
butions of structural/material properties in the bone to be
visualized.

Fourier transform infrared (FTIR) imaging is a vibrational spec-
troscopic technique for determining the distribution of material
properties. Therefore, it has attracted a good deal of attention for
assessing bone quality. Conventional parameters and infrared (IR)
band assignments for the assessment of bone quality are summa-
rized in Table 1 [2—5].

Changes in the mineral-to-matrix ratio, carbonate-to-phosphate
ratio, crystallinity, and mineral maturity affect bone strength [4].
The degree of orientations of collagen fibers and bone apatite
crystals also affects bone strength [6]. We previously developed a
new technique for evaluating collagen fiber orientation in bone
using FTIR imaging with a polarizer, IR dichroism imaging [7—10].
IR dichroism imaging is particularly well suited for assessing bone
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Table 1
Conventional bone quality parameters and IR band assignments.

IR band assignments (cm™")

1200-900/1720-1585
890-850/1200-900
1030/1020
1030/1110

Bone quality parameters

Mineral-to-matrix ratio (PO3~/Amide 1)
Carbonate-to-phosphate ratio (CO3~/PO3")
Crystallinity

Mineral maturity

quality because other bone quality parameters, which are obtained
by FTIR imaging, can be simultaneously evaluated. We previously
demonstrated that the collagen fiber was oriented approximately
parallel to the long axis of the rat femoral cortical bone and that the
degree of collagen fiber orientation was higher in 33-week-old rats
than in 6-week-old rats; however, the mineral-to-matrix ratio also
tended to be higher, and the crystallinity was nearly unchanged
[10]. The relationship between collagen fiber orientation and bone
apatite crystal orientation is still unclear.

In this study, we developed a technique for evaluating bone
apatite crystal orientation using IR dichroism imaging to investi-
gate the relationship between collagen fiber and bone apatite
crystal orientations.

2. Materials and methods
2.1. Bone

Femora were harvested from male Sprague Dawley rats of
different ages (6, 12, and 33 weeks); they were then washed with
phosphate buffered saline (PBS), fixed with 70% ethanol, embedded
in poly (methyl methacrylate) (PMMA), and then sectioned with a
microtome into 3-pm longitudinal sections for IR dichroism imag-
ing. The sections were mounted on BaF, windows.

2.2. Angle-dependent FTIR spectra for the femoral cortical bone

FTIR images of the femoral section of 12-week-old rats (12W) on
the BaF, window were determined using the FTIR imaging system
(Spotlight 400 system, PerkinElmer, Inc., MA, USA) with a mercury-
cadmium-telluride (MCT) linear array detector and a wire grid
polarizer (ST Japan Inc., Tokyo, Japan) to obtain angle-dependent
FTIR spectra. The analytical condition for the instrument was in
transmittance mode with a frequency region from 4000 cm™~! to
680 cm~!, a resolution of 4 cm~! and a pixel size of
6.25 um x 6.25 pm. The polarizer was rotated in the range from
0° to 180° in increments of 10°. The background spectrum was
obtained through a BaF, window. A series of FTIR polarization
spectra, each based on an average of 256 spectra for an area of
100 um x 100 pum, was extracted from the femoral cortical bone in
the FTIR images, and baseline collection and PMMA spectral sub-
traction were performed using Spectrum 10 software (PerkinElmer,
Inc.).

2.3. Assessment using IR dichroism imaging

For IR dichroism imaging, FTIR images of the femoral sections
were collected using the FTIR imaging system with the MCT linear
array detector and wire grid polarizer in transmittance mode with a
frequency region from 4000 cm~' to 680 cm~’, a resolution of
8 cm~), and a pixel size of 6.25 ym x 6.25 pm. The background
spectrum was obtained through the BaF, window. The IR dichroism
images of the rat femoral cortical bone were obtained to show
orientations of collagen fibers, poorly crystalline apatite, stoichio-
metric hydroxyapatite crystals, and all of the bone apatite
(including poorly crystalline apatite and stoichiometric

hydroxyapatite crystals) using IR bands summarized in Table 2.
Those bands were collected by two polarized IR beams (0° and 90°).
IR dichroism image is defined as R = (Ag--Ago°)/(Ap-+Agp-),
where A stands for each integrated area of the bands.
The orientations of collagen fibers and bone apatite crystals in
differently aged rats were compared with each other.

3. Results
3.1. Angle-dependent FTIR spectrum of the femoral cortical bone

A series of FTIR polarization spectra for the femoral cortical bone
in 12W was obtained with a frequency region from 1800 cm™' to
750 cm~ . In the FTIR spectrum, both PO3~ and CO3~ were derived
from bone minerals, primarily hydroxyapatite; the amides were
derived from proteins, primarily from type I collagen. The amide [
band and PO3~ sub-band near 1110 cm ™! became obviously smaller
from 0°/180° (polarized parallel) to 90° (polarized perpendicular)
(Fig. 1).

3.2. Collagen fiber and bone apatite crystal orientations in the
femoral cortical bone

Both collagen fiber and bone apatite crystal orientations in rat
femora were evaluated from IR dichroism images. Fig. 2 shows IR
dichroism images showing (a) collagen fiber orientation, (b) poorly
crystalline apatite orientation, (c) stoichiometric hydroxyapatite
crystal orientation, and (d) the orientation of all of the bone apatite
in 12W. The collagen fibers and poorly crystalline apatite in the rat
femoral cortical bone were longitudinally aligned; however, the
other apatite bands, which were derived from the stoichiometric
hydroxyapatite crystal and all of the bone apatite, were not aligned.
The degree of poorly crystalline apatite orientation in the femoral
cortical bone increased until at least 33 weeks (Fig. 3)

4. Discussion

The degree of orientations of collagen fibers and bone apatite
crystals affects bone strength [4] as well as other bone quality pa-
rameters [6]. We previously developed a new technique for eval-
uating the orientation of the collagen fiber in the bone using IR
dichroism imaging and demonstrated that the collagen fiber was
oriented approximately parallel to the long axis of rat femoral
cortical bone and that the degree of collagen fiber orientation was
higher in 33-week-old rats than in 6-week-old rats; however, the
mineral-to-matrix ratio also tended to be higher, and the crystal-
linity was nearly unchanged [10]. The relationship between
collagen fiber and bone apatite crystal orientations was still un-
clear. In the present study, we developed a technique for evaluating
bone apatite crystal orientation using IR dichroism imaging and
investigated the relationship between collagen fiber and bone
apatite crystal orientations in rat femoral cortical bone.

A series of FTIR polarization spectra for femoral cortical bone in
12W indicated that a height of PO3~ sub-band near 1110 cm™!

Table 2
IR band assignments to show collagen fiber and bone apatite crystal orientation.

IR band assignments (cm™!)

amide [ band (1712-1609)
PO3~ sub-band near 1110 cm~! (1118-1102)
PO3~ sub-band near 1030 cm™! (1038-1022)

Orientation

Collagen fiber

Poorly crystalline apatite

Stoichiometric hydroxyapatite
crystal

All of the bone apatite PO3~ band (1185-900)
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Fig. 1. A series of Fourier transform infrared (FTIR) polarization spectra for the femoral cortical bone in 12-week-old rats. Each spectrum was based on an average of 256 spectra for
an area of 100 pm x 100 pm and recorded as the polarizer angle varied from 0° to 180° in increments of 10°.

showing poorly crystalline apatite was changed with a height of
amide I band derived from the collagen fiber. The collagen fiber was
aligned approximately parallel to the long axis of rat femoral
cortical bone [10]; therefore, this result suggested that poorly
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crystalline apatite was aligned along the long axis of the bone.
Orientations of collagen fibers, poorly crystalline apatite, stoichio-
metric hydroxyapatite crystals, and all of the bone apatite
apatite and
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Fig. 2. Infrared (IR) dichroism images showing both collagen fiber and bone apatite orientation in 12-week-old rats. (a) Collagen fiber orientation, (b) poorly crystalline apatite
orientation, (c) stoichiometric hydroxyapatite crystal orientation, and (d) orientation of all of the bone apatite. White and red show that the orientation is parallel to the long axis of
the cortical bone, and blue shows that orientation is perpendicular to the long axis of the cortical bone. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article).
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Fig. 3. Infrared (IR) dichroism images showing bone apatite orientation in 6- and 33-week-old rats. (a) Poorly crystalline apatite orientation in 6-week-old rats, (b) stoichiometric
hydroxyapatite crystal orientation in 6-week-old rats, (c) poorly crystalline apatite orientation in 33-week-old rats, and (d) stoichiometric hydroxyapatite crystal orientation in 33-
week-old rats. White and red show that the orientation is parallel to the long axis of the cortical bone, and blue shows that the orientation is perpendicular to the long axis of the
cortical bone. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).

hydroxyapatite) in the femoral cortical bone of 12W were assessed
using IR dichroism imaging. The orientation of poorly crystalline
apatite in the femoral cortical bone was coincident with that of
collagen fibers; however, the other apatite bands, which were
derived from the stoichiometric hydroxyapatite crystal and all of
the bone apatite, were not aligned. More specifically, poorly crys-
talline apatite in the rat femoral cortical bone was aligned along the
collagen fibers.

The orientations of collagen fiber and bone apatite crystal in
differently aged rats were compared. The degree of orientation of
poorly crystalline apatite in the femoral cortical bone and collagen
fiber increased until at least 33 weeks [10]; meanwhile, the stoi-
chiometric hydroxyapatite crystal was not aligned to the long axis
of the bone with aging.

5. Conclusion

We demonstrated that the relationship between collagen fiber
and bone apatite crystal orientation in rat femoral cortical bone
using IR dichroism imaging. Collagen fibers and poorly crystalline
apatite in the cortical bone were aligned along the long axis of the
femur; however, the stoichiometric hydroxyapatite crystal and all
of the bone apatite, were not aligned. The degree of poorly crys-
talline apatite orientation increased with aging until at least 33
weeks.
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