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Abstract. The development of prophylaxes and treatments of bone diseases that can eﬀectively increase the
strength of bone as a structure necessitates a better
understanding of the time course by which chemical
properties deﬁne the stiﬀness of the material during
primary and secondary mineralization. It was hypothesized that these processes would be relatively slow in the
actively growing skeleton. Seven-week-old SpragueDawley female rats (n = 8) were injected with multiple
ﬂuorochrome labels over a time span of 3 weeks and
killed. Chemical and mechanical properties of the tibial
mid-diaphysis were spatially characterized between the
endocortical and periosteal surface by in situ infrared
microspectroscopy and nanoindentation. The phosphate-to-protein ratio of bone 26 days old was 20%
smaller at the periosteal surface and 22% smaller at the
endocortical surface (P < 0.05 each) compared to older
intracortical regions. The ratios of carbonate to protein,
crystallinity, type A/type B carbonate, collagen crosslinking, and bone elastic modulus did not diﬀer signiﬁcantly between bone 26, 1014, and 822 days old and
intracortical regions. Intracortical properties of 10-weekold rats, except for the carbonate-to-protein ratio which
was 23% smaller (P < 0.01), were not signiﬁcantly different from intracortical matrix properties of young
adult rats (5 months, n = 4). Spatially, the phosphateto-protein ratio (R2 = 0.33) and the phosphate-to-carbonate ratio (R2 = 0.55) were signiﬁcantly correlated
with bone material stiﬀness, while the combination of all
chemical parameters raised the R2 value to 0.83. These
data indicate that lamellar bone has the ability to quickly
establish its mechanical and chemical tissue properties
during primary and secondary mineralization even when
the skeleton experiences rapid growth.
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Addition of tissue to surfaces of the skeleton, as modulated by complex interactions between genetic, molecular,
and cellular factors, is integral to the processes of growth
and development, adaptation to external and internal
stimuli, as well as aging [13]. The mineralization of the
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organic matrix secreted by osteoblasts occurs in two
phases. Primary mineralization, as visualized by mineralizing fronts using histomorphometric techniques, involves the immediate addition of inorganic components
to the matrix, while secondary mineralization focuses on
increasing the number of mineral crystals and their degree
of maturation and perfection. The time course of mineralization almost certainly depends on age and physiological status of the individual, but it is often assumed that
primary mineralization takes a few days to several months
and that secondary mineralization can take up to several
years to attain peak levels [46]. Consistent with this
view, turnover in a given bone is inversely related to its
degree of mineralization [7].
Primary mineralization on surfaces may alter bone
morphology and enhance its strength by the sheer addition of tissue, but for this to occur, it is clear that the
newly added material has to be of high quality [8]. Bone
quality is substantially inﬂuenced by morphological,
cellular, and molecular variables but perhaps most
strongly aﬀected by microscopic chemical and mechanical material properties [9, 10]. BoneÕs organic and inorganic phases deﬁne its chemical and mechanical
properties, but precise relationships and interactions
between individual chemical and mechanical variables
are, to a large degree, unknown. A large number of
studies have related the strength and stiﬀness of bone to
its mineral content [1114], but clearly, other chemical
properties pertaining to both the organic and inorganic
phases also contribute to boneÕs mechanical properties.
Crystal size, orientation, maturation, and perfection have
been suggested to inﬂuence mechanical behavior [15, 16].
Changes in carbonate content and, in particular, carbonate substitution for phosphate ions alter crystal shape
and the arrangement of the crystal lattice, leading to altered mechanical properties [15, 17]. Collagen provides
tensile strength, toughness, resilience to fracture, and
ductility; and the strength of collagen-mineral bonding
and the quality, maturity, and orientation of the collagen
ﬁbers have been implicated in boneÕs mechanical behavior [1823].
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During phases of early growth and development,
bone gradually increases its mass and physical properties, including parameters of bone strength, at the level
of the organ [18, 24]; but it is unclear how quickly new
tissue added to bone surfaces during growth (modeling)
matches the chemical and mechanical properties of
much older bone found intracortically. Considering that
accumulation of mineral to bone as an organ is incremental during skeletal growth [24, 25] and that mineral
resources for both primary and secondary mineralization may be limited because of the high prevalence of
surface modeling throughout the skeleton, we hypothesized that primary mineralization of lamellar bone
during modeling would provide only a fraction of its
intracortical properties and that secondary mineralization would be gradual and slow. Further, we hypothesized that the mineral content of the matrix would
predominantly determine its micromechanical stiﬀness.

Materials and Methods
Experimental Design
All procedures were reviewed and approved by the universityÕs
Animal Care and Use Committee and met or exceeded all
Association for Assessment & Accreditation of Lab Animal
Care (AALAC) guidelines. Over a 3-week time span, female 7week-old Sprague-Dawley rats (n = 8) were injected intraperitoneally with multiple ﬂuorochrome labels that were
incorporated into actively mineralizing surfaces at the time of
injection: calcein (15 mg/kg) was injected on days 1, 5, 17, and
21 and xylenol orange (90 mg/kg) was injected on days 9 and
13 (Fig. 1). Rats were killed on day 23 (10 weeks of age) and
weighed, and the left tibiae were harvested and stored in 70%
ethanol. To assess how boneÕs physical properties diﬀer between adolescence (10 weeks of age) and young adulthood,
four additional female Sprague-Dawley rats from the same
breeding colony were killed at 5 months of age and weighed,
and the left tibiae were harvested and stored as described
above.
Sample Preparation for Chemical and Mechanical Analysis
As a measure of growth, the length of the tibia was measured
using digital calipers (Mitutoyo America, Aurora, IL, USA).
Mid-lengths of all tibiae were marked and mid-diaphysial sections isolated by transversely transecting the bone 2 mm
proximal and 5 mm distal to the mid-length mark (diamond
wafer saw). Bone marrow was irrigated with distilled water, and
samples were dehydrated in an increasing series of alcohol
(70%, 80%, 90%, 100% ethanol). Samples were then embedded
in low-viscosity epoxy resin (Epo-thin, Buehler, Lake bluﬀ, IL,
USA) under vacuum to allow for complete penetration of the
epoxy into the marrow cavity. Using silicon carbide abrasive
paper of decreasing particle size, the proximal surface of the
embedded samples was sanded under deionized water until the
mid-length mark was reached. To produce a glass-like smooth
surface, the block was polished with diamond suspension
(Metadi Supreme, Buehler, Lakebluﬀ, IL, USA) using
decreasing particle size from 3 to 1 to 0.2 to 0.05 lm. Specimens
were ultrasonically cleaned to remove surface debris and glued
(cyanoacrylate) to steel microscope slides for infrared spectroscopy and nanoindentation testing. Spatial correlations between chemical and nanomechanical properties required the
quantiﬁcation of mechanical properties in precisely the same
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Fig. 1. Methodology used for collecting chemical and
mechanical properties of bone with clearly deﬁned age. Measurements were performed in 10 radial bands at the anterior as
well as posterior cortices (left panel). Six of the bands were deﬁned by ﬂuorescent labels, three bands each at the endocortical
region (Ec, right panel) and at the periosteal region (Ps) and four
bands intracortically (In.Ct). The 10 and 14 days xylenol orange
labels are not visible in this picture as they require a diﬀerent
ﬁlter for visualization. A 100 · 20 lm array was placed into each
region (right panel) to collect ﬁve chemical spectra and eight
nanoindents. The arrays were contained between labels and were
not in contact with them.
regions in which chemical properties were quantiﬁed. To this
end, a two-dimensional coordinate system was deﬁned by three
reference points that were scratched into the surface of the
epoxy block with a ﬁne pin. This coordinate system was used
for the electronic stages of both the infrared microscope and the
nanoindenter. The precision and accuracy of the coordinate
transformation were high, and the error in reproducing surface
coordinates between the two systems did not exceed 5 lm.
Infrared Microspectroscopy
Synchrotron infrared microspectroscopy (SIRMS) allowed for
the in situ analysis of collagen and mineral content and composition at spatial high resolution [26, 27]. Synchrotron light
(National Synchrotron Light Source, Brookhaven National
Laboratory, Upton, NY) was used as a light source for a
Nicolet Magna 860 spectrometer (ThermoNicolet, Madison,
WI) coupled to a Continulm IR microscope and MCT-A
(HgCdTe photoconductive) detector using a frequency range
of 4,000650 cm)1. A camera was mounted to the microscope
to enable imaging of the specimens. A mercury arc lamp and
wide band blue ﬁlter cube (WB-B; Olympus, Tokyo, Japan)
allowed simultaneous visualization of the ﬂuorescent labels in
the bone matrix. Spectra were collected in reﬂectance mode,
128 scans per point, at 4 cm)1 spectral resolution using Omnic
6.1 software (ThermoNicolet), with the aperture size set at 20 ·
20 lm. Decay of the current of the synchrotron light source
was corrected for by multiplying each spectrum with a current
correction factor to normalize all reﬂectance values. A Kramers-Kronig transformation converted the data from percent
reﬂectance to absorbance units.
Measurements were taken from the anterior and posterior
cortices of the mid-diaphysis, which was subdivided into 10
radially distinct bands. In the 10-week-old animals, six of the 10
bands were deﬁned by the borders of any given double ﬂuorescent label. Starting at either the endocortical or periosteal
surface, these bands encompassed tissue that was either 26,
1014, or 1822 days old; and chemical spectra were measured
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Fig. 2. Typical IR microspectrum obtained
from the mid-diaphyseal tibia of a 10-weekold rat, illustrating the collagen, phosphate,
and carbonate peaks.
in ﬁve adjacent 20 · 20 lm arrays that were centered in each of
the six bands at both the anterior and posterior cortices
(Fig. 1). The region between the two oldest (21 days) labels was
deﬁned as intracortical bone, which was further divided into
four equidistant bands because of the large width of this region
compared to the other six (surface) bands. Identical to the
methodology used for the surface bands, chemical spectra were
quantiﬁed in the center of each of the four intracortical bands
via 100 · 20 lm arrays (Fig. 1). Thus, 100 chemical spectra
were collected from tibial cortex of each 10-week-old rat,
arising from ﬁve spectra within each of the 10 radial bands at
both the anterior and posterior cortices. For the 5-month-old
rats, chemical spectra were collected only intracortically within
four bands as described for the 10-week-old rats. The spatial
coordinates of each spectrum were recorded.
Chemical parameters were measured by calculating peak
area and peak height of each spectrum (Fig. 2). The phosphate-to-protein ratio was calculated as the integrated area of
the v1v3 phosphate peak (1,220930 cm)1 with a baseline at
1,220930 cm)1) to the amide II peak (1,5951,510 cm)1 with
a linear baseline at 1,800 cm)1) [28]. The carbonate-to-protein
ratio was determined by the integrated area of the carbonate
peak at m2 (905825 cm)1 with a baseline at 905825 cm)1) to
the amide II peak. The ratio of type A carbonate (OH) substitution) at 878 cm)1 to type B carbonate (PO43) substitution)
at 871 cm)1, the phosphate-to-carbonate ratio, and mineral
crystallinity (1,030/1,020 cm)1 with a baseline at 1,220930
cm)1) [30, 31] were also computed. These ratios may inﬂuence
boneÕs mechanical properties through mineral substitutions
into the hydroxyapatite lattice, which may alter crystal size,
density, solubility, and surface defects [2932]. A collagen
cross-linking parameter, deﬁned as the ratio of reducible to
nonreducible cross-links, was calculated from the intensity
ratio of amide I peaks at 1,660 and 1,690 cm)1. Collagen crosslinking deﬁnes the quality and maturity of the ﬁbers and
contributes to the strength of collagen-mineral bonding [21].
Chemical parameters referred to above were calculated for
each 20 · 20 lm square, and the median value of any given
100 · 20 lm array was used for further analysis.
Nanoindentation
After IR spectral analyses, the mechanical material properties
of the 10 distinct bands were assessed via nanoindentation
(Triboindenter; Hysitron, Minneapolis, MN, USA) at both the
endocortical and periosteal surfaces. As described above,
nanomechanical data points were collected in the same regions
in which chemical data points were collected. The position of
the coordinate reference points was selected with an optical
microscope and a precision X-Y stage (500 nm accuracy) attached to the nanoindenter. Within the same 100 · 20 lm

arrays, eight indents were distributed evenly, with each indent
10 lm apart (Fig. 1). Thus, 160 indents were made on each
sample across the 10 bands at the anterior and posterior cortices. Indentations were performed using a trapezoidal waveform (10 seconds each of loading, holding, and unloading),
with a peak load of 1 mN and loading rate of 100 lN/second
using a diamond Berkovich tip. Fused silica, which is elastically isotropic and has a relatively low modulus-to-hardness
ratio, was used to calibrate the tip shape function and to check
on the accuracy of the measurements. The optic-probe tip
calibration was performed regularly to calibrate the oﬀset between the probe tip and the optics focal point. The reduced elastic modulus (Er) waspﬃﬃﬃcalculated by the standard
, where S is the contact
Oliver-Pharr method [33], Er ¼ 2P pSﬃﬃﬃﬃ
A
c

stiﬀness and Ac is the contact area. Er was used to determine
the bone elastic modulus (Eb), for each 20 · 20 lm
1v2
square, Eb ¼ 1vb 2 ,where t is PoissonÕs ratio and the sub1
i
Er  Ei

scripts b and irefer to bone and the indenter, respectively. The
elastic properties of the diamond indenter were vi = 0.07 and
Ei = 1,140 GPa, and PoissonÕs ratio of bone was assumed to
be 0.3. In the following, only Eb is reported and referred to as
E. In analogy to the chemical measurements, the median
elastic modulus and hardness across each 100 · 20 lm array
was used for further analysis.
Statistical Analysis
One-way analysis of variance (ANOVA) followed by a Student-Neumann-Keul post-hoc test compared the chemical and
nanoindentation parameters across the diﬀerent radial band
regions. Diﬀerences between the anterior and posterior cortices
were assessed by paired two-tailed t-tests. Multiple linear
regressions tested for associations between chemical and
mechanical properties across the regions in which they were
determined. Initially, 14 data points were entered into these
correlations, representing averages across the eight 10-weekold rats for the six radial bands each at the anterior and
posterior surface and one data point from each pooled intracortical region. Correlations were then expanded to 16 data
points by adding the pooled intracortical regions of the four 5month-old rats (i.e., the four intracortical arrays were pooled
and averaged across the four rats, yielding one data point for
the anterior cortex and one data point for the posterior cortex). Chemical and mechanical values that exceeded the
mean ± 2 standard deviations (SDs) within an array of ﬁve
(eight) data points, indicating tissue inhomogeneity (e.g.,
porosity) or high degree of surface roughness, were excluded
from the array. Statistical tests were performed in SPSS (12.0;
Chicago, IL), and statistical signiﬁcance was set at 5%.
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Table 1. Mean ratios (±SD) of phosphate-to-protein, carbonate-to-protein, crystallinity (1,030/1,020 cm ), collagen crosslinking, type A to type B carbonate, and the elastic modulus (GPa) measured in regions of diﬀerent age and pooled across anterior
and posterior cortices
Age
26 days

Surface Phophate/protein Carbonate/protein 1,030/1,020 cm)1 Cross-linking Type A/type B Elastic modulus

Ec
Ps
1014 days Ec
Ps
1822 days Ec
Ps
10 weeks
In.Ct
5 months
In.Ct

13.3
13.7
15.2
15.5
14.9
15.7
17.0
17.0

±
±
±
±
±
±
±
±

1.5a,b
1.2a,b
2.3
2.3
0.8
2.7
2.5
1.8

0.107
0.112
0.122
0.131
0.129
0.131
0.134
0.174

±
±
±
±
±
±
±
±

0.041b
0.030b
0.024b
0.027b
0.021b
0.024b
0.018b
0.024

1.52
1.60
1.67
1.67
1.74
1.65
1.67
1.77

±
±
±
±
±
±
±
±

0.17
0.30
0.45
0.40
0.56
0.36
0.36
0.08

2.81
2.74
2.93
2.84
2.92
2.94
3.06
2.99

±
±
±
±
±
±
±
±

0.25
0.32
0.49
0.40
0.36
0.34
0.42
0.27

1.32
1.38
1.38
1.38
1.44
1.50
1.53
1.53

±
±
±
±
±
±
±
±

0.19
0.31
0.18
0.21
0.14
0.20
0.10
0.14

26.9
26.1
27.7
27.6
27.9
28.3
28.4
28.8

±
±
±
±
±
±
±
±

2.4
2.7
1.9
3.5
2.8
3.9
3.0
2.6

Ec, endocortical, Ps, periosteal, In.Ct, intracortical
a
Signiﬁcantly diﬀerent from 10-week intracortical bone
b
Signiﬁcantly diﬀerent from 5-month intracortical bone

Results
Chemical and Mechanical Properties

Both the anterior as well as the posterior cortex showed
continuous labels at the endocortical and periosteal
surfaces in seven out of the eight 10-week-old rats
(Fig. 1). In one rat, labels were incomplete at the
periosteal surface at the anterior and posterior cortices
and were not included in the analysis (i.e., n = 7 for
data from the periosteal surface). All ﬂuorescent labels
were at least 25 l apart, allowing the positioning of the
100 · 20 lm arrays in between labels without making
contact with them. Diﬀerences in any given chemical
property between the four intracortical bands in both
the 10- and 5-month-old rats were statistically not signiﬁcant; therefore, the average of these four regions was
pooled into one value representing intracortical bone.
Comparisons of chemical properties between the radial bands (deﬁned by ﬂuorescent labels) at the anterior
and posterior cortices showed that bone of any given age
had similar chemical properties at both cortices (P >
0.05). Therefore, to reduce noise, values from both
cortices were pooled for further analysis. The phosphate-to-protein ratio, an indicator of mineralization,
showed an increasing trend with matrix age (Table 1,
Fig. 3). Statistically, only the 2- to 6-day-old mineralized
tissue was lower (P < 0.05) in its phosphate-to-protein
ratio compared to intracortical bone (19.9% at periosteal surface, 22.3% at endocortical surface). For the
carbonate-to-protein ratio, phosphate-to-carbonate,
type A/type B carbonate ratio, crystallinity, and collagen cross-linking ratio, there were similar trends with
matrix age; but ANOVA indicated that there were no
signiﬁcant diﬀerences between any of the seven radial
bands (Table 1, Fig. 3).
For any given chemical property pertaining to any
given age, there was no signiﬁcant diﬀerence between the
band at the endocortical surface and the equivalent
band at the periosteal surface; therefore, values for any

Fig. 3. Phosphate-to-protein ratio and carbonate-to-protein
ratio quantiﬁed in seven radial bands between the endocortical
(Ec) and periosteal (Ps) surfaces and averaged across the
anterior and posterior cortices. The age of the tissue, as indicated by the presence of ﬂuorescent labels, is given in days. a,
Signiﬁcant diﬀerence from intracortical region (>>22 days).

given age were pooled across the two surfaces for further
analysis. Averaged across surfaces and cortices, the
carbonate-to-protein ratio, crystallinity, type A/type B
carbonate ratio, and collagen cross-linking all showed a
similar age-related trend as the phosphate-to-protein
ratio (described above); but diﬀerences between any of
the regions did not reach statistical signiﬁcance (Fig. 4).
The magnitude of the elastic modulus that was determined in the same regions as the chemical properties
increased with advancing age of the tissue, but statistically, no signiﬁcant diﬀerences were detected between
any of the regions when averaged across surfaces and
cortices (Fig. 4).
Comparison between 10-Week- and 5-Month-Old Rats

Five-month-old rats were included in the analysis to test
for diﬀerences in boneÕs physical properties between an
actively growing (10 weeks) and a young adult tibia.
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Fig. 4. Mean (±SD) (a) carbonate-to-protein ratio, (b) crystallinity (1,030/1,020 cm)1), (c) type A/type B carbonate ratio (878/871
cm)1), (d) collagen cross-linking ratio (1,660/1,690 cm)1), and (e) elastic modulus measured in the tibial diaphysis in which
ﬂuorescent labels indicated the age of the tissue. Tissue of any given age was averaged across the endocortical and periosteal
surfaces of both the anterior and posterior cortices. Intracortical values of the tibial diaphysis from 5-month-old rats was used as a
referent (dotted line), representing a value of 100%. b, Signiﬁcant diﬀerence (P < 0.05) between intracortical bone of 10-week- and
5-month-old rats.

Indicating a substantial diﬀerence in the level of maturity, the average body mass was 50% (P < 0.001) greater
in a 5-month-old rat than a 10-week-old rat (314 ± 27
vs. 209 ± 11 g), while the length of the tibia was 16%
(P < 0.001) greater (41.3 ± 0.7 vs. 35.7 ± 0.3 mm).
The phosphate-to-protein ratio was similar between
the intracortical regions of 10-week- and 5-month-old rats
(17.1 ± 2.5 vs. 17.0 ± 1.78). Likewise, there were also
no signiﬁcant diﬀerences in the phosphate-to-carbonate,
crystallinity, type A/type B carbonate ratio, and collagen
cross-linking between the intracortical bone of 10-weekand 5-month-old rats (Table 1, Fig. 4). In contrast, the

intracortical carbonate-to-protein ratio of 10-week-old
rats, averaged across the two cortices, was 23% smaller (P
< 0.01) than the intracortical value for 5-month-old rats
(Fig. 4). The elastic mechanical properties of the tissue
were similar between the intracortical regions of 10-week
and 5-month-old rats (Table 1, Fig. 4).
Correlation between Chemical and Mechanical Matrix
Properties

Sampled across the seven diﬀerent radial bands at the
anterior and posterior cortices (n = 14), and averaged
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Fig. 5. Linear correlation between
(a) the elastic modulus and the
phosphate-to-protein ratio and
(b) the elastic modulus and the
phosphate-to-carbonate ratio
collected from the 12 surface bands
and two intracortical regions in
10-week-old rats.

across all 10-week-old rats, the phosphate-to-protein
ratio was moderately correlated with the elastic tissue
modulus (R2 = 0.33, P < 0.05) (Fig. 5). The coeﬃcient
of determination improved to R2 = 0.55 (P < 0.01)
when phosphate was normalized to carbonate, rather
than to protein. There were no signiﬁcant relationships
(R2 < 0.1, P > 0.5) between the elastic modulus and the
carbonate-to-protein ratio, crystallinity, type A/type B
carbonate ratio, or collagen cross-linking ratio. Combining phosphate-to-protein and phosphate-to-carbonate in a multiple linear regression against the elastic
modulus signiﬁcantly increased the coeﬃcient of determination (R2 = 0.69, P < 0.05). Adding the remaining
chemical ratios in the order of carbonate-to-protein,
crystallinity, type A/type B carbonate, and collagen
cross-linking to the multiple regression increased R2
from 0.69 to 0.78, 0.79, 0.80, and 0.83, respectively. The
addition of the two intracortical data points from the 5month-old rats rendered the correlation between the
phosphate-to-carbonate ratio and the elastic modulus
insigniﬁcant (R2 = 0.15, P > 0.05), decreased the R2
value for the multiple regression involving all chemical
ratios to 0.74 (P < 0.05), but did not signiﬁcantly alter
the relation between the boneÕs stiﬀness and the phosphate-to-protein ratio (R2 = 0.37, P < 0.05).
Discussion

The hypothesis of this study was that primary and secondary mineralization of lamellar tissue formed during
active growth of the skeleton would be slow because of
the high demand, but limited availability, of mineral in
the system. In contrast to this hypothesis, we found that,
within a few days, lamellar bone formed during modeling in the rat tibia was able to establish many of its
chemical and mechanical properties to a level that almost matched those of much older intracortical tissue.
Spatial correlations across very small volumes of bone in
which both chemical and mechanical properties were
assessed revealed that a lower mechanical stiﬀness of the
bone matrix was associated with a lower phosphate-tocarbonate ratio (R2 = 0.55) and, to a lesser extent, with
lower phosphate-to-protein levels (R2 = 0.33). These
data suggest that during surface modeling, large spatial

heterogeneities in chemical and mechanical properties
across a bone can be avoided through exceedingly rapid
mineralization of new tissue. Recognizing the importance of bone quality, this rapid attainment of bone
mineral and stiﬀness may signiﬁcantly contribute to the
overall mechanical competence of bone as a structure
[34].
Previous data suggested that the amount of mineral
accumulated in the matrix during primary mineralization accounts for up to 5070% of its peak properties
and that secondary mineralization, at least in human
osteonal bone, may take several years to complete [46].
In this study, primary mineralization accounted for up
to 80% of mineralization levels reached at young
adulthood (i.e., intracortical bone of 4-month-old rats)
and the time required for secondary mineralization was
less than 3 weeks. Of course, cellular metabolism is
much higher in rats than in humans and may be related
to faster mineralization times. In our study, rats were
sexually mature but given the late cessation of longitudinal bone growth in this species [35, 36], skeletal
maturity is often deﬁned by a strong reduction in
longitudinal and cross-sectional growth in bones of the
appendicular skeleton, causing bone mass to approach a
plateau. In female rats, this event occurs at approximately 1215 weeks of age [3739]. Thus, the 10-weekold rats in this study were considered actively growing
while the 5-month-old rats were yound adults, the large
diﬀerence between the two groups reﬂected by a 50%
diﬀerence in body mass. Considering that lamellar
mechanical properties may plateau during young
adulthood [24, 25], intracortical bone properties from
the older group in this study may indicate an appropriate time point to estimate the end of secondary
mineralization.
Chemical and mechanical properties were distributed
relatively uniformly across cortices and surfaces within
the mid-diaphysis, even though it is conceivable that
tissue inhomogeneities were present at the two cortices
that were not analyzed (medial and lateral). Nevertheless, our data are in contrast with studies that found
diﬀerences in bone organic, inorganic, or mechanical
properties between the anterior and posterior properties
in a number of species [15, 38, 39]. They are, however,
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entirely consistent with micromechanical studies that
either were not able to detect signiﬁcant diﬀerences in
mechanical stiﬀness across a given diaphyseal cortex [40]
or located only small diﬀerences in the elastic modulus
across lamellae of diﬀerent age during osteonal remodeling [41]. As diﬀerences in bone stiﬀness between
opposing cortices may reﬂect diﬀerences in the locomotion-induced strain and stress environment (e.g.,
compression vs. tension) [42] and the mechanical milieu
of the rat tibia has been characterized, due to its small
size, only at speciﬁc anatomical locations of the middiaphysis [43], it is possible that the speciﬁc mechanical
parameter(s) inﬂuencing mineralization is of similar
magnitude at both the anterior and posterior cortices of
the immature rat tibia. Alternatively, the eﬀects of the
nonuniform strain environment may have been
masked by tight genetic control of bone formation and
mineraliziation [44].
The complexity by which chemical and mechanical
parameters deﬁne bone quality is reﬂected by the conﬂicting nature of many studies; while a number of
chemical properties, including measures of mineral
quantity [1113, 15, 16], mineral quality [15, 16], or
organic matrix quantity and quality [21, 22, 45], have
been related to variations in boneÕs mechanical behavior, other data have been more equivocal [14, 18, 46, 47].
Aside from the diﬀerent techniques used to probe
chemical (e.g., Raman spectroscopy, IR spectroscopy,
electron microscopy) and mechanical (e.g., whole-bone
bending tests, nanoindentation, acoustic microscopy)
properties, many discrepancies between these studies
may lie in the diﬀerent hierarchical levels [23] at which
these relations were developed (i.e., organ vs. tissue vs.
material). Almost all of the studies cited above relied on
correlating diﬀerences in boneÕs physical properties that
were caused by diﬀerences in age and physiological or
pathological status of the individual. Our study is unique in the sense that nanoindentation and SIRMS
coupled to an epiﬂuorescence microscope allowed us to
test for mechanochemical relations across spatial volumes of known age in individuals without potential
confounding variables such as age or disease. Further,
the microscopic level (<20 lm) at which all measurements were performed did not require consideration of
voids and geometrical inhomogeneities that may have a
substantial inﬂuence if data are collected at a more
macroscopic level [48].
The few studies that have attempted such in situ
correlations at the level of the material have reported
equivocal results, ranging from poor [46] to moderate
[12] correlations between mechanical and chemical
properties, in essence framing data from this study in
which 35% of the variation in YoungÕs modulus was
accounted for by boneÕs phosphate-to-protein ratio.
Because of the very small variability in collagen crosslinking and the type A to type B carbonate ratio between
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the diﬀerent time points, neither parameter contributed
to intrinsic stiﬀness. The substantial improvement in
correlative strength when phosphate was normalized to
carbonate content, rather than protein content, was
unexpected, in particular because carbonate content itself was a very poor predictor of material stiﬀness. The
phosphate-to-carbonate ratio reﬂects the degree of type
A and type B carbonate substitution into locations of
hydroxyl and phosphate ions of the mineral crystals,
respectively [17, 49]. The substitution of carbonate ions
for OH) and PO43) ions creates vacancies and distortion
that may change the shape of the crystal lattice and
aﬀect the mechanical strength of a mineral crystal because of alterations in their local strain environment [17,
50]. While this may indicate that the ratio of phosphate
to carbonate associated with a given volume of protein
accounts for half of boneÕs stiﬀness, it is critical to point
out that phosphate is the principal determinant of this
relationship. In fact, carbonate levels of the diﬀerent
regions in tibial sections of 10-week-old rats (in which
the correlations presented in this study were produced)
were in a narrow range, and inclusion of data points
from 5-month-old rats (in which carbonate levels were
signiﬁcantly greater) rendered the relation between
phosphate-to-carbonate ratio and the elastic modulus
insigniﬁcant, while the R2 value correlating the phosphate-to-protein ratio with the elastic modulus remained
unchanged.
In conclusion, primary and secondary mineralization
of lamellar bone may occur exceptionally rapidly during
surface modeling. Microstructural techniques allowed
for the characterization of several chemical and
mechanical properties of any given volume of bone, and
correlations across anatomical locations indicated that
the combination of all considered chemical parameters
was capable of explaining 80% of the variation in the
elastic modulus. These in situ techniques also emphasized that the physical properties of bone that is a few
days old in an adolescent skeleton could be at least an
order of magnitude greater than those of a skeleton that
is a few days old [51, 52]. Whether results from this
study can be extrapolated to remodeling events induced
by endogenous (e.g., hormonal) or exogenous (e.g.,
mechanical loading) stimuli in the human adult skeleton
remains to be determined, but it is clear that a better
understanding of functional relationships between
chemical and mechanical components, in particular
when combined with a rigorous appreciation of the
underlying molecular and cellular events, may, in the
future, lead to eﬀective prophylaxes and treatments of
reduced bone strength during aging or bone diseases.
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