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Abstract

While osteoporosis is known to alter bone tissue composition, the effects of such compositional
changes on tissue material properties have not yet been examined. The natural gradient in tissue
mineral content arising from skeletal appositional growth provides a basic model for investigation
of relationships between tissue composition and mechanical properties. The purpose of this study
was to examine the effects of tissue age on bone tissue composition and nanomechanical
properties. The nanomechanical properties and composition of regions of differing tissue age were
characterized in the femoral cortices of growing rats using nanoindentation and Raman
spectroscopy. In addition, spatial maps of the properties of periosteal tissue were examined to
investigate in detail the spatial gradients in the properties of newly formed tissue. Newly formed
tissue (0—4 d) was 84% less stiff and had 79% lower mineral:matrix ratio than older intracortical
(15-70 d) tissue. Tissue modulus, hardness, mineral:matrix ratio, and carbonate:phosphate ratio
increased sharply with distance from the periosteum and attained the modulus and mineral content
of intracortical tissue within four days of formation. The mineral:matrix ratio explained 54% and
62% of the variation in tissue indentation modulus and hardness, respectively. Our data
demonstrate significant variations in tissue mechanical properties with tissue age and relate
mechanical properties to composition at the microscale.
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INTRODUCTION

Skeletal fracture resistance depends on bone mass, geometry, and tissue material properties.
While osteoporosis has long been associated with low bone mass,? this pathology has more
recently been shown not only to reduce bone quantity but also to alter tissue distribution and
composition.23 The osteoporosis treatment paradox highlights the potential importance of
tissue material properties to fracture resistance. Antiresorptive treatments reduce fracture
risk by 30-50% while increasing bone mineral density (BMD) by 0-8%.4-5 These modest
increases in BMD are insufficient to explain the substantial decrease in fracture risk; thus,
other factors must also contribute to fracture risk.4=8 Improved tissue “quality” may be a key
factor in the efficacy of these therapies.

Nanoscale heterogeneity of bone tissue properties has emerged as a key aspect of bone
quality associated with fracture resistance. Regions of varying elastic modulus are known to
hinder crack propagation and toughen bone tissue on the nanoscale.”8 Healthy bone is also
compositionally heterogeneous and possesses a characteristic bone mineral density
distribution (BMDD).® Postmenopausal osteoporosis slightly broadens and reduces the mean
of the BMDD of iliac crest biopsies, while bisphosphonate treatment largely reverses these
effects, bringing the BMDD of osteoporotic bone closer to that of healthy bone.19-12 Recent
Fourier transform infrared (FTIR) spectroscopic studies have also demonstrated that
osteoporosis alters the mean and the distribution of bone tissue properties such as
mineral:matrix ratio, mineral crystallinity, and matrix maturity.313-15 paralleling the results
of the BMDD studies,10-12 alendronate treatment of osteoporotic tissue increased the mean
and sharpened the distribution of the mineral:matrix ratio assessed by IR spectroscopy.16
These changes in tissue composition are expected to change the properties of the tissue at
the material level.

Bone tissue microstructure comprises molecular constituents such as collagen, mineral, and
noncollagenous proteins, as well as micro-scale features such as lamellae. The arrangement
of and interactions among of these microstructural constituents determine tissue material
properties. However, changes in tissue composition have not been related directly to
changes in tissue material properties or whole-bone behavior.

Investigation of microstructure-property relationships in bone tissue will improve our
current understanding of normal and pathological bone function and may lead to
development of improved therapies for bone diseases. While the relationship between bulk
bone composition and mechanical properties has been characterized extensively,17-20
information about microstructure-property relationships at the level of the constituent
material is just beginning to emerge. To date, tissue material composition and
nanomechanical properties have primarily been examined independently.31521-24 However,
a number of recent investigations of relationships between these factors have demonstrated
systematic variations in bone tissue nanomechanical properties and composition in both
normal and diseased tissue.2>-29

Here we examine microstructure-property relationships in bone tissue material at the micro-
to nanoscale. The natural gradient in tissue mineral content arising from skeletal
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appositional growth provides a basic model in which relationships between tissue
composition and mechanical properties can be established. The purpose of this study was to
examine the effects of tissue age on bone tissue material composition and nanomechanical
properties. We hypothesized that the nanoscale tissue modulus and hardness of bone
material would vary with local differences in tissue mineral content arising from differing
tissue ages. In particular, older, highly mineralized tissue was expected to be stiffer and
harder than younger, less mineralized tissue, as characterized by nanoindentation and Raman
spectroscopy.

MATERIALS AND METHODS

Study Design

To understand the effect of variations in mineral content on bone tissue nanomechanical
properties, tissue of different ages was examined in the femoral cortices of growing rats. In
the rat, the majority of appositional growth occurs at the periosteal surface, with newly
formed tissue at the periosteum and older tissue in the interior of the cortex.30 Therefore,
this model was selected for two key attributes: 1) the large volume of tissue formed in a
rapidly growing animal, ensuring sufficient tissue of various ages for microscale
characterization and 2) the monotonic increase in tissue age and mineral content produced in
a cortex that grows appositionally without remodeling,39 allowing straightforward analysis
of tissue of varying ages within each animal.25 The rate of tissue mineralization varies with
time, from the initial rapid primary mineralization phase to the longer and more gradual
secondary mineralization phase; therefore, the tissue mineral content increases nonuniformly
but monotonically with time.

Variation in tissue properties with tissue age was analyzed over two length scales: across the
entire cortex and within the newly formed tissue at the periosteum. Differences in tissue
composition and mechanical properties throughout the entire cortex were examined first.
Then, the property gradients within the newly formed tissue at the periosteum were
characterized in detail. Raman microspectroscopy and nanoindentation were used to
measure tissue composition and mechanical properties, respectively.

Sample Preparation

Four 42-day-old male Sprague-Dawley rats were administered fluorochrome labels over a
28-day experimental period. Demeclocycline, calcein, and demeclocycline (Sigma-Aldrich)
labels were administered IP (15 mg/kg) at 28, 14, and 4 days, respectively, before euthanasia
by CO, inhalation. This protocol was approved by the Cornell University Institutional
Animal Care and Use Committee. The right femora were then harvested and prepared for
mechanical and compositional characterization. Femora were dehydrated in absolute ethanol
and propylene oxide, and embedded in Spurr’s resin. One 3-mm-thick transverse section
was cut from the mid-diaphysis of each femur with a low-speed diamond saw and mounted
on an atomic force microscope (AFM) stub. All specimens were polished anhydrously
through a series of graded SiC and Al,O3 abrasives, as described previously,3! to avoid
demineralization and mineral solid phase transformations.32:33 Likewise, specimens were
not rehydrated prior to testing to avoid demineralization and solid phase transformations that
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occur in bone tissue exposed to agueous solutions.32:33 The final root mean square (RMS)
roughness of the specimen surfaces was ~10 nm, as assessed by several 5 x 5-um? contact
AFM scans.

Compositional Characterization

Raman spectroscopy was used to characterize tissue composition. Spectra over the range
800-1800 cm~ were collected using a Raman microprobe (Renishaw, Inc.) with a 785-nm
laser (Renishaw, Inc.) and a 50x, 0.75 numerical aperture objective (Zeiss), producing a
beam with a diameter of ~1 um at the specimen surface. Baseline corrections were made to
all peaks before calculation of peak heights of the phosphate (959 cm™1), carbonate (1070
cm™1), and amide I (1675 cm™1) bands. Ratios of the peak heights of the phosphate/amide |
bands were calculated to give the mineral:matrix ratio, a measure of the extent of
mineralization of the collagen matrix, and the carbonate/phosphate peak height ratios were
calculated to give the carbonate:phosphate ratio (CO3:POy), an indicator of the extent of
carbonate substitution in the mineral lattice.

In the first set of experiments examining the variation in tissue composition across the entire
cortex, four regions of tissue in the antero-lateral cortex were examined. These regions,
demarcated by the fluorochrome labels, corresponded to tissue ages of 0-4, 5-14, 15-28,
and 29-70 d (Figure 1a,b). For each sample, five spectra were collected near the center of
each of the four regions within the cortex, along a line parallel to the periosteum (Figure 1b).
The spacing between the five points at which the spectra were collected was ~3 um. For
each spectrum, three cosmic-ray-corrected, 10-s exposures were acquired and averaged.

A second set of spectroscopic measurements was made to examine the gradient in tissue
composition within the 0—4-day-old tissue at the periosteum. In each sample, detailed
compositional characterization using Raman “mapping” was performed on a 20 x 60-pm? (x
x y) area near the periosteal edge, adjacent to but not encompassing the site where the five
individual spectra had been collected previously (Figure 1b). In each area, Raman spectra
were collected in a grid with 10- and 1-pm steps in the x- and y-directions, which were
parallel and perpendicular to the periosteal edge, respectively. The grid was centered at a y-
position 5 um from the periosteum. Two 10-s exposures were acquired at each x-y position,
with a total acquisition time of ~5 h per map. Analysis locations for all Raman spectroscopy
experiments were recorded on high-magnification (100x) optical micrographs.

Nanomechanical Characterization

Nanoindentation was used to measure the mechanical properties of the tissue in the same
regions previously characterized by Raman spectroscopy. A scanning nanoindenter
(Hysitron, Inc.) was employed to image the sample topography and obtain force-
displacement data. The analysis locations recorded in optical micrographs from the Raman
microprobe were identified in the optical objective of the nanoindenter. Fiducial markers
such as lacunae, which were visible both in optical micrographs and in scanning
nanoindenter AFM topography scans, were used to place the indenter tip in the same
locations that were characterized previously with Raman spectroscopy. The Berkovich
indenter was loaded into the sample at 50 AN/s, held at a load of 500 puN for 10 s, and

J Biomed Mater Res A. Author manuscript; available in PMC 2014 September 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Donnelly et al.

Page 5

unloaded at 50 uN/s, producing indentations with contact depths h; ranging from 50 to 250
nm. These indentations were sufficiently small to distinguish local differences in tissue
properties but sufficiently deep to minimize the contribution of surface roughness artifacts to
the measured mechanical properties.3! The indentation modulus E and hardness H were
calculated from the load-displacement curves using the Oliver-Pharr method.34

In the first set of experiments examining property variations over the entire cortex, in each
sample five indentations were made were made near the center of each of the four tissue age
regions. Indentations were made along the same line parallel to the periosteum along which
Raman spectra were collected (Figure 1b). The spacing between indentations was ~3 pm to
avoid overlap of the plastically deformed regions of neighboring indentations.22:35:36

In the second set of experiments examining property gradients at the periosteal edge, eight
indentations were made along each of two lines perpendicular to the periosteal edge. The
lines of indentations were made within the 0-4-day-old tissue at the periosteum previously
characterized with Raman mapping (Figure 1b, ¢). The spacing between lines was ~10 um,
and the spacing between indentations was ~3 pm. Because the embedding resin is quite
smooth (RMS roughness < 1 um), and the osteoid at the edge of the cortex is relatively
rough (RMS roughness ~ 30 um), the edge of the bone specimen is topologically distinct
from the resin and easily identifiable in the scanning nanoindenter AFM topography scans.
The deformed volume beneath the indenter tip has a radius of ~3.5h,22,35,36
corresponding to ~70-875 nm for the values of h; observed here. The first indentation was
placed a minimum of 2 ym from the specimen edge to avoid sampling the embedding resin
(E ~3 GPa).

Data Analysis

Nonparametric statistical analyses were used to examine the compostional and
nanomechanical properties. For the compositional and nanomechanical data characterizing
the entire cortex, the five values of mineral:matrix ratio, carbonate:phosphate ratio,
indentation modulus, and hardness measured within each tissue age region were averaged to
obtain a mean property value for each region. Friedman’s two-way analysis of variance
(ANOVA) (Statview, SAS), a nonparametric equivalent of a repeated-measures ANOVA,37
was performed on the mean mineral:matrix ratio, carbonate:phosphate ratio, indentation
modulus, and hardness for each of the four regions sampled in each specimen. A
nonparametric post-hoc test was used for multiple comparisons between tissue ages.3”-3¢ For
all analyses p < 0.05 was considered significant.

For the Raman mapping data, the three compositional values at a given distance from the
periosteum were averaged to obtain mean property values as a function of distance from the
periosteal edge. The periosteal edge was defined as the first location at which the phosphate
peak had a signal-to-noise ratio of 10. Raman spectra and nanoindentation force-
displacement curves collected from locations that did not meet this criterion were discarded
to ensure that only mineralized tissue was analyzed.3?

Linear regressions (Statview, SAS) were used to examine relationships between
compositional and mechanical parameters. The data from the whole-cortex and periosteal
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analyses were combined for the regression analyses. The whole-cortex analyses comprised
nanomechanical and compositional measurements in identical locations, producing paired
data points. In contrast, the periosteal analyses comprised Raman measurements made at 1-
pum intervals and nanoindentation measurements made at 3-um intervals; therefore, each
nanoindentation measurement was matched with the closest Raman measurement, based on
distance from the periosteal edge. This pooled data set was used only for the regression
analysis, to maximize the number of intermediate values of mechanical and compositional
parameters.

When the variation in tissue properties across the antero-lateral cortex was examined, the
youngest tissue had a lower mineral content and CO3:POy4 ratio than the older tissue. The 0-
4-day-old tissue had a significantly lower mineral:matrix ratio (~79%) and CO3:POy ratio
(-63%) than the 29-70-day-old and the 15-28-day-old tissue, respectively (Figure 2a,b).
The mineral:matrix and CO3:POy ratios of the three older tissue age groups (5-70 d) were
not significantly different, approximately 14:1 and 0.11:1, respectively.

The variation in the mechanical properties paralleled that of the compositional parameters.
The youngest tissue (0—4 d) was significantly less stiff (—-84%) and hard (-83%) than the
oldest tissue (29-70 d), while the indentation moduli and hardnesses of the three older tissue
age groups (5-70 d) were not significantly different (Figure 2c¢,d). The 0-4-day-old tissue
had an indentation modulus of ~5 GPa, compared to ~30 GPa for the older, 5-70-day-old
tissue (Figure 2c). The hardness data showed analogous trends, with hardness values of ~0.3
GPa for the 0—4-day-old tissue and ~1.5 GPa for the older 5-70-day-old tissue (Figure 2d).

When the gradient in tissue properties within the 0-4-day-old tissue at the periosteum was
examined, the mineral:matrix and carbonate:phosphate ratios increased with radial distance
from the periosteal edge (Figure 1a,b, Figure 3a, b). Mineral:matrix ratio increased sharply
with distance from the periosteum for the first 15-25 pm and increased somewhat more
gradually thereafter. Similar initial rates of increase in mineral:matrix ratio, approximately
0.8 um~1, were observed for all specimens (Figure 3a). The gradients in
carbonate:phosphate ratio exhibited greater variability across samples (Figure 3b).

Similar to the mineral:matrix and carbonate:phosphate ratios, the tissue modulus increased
with radial distance from the periosteum, with a spatial gradient of approximately 1-2
GPa/um (Figure 3c); similar trends were observed for hardness (Figure 3d). The tissue 1.2-5
um from the periosteal edge had an indentation modulus and hardness of approximately 5
GPa and 0.25 GPa, respectively. The mechanical properties of the tissue 15-25 pm from the
periosteum were more variable, with a modulus range of 5-35 GPa and a hardness range of
0.25-1.60 GPa.

When relationships between nanomechanical and compositional variables were examined,
indentation modulus E and hardness H correlated moderately well with mineral:matrix ratio
(E: r2=0.54, p<0.001; H: r2=0.62, p<0.001) and somewhat less strongly with
carbonate:phosphate ratio (E: r2=0.36, p<0.001; H: r2=0.40, p<0.001) (Figure 4).
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DISCUSSION

As hypothesized, local tissue modulus and hardness varied systematically with tissue
composition. The values of the compositional parameters and mechanical properties
examined in this study increased similarly with tissue age. When the entire cortex was
examined, the mineral:matrix and CO3:PQOy ratios of the regions of tissue older than 4 days
were similar, whereas the youngest tissue had a 79% lower mineral:matrix ratio and 63%
lower CO3:POy ratio than the 29-70-day-old and the 15-28-day-old tissue, respectively.
Similarly, the indentation modulus and hardness of the regions of tissue older than 4 days
were similar, while the youngest tissue was 84% less stiff and 83% less hard than the oldest
(29-70 d) tissue. Thus, all measured tissue properties increased rapidly in the first several
days of bone formation and thereafter increased only slightly through 70 days of age in the
growing rat.

Our detailed characterization of the chemical and mechanical properties of the newly formed
tissue near the periosteal edge was essential to detecting these rapid initial changes in tissue
composition and mechanical properties. The tissue 20 um from the periosteum attained 50—
100% of the mineral:matrix ratio, CO3:POy4 ratio, modulus, and hardness of the older
intracortical tissue. Thus, not only did tissue mineral content increase quickly, as expected,
but the extent of carbonate substitution into the mineral lattice likewise increased with age,
although the values of the CO3:POy4 ratio were somewhat more variable than those for
mineral:matrix ratio. Similar increases were observed in modulus and hardness, indicating
that the bone tissue’s intrinsic resistance to both elastic and plastic deformation also
increased sharply in the first days of new bone formation.? The presence of these steep
property gradients was evident from prior studies,2> and our combination of spatial and
temporal parameters allowed them to be characterized.

The mineral:matrix ratio increased with tissue age in parallel with indentation modulus and
hardness. The mineral:matrix ratio explained 54% and 62%, respectively, of the variation in
indentation modulus and hardness. The correlation between mineral:matrix ratio and
indentation modulus is similar to that observed in a previous study showing that 59% of the
variation in elastic modulus was explained by FTIR mineral:matrix ratio.2°
Carbonate:phosphate ratio was less predictive of indentation modulus and hardness,
explaining 36% and 40% of the variation, respectively. The trends in these nanomechanical
properties with carbonate:phosphate ratio appeared less linear than those observed with
mineral:matrix ratio, and other types of functional forms (polynomial, exponential) did not
improve the fit. Nonetheless, the relationships between composition and mechanical
properties reported at the bulk level 182041 3|50 appear to extend to the material level.

In the newly formed tissue closest to the periosteum, tissue mineral content tended to
increase more rapidly than modulus and hardness, suggesting that other microstructural
factors also contribute to tissue mechanical properties. Woven bone was observed
exclusively throughout the femoral cortices of rats the same age as those used in the current
study (70 d), using second harmonic generation microscopy to characterize the extent of
collagen organization in the tissue [unpublished observation]. Thus, the observed differences
in mechanical properties were likely not attributable to systematic variations in collagen
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orientation. A variety of other factors, including mineral crystal size, composition, and
orientation, as well as noncollagenous matrix proteins may also influence local tissue
material properties.26:42-44

To relate tissue compositional and mechanical properties, we chose an animal model with
the intent of producing a wide range of properties over which to examine these relationships.
Local variations in tissue composition with tissue age have also been examined in a murine
calvarial model3® and in rat?> and murine?? tibial models. In our study, tissue mineral:matrix
ratio and carbonate:phosphate ratio both increased 5-fold over a tissue age range from 0-4 d
to 5-70 d. In a murine calvarial model, the mineral:matrix ratio and carbonate:phosphate
ratio increased 11-fold and 1.5-fold, respectively, from the fetal period to 6 months of age.3?
In the tibial models, the range of tissue compositional properties was smaller than ours. In
the mouse tibia, the mineral:matrix ratio of 40-day-old tissue was only 50% greater than that
of 1-day-old tissue,2? while in the rat tibia, the mineral:matrix ratio of 22—70-day-old tissue
was 30% greater than that of 2-6-day-old tissue.2> While the developing murine calvaria
exhibited the greatest reported range of tissue compositional properties, the small size of the
fetal and postnatal murine skeleton may complicate mechanical characterization. A number
of factors, such as anatomic location, species, age, and sex, can affect tissue composition
and mechanical properties.#>~47 Investigation of other genotypes, anatomic sites, or species,
such as a recent study of baboon osteonal properties as a function of tissue age,*8 may
provide an improved model system for correlation of these properties.

Our results are in agreement with previous measurements of local composition in bone
tissue of growing rodents. The mineral:matrix ratios of the older intracortical tissue
examined in this study (5-70 d) correspond closely to the FTIR mineral:matrix ratios
measured in intracortical tissue (1070 d) in rat tibiae.2> The range of mineral:matrix ratios
observed here also correspond closely to those assessed by FTIR spectroscopy in the
cortices of tibiae from mice ranging in age from 1 to 450 days.?® The mineral:matrix ratio of
the youngest tissue examined in the current study (0-4 d) is comparable to that of 1-7-day-
old murine calvarial tissue.3° The corresponding values of carbonate:phosphate ratio
measured in the current study are somewhat lower than the murine calvarial values,3® which
reflects less carbonate substitution in the mineral lattice, perhaps due to a relative deficiency
of carbonate ions in the local mineral environment, or, alternatively, increased phosphate
content of the matrix.*8

The observed rapid increase in tissue properties is also consistent with previous
mineralization studies of rat long bones. A density fractionation study of homogenized bone
from 84-day-old rat femora found the tissue to be highly mineralized, with only 15% of the
tissue having a density less than 80% of the maximum.#? In a study of 70-day-old female rat
tibiae similar to the current one, newly formed bone attained intracortical mechanical and
compositional properties within 10 days of formation.2> However, in contrast to our
findings, the modulus of the youngest tissue age examined (2—6 d) was not significantly
different from that of the older intracortical tissue (10-70 d). The mineral:matrix ratio of the
youngest tissue was ~20% lower than that of the intracortical tissue. Finally, electron
microprobe analysis of local bone formation demonstrated that tissue density and Ca:P ratio
increased rapidly during the initial hours of mineralization, reaching 90% maximum
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possible mineral density within 4-5 days.>® Thus, primary mineralization occurring over the
first several days of bone formation provides sufficient mineral to achieve the mechanical
properties of intracortical tissue in the rat cortex.

Precise differentiation of local tissue properties in this study was enabled by mechanical and
compositional techniques with resolution ~1 um. Although the sample size used in this study
is relatively small, significant differences were detected in mechanical properties and
compositional parameters as a function of tissue age. Tissue properties were measured in
dehydrated tissue, and the absolute values of indentation modulus and hardness are likely
elevated relative to hydrated or in vivo values. The indentation modulus of dehydrated bone
tissue has been reported to be 10-75% greater than that of hydrated tissue.22:36.51 However,
dehydration and embedding were essential to achieving the low sample surface roughness
necessary for making sub-micron-sized indentations capable of detecting local differences in
material properties.

In this study, relationships between tissue compaosition and mechanical properties were
investigated with a growing rat model. The growing rat cortex rapidly forms large quantities
of tissue, and tissue age determination is facilitated by the lack of intracortical remodeling.
Our data demonstrate significant variations in tissue-level nanomechanical properties with
tissue age. Future investigation of tissue from aged animals as well as tissue that undergoes
intracortical remodeling®® will help to determine whether these relationships persist in
elderly individuals and in remodeled tissue. Newly formed tissue is characterized by
considerably reduced mineral content, stiffness, and hardness. Because very young tissue
possesses reduced intrinsic resistance to both elastic and plastic deformation, high turnover
disease states producing large volumes of very soft and compliant tissue may contribute to
skeletal fragility. Combined analyses of tissue material properties, along with
microarchitecture and bone mass, may help to provide a more complete picture of the
origins of skeletal fragility in pathologic tissue.
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Figure 1.
(a) A combined fluorescence and brightfield image of a femoral mid-diaphyseal cross-

section. The demeclocycline labels appear orange, and the calcein label appears green. The
rectangle indicates the cortical analysis region shown at higher magnification in (b). (b)
Schematic of analysis region in posterior cortex. Black circles and white triangles indicate
Raman spectra collection points and nanoindentation locations, respectively, in each of the
four tissue age regions. The small rectangle near the top right of the micrograph indicates
the periosteal analysis area characterized by detailed Raman mapping and nanoindentation
experiments. (c) Typical spatial maps of mineral:matrix ratio and carbonate:phosphate ratio
in the periosteal analysis area.
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Figure 2.
Mean (a) mineral:matrix ratio, (b) carbonate:phosphate ratio, (c) indentation modulus, and

(d) hardness vs. tissue age superimposed on a combined optical and fluorescence
micrograph of a cortical region showing the periosteal edge (P) and the endosteal edge (E)
as well as the demeclocycline labels (D) and calcein label (C). The widths of the bars on the
plot are scaled with the width of the corresponding tissue shown in the micrograph. Error
bars indicate standard deviations. The overall effect of tissue age was significant for all
properties examined (p < 0.05 by Friedman’s two-way ANOVA), and multiple comparison
(a =0.05) showed significant differences vs. 29-70 d (*), and 15-28 d (**).
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Mean values vs. distance from periosteal edge for (a) mineral:matrix ratio, (b)

T T T T T T T
.
. (O m
r *an .' LI
R .- L]
ofe aE
r soln ui.' 1
elTow
ta,t
I +2a*" i
'y -
L » i
3
.
i
s i
&
bt 4 * Sample A
® = Sample B |4
A Sample C
+ Sample D
1 1 1 1 1 1
T T T T T T T
L)
L ngg "n"
L LI i ot B
** ‘.‘:3:',:.}.. .
P PN T .
| o -ll.l.. |
+* . .
.
.I
L . 4
")
L ]
L e 4
L]
-
L
Fm ® Sample AH
= Sampe B
. Sample C
+ SampeD
1 1 1 1 T T
5 10 15 20 25 30 35

Distance (um)

—
o

Incentation Modulus { GPa)

P
o
=

Hardness (GPa)

20

0.8

0.4

- - e *
L]
L]
L]
u =
¢ L
.
*
- 3 . .
s e Sample A
om w‘ . [ Sam;pJIcB
Sample C
+ Sample D
1 1 1 1 T T
T T T T T T T
-
e g .
-
- ..
.
"R
Ll
+n 7
-
-
o * S le A 1
L] ample
v ® " Samgch
Sample C
+ Sample D
1 1 1 1 T T
5 10 15 20 25 30 35

Distance (um)

carbonate:phosphate ratio, (c) indentation modulus, and (d) hardness.
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Figure4.
Correlations between nanomechanical and compositional properties: (a) indentation

modulus vs. mineral:matrix ratio, (b) hardness vs. mineral:matrix ratio, (c) indentation
modulus vs. carbonate:phosphate ratio, and (d) hardness vs. carbonate:phosphate ratio. Solid
lines show best fit linear regressions (p<0.001).
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