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ABSTRACT Bioapatite, the main constituent of mineralized tissue in mammalian bones, is a calcium-phosphate-based
mineral that is similar in structure and composition to hydroxyapatite. In this work, the crystallographic structure of bioapatite in
human fetuses was investigated by synchrotron radiation x-ray diffraction (XRD) and microdiffraction (u-XRD) techniques.
Rietveld refinement analyses of XRD and u-XRD data allow for quantitative probing of the structural modifications of bioapatite

as functions of the mineralization process and gestational age.

INTRODUCTION

Bones are skeletal organs that allow body mobility and
protect internal organs. In addition to mechanical functions,
bones have an essential role in metabolic activity as mineral
reservoirs that are able to absorb and release ions. From
a histological point of view, bone consists of several organic
and inorganic tissues such as fibrous and lamellar parts,
cartilage, and marrow and contains vascularization, innerva-
tion, and so on. In terms of structure, bones can be con-
sidered as a dispersion of mineral particles (biominerals)
embedded in an organic matrix, which forms the contiguous
phase. Bioapatite, considered the major component in the
mineralized part of mammalian bones, is a calcium-phos-
phate mineral with a structure that closely resembles hy-
droxyapatite (OHA), Ca;o(PO4)s(OH) (Smith et al., 1983)
with variable chemical composition. Bioapatite in fact is
a highly accommodating mineral species that is able to store
and release calcium, phosphorous, and several other ions
such as Na, K, Mg, F, CO3, and OH. For this reason, bio-
apatite represents an important mineral reservoir for the
metabolic activity of the organism (Skinner, 2000). Bio-
chemical activity makes the mineral bone composition vary
greatly, depending on the site of sampling, cellular me-
tabolism, age, diet, and diseases. These features make it dif-
ficult to univocally establish the composition and structure
of bioapatite minerals and to explain the discrepancy in
results that can be found in the literature (Driessens and
Verbeeck, 1990).

The apatitelike nature of the mineralized part of bone
tissue was revealed many years ago by x-ray diffraction
(XRD) investigations (De Jong, 1926). It is well established
(Smith and Smith, 1978; Very and Baud, 1984) that bone
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minerals are mainly constituted by defective calcium hy-
droxyapatite (DOHA) with variable composition. Natural
bioapatite is a highly defective/poorly crystallized structure
with broad diffraction lines that prevent accurate phase
or composition determination by XRD techniques; conse-
quently, most structural models of bioapatite rely princi-
pally on chemical information (Driessens and Verbeeck,
1990). The general formula Cajg_y X, (POg)s_x(CO3)«
(OH),_x+, proposed by Skinner (2000) accounts for the
possible inclusion of ions (x), the substitution of CO;>~ for
PO,*", and the presence of calcium vacancies.

The development and maintenance of bone mineral
involves complex processes and a continuous turnover of
mineral and organic parts that derive from metabolic activity,
aging, and disease. An understanding of the structural and
chemical transformations of natural bioapatite, as well as the
nature and function of the precursor materials and the role of
environmental constraints in determining the structure and
composition of the ultimate bone mineral, are all relevant
issues from biological and medical points of view that
motivate extensive research activity in the field (Posner et al.,
1975; Albright and Skinner, 1987). Synthetic OHA is pro-
duced by precipitation from a calcium-phosphate-containing
aqueous solution. The precipitation of synthetic OHA
from the initial solution involves the formation of several
intermediate calcium-phosphate phases. Amorphous calcium
phosphate (ACP), which has a composition similar to
whitlockite (Ca;o(HPO4)(PO,4)s), appears as the initial
precipitate from the solution. The ability of ACP to absorb
both Ca®* and HPO42_ leads to the formation of a defective
apatite with the general formula Cag(HPO4),(PO4)s_yOHj.
From a chemical point of view, the evolution of this
compound results in a continuous increase in the OH™
content as well as an increase in the Ca/P ratio, from Ca/P =
1.43 (in ACP) to Ca/P = 1.67 (in OHA). Several authors
(Berry, 1967; Joris and Amberg, 1971) realistically hypoth-
esized that DOHA and OHA form a solid solution with the
general formula Ca;o_x(HPO4)x(PO4)s_x(OH),_. Other
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works suggest the formation of intermediate phases such as
octocalcium phosphate (OCP) with the formula Cag(H-
PO4),(POy4), - SH,O and dicalcium phosphate dihydrate
(DCPD) with formula CaHPO, - 2H,O (Brown et al., 1979.
The presence and the relative amounts of these phases are
constrained by environmental parameters such as the
composition of the initial solution, pH, temperature, and so
on. Given the complexity of the processes involved in
precipitating synthetic OHA, it is clear that understanding
the mechanisms involved in the formation of natural
bioapatite is an intricate task.

Ossification is the process whereby new bone is produced;
it starts early in humans, during gestation, and continues after
birth and throughout childhood. The early stages of min-
eralization of bone tissue proceed through the formation and
growth of bioapatite crystallites from a precursor material
(Brown et al., 1979; Termine and Posner, 1967). These
stages are essential in determining the quality of the adult
bone; however, several questions about the processes that are
related to the evolution and growth of bone mineral during
ossification still remain unanswered. Various techniques
such as x-ray radiography (Bagnall et al., 1977; Bareggi
et al., 1993), histology (Gray et al., 1995, Nobackar and
Robertson, 1951), sonography (Filly et al., 1987; Budorick
etal., 1991; Wallny et al., 1999), dual-energy absorptiometry
(Panattoni et al., 1995; Braillon et al., 1992), and computed
tomography (Braillon et al., 1996) have been employed to
investigate the morphological development of bone and its
mineral density during fetal growth. Complementary techni-
ques such as XRD (Germine and Parsons, 1988; Bigi et al.,
1997) and x-ray absorption spectroscopy (XAS; Miller et al.,
1981) have been used to describe the crystalline structure
of mineralized bone tissue. Nevertheless, relatively few XRD
studies have been performed on human samples (Chatterji and
Jeffery, 1968; Smith and Smith, 1976; Royle and Speller,
1995) and, very rarely, on human fetal bone (Oyedepo and
Henshaw, 1997).

In this work, we studied the crystallographic structure of
bone mineral in human fetuses at different gestational ages
during the early stages of bone formation using high-quality
XRD and micro-XRD (u-XRD) measurements. Diffraction
data were quantitatively analyzed using the Rietveld re-
finement approach (Young, 1993), which allowed us to
characterize the structure of bioapatite in its early stages and
to follow its modification as a function of the mineralization
process.

EXPERIMENTS AND DATA ACQUISITION

Twenty-two bone samples collected from the lumbar
vertebrae of human fetuses were analyzed. All samples,
which were provided by the Department of Pathology of
Eduard Herriot Hospital (Lyons, France), were excised from
human fetuses with no known pathologies that were
prematurely deceased at different gestational ages ranging
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from 16 to 26 weeks. The vertebrae were stored in pure ethyl
alcohol to prevent degradation. At these gestational ages,
fetal vertebrae are made up of a cartilaginous template in
which regions of mineralized tissue are embedded. These
regions are ossification centers from which the vertebra
mineralization process (endocondrial ossification) originates.
Fig. 1 a shows the image of a thin (8-um thick) slice of
a vertebra horizontally excised from a 26-week-old fetus.
The ossification region is characterized by a dense network
of dark, fine structures (trabeculae). Fig. 1 b shows the
u-XRD patterns collected from the surrounding region (4) of
the bone slice and, inside the ossification region, from a clear
region (B) and from a dark trabecula (C). The evident
differences between the three w-XRD patterns A, B, and C
highlight the structural variations in the different regions
investigated: the u-XRD pattern collected from a trabecula
presents diffraction peaks revealing the presence of a crys-
tallized structure, whereas the patterns corresponding to the
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FIGURE 1 (a) Microscopic image of a thin vertebra slice excised from

a 26-week-old fetus. (b) w-XRD patterns collected from the surrounding
region (A), from a clear internal region (B), and from a dark trabecula (C).
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surrounding and interstitial regions are characterized by
broad halos that indicate an amorphous phase without
significant traces of crystalline phases.

Fetal bone samples were studied using XRD to investigate
the bone mineral structure as a function of fetal age, whereas
the u-XRD technique was used to examine the bone mineral
structure inside the ossification center. Samples for XRD
were excised from the mineralized regions of the vertebra
body and crumbled by hand for a few minutes in agate
mortar, and the finest particles were selected with a sieve.
This procedure allows a homogeneous dispersion of par-
ticles, which is well suited for good-quality XRD patterns.
For each sample, 10-20 mg of powder were enclosed in
a cylindrical borosilicate capillary (inner diameter, D =
0.5 mm) and sealed under N, to prevent degradation of
organic parts. This procedure ensures minimal exposure of
the samples to air. Each capillary was immersed for ~10 min
in an ultrasonic bath to compact the powders. XRD ex-
periments were carried out on the General Italian Line
for Diffraction and Absorption (GILDA) beamline (Pascar-
elli et al., 1996) at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France. Powder diffraction
patterns were collected using an angle-dispersed setup
(Meneghini et al., 2001) based on a 2-D imaging plate (IP)
camera (200 X 400 mm?). The beam size on the sample was
1.5 X 1 (horizontal X vertical) mm?. The beam energy
chosen was 12 keV, which corresponds to a wavelength of
1.0332 A. During the experiment, the beam energy (E) was
regularly checked and proved to be within 0.5 eV (AE/E <
10™%). The capillaries containing the bone powders were
mounted horizontally on a goniometer head, aligned on the
beam, and kept rotating during acquisition to improve
the grain statistics. The IP was positioned perpendicular to
the sample at a distance of 304 mm. The collection time for
each diffraction pattern was 15 min. The diffraction patterns,
stored in the IP latent images, were read and digitized using
a BAS-2500 laser scanner with a 100 X 100 wm? pixel size
and a dynamic range of 16 bits/pixel. The parameters of the
instrumental setup, namely, the sample-to-detector distance,
instrumental peak broadening, and IP orthogonality, were
calibrated and controlled regularly during the experiment,
thereby collecting and refining the diffraction patterns of
standard reference materials (LaBg: NIST SRM/RM660a; Si:
NIST SRM/RM640c). A synthetic calcium hydroxyapatite
(Riedel-de Han AG, Germany) and a bone sample excised
from an adult (33 year old) human vertebra were used as
reference compounds.

The w-XRD measurements were performed on the
microfocus beamline ID13 (Riekel et al., 1992) at the ESRF.
A thin slice (thickness ~8 wm) of a vertebral bone from a 26-
week-old fetus was investigated using a focused x-ray beam
at a 0.9755-A wavelength and with a 5-um spot size. The
sample was mounted on a goniometer head at a distance of
~62 mm from the detector screen. Diffraction patterns were
recorded using a liquid-N,-cooled charge-couple device
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(CCD) with an active area of 2 X 25 cm? and were mounted
perpendicular to the incident beam. The detector geometry
(distance from sample, tilt of detector, center of diffraction
pattern) was calibrated using a powder diffraction pattern
of calibration standard Al,Oj; using the program FIT2D
(Hammersley et al., 1994). A microdiffraction map of a
sample region was realized by translating the sample along
the vertical and horizontal directions in a square area 30 X
30 wm? wide with a mesh of 10 um. Sixteen 2-D diffrac-
tion patterns were collected at each sample position (see
Fig. 6 D).

The use of area detectors such as IPs and CCDs allows
diffraction patterns to be collected with high counting sta-
tistics and greatly reduced acquisition times. These character-
istics were well suited to this experiment, because we were
dealing with a relatively large number of weakly scattering
samples, and a fast readout allowed the effects produced by
sample degradation to be reduced. Moreover, the possibility
of integrating a large fraction of the Debye-Scherrer rings
made it possible to diminish the effect of preferred ori-
entation in the sample.

The 2-D Debye-Scherrer rings were integrated to the
equivalent of a 26 scan and were corrected for polarization
and tangent geometry using the FIT2D package. IP images
were integrated along circle arcs as illustrated in Fig. 2 a. The
asymmetrical ‘“‘cake’’ integration was used to extend the
reciprocal space and to avoid an additional instrumental line
broadening due to the x-ray beam divergence in the hori-
zontal plane. The w-XRD images (Fig. 2 b) were integrated
using the whole screen. XRD and w-XRD patterns were
analyzed using the Rietveld structural refinement approach
as implemented in the General Structure Analysis System
(GSAS) package (Larson and von Dreele, 1994).

FIGURE 2 (a) Typical 2-D XRD image collected from synthetic OHA at
GILDA; the area used to convert the 2-D image into the equivalent 1-D
pattern is shown. (a) Typical 2-D u-XRD image of bone bioapatite mea-
sured at ID13.
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DATA ANALYSIS AND RESULTS
XRD data

Fig. 3 displays the XRD patterns of the synthetic OHA, the
adult bone sample, and two fetal bone samples of 26 (426)
and 16 (A416) weeks old. The four diffraction patterns display
evident similarities and point out the analogy between the
structures of bone bioapatite and synthetic OHA (Posner and
Diorio, 1958; Smith and Smith, 1978; Very and Baud, 1984).
Detailed diffraction studies on single-crystal OHA indicate
a monoclinic structure (space group P2,/b) (Elliot et al.,
1973; Tkoma et al., 1999). However, the hexagonal sym-
metry works well when dealing with powder diffraction data,
and the crystal structure of synthetic OHA is usually de-
scribed in space group P6;/m with a hexagonal unit cell
(Posner and Diorio, 1958; Kay et al., 1964; Sudarsanan and
Young, 1969; Pritzkow and Rentsch, 1985). The crystallo-
graphic structure reported by Sudarsanan and Young (1969)
was adopted as a structural model in the Rietveld refine-
ment of synthetic OHA and bone bioapatite samples. Good
structure refinements (Fig. 4) were obtained by varying the
scale factor, background coefficients, unit-cell axes (a =
b and c), and profile-function parameters. Atomic thermal
factors, site occupancies, and atomic positions were kept
fixed during the refinement, because the quality of the dif-
fraction patterns was not sufficient to refine the crystal
structure. The parameters that we refined are independent of
peak intensities and therefore are not affected by absorption
conditions and (weak) preferred orientation, which has been
documented in at least some of the microfocus images.
The diffraction patterns of bone samples are characterized
by a quite intense background that shows a marked halo at
26 ~ 15°. This feature, which is present also in the synthetic
OHA (diffraction profile, mainly derives from the diffuse
scattering contribution of the glass capillary sample holder.
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FIGURE 3 Experimental XRD pattern intensities (/, in arbitrary units,
a.u.) relative to synthetic OHA, adult bone sample, and fetal bone samples
26 (A26) and 16 (416) weeks old. Patterns are vertically shifted for the sake
of clarity.
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FIGURE 4 Rietveld refinement for selected samples: (a) synthetic OHA;
(b) bioapatite in the adult bone sample; and (c¢) bioapatite in fetal bone
sample (16 weeks old). Each panel reports the observed and refined data,
almost indistinguishable (fop trace); their difference (bottom trace), shifted
for clarity; and the calculated reflection positions (middle points).

The background was described using a 12-term shifted-
Chebishev function, and the diffraction profile was modeled
by a pseudo-Voigt peak-shape function (Thompson et al.,
1987) as implemented in the GSAS package.

The profiles of bone-sample patterns show signs of strong
anisotropy in the peak broadening. In fact, from a close
inspection of the diffraction profiles reported in Fig. 3, it is
evident that the 00/ reflections in adult as well as in fetal bone
samples are noticeably sharper than the other reflections of
the pattern. The sharper 00/ reflections suggest that, as in the
case of synthetic OHA, also in bioapatite crystals the
coherent diffraction domains preferentially extend along the
crystallographic ¢ direction. To achieve satisfactory fits of
the experimental diffraction profiles, it was necessary to
employ anisotropic contributions to the peak-shape function.
Fixing the anisotropic broadening axis along the 00/
direction, the refined anisotropy broadening coefficient X,
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(Larson and Von Dreele, 1994) assumed negative values
ranging between —0.9° and —1.3° in fetal samples and
became X, ~ —0.40° in the adult bone sample. The X,
coefficient in fetal samples shows a large dispersion of
values that does not reveal a trend as a function of gestational
age. However, the X, absolute values in bone mineral are
greater than those found in synthetic OHA (X, = —0.22°),
which means that the anisotropy of bone mineral is more
pronounced than in hydroxyapatite, and that it is greater in
younger bone mineral than in adult bone mineral.

Observing the diffraction patterns in Fig. 3, it can also be
noted that the diffraction peaks of bone bioapatite are
broader than the diffraction peaks of synthetic OHA. This
feature clearly indicates that fetal bone bioapatite is a more
poorly crystallized/highly defective material. Moreover, the
diffraction lines of fetal bone samples are broader than those
of adult bone, which suggests that the diffracting particles
(crystallites) in the younger bone are smaller and/or more
defective than in adult bones. Both crystallite size and the
lattice defects concur in determining the broadening of the
XRD peaks, so that the sample-related line shape can be
considered as a convolution of strain- and size-related pro-
files. The remarkable anisotropy that characterizes the profile
function of bone samples indicates either a large number of
defects in the a, b plane and/or the anisotropic shape of the
crystallites (coherent domains) that should be elongated
along the crystallographic ¢ direction (Carlstrom and Glas,
1959). Strain- and size-related contributions are different
functions of the diffraction angle (Warren, 1990), so that at
least in principle, it should be possible to distinguish between
the two effects. However, on poorly crystallized compounds
such as bone bioapatite, this is a difficult task. An attempt to
determine the microstrain effect (see Appendix A) does not
allow the detection of any trend as a function of age (bone
maturation), and thus for the sake of simplicity, we have
neglected the microstrain contribution and assumed that the
peak broadening is largely caused by particle-size effects.
This approximation overestimates the particle size (Appen-
dix A) but does not affect the trend observed as a function of
age (bone maturation). We have estimated the crystallite size
as length along the ¢ axis (7.) and the width of the a, b plane
(Tap) by applying the Scherrer formula:

7 = KA /B, cos 6, (D)

where K = 0.9 is the shape factor, A is the x-ray wavelength,
and B; = A20 — B, is the experimental full-width half-
maximum (A26) of the diffraction line corresponding to the
crystallographic direction i, subtracted by the instrumental
broadening contribution By, - Bexp that was calculated using
the relation given by Meneghini et al. (2001), which
describes the angular resolution as a function of the
diffraction angle using a flat-plate detector. Peak-width
analysis shows that in the adult bone sample, 7. ~ 33 nm and
Tab ~ 12 nm, and in fetal bone samples, 7, ~ 16-20 nm and
Tab ~ 6—7 nm. The reported values are in agreement with the
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dimensions reported in literature (Wheeler and Leweis,
1977). The 7, values as a function of fetal age remain
constant within the experimental uncertainty. The significant
finding of our data is the progressive sharpening of the
diffraction peaks corresponding to the 00/ crystallographic
direction as a function of gestational age. Fig. 5 demonstrates
the increase of 7. as a function of fetal age from ~16.5 nm
for the 16-week-old sample to ~20 nm in the 26-week-old
sample and reaching 33 nm in the adult sample.

A further significant finding derives from the refinement
of the unit-cell dimensions. Table 1 reports the lattice
parameters refined in bone samples and synthetic hydroxy-
apatite. The lattice-parameter values for fetal bones were
averaged for all of the investigated samples. The uncertainty
of fetal lattice parameters was calculated as the variance of
the whole set of XRD data. This uncertainty displays quite
a large dispersion (o0 ~ 6 X 107%) that is well above the
statistical uncertainty given by GSAS (o ~ 1 X 10~%). This
effect is only partially due to the known underestimation of
the statistical error in GSAS; it is more likely a real feature
that reflects the natural spread of structural parameters in
natural samples. The unit cell of fetal bioapatite appears
expanded with respect to the synthetic OHA (Aa/a ~ 0.2%
and Ac/c, ~0.04%); whereas the unit cell for adult bone
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FIGURE 5 Evolution of the bioapatite crystallite size (a) along the ¢ axis
and () of the c¢/a ratio, as a function of gestational age.
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TABLE 1 Refined values of the unit-cell parameters

Sample a=b (@A) ¢ (A)
OHA 9.4220 (6) 6.8833 (5)
Adult 9.3836 (9) 6.8745 (9)
Fetal (XRD)* 9.4411 (57) 6.8862 (23)
Fetal (u-XRD)* 9.4405 (43) 6.8766 (26)

Numbers in parentheses indicate reported errors on last digits.
*Reported values were averaged over all samples investigated by XRD.
*Reported values were averaged over whole area investigated by u-XRD.

bioapatite is reduced with respect to the unit cell of synthetic
OHA, thereby registering greater compression in the a,b
hexagonal plane (Aa/a = —0.4%) and smaller shortening
along the ¢ axis (Ac/c = —0.1%). When the c/a ratios of the
unit-cell parameters are compared, it can be noted that the
c¢/a ratio in adult bone (c/a = 0.7326) is equal to the value
c/a = 0.7326 that was reported by Smith and Smith (1976)
for adult bone bioapatite and slightly larger than the c/a ratio
in synthetic OHA that was found by us (c¢/a = 0.7305) and
reported in literature (c¢/a = 0.7301; Sudarsanan and Young,
1969). Fig. 6 reports the values of the c/a ratio in fetal
samples as a function of the gestational age. Despite the
dispersion of values, one can notice an increasing trend of
the c/a ratio as a function of bone aging. The results of XRD
data analysis come in agreement with those reported
previously (Nuzzo et al., 2003). However, in the present
work, the Rietveld refinement approach ensures better
reliability.

I (a.u.)

10 20 30 40
26 (deg.)

FIGURE 6 (a) u-XRD patterns relative to different selected areas of the
bone sample. (b) Schematic of the scanning procedure: diffractograms la-
beled / are collected from the intertrabecular region, those labeled 2 are col-
lected from the trabecular surface, and those labeled 3 are collected from
the inner region of the trabecula.

Biophysical Journal 84(3) 2021-2029

Meneghini et al.

p-XRD data

Powder diffraction measurements on fetal bone samples
highlight structural modifications as a function of gestational
age. These changes, on average, reflect the modification
induced by age on the overall bone mineral within the
ossification region. The microdiffraction technique allows
the gaining of deeper insight into structural effects of the
mineralization process by the direct examination of different
regions of a single structure (trabecula) inside the ossification
center. The average size of a trabecula inside the ossification
region is ~50-100 wm (Nuzzo et al., 2003), thus the small
(~5 wpm) spot size allows for different regions of a single
trabecula to be selectively investigated. A 30 X 30-um?
square region around a bone trabecula was probed (Fig. 6 b),
and selected u-XRD patterns are shown in Fig. 6 a. The
m-XRD patterns depict evident differences: some of them,
corresponding to mineralized regions (curves labeled 2 and 3
in Fig. 6), present clearly defined diffraction peaks, whereas
others, corresponding to the cartilaginous intertrabecular
space (curves labeled / in Fig. 6), display an amorphous
behavior. The u-XRD patterns were Rietveld-refined using
the same approach as for the XRD data. The average lattice
parameters refined from w-XRD data are reported in Table 1;
these values are in good agreement with those resulting from
XRD data refinement.

It can be noted that the u-XRD patterns reported in Fig. 6
depict significant differences in the intensities of diffraction
peaks with respect to the background. The diffractogram
intensity is related to the mineral density inside the volume
probed by the x-ray microbeam; consequently, weaker
reflections suggest that the beam is probing a region in the
vicinity of the trabecula surface, where the cartilage occupies
a (large) fraction of the volume (Fig. 6 ). On the contrary,
more intense patterns indicate that the beam, as expected
in the inner trabecular region, probes a larger fraction
of mineral particles. To quantify the variable intensity of
diffraction patterns, we referred to the histogram scale
factors implemented in GSAS. The histogram scale factor
(Hy) is a refinable variable that is proportional to the number
of unit cells of a given phase present in the sample. Fig. 7
shows the particle size (7.) and the c/a ratio as a function of
Hg: both 7. and the c/a ratio depict a positive trend as
a function of H;. The positive correlation between reflection
intensity and particle size indicates that in the external region
of the trabecular area, bioapatite presents smaller crystallites,
whereas larger bioapatite crystallites occur in the inner
region of the trabecula. In addition, the increasing c/a ratio
from the outer to the inner region of a single trabecula
confirms the tendency found analyzing the powder diffrac-
tion data of bone samples with increasing gestational age.
These results suggest that the trabecular region is composed
of ““younger” bone particles at the surface of the trabecula,
which reflects an early stage of the ossification process,
whereas ‘“‘older” bone particles in the inner part of the
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FIGURE 7 Evolution of bioapatite crystallite size (@) along the ¢ axis and
(b) of the c/a ratio, as a function of histogram scale factor (H) refined by
GSAS (see text for details).

trabecula signal a more mature stage. As in the XRD data,
the X, values obtained from refining wu-XRD patterns are in
the range of —0.80° to —0.90°, which documents a remark-
able anisotropy of the 00! reflections. Moreover the u-XRD
images suggest a weak texture effect; however, a reliable
analysis of texture is beyond the scope of the present work.

DISCUSSION

The analogies between XRD patterns of synthetic OHA and
adult and fetal bone samples demonstrate that the crystallo-
graphic structure of bone mineral closely resembles that of
OHA. The natural bone minerals realistically consist of
a mixture of defective hydroxyapatite phases with variable
chemical composition. However, we obtained good Rietveld
refinements using a single OHA phase as a structural model.
This suggests that the average structure of bone bioapatite
results from a homogeneous distribution of OHA-like
phases. Moreover, the differences between the observed
and calculated patterns in the Rietveld refinements do not
show features that can be associated with polycrystalline
phases other than OHA-like ones. Considering the high
statistics of our XRD and u-XRD data, the occurrence of
polycrystalline phases other than OHA-like phases can be
considered negligible in these bone samples. Unfortunately,
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the diffuse scattering coming from the sample holder (XRD)
and the intense air scattering (u-XRD) make it difficult to
determine and quantify the presence of amorphous phases.

X-ray diffraction data show that the bone mineralization
process as a function of gestational age implies average
growth of bioapatite crystallites and/or the reduction of their
lattice defects and strains. Microdiffraction data reveal that
the overall development of bone mineral observed as a
function of fetal age corresponds on a microscopic scale to
the mineralization process within a developing area of the
bone: w-XRD data indicate that within the trabecular region,
there are areas characterized by small and/or highly defective
bioapatite crystallites, which is as expected for immature or
prematurely formed mineral particles. Moving toward inner
regions of a trabecular area results in a progressive en-
largement of the crystallites, which is as expected for the
mature mineral. Moreover, XRD and w-XRD suggest that
the lattice deformations (revealed by the increased c/a ratio)
are directly related to the maturation progress of bioapatite
mineral: younger bioapatite crystallites show smaller values
of the c/a ratio, whereas more mature bioapatite crystallites
present increasing values of the c¢/a ratio.

Structural changes in early-forming bioapatite mineral can
offer insight into the composition of the bone mineral
component during the early ossification stages. This problem
has usually been addressed through compositional studies
demonstrating an overall deficit of calcium with respect to
phosphorus during the early stages of the ossification process
in vivo as well as in vitro (Pellegrino and Biltz, 1972; Burnell
et al., 1980) and in human fetuses (Oyedepo and Henshaw,
1997). The various models proposed suggest the presence of
a mixture of impure OHA and calcium-phosphate phases
characterized by different calcium-phosphate stoichiometry,
such as ACP (Ca/P = 1.44; Termine and Posner, 1967) and
OCP (Ca/P = 1.33; Brown et al., 1979). It has been also
demonstrated that the calcium content in bone tissue
increases as a function of gestational age (Driessens,
1990). However, the main drawback of chemical analysis
lies in the difficulty in discriminating between crystalline and
amorphous phases inside a single specimen. A close
inspection of the low-angle region in our diffraction patterns
of fetal samples reveals a systematic shift of the 100
reflections toward lower 26 angles with respect to the 26¢g
position in synthetic OHA, which demonstrates the expan-
sion of the unit-cell along the 100 direction. Other authors
have reported a similar effect on poorly crystallized apatites
(Le Geros-Zapanta, 1965; Brown et al., 1979), although
these authors interpreted their findings in a different way.
Brown et al. (1979) explained the lattice expansion along the
100 direction in OHA-containing precipitates as due to the
presence of interlayered mixtures of OHA and OCP.
However, the possibility of detecting the OCP by standard
XRD analyses is impeded by the instability of the OCP
phase, which rapidly hydrolyzes to produce OHA (Cheng,
1987) as well as by the occurrence of interlayer mixtures of
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OCP and OHA that produce superimposed and mixed
diffraction peaks. The refinements of our data do not show
residual features that can be related to the OCP phase, even if
the reduced air exposure of the sample during preparation
and measurements diminishes the probability of sample
degradation. Our data thus suggest the absence of significant
OCP contamination, even in the early bioapatite mineral
(Fig. 4, c¢). Our results are consistent with the findings of
other authors that interpreted the lowering of the 26
position as due to compositional effects such as, for example,
the inclusion of CI™ (substituting for OH™) and HPO42_
(substituting for PO,4) ions in apatite, which causes the
lengthening of the apatite @ axis (Le Geros-Zapanta, 1965).

CONCLUSIONS

XRD and p-XRD data demonstrate that early-forming bone
minerals can be described by a calcium-phosphate phase
(bioapatite) whose structure closely resembles that of
hexagonal OHA. The bioapatite crystallites are small and
elongated along the crystallographic ¢ axis, and they grow as
bone maturation proceeds. The bone maturation process
involves structural changes related to the composition of
bioapatite. Our data suggest that the early-forming bone
mineral is a calcium-defective deficient OHA phase. The
calcium deficit is progressively reduced with bone mineral
maturation.

APPENDIX A

Two-dimensional detectors such as CCDs and IPs allow for the collecting of
patterns with exceptional counting statistics and reduction of the effects of
preferred orientation in the sample. However, the reduced angular resolution
yields larger uncertainty in the line-shape profile fitting with respect to high-
resolution diffractometers. In particular, in the present case, it is difficult
to distinguish between microstrain and particle-size contribution to the
diffraction-line shape. In the main work, we decided to neglect the micro-
strain contribution. However, microstrain is expected to give a non-neg-
ligible contribution in these poorly crystallized samples, and additional
justification of our approximation will provide more confidence in the
systematic trends observed and described in the bulk of this paper.
Because of the wide line broadening, peak superposition, and the strong
anisotropy in peak broadening, it was not possible to derive particle size and
microstrain from the GSAS profile parameters. In addition, superposition
and peak width also prevented the use of the Williamson-Hall method
(Delhez et al., 1993) that, in the case of strong anisotropy in peak broadening
(as in our case), can be applied only to reflections for which two or more
orders are available. To get further insight on the size and strain con-
tributions, we independently refined some data sets of adult and fetal
bone samples using the material analysis using diffraction (MAUD) code
(Lutterotti and Scardi, 1990), which allows for the specific anisotropic
treatment of root-mean-square (rms) microstrain as well as crystallite size. In
these refinements, the amorphous component was approximated by a silica
glass (“‘cubic” with very small grain size). For the crystalline hydroxyap-
atite component lattice parameters (a, c¢), anisotropic crystallite size
(corresponding to the average length of the columns normal to the
diffracting plane) and rms microstrain were refined. Temperature factors
were kept constant, whereas the atomic positions and occupancies did not
vary significantly. The principal results are summarized in Table 2; the
¢/a ratios are in good agreement with the previous GSAS results. Moreover,
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TABLE 2 Structural parameters obtained in refining XRD
patterns with MAUD Rietveld package

Size (nm) Strain (%)
Sample cla Tab Te Sab Se
Fetal 0.7303 3 13 0.012 0.05
Adult 0.7327 7 27 0.011 0.03

Anisotropic crystallite size and rms microstrain were refined using the
method of Lutterotti and Scardi (1990).

the OHA crystallites appear anisotropic and larger in adult than in fetal bone
as already observed. Microstrain and crystallite size are both strongly
anisotropic, which suggests, as already noted, that OHA crystallites are
needles extending parallel to the ¢ axis. Interestingly the inclusion of the
microstrain contribution in the profile fitting results in smaller crystallite
size. However, it is noticeable that the microstrains remain almost the same
in adult as in fetal bone samples without any significant trend with fetal age.
This suggests that the bone maturation process mainly affects the crystallite
size, whereas microstrain only weakly affects the changes in diffraction-line
shape; thus this independent analysis justifies our model.
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