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Lateral Packing of Mineral Crystals in Bone Collagen Fibrils
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ABSTRACT Combined small-angle x-ray scattering and transmission electron microscopy studies of intramuscular fish bone
(shad and herring) indicate that the lateral packing of nanoscale calcium-phosphate crystals in collagen fibrils can be represented
by irregular stacks of platelet-shaped crystals, intercalated with organic layers of collagen molecules. The scattering intensity
distribution in this system can be described by a modified Zernike-Prins model, taking preferred orientation effects into account.
Using the model, the diffuse fan-shaped small-angle x-ray scattering intensity profile, dominating the equatorial region of the
scattering pattern, could be quantitatively analyzed as a function of the degree of mineralization. The mineral platelets were found
to be very thin (1.5 nm ~ 2.0 nm), having a narrow thickness distribution. The thickness of the organic layers between adjacent
mineral platelets within a stack is more broadly distributed with the average value varying from 6 nm to 10 nm, depending on the
extent of mineralization. The two-dimensional analytical scheme also leads to quantitative information about the preferred

orientation of mineral stacks and the average height of crystals along the crystallographic c axis.

INTRODUCTION

The mineral phase in bone has two major functions (1-3). On
one hand, it serves as an ion reservoir, which can rapidly
maintain appropriate concentrations of calcium, sodium, mag-
nesium, phosphate, and other ions in the extracellular fluid
that are critical for many physiological functions and bio-
chemical reactions. On the other hand, in combination with
the organic matrix components (predominantly type I colla-
gen fibrils), within which the mineral phase is embedded, an
elegantly arranged three-dimensional ultrastructural com-
posite material is formed that is both lightweight and ex-
tremely tough. Both physiological and mechanical functions
of bone are affected by the exact size, shape, chemical com-
position, and crystal lattice structure of the mineral crystals
(3,4), by their specific spatial distribution and orientation
within the collagen fibrils, and by the degree of mineraliza-
tion. For instance, the function of the bone composite serving
as an ion reservoir requires that the mineral phase must be
resorbable very quickly in the body, which is best achieved if
the mineral assumes the shape of nanoscale crystals with
large surface/volume ratios. Furthermore, the particular spatial
arrangement of the composite material at all levels of the
anatomical hierarchy of bone substance, i.e., the gross, mi-
croscopic, ultrastructural, and molecular levels, provides the
specific mechanical properties required to resist many dif-
ferent forces and stresses applied to specific regions of a
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particular bone as an organ, tissue, and substance without
structural failure (3).

After decades of intensive study, it is now clear that the
very earliest calcium phosphate solid phase within the colla-
gen fibrils are irregularly shaped, very thin dots (5), typically
as small as ~1 nm or less (6). Soon after nucleation, crystal
growth occurs and the habit of the mineral crystals changes to
very thin, long platelets (6,7). The changes in crystal habit and
size are also accompanied by an increase in crystallinity.
Needle-shaped crystals were also proposed to be present in
bone substance but have since been confirmed to actually be
the edge-view of the platelets (for a review, see (3)).

Note that the properties of the mineral crystals also vary as
a function of the local rate of bone formation and resorption
(bone substance turnover), which in turn determines the age
of the crystals locally, that is, the period of time the crystals
remain in the bone substance after their initial deposition
(4,8). Regions of rapid bone turnover can be located imme-
diately adjacent to regions of very slow bone turnover, with
the result that the crystals of adjacent sites at specific mi-
croscopic regions of the bone substance may vary greatly
in size, shape, local crystal structure, and physico-chemical
properties.

The arrangement of mineral crystals along the axis of a
collagen fibril, within which they are deposited, mirrors the
periodic repeat (~67 nm) present in uncalcified collagen fi-
brils. These periodic repeats can be visualized by the banding
pattern observed in transmission electron microscopy
(TEM). Also small-angle x-ray scattering (SAXS) measure-
ment has shown that the equidistant meridional reflections
with a long period of ~67 nm are preserved for the miner-
alized collagen fibrils of bone for various lengths of time after
mineralization is initiated (9—11). However, as the concen-
tration of mineral crystals within the collagen fibril increases
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with time, the 67-nm repeat is gradually obliterated, as ob-
served by TEM (8), as well as by SAXS in form of the de-
creasing number of meridional reflections. The distortion
of the original three-dimensional supramolecular packing of
collagen molecules in the fibril is also apparent from TEM of
very thick ground sections of fully calcified compact bone
where the mineral phase occupies the full axial period (12),
where eventually both the free volume within the hole re-
gions and the additional volume within the overlap regions
are filled with mineral crystals (13).

Little is known about the packing of mineral crystals in the
radial direction of the collagen fibril. In electron microscopic
studies, individual crystals in tissue sections are difficult to
resolve because they are extremely thin, and the collagen
fibrils embedding the crystals are densely packed, especially
in the heavily mineralized regions of bone. Although electron
microscopic tomography and image reconstruction have
been utilized to study the three-dimensional spatial arrange-
ment of mineral crystals within the fibril (14), the resolution
of this technique (4—6 nm) is well above what is needed to
resolve the thickness of mineral platelets.

For more statistically relevant information of crystal di-
mensions and spatial orientation in a specific volume of bone,
the use of SAXS is more suitable. Several attempts have
been made to investigate the lateral packing of the mineral
crystals in collagen fibrils based on the analysis of the small-
angle near-equatorial diffuse scattering feature (i.e., butterfly-
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pattern) (9,15-18). However, a proper analysis of the scat-
tering data should take into account a priori real-space in-
formation obtained from other techniques, such as TEM and
atomic force microscopy. The models developed by those au-
thors (15,16) assume that the mineral crystals have needlelike
or irregular shapes and are randomly distributed in the cross
section of the fibrils, which is inconsistent with the known
platelet nature of the mineral crystals (7,19-21). Further-
more, a random distribution within the fibril cross section of
the anisotropic platelet cross sections must not allow platelet
overlap and, thus, is only feasible if the degree of minerali-
zation is very low.

In this work, the characteristic butterfly-pattern originating
from the lateral arrangement of the apatite crystals was ana-
lyzed in terms of disordered lamellar stacks of platelet-
shaped crystals, intercalated with organic layers having a
thickness of a few collagen molecules (see Fig. 1 a). This
model is more consistent with TEM observations (14,22-24).
The thickness distributions of adjacent mineral and organic
layers are assumed to be statistically independent, so that the
treatment of a one-dimensional density profile along the layer
normals (which are preferentially oriented perpendicular to
the main fibril axis) resembles the one-dimensional hard-rod
fluid model of Zernike and Prins (25) with certain modifi-
cations to be discussed below. Preferred orientation effects
leading to the actual butterfly-pattern are taken into account
(26-28). The analysis leads to the thickness distributions for

FIGURE 1 (a) Schematic illustration of the lateral pack-
ing of mineral crystals in the collagen matrix. Thin apatite
platelets are aligned nearly parallel within the stacks. The
thickness of crystals is typically 2 nm and the width is ~20
nm. The crystal height in the c-axis dimension (preferen-
tially aligned about the fibril axis, not visible in this figure)
is ~30 nm. (b) Electron density projected onto the normal
of a stack of mineral platelets. 7 is the thickness of
individual crystals, and ¢ is the thickness of organic layers
between the neighboring crystals. The density of the min-
eral phase can be assumed to be uniform. There are small
density fluctuations in the organic phase but their order of
magnitude is much smaller than the density contrast (Ap)
between the mineral phase and the organic phase.



Mineral Crystals in Bone Collagen

both the mineral platelets and the intercalated organic layers,
the orientation distribution of the mineral stacks, and an es-
timate for the average height of the mineral crystals, i.e., the
dimension parallel to the fibril axis which is known to co-
incide with the crystallographic ¢ axis. The information about
the size, shape, preferred orientation, and separation between
adjacent crystals is essential for a comprehensive under-
standing of the three-dimensional spatial relationship be-
tween the mineral crystals and their surrounding collagen
matrix, on which the mechanical properties and the physio-
logical and biological functions of bone strongly depend.

PRINCIPLES AND METHODS

The three-dimensional collagen/mineral superstructure has been reviewed
elsewhere (28). A schematic representation of the fibril cross section through
the hole region is shown in Fig. 1 a, illustrating the lateral packing of the
mineral crystals in the collagen matrix. In this representation, apatite crystals
with a typical height of ~30 nm in the c-axis dimension, ~20 nm in width,
and 2 nm in thickness (7,19), are arranged into irregular arrays (14,23). Since
the average width and height of a crystal are much larger than its thickness,
each apatite platelet could be approximated by an infinitely large plate. Under
this approximation, the calculation of the scattering intensity from an indi-
vidual stack of mineral crystals is reduced to a one-dimensional problem,
depending only on the one-dimensional density profile projected onto the
layer normal direction, as shown in Fig. 1 b. The stack can be treated as a two-
phase system, one phase being the mineral crystal domain with a large but
uniform electron density, and the other being the organic matrix layers
embedded between the adjacent crystals. Due to the density difference be-
tween collagen molecules and the surrounding fluid within the fibrils, small
density fluctuations are expected within the organic matrix layers (but not in
the mineral phase), which could give rise to a scattering background more
prominent at larger scattering angles. At the present length scales, the organic
domains can be considered as homogeneous, confirming the notion of a two-
phase system with two homogeneous domains. Furthermore, the density can
be assumed to undergo an abrupt change at the mineral/organic phase
boundaries so that corrections for a finite density transition profile are not
necessary. A theoretical treatment for the scattering from an equivalent
system, namely that of the one-dimensional hard-rod fluid, was first given by
Zernike and Prins (25). Later, Hermans (29) generalized it for arbitrary
thickness distributions and formulated a more elegant expression based on a
summable convolution series,

f [1 = Hy(s)][1 = Ha(s)]
IlD(S) = ;2 Re{ 1 —HI(S)Hz(S) },

)]

where I;p(s) is the intensity in one-dimensional reciprocal space, s =
22" 'sin 0, is the absolute value of the scattering vector, A is the wavelength,
and 26 is the scattering angle, s is restricted to the direction normal to the
layers of the stack, f is a proportionality constant related to the one-
dimensional Porod asymptote at large s (i.e., f = limg_w s211D(s)), Re{}
takes the real part of a complex number, and H,(s) and H(s) are the one-
dimensional complex Fourier transforms of the thickness distributions of the
two components. Note that Eq. 1 implies an infinite length of the stack in the
layer normal direction, i.e., the number of mineral plates in the stack is
approximated as infinitely large. A finite number of mineral plates could be
introduced, but it would be difficult to separate its effect from the one caused
by stacking disorder unless the scattering curve shows higher order maxima,
which is not the case for this system.

A TEM study on the lightly mineralized regions of intramuscular herring
bone showed that apatite crystals appear to have nearly uniform thickness
(23). Therefore, we chose a narrow Gaussian for the thickness distribution of
mineral crystals,
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where p{(T)dT is the probability of finding a crystal with thickness between
Tand T + dT, (T) is the average thickness, and oy is the standard deviation
of the thickness distribution. As a probability density distribution, Eq. 2 is
normalized to unity integral. The one-dimensional Fourier transform of
p1(T) is thus

H,(s) = exp(2mi(Tys — 27 o3s”). 3)

TEM images also show that the separations between adjacent crystals,
i.e., the thickness of the intercalated organic layers, have a relatively broader
distribution (23). A I'-distribution was chosen for the thickness distribution
of organic layers,

pa(t) = F(v)flafvtvflexp(ft/a), 4)

where p,(f)dt is the probability of finding an organic layer with thickness
between ¢ and ¢ + dt, I'(v) is the I'-function of argument v, v is a dimen-
sionless parameter, and « is a parameter with the dimension of a length. The
average thickness of organic layers (f) is given by (f) = av, and the standard
deviation of the distribution is oy = a+/v. Equation 4 is also normalized. The
one-dimensional Fourier transform of p;(?) is

H,(s) = (1 — 2rias) . (5)

Assuming the presence of simple fiber symmetry, the scattering intensity
of a perfectly oriented system of stacks, randomly aligned with their layer
normals pointing perpendicular to the fiber axis direction, can be written as

1
1(512,33) = FIID(SI2)I3(S3)3 (6)

12

where s, and s3 are components of the reciprocal space vector 5 with |s] =
A\ /S%2 + S%, s12 is perpendicular to the fiber axis, and s is in the fiber axis
direction. A normalization factor (277s,,) " results from the circular average,
another factor 2 from /1 touching the averaging circumference at two points,
and the longitudinal component /5(s;) depends on the averaged size, shape,
and possible correlation of the crystals in the fiber axis direction. We found
that a Lorentzian function gives the best fit to the measured two-dimensional
intensity profile,

1 1
W3 1+ 772(.5‘3/W3)27

[3(53) = @)

where wy is the integral peak width, and its reciprocal value w3 ! is used as an
estimate of the average crystal height H, assuming that there is no strong
correlation from a stack in one hole-zone to the stacks in the neighboring
hole-zones along the fibril axis.

Considering the preferred orientation effects, the ¢ axes of the apatite
crystals are preferentially oriented along the primary bone axis, as indicated
by the arc-shaped (002) reflection on the meridian of wide-angle x-ray dif-
fraction (WAXD) patterns (9,10,30,31). Note that the preferred orientation
observed by WAXD is a superposition of the preferred orientation of the
fibrils with respect to the bone axis and that of the ¢ axes of mineral crystals
with respect to the axis of the associated fibril (4,30). The latter is usually
identified by electron diffraction from individual mineralized collagen fibrils
(23,30). The orientation studied by SAXS analysis is similar to that by
WAXD, i.e., it refers to the overall orientation of mineral crystals with re-
spect to the bone axis. When taking this preferred orientation into account,
scattering from all stacks will no longer be a thin streak on the equator, but
spread into a characteristic butterfly-pattern (shown in Fig. 2). The resulting
fiber-averaged intensity distribution, J(s,¢), is given by (26,27)

J(s, ) =/ I(s,@")F(@,q")sing'dg’, ®)
0

Biophysical Journal 95(4) 1985-1992



1988

FIGURE 2 (a) Measured two-dimensional SAXS pattern from intramus-
cular shad bone by imaging plate. Sample/detector distance was 1897 mm
and the measurement range covered s = 0.01 ~ 0.38 nm™~". Bone axis is in
the vertical direction (s3, meridian). The equator s, is perpendicular to the
bone axis. (b) Calculated pattern for panel a. The total intensity is a
combination of the fan-shaped diffuse scattering originating from the lateral
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where I(s,¢") is the intensity distribution for the perfectly oriented system
(Eq. 6) translated into polar coordinates, and F(¢,$’) is related to the
orientation distribution of the stacks. A detailed analysis and application of
Eq. 8 can be found in a separate article (28).

EXPERIMENTAL

Native intramuscular shad/herring bones were used for all
experiments. The bone specimen has roughly a fiber shape
with a diameter ~0.5 mm. Information about the sample
preparation, x-ray instrumentation, and image processing has
been described elsewhere (28,32). In addition to the imaging
plates (IP), a charge-coupled device (CCD) x-ray detector
(MarUSA, Rayonix, Evanston, IL) was also used to record
selected SAXS patterns to confirm the absence of detector-
related systematic errors.

The butterfly-pattern was fitted after removing regions that
contain meridional reflections. An analytical background was
incorporated into the two-dimensional fitting scheme since it
cannot unambiguously be separated from the diffuse scat-
tering that is of interest. Various functions (constant, plane,
etc.) were tested and it was found that the background shape
had a relatively small effect on the final results. The best
fitting quality was achieved when an elliptically stretched
Pearson type VII function was used (n was fixed at 12 during
the fitting),

Co
(1+cys7, + czsi)n‘

Background = )

TEM cross-sectional images were obtained in a JEM-2011
microscope (JEOL, Tokyo, Japan). Bone samples were fixed
in 0.1 M sodium cacodylate-buffered 4% paraformaldehyde
and 2% glutaraldehyde solution for 24 h at 4°C, and then
subsequently fixed in 1% osmium tetroxide solution for 2 h at
4°C. After being dehydrated through a series of 50%, 70%,
85%, 95%, and 100% ethanol, the samples were infiltrated in
1:1 LR White resin (Ted Pella, Redding, CA) dissolved in
ethanol for 24 h and then vacuum-infiltrated with pure LR
White. The recovered samples were then embedded in fresh
LR White resin (Ted Pella) for 24 h at 50°C. Silver to golden
thin sections, prepared by using an ultramicrotome (RMC
model MT-X; Boeckeler Instruments, Tucson, AZ), were
collected on parlodion-coated grids (Ted Pella), and air-
dried. The microtomed sections were typically 70 nm in
thickness; therefore, they contained no more than two hole
regions in the fibrils’ axis direction.

packing of mineral crystals in organic matrix (described in this article), and
sharp meridional reflections originating from periodic packing of collagen
molecules and mineral crystals along the fibril axis (see (28) for details). The
corresponding fitting parameters are listed in Data S1, Table 1. (¢) Diffrac-
tion pattern from the same irradiated volume as in panel @, but recorded with
a CCD camera. Sample/detector distance was 1942 mm and the measure-
ment range covered 0.01 ~ 0.30 nm™".
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RESULTS AND DISCUSSION

Fan-shaped diffuse profiles in SAXS patterns from the min-
eralized portion of intramuscular fish bone were analyzed
using the approaches described above. The quality of the
fitting was evaluated by comparing an experimental pattern
(Fig. 2 a) with a calculated pattern (Fig. 2 b) from the fitting
results. It is shown that the calculated pattern has faithfully
reproduced the features of the measured pattern, as indicated
more clearly in the three-dimensional relief plots viewed
from different perspectives (Supplementary Materials, Data
S1, Fig. 1). To ensure the absence of systematic errors in-
troduced by the x-ray detectors, SAXS patterns from the
exact same irradiated volume were recorded with two types
of detectors (IP and CCD) that have different working mech-
anisms. Analysis of the patterns acquired with IP (Fig. 2 @)
and CCD (Fig. 2 c) generates two sets of structure parameters
that agree well with each other (Data S1, Table 1), proving
that detector-related systematic errors are negligible.

Mineral crystal packing in collagen matrix

Unlike the bones in higher vertebrates, in which regions of
newly formed osseous tissue are mixed with regions of the
aged tissue on a microscopic scale (i.e., much smaller than
the typical size of an x-ray beam), the intramuscular shad/
herring bone shows a gradually increased degree of miner-
alization along the bone axis (23), thus allowing us to use
x-ray scattering and diffraction techniques to study the
structural evolution of bone at different developing stages.
SAXS patterns from spots at different degrees of minerali-
zation were analyzed, and the results are listed in Table 1. The
average thickness of the mineral crystals (T) shows a
monotonic increase from ~1.5 nm at the lightly mineralized
regions to ~2.0 nm at the heavily mineralized regions.
However, the thickness distribution of the mineral crystals ot
at each developing stage is relatively narrow (see Fig. 3, left),
indicating that bone apatite crystals of a similar age have a
nearly uniform thickness. The average separation between
the neighboring crystals () decreases from ~10 nm at the
lightly mineralized regions to ~6 nm at the heavily miner-

TABLE 1 Structural parameters of intramuscular shad bone
as a function of the degree of mineralization

Sample  (T) or (1) oy H Hermans’
position  (nm) (nm) (nm) (nm) (nm) orientation factor
LMO1  1.48(2) 0.08(1) 10.4(2) 6.24(3) 29.9(2) 0.842(1)
LMO02  1.62(1) 0.06(1) 7.79(3) 4.85(2) 34.8(2) 0.850(1)
HMO03  1.92(1) 0.05(1) 6.69(1) 3.80(2) 50.7(2) 0.837(1)
HMO04 1.96(1) 0.06(1) 6.152) 3.63(2) 54.3(1) 0.852(1)
HMO5  2.00(1) 0.04(1) 6.89(1) 3.99(2) 51.5(1) 0.835(1)

LM, lightly mineralized; HM, heavily mineralized; (T) is the average thick-
ness of the mineral crystals; ot is the standard deviation of the mineral
crystal thickness; () is the average thickness of the intercalated organic
layers; o is the standard deviation of the organic layer thickness; and H is
the average height of the mineral crystals in the crystallographic c-axis direc-
tion. Hermans’ orientation factor is described in detail in Burger et al. (28).

1989
p4(T) mineral organic layers
s crystals | ':
p,(t)
4 0.15
0.10
0.05
14 16 18 20 22 0 510
T (nm) t (nm) unmineralized tail

FIGURE 3 Evolution of the mineral crystal packing in the collagen matrix
at different degrees of mineralization. The intramuscular shad bone sample
(right) has roughly a fiber shape with an unmineralized tail at the end and a
spur in the middle. The extent of mineralization gradually increases from the
interface between the two portions (unmineralized and mineralized) to the
spur. The thickness distributions of the mineral crystals are plotted as narrow
Gaussians (Eq. 2) and the thickness distributions of the intercalated organic
layers are plotted as I'-distributions (Eq. 4). Note that the scale range for the
mineral thickness distribution (left) is 1/20 of that for the organic layer
thickness distribution (right).

alized regions, suggesting that the packing of mineral crystals
in the collagen matrix becomes more dense as the minerali-
zation progresses. However, the separations between adja-
cent crystals within a mineral stack are broadly distributed
(see Fig. 3, right). The average crystal height H, i.e., the di-
mension along the c-axis direction, also shows an increase
from the lightly mineralized region (~30 nm) to the heavily
mineralized regions (~50 nm). The overall orientation of the
mineral stacks defined by the Hermans’ orientation factor
(28,33) remains unchanged.

Note that the majority of the bone mineral crystals are
formed within a confined environment, i.e., the individual
collagen fibrils based on which the bone tissues are con-
structed. The nucleation and crystal growth thus are strongly
affected by the three-dimensional supramolecular architec-
ture in the collagen fibrils (30). It has been recently observed
that, before mineralization, parallel channels are created
within the collagen fibrils by the ordered packing of mole-
cules in the fibril cross section (to be reported elsewhere). The
channels are ~1.5 nm in breadth, which is comparable to
the thickness of the early mineral crystals. Crystal growth in
the thickness dimension is strongly constrained by the
breadth of the channels, as indicated by the small increase of
the crystal thickness from the lightly mineralized regions to
the heavily mineralized regions. On the other hand, the length
of the channels extends to more than 50 nm, thus the crystal
growth in this dimension (corresponding to the width of the
crystal) can reach tens of nanometers.

The parallel arrangement of the channels in unmineralized
bone collagen fibrils ensures that the mineral crystals form
lamellar stacks rather than being randomly oriented in the
cross section of the fibril. For the platelet-shaped crystals, the
formation of stacks can achieve higher packing density and
therefore improved mechanical strength and stiffness. At the
early stages of mineralization, the apatite crystals may be
randomly deposited into the parallel channels, thus the sep-
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aration between the nearest neighbors, or the thickness of the
intercalated organic layers, is expected to have a relatively
broad distribution, as depicted in Fig. 3. However, it should
be mentioned that the nucleation and growth of a mineral
crystal in one channel perturbs the surrounding matrix struc-
ture as well as the adjacent channels. Consequently, the pack-
ing of mineral platelets does not possess long-range order in the
lateral direction. Instead, they form irregular lamellar stacks as
schematically shown in Fig. 1.

An early scheme developed by Fratzl and co-workers
used a formalism originating from the scattering of micro-
emulsions to describe the scattering behavior of such irreg-
ular stacks of mineral platelets (34). It is the nature of such a
description that mineral phase and organic phase are treated
equivalently, e.g., having the same type of thickness distribu-
tion, with only the volume fraction being the essential ad-
justable parameter. When a 1D section through an isotropic
3D two-phase system is considered and the length distribu-
tions of the two types of chords on this 1D section are as-
sumed to be statistically independent from each other and to
be given by exponential distributions, then the resulting au-
tocorrelation function of the 3D isotropic two-phase system
is an exponential function with a simple closed-form Fourier
transform, and the model is known as the Debye-Bueche
random two-phase system (35). When the same formalism in
terms of statistical independence and two exponential length
distributions is applied to the present 1D problem of the stack
normal density profile, the resulting 1D autocorrelation func-
tion is likewise an exponential with simple closed-form Fou-
rier transform. This 1D version of the Debye-Bueche random
two-phase system is considered in Fratzl et al. (34), together
with a correlated case also based on exponential distributions.
As shown above, we find that the thickness distributions for
mineral and organic phase, respectively, are quite different,
in a way not sufficiently described by the volume fraction
alone, and that an exponential distribution cannot adequately
model the thickness distribution of the mineral platelets.

Comparison with TEM results

TEM cross-section images (Fig. 4) for the lightly mineralized
collagen fibrils indicate that apatite crystals have large width/
thickness aspect ratios. This observation is consistent with
the platelet shape in the three-dimensional space when taking
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the height of the crystals (~30 nm) into account. The mineral
platelets are packed into irregular arrays or stacks within the
collagen fibrils. The width of the mineral crystals measured
from TEM images shows a range from 10 nm to 50 nm, with
an average value ~30 nm. The results also agree well with
early measurements for isolated bone apatite crystals (19).
However, a quantitative evaluation of the mineral crystal
thickness from TEM data is difficult. For instance, the ¢ axes
of the mineral crystals show a preferred orientation with re-
spect to the axis of the associated fibril and, thus, cannot be
aligned to the electron beam simultaneously (3,23,30). When
the ¢ axis of a crystal is not parallel to the electron beam, the
profile of the crystal projected onto the TEM image (showing
as a dark line) will become thicker, especially in the thickness
dimension. Therefore, direct measurement for the crystal
thickness from a TEM cross-sectional image will get over-
estimated values. Fig. 4 shows that the short dimension of the
dark lines ranges from 2.1 nm to 3.3 nm, which is larger than
the average crystal thickness (~1.5 nm in the lightly min-
eralized region) determined from the SAXS analysis. Giving
an average crystal height of ~30 nm, the tilt of the crystal-
lographic ¢ axes to the electron beam is estimated (1-4°).
This value is significantly smaller than the one determined by
electron microscopic tomography (15-20°, see (14)), making
sure that our assumption for the parallel arrangement of
mineral platelets in a stack is a good approximation. Instead
of measuring the thickness of the organic layers directly, we
estimated the center/center distance between adjacent crys-
tals, i.e., the summation of a crystal thickness 7 and that of an
embedded organic layer ¢. The results show a broad distri-
bution (3.5-10.4 nm) but in general are smaller than those
determined from SAXS analysis (~11.9 nm in average).
A possible explanation is that the TEM sample preparation
process may cause the shrinkage of the organic matrix by
dehydration (36,37), in the case where the degree of miner-
alization is low and the collagen fibrils still consist of a large
amount of tissue water.

Limitations of the model

This analytical scheme is suitable for the case of platelet-shaped
apatite crystals packed into near-parallel arrays. The width and
height of the crystals must be significantly larger than the
thickness so that the approximation of infinitely large plates is

FIGURE 4 TEM images of lightly mineralized intramus-
cular herring bone. Platelet-shaped mineral crystals are
shown as dark lines in the cross section of the fibrils and
form near parallel arrays schematically shown in Fig. 1. The
scale bar is 100 nm.
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well justified. This condition is satisfied for chicken, bovine,
mouse, herring, and other species, based on the TEM study of
isolated crystals (19) and the tissue sections in this work.

CONCLUSIONS

In summary, we have developed an effective method to
evaluate the lateral packing of mineral crystals in the collagen
matrix via quantitative analysis of the butterfly-pattern in
small-angle x-ray scattering of intramuscular shad/herring
bones. We obtained the thickness distributions for both
mineral platelets and intercalated organic layers embedded
between them, hence providing more comprehensive infor-
mation about the spatial arrangement of the mineral phase in
the collagen matrix. Such three-dimensional structural infor-
mation, together with the total volume fraction of the mineral
phase, provide much better insights into the structure-property
relationships than, e.g., solely the degree of mineralization as
presently used in many studies (4). The information obtained
in this work can also be used to refine the much simplified
one-dimensional structural models developed for calcified
collagen fibrils (38), and to find a more precise relationship
between the collagen/mineral superstructure and its mechani-
cal properties (39,40). Additionally, we expect it will even-
tually allow investigations of possible changes in the spatial
arrangement of the collagen matrix and embedded mineral
phase for bones in pathological conditions.
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