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Abstract Despite the vast amount of studies focusing on
bone nanostructure that have been performed for several
decades, doubts regarding the detailed structure of the
constituting hydroxyapatite crystal still exist. Different
experimental techniques report somewhat different sizes
and locations, possibly due to different requirements for the
sample preparation. In this study, small- and wide-angle
X-ray scattering is used to investigate the nanostructure of
femur samples from young adult ovine, bovine, porcine,
and murine cortical bone, including three different
orthogonal directions relative to the long axis of the bone.
The radially averaged scattering from all samples reveals a
remarkable similarity in the entire g range, which indicates
that the nanostructure is essentially the same in all species.
Small differences in the data from different directions
confirm that the crystals are elongated in the [001] direc-
tion and that this direction is parallel to the long axis of the
bone. A model consisting of thin plates is successfully
employed to describe the scattering and extract the plate
thicknesses, which are found to be in the range of 20—40 A
for most samples but 40-60 A for the cow samples. It is
demonstrated that the mineral plates have a large degree of
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polydispersity in plate thickness. Additionally, and equally
importantly, the scattering data and the model are critically
evaluated in terms of model uncertainties and overall
information content.

Keywords Bone - Nanostructure - Small-angle X-ray
scattering - Wide-angle X-ray scattering - Mineral
thickness

Introduction

Bone is a complex material with a hierarchical structure,
where the main building blocks are the protein type I
collagen and a crystalline mineral phase usually referred to
as carbonated hydroxyapatite. These two very different
components are closely associated in fibrils that form an
interconnected network, with specific structural arrange-
ment depending on species and type of tissue [1]. With
collagen being tough but soft and hydroxyapatite being
rigid but brittle, together they form a nanocomposite that
provides bone with its unique mechanical properties of
strength and toughness [2, 3].

The organization of collagen molecules within the fibrils
is generally acknowledged to have a quarter-staggered
array as originally proposed by Hodge and Petruska [4].
Collagen seems to act as a template for mineralization [5],
but the exact association of the hydroxyapatite crystals
with the collagen is still debated. The mineral structures
have been indicated to be regularly organized thin plates
within the collagen fibrils [6], however, mineralization also
occurs on the fibril surface [7]. Possibly, the degree of
intra- and extrafibrillar mineralization depends on the
specific type of fibril array pattern [1]. Studies of depro-
teinated bone samples indicate that the mineral structures
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still form a continuous phase [8, 9] or larger aggregates
[10] even after the organic material has been removed,
which disagrees with the classical view as the mineral
structures existing as individual plates. This observation,
however, agrees well with a recent structure revealed by
transmission electron microscopy (TEM) of ion-milled thin
sections, suggesting that most of the mineral structures are
around the fibrils and are situated very tightly together [11—
13]. The plate-like morphology has been proposed to be
caused by preferred adsorption of either protein (see e.g.,
[14, 15]) or citrate [16] in the [100] direction of hydrox-
yapatite crystals, thereby causing growth inhibition in this
direction.

X-ray diffraction (XRD) of bone suggests that the
average hydroxyapatite crystals are 3040 nm long and
~20 nm wide [17], containing significant imperfections
[18, 19]. Still, the periodic lattice can be visualized by
TEM [20]. The mineral structures have their crystallo-
graphic c-axis aligned almost parallel to the fibril axis (to
our knowledge originally reported by Schmidt [21]), which
is used to study the orientation of fibrils with e.g., XRD
[22]. The length of the crystals in the c-axis direction has
been shown to increase during developmental growth of
the bone [17, 23] and reaches a constant value afterwards
[24]. In addition to the crystal lattice, the hydroxyapatite
nanocrystals have been shown to contain a significant layer
of disordered and hydrated amorphous calcium phosphate-
like material on the surface [25] as well as ordered water
molecules [26, 27]. This surface layer may contribute to the
apparent underestimation of the average crystal size as
determined by XRD when compared to that obtained from
TEM (discussed briefly in [28]). Also, TEM measures a
small number of crystal sizes compared to XRD, which
could explain the discrepancy in some cases due to size
heterogeneity. A relatively large heterogeneity in the
mineral sizes has been suggested to be important for bone
strength [29].

Despite several decades of research, uncertainties
regarding details of bone nanostructure still exist, mainly
because bone nanostructure characterization in vivo is not
possible. The complicated structure of bone warrants no
single characterization technique substantially superior to
the others, and therefore many different techniques have
been used and are required to understand bone ultrastruc-
ture. The different techniques require different preparation
steps for the bone tissue and probe the bone tissue at dif-
ferent levels or features, which may lead to slightly dif-
ferent results.

In this study, we use small-angle X-ray scattering
(SAXS) at two experimental settings (extending into the
wide-angle (WAXS) regime) to study the nanostructure of
freshly cut cortical bone obtained in three different
orthogonal directions relative to the bone long axis (see

inset in Fig. 1), as well as from animals of different spe-
cies. When comparing bone nanostructure from different
species it is desirable to obtain information on a large
ensemble of crystals. In this respect, scattering techniques
have an advantage over direct imaging techniques, e.g.,
TEM, which give information on fewer crystals. SAXS
studies comparing different animals were conducted three
decades ago [30, 31]. The instrumentation, however, has
been significantly improved since these studies were con-
ducted and therefore provides more detailed data. Assum-
ing a known volume fraction and using only the high-
q region of the data, Fratzl et al. developed a method to
obtain a thickness parameter [32] which is now regularly
used in studies of bone structure [33]. However, more
elaborate models have been developed [34, 35], where a
larger g range is used in the data analysis. Combinations of
SAXS and WAXS can now also be used to obtain both the
fibril directions and average crystal sizes, respectively [36],
and the 3D predominant fibril orientation in bone is even
being obtained using 3D scanning SAXS [37]. Two-di-
mensional fitting of statistical models are also being
developed [38].

Despite recent progress in the field, there is still a need
for better understanding of the scattering data and the
accuracy and reliability of the results when different
models are employed. The complex structure of bone and
the high mineral volume fraction causes the scattering
signal to be influenced by both the crystal shape and the
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Fig. 1 Plot of the integrated intensity from the scattering curves from
all bone samples: bovine (black), ovine (blue), porcine (red), and
murine samples (green). The intensity has been scaled and an
adjustable, constant background has been subtracted. The inserted
drawing demonstrates the three different anatomically orthogonal
directions of bone, where the direction is defined as normal to the
slice. dI is perpendicular to both 7 (the long axis of the bone) and 7,
d2 is perpendicular to 7 and parallel to 7, and d3 is parallel to Z and
perpendicular to 7 (Color figure online)
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correlation between neighboring crystals. Here, we present
SAXS and WAXS data from different species and
demonstrate the similarity of bone structure on a wide
length scale. We use a previously developed model [34] to
describe the data, followed by a thorough evaluation of the
model and a discussion of the information it provides as
well as the uncertainty of the model parameters.

Materials and Methods
Sample Overview

Freshly cut cortical bone samples from the mid-diaphysis
of the femur of several different animals were used in this
study. Moreover, bone samples were obtained in different
anatomically orthogonal directions. The directions named
dl, d2, and d3 are obtained perpendicular to each other
(Fig. 1). The samples include ovine (d1, d2, and d3), por-
cine (d2 and d3), bovine (d2 and d3), and murine (d3)
cortical bone. The ovine and porcine animals were around
& months old, and the bovine animal was around
20 months old. These were all obtained from the local
abattoir. Therefore, their exact age is not known. The
murine animal was 10 weeks old (Sprague-Dawley rat,
Approved by the local Ethical committee, M64-13). Hence,
all animals had passed sexual maturity but were possibly
still growing. Thus, they were all in the range of adolescent
to adults.

Sample Preparation

Sectioning was achieved using a diamond blade saw sys-
tem under constant water irrigation (EXAKT 300 CP
Diamond Band Saw, Norderstedt, Germany) to obtain
samples of approximately 0.5-0.75 mm thickness. Samples
were subsequently wrapped in phosphate buffered saline
(PBS) soaked gauze and stored at —20 °C until
measurements.

Measurements and Initial Data Reduction

All measurements were performed on the Ganesha 300XL
from JJ X-Ray Systems Ap at Department of Physical
Chemistry, Lund University, at a wavelength of 1.54 A.
Acquisition times for high and low ¢, respectively, were
3600 and 7200 s for the bovine samples and 1800 and
3600 s for all other samples. The samples were mounted on
the holder using tape, and the holder was inserted into the
vacuum chamber. Hence, the bone samples were not
hydrated during measurements, but were kept in saline
solution before and after. Two to three different spots (spot
size 2 mm in diameter) were measured on each bone
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sample, and for each spot two g ranges were measured: a
low-g region around 0.006-0.3 A " and a high-g region
around 0.1-2.8 A™'. Dark current subtraction and azi-
muthal integration was performed using the Saxsgui pro-
gram (Saxsgui v2.13.02, Rigaku Innovative Technologies,
Inc., and JJ X-ray Systems Aps), and the integrated data
were scaled in the overlapping g region to assure physically
sensible data using routines written in Matlab (Matlab
2015a, The MathWorks, Inc., Natick, MA, USA).

SAXS Data Analysis and Modeling

The model developed by Bunger et al. [34] was used in this
study. Briefly, this method assumes that the mineral crystal,
due to its higher electron density than collagen, dominates
the scattering, and that the mineral structures have the
shape of a plate that is infinite (or larger than the distance
probed with the measurements) in two dimensions and a
thickness of T in the third dimension. The form factor of
such an infinite plate is

1 /sin(qT/2)\>
ro = (i) W

Note that this form factor corresponds to randomly
orientated particles with a homogeneous electron density,
which may not necessarily be a good approximation at the
length scale of the thickness, 7. As will be discussed later,
the plates do not all have the same thickness, so it is
necessary to include thickness polydispersity to describe
the data. Using the Schulz—Zimm distribution [39], D(T,
T.v), where T, is the average plate thickness, the scattering
can be calculated analytically for rapid assessment of the
average form factor:

WD =TS (T, Tyy)dT

(2)

However, as the volume fraction of mineral structures in
bone is high, neighboring crystals will be closer together in
space and thereby influence the possible positions and
orientation they can obtain. These excluded volume effects
have been taken into account with the random phase
approximation (RPA) as proved to work for stiff polymers
[40]:

P.(q)

P =T 5 /.
() 1 +vPy(q)

(3)
where v is a parameter describing the interaction strength
and which increases with increasing concentration. Simu-
lations have shown that the random phase approximation,
though to our knowledge not proved theoretically to work
for thin plates, is indeed able to describe the scattering
from a system of plate-like particles (CLP Oliveira and JS
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Pedersen, unpublished). Finally, the observed increase in
intensity at low ¢ is explained by variations in the electron
density at longer length scales due to inhomogeneity in the
size and distribution of the crystals. These variations can be
described as a fractal system, so an effective fractal
structure factor [41] is included in the final expression:

I(Q) = Peff(Q)(l +Afracta1q71)~ (4)

Here o is the fractal dimension and A is a parameter
scaling the contribution. Note that the fractal structure
factor is merely included to fit the low-g region of the
scattering and is not used to derive physical quantities. The
adjustable parameters in the fitting (performed with home-
written software) are thereby the thickness (7), the relative
standard deviation of the thickness distribution (Gpoly,rel),
an overall scale factor, the parameter from RPA (v), the
two parameters from the fractal structure factor (A e and
o), and a constant background. Since the fractal power law
and the background describe the low- and high-g region,
respectively, the effective ¢ range for determining the
information content in our data will be about 0.03-0.6 A~".
If the maximum particle dimension, Dy, is taken as g,/
7, the upper limit for the number of independent parame-
ters that can be determined from the data is ~20. There-
fore, we have enough information to fit the remaining four
parameters (scale, RPA value, thickness, and polydisper-
sity) for this ¢ range. The practical aspects of the fitting
will be discussed in the following.

Results

Strikingly Similar Scattering Curves from Different
Animals

All measured scattering curves from the fresh bone sam-
ples are displayed in Fig. 1. For comparison, the curves
were scaled to each other and an adjustable constant
background was applied using a weighted least-squares
procedure in Matlab. It is immediately observed that the
scattering from the different species and directions is
remarkably similar. This similarity over the entire g range
indicates that the nanostructure of the different bone sam-
ples is highly comparable in terms of plate thickness (in-
termediate g), atomic crystal structure (high g), and to a
large degree also the inter-particle separations (low g). We
note that the absence of a visible correlation peak for the
inter-particle distances directly reveals that mineral plates
do not possess long-range translational order, i.e., they are
not arranged in a well-organized “deck of cards” structure
as initially believed [28] and still occasionally depicted in
more recent publications [1].

Anisotropic Scattering Data Confirms Bone
Directionality

Representative 2D scattering datasets from ovine bone for
the three different bone directions (defined in Fig. 1) are
shown in Fig. 2 for both low-g (Fig. 2a—c) and high-
q (Fig. 2d—-f) data. All our low-q datasets contain some
degree of anisotropy, which is in general larger in direction
d1 and d2 compared to that of d3, and more or less parallel
to the long axis of the bone. The high-g data provide
information on both the anisometry and the preferred ori-
entation of the mineral crystals. The innermost visible
Bragg peak arises from the crystallographic (002) plane,
which is the longest dimension of the hydroxyapatite
crystals in bone [17]. In the d1 and d2 samples, the (002)
peak forms an arc, which proves that the c-axis has a
preferred orientation. The radial directions with the largest
intensity in the (002) arc in d1 and d2 at high ¢ (Fig. 2d, e)
correspond to the directions at low ¢ (Fig. 2a, b) where the
intensity falls off most abruptly, i.e., the direction with the
largest dimension. Our data thereby confirm that the [001]
crystallographic direction (the c-axis) has the longest
dimension. From Bragg’s law and the crystal spacing, it is
found that first-order diffraction from the (002) plane is
observed when the angle between the c-axis and the beam
is around 77°. This (002) peak is barely visible in the d3
sample, thereby revealing that the c-axis is mostly parallel
to the long axis of the bone. The small intensity of the
(002) peak from d3 relative to d1 and d2 is also clearly
shown in Fig. 3, which shows the Bragg region of the
radially averaged scattering data.

Good Model Fits and Sensible Fit Results for All
Datasets

The model fits to all datasets are presented in Fig. 4 (the
data were fit to 1 A~! as the model does not include atomic
resolution) and the parameters from the optimization in
Fig. 5. The model can provide visually very good fits to all
datasets, and the somewhat large Xz values (smaller value
means better fit quality) are partly caused by very small
error bars on the data. Additionally, some features are not
included in the model, like the small collagen peak at
around 0.01 A™!, which therefore result in larger * values.
For the ovine, porcine, and murine samples, the most
interesting parameter, the thickness (7), is around 20-40 A
while for the bovine samples it seems to be consistently
larger at around 40-60 A. The other parameters (except the
relative polydispersity) are also somewhat different for the
bovine samples compared to the rest, with higher v (from
RPA) and scale factor for the fractal structure factor
(Afractal), but lower value of the fractal dimension (o)
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Fig. 2 Demonstration of
anisotropy in the scattering data
from ovine bone. The low-

g data in direction d1 (a), d2 (b),
and d3 (a), and the
corresponding high-g data from

d1 (d), d2 (e), and d3 (f)

0.02

o
o
=
o

0.01

(q) (arbitrary units)

=~ 0.005

Fig. 3 Azimuthally integrated average of a region of the high-¢ data
for all ovine samples demonstrating the small (002) peak of the d3
bone direction (green) relative to dl (blue) and d2 (red) (Color
figure online)

(Fig. 5). Moreover, the bovine samples generally show
higher uncertainties in the fitted parameters.

To assure that the different values for T are not caused
by different local minima with similar fit quality in the
solution space, we additionally performed a fit to the data
with fixed values of both v (0.02), « (2.3), and relative
polydispersity (0.4). These values were based on the results
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Fig. 4 Fit quality of the best fits to all datasets. The color coding is

bovine (black), ovine (blue), porcine (red), and murine (green) bone
(Color figure online)
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Fig. 5 Resulting parameters from the fits shown in Fig. 4: fit quality
(Xz), thickness (7), relative polydispersity (opoly,re1), the parameter
from RPA (v), and the two parameters describing the low-g region (x
and Agaea)- The numbering of the samples on the x-axis: Ovine d1

of the fit with all parameters optimized, and the fit allows
for a better relative comparison of the thickness. Even with
these parameters fixed, the fit quality is almost the same
(results not shown), and both the large error bars on the d2
sample from the porcine samples and the large difference
in scale factor of the fractal aggregates disappear. How-
ever, most importantly, the trend with thicker plates for the
bovine samples persists. This test therefore supports the
initial indication from our data, namely that the bovine
samples apparently have thicker mineral plates compared
to the other species.

Large Deviation from Simple Plate form Factor
Reveals Polydispersity

A plot of a simple plate form factor (7' = 30 A) with a
representative dataset is shown in Fig. 6a (black line and
red dots, respectively) together with a line with ¢~*
dependency (blue line). It is obvious that the simple plate
form factor is far off from the measured data. At the low-

Sample number

Sample number

(1-2), ovine d2 (3-7), ovine d3 (8-9), bovine d2 (10-13), bovine d3
(14-15), murine d3 (16-17), porcine d2 (18-19), and porcine d3
(20-21)

g region, the measured data deviate from the ¢~ depen-
dency of a plate form factor, which can be explained by
structure factor effects due to the high volume fraction of
mineral crystal in the bone. The thickness has not been
optimized for the best fit in this plot, but a change in
thickness will only move the subsidiary minima and
maxima to higher or lower g. The only way to reach the
observed ¢~ * dependency in the intermediate ¢ range is to
smear the form factor with a large polydispersity in 7,
which is thereby immediately observed from this figure.

Discussion

Complex Bone Structure Causes Complex
Scattering Data

Since the bone nanostructure is known to be very complex,

it is expected that the scattering data will be difficult to
analyze. In that respect, it is remarkable how similar the
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Fig. 6 a Plot of a representative dataset (red points), the form factor
of a plate with a thickness of 30 A (black line), and a slope of g
(blue line). b Plate form factor with thickness 30 A (solid line), with

scattering data in Fig. 1 are. This observation demonstrates
that, despite its complexity, the nanostructure of bone is
very similar between different species. The observed dif-
ferences at low g most likely result from small differences
in thickness and degree of mineralization, which influence
both the excluded volume effects and the fractal-like
variations. As the samples were placed in vacuum during
measurements, some degree of dehydration is unavoidable.
However, as our focus lie mostly on the crystals thickness
and only the outmost 10 % is expected to contain water
[26], any thickness decrease due to water evaporation in
the surface region is believed to be negligible at our res-
olution. Furthermore, since the aim of the study is to
compare different species, any small change due to dehy-
dration will be the same for all samples.

At the intermediate g values, all data follow a clear ¢~ *
dependency caused by a large degree of polydispersity. If both
intra- and extrafibrillar mineral structures exit, a potential
difference in average size between these may explain some of
the observed polydispersity. Also, a structure like the one
shown in [13], where the extrafibrillar structures consist of
different numbers of thin plates very close together, could
resemble polydispersity in scattering experiments if the plates
are tightly connected. Interestingly, our intermediate region
with the observed ¢~* dependency corresponds to the high-
q region of most standard SAXS setups, which is used to
extract the plate thickness with the method introduced by
Fratzl et al. [32]. As a rule of thumb, the Porod law applies
from the first subsidiary maximum in the form factor, which is
quite far from the region in our data that actually shows a g~
dependency. Therefore, it is possible that thicknesses extrac-
ted using the Porod constant are imprecise.
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the influence of an RPA value of 0.01 (dashed line), and the
additional effect of a relative polydispersity of 0.4 (dotted line) (Color
figure online)

In the high-g region, the differences in the Bragg
peaks are caused by directionality of the bone samples
(Figs. 2d—f, 3). Similar degree of anisotropy in the d1 and
d2 directions is expected if the plates are situated in con-
centric layers around osteons, which themselves are on
average parallel to the long axis of the bone [42]. The
observed desmearing of the anisotropies is probably caused
by a disordered fibrillar phase [1] and a spiral twisting of
the fiber orientation around the osteons [42], while the
small degree of anisotropy in d3 is probably merely due to
local directionality in the limited irradiated area.

From the fit results, it is noteworthy that the average
thicknesses are rather similar (for example for the ovine
samples) despite the large polydispersity. Due to this
polydispersity, one would expect the average thickness to
show a larger variation, however, the size distribution is
apparently quite well determined from the fit procedure.
Only the fitting results of the two measurements on the d2
porcine sample stand out by having larger relative poly-
dispersities and larger error bars on T and o.

Correlation Between Plate Thickness
and Polydispersity

In SAXS data, the Guinier region holds information about
the radius of gyration,R,, which is a model-independent
measure of the average size of the particles in the sample.
For large plates, there will be two Guinier regions, one
from the maximum distances in the plane of the plate at
very low g (which is not observed here due to structure
factor effects or very large plates), and one from the
thickness (7). The Guinier region for the thickness is the g
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region up to where the data start to deviate significantly
from a slope of q72, which for the shown plate form factors
in Fig. 6a, b is around ¢ = 0.1 A However, when a
polydispersity distribution of the thickness, D(T, T,), is
present, the so-called z-averaged radius of gyration from
the thickness of an infinite disc can be calculated approx-
imately as

2| _ L I3 T*D(T, Tyw)dT
el 12 [ T2D(T, Toy)dT

(5)

From this expression, it is evident that a change in the
observed position of the Guinier region can to some extent
be caused by either a change in thickness, in polydispersity,
or in both, so one should be cautious when optimizing the
two simultaneously.

Excluded Volume Effects also Influence
the Thickness Determination

As described above, the thickness is mainly determined
from the Guinier region in the data, where the slope starts
to deviate from q_z. Therefore, the excluded volume
effects should preferably not influence this region, whereby
the random phase approximation would not either. How-
ever, Fig. 6b demonstrates that the RPA, even for a rather
low v value of 0.01 (dashed line) significantly influences
the Guinier region of a plate form factor of T = 30 A (solid
line). Additionally, if a relative polydispersity of 0.4 is
included (dotted line), almost none of the features of the
original plate form factor are left. The model does of
course take these effects into account; however, since the
RPA is only an approximation, the presence of excluded
volume effects into the Guinier region will affect the pre-
cision of the thickness determination. Using PRISM theory
[43], one could attempt to modify the RPA further as

7 P (q)
~ T4 vPul(g)e(g)’ ©)

where c(q) is the Fourier transform of the direct correlation
function between the plates. A suitable choice for c(q) may
cause the resulting structure factor to affect the Guinier
region to a lesser extent, however, it is not obvious what a
good choice of this function would be. As the positions of
the plates are impacted by biological control, it is not
possible to calculate their theoretical correlations without
knowing the control mechanism in more detail. Note that
the apparent correlation between large thickness and large
value of v for the bovine samples could also have a
physical explanation: If the number density of plates is
similar in the different animals, thicker plates would mean
larger volume fraction and thereby an increase in the
excluded volume effect.

Prrism(q)

Relatively Large Solution Space for the Thickness
Parameter

To evaluate the solution space of the thickness, we have
performed a series of fits (uptog = 1 AT keeping T fixed
and all other parameters optimized. Figure 7a shows the
fits where 7 varies from 20 to 200 A in steps of 10 A.
Figure 7b—d shows 7, the relative polydispersity, and the
value of v from the excluded volume effect as a function of
different thicknesses in the range 15-120 A. 1t is obvious
from Fig. 7a that the fits are very similar despite the large
difference in plate thickness. From the y*-values in Fig. 7b
it can be seen that there seems to be an optimum around
T = 2040 A, where the model fits the data better. These
thicknesses also have the lowest uncertainties in both the
relative polydispersity (Fig. 7c) and v (Fig. 7d), and we
observe the expected correlation between the thickness and
polydispersity in this region: when the thickness increases,
the relative polydispersity decreases slightly. However,
when the thickness reaches 35 A the polydispersity starts to
increase slowly, partly because larger thicknesses need a
smaller relative polydispersity to give the same absolute
polydispersity, and from around 60 A and above it becomes
increasingly more poorly determined. On the other hand,
the effects of a larger polydispersity (the continuation of
the ¢~* slope to lower ¢ values) are suppressed by the
observed increase in v. This feature also explains the
complete correlation between the thickness and RPA factor
if the polydispersity is large enough: above approximately
0.1 A™! there is a g~ * slope, and below this g value the
excluded volume effect causes the curve to bend, while the
fractal structure factor provides the increase in scattering at
low g. Therefore, if both the mineral density and polydis-
persity are large, then SAXS may actually not be sensitive
to the thickness at all. And, unfortunately, it is difficult to
determine any of the fitting parameters from complemen-
tary techniques or theoretical calculations, so we do not
know what their values are. Therefore, even though the
uncertainties of each parameter are provided during the
fitting procedure, they may in reality be considerably
larger.

Sample Texture has Similar Effects on the Data
as the RPA

An additional possible contributor to uncertainties in the
model is the texture of the samples: when we see aniso-
tropy in the 2D scattering in all of our samples, there is
almost certainly also directionality in the third direction,
which we do not measure. The effect on the plate scattering
(T =30 10%) from preferred directionality relative to the
incoming beam is demonstrated in Fig. 8, which includes
parameter values similar to those found from the measured
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Fig. 7 Fits with thickness fixed from 20 to 200 Ain steps of 10 A ), together with the fit quality (b), relative polydispersity (c), and RPA value

(d) from the fit procedure as a function of fixed thickness

data. The directionality was described using Gaussian
distribution with standard deviations of og,,ss = 5° (dotted
lines), 15° (dash-dotted lines), and 45° (dashed lines)
around two angles: with the normal of plate perpendicular
to the beam (blue lines) or parallel to the beam (red lines).
In order to better identify the effect of texture, the disc was
modeled using a finite size with a diameter of 400 Aanda
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Fig. 8 Demonstration of the influence on the scattering when the
plate has a preferred direction described by Gaussian distributions of
o = 5° (dotted lines), 15° (dash-dotted lines), and 45° (dashed lines)
with the normal of the plate either perpendicular (blue) or parallel
(red) to the beam. The full orientational average is shown as a black
line (Color figure online)
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20 % relative polydispersity in the diameter, which was
included to avoid oscillations from this dimension when
the plate normal was parallel to the beam. It is clear from
Fig. 8 that the data are influenced significantly when the
degree of orientation is large (narrow distribution so small
OGauss)- Interestingly, however, all curves, except the two
with the highest degree of orientation parallel to the beam
(red dotted and dash-dotted lines), can be described per-
fectly with fully orientationally averaged form factors,
where both thickness and polydispersity are fixed at the
original values. In other words, it seems that most of the
effect on the scattering from texture in the sample influ-
ences solely the RPA factor but not the thickness in this
model. Since the intensity level at high g is quite different
depending on the degree of orientation, however, the
value of the Porod constant will differ and thereby also
thicknesses extracted with the method that uses this
constant.

Alternative Models Have Not Improved the Analysis

Since the model used in this study has some drawbacks in
terms of the precision in thickness determination, we have
tested other modeling methods. From the atomic structure
of the hydroxyapatite unit cell [44], we have constructed
models of plates elongated in the c-axis direction and of
different thickness and calculated their scattering with both
CRYSOL [45] and a method which uses the Debye equa-
tion to calculate the scattering as implemented in [46]. As
expected, these atomic crystals give too pronounced Bragg
peaks, because the actual crystals are expected to have a
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significant amount of substitutions and other imperfections
[17-19], which would be difficult to include in the mod-
eling. Furthermore, the internal structure does not provide
the feature that we assign to polydispersity, and there
should also be a significant amorphous layer on the surface
[25, 26]. The effect of surface roughness on the data was
investigated using a Gaussian smearing of the interfaces
[47] in our model instead of polydispersity, but this could
not describe the data. To test a structure similar to those
proposed in [48] and [12, 13], we implemented a
paracrystal model as described in [49] (using the decou-
pling approximation [50]), where the plates exist in clusters
with a finite number of parallel plates (to account for the
absence of correlation peak) and a degree of disorder in the
plate distances. This model could only fit the data at low
q if the fractal structure factor was still included, and then it
had too many parameters (two extra compared to the RPA
model) to give unambiguous results. Therefore, with our
present knowledge of bone nanostructure, we are not able
to improve the modeling method. We can only conclude
that great attention should be paid when SAXS data from
bone samples are analyzed, as many different effects
contribute to the scattering pattern.

The Literature Contains Similar Uncertainties
of the Thickness

The only parameter that we can compare directly with
other studies is the plate thickness, which has been reported
in the literature. Atomic force microscopy (AFM) mea-
surements of trabecular bovine bone have reported a plate
thickness of 30—100 A [51], which is similar to our bovine
samples from cortical bone. However, other AFM studies
of bovine bone show mineral plate thicknesses of 20 A [52]
for young animals and only around 6 A for mature animals
[53]. So for bovine samples alone, the reported span of the
plate thickness is 6-100 A. A TEM study of thin ion-milled
section of human cortical bone concludes the average
thickness to be around 50 A [12]. SAXS studies using the
Porod region reports average thicknesses of 25-35 A for
different species (not bovine bone) [31], while studies on
murine bones using the model described here report
thicknesses around 25 A [34, 54]. One possible explanation
for the greater thicknesses sometimes reported in studies
using direct measurements of individual plates compared to
those obtained from SAXS could be the difficulty of
assuring that the plates are truly edge-on in the direct
measurements, which may bias the measurements toward
larger values. On the other hand, as we have discussed
here, SAXS measurements are also subject to different
possible uncertainties. The variation in the reported thick-
nesses emphasizes the need for more precise measurements

or more systematic comparisons between different animals
and/or tissues with the same methods.

Conclusion

Freshly cut bone samples at three different directions and
from different species presented in this study display a
remarkable similarity of their azimuthally averaged scat-
tering data. The small-angle scattering is similar in all three
directions, while the wide-angle scattering confirms the
plates to have the predominant direction of its c-axis par-
allel to long axis of the bone. The absence of a correlation
peak in the data establishes that the mineral plates are not
arranged in extended stacks with a characteristic separation
and long-range order.

We have obtained the crystal plate thicknesses of the
samples using what we believe is the best available model.
Concentration effects due to high mineral volume fraction
and a large degree of polydispersity of the plates cause the
analysis to be extremely difficult due to correlation of
model parameters. Therefore, one should be exceedingly
careful when SAXS is used to study mineral plates in bone,
as the uncertainties can be larger than one initially may
think. All things considered, our data indicate that the
thickness of the plates in the samples presented here is
20-40 A for most samples, while the bovine samples
apparently have thicker plates at around 40-60 A.
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