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Report:

Bone is a hierarchically structured connective tissue, whose exceptional mechanical properties depend
crucially on the structural tissue design at the micron and sub micron level. At these length scales, compact
or cortical bone (which is found in the cylindrical shells of most long bones in vertebrates) consists of
cylindrically wrapped sheets (lamellae) that wrap around blood vessels and vascular channels (Haversian
systems) which provide nutrients and structural components to the growing and differentiating regions in
bone. A unit consisting of the cylindrical lamellar shells and the enclosed vascular channel is called an
osteon, and its mechanical properties are crucial to the structural stability of the entire bone [1].

The lamellae themselves consist of several subunits [2], which contain arrays of mineralized collagen fibrils
in the plane of the lamellar sheets. The orientation of the fibrils has been suggested to be longitudinal,
transverse as well as at 45° to the osteon long axis [3]. However, very little is known about the actual
orientation, shape, and size of the mineral crystallite phase within the lamellae, as well as the spatial
variation of the mineral nanostructure between adjacent lamellae and around the osteon[4]. In this
experiment we used scanning small-angle X-ray scattering (sSSAXS) [5-6]/ scanning wide-angle X-ray
diffraction (sWAXD) [7] to characterize the mineral nanostructure with lamellar resolution, using as our test
tissue femoral neck sections from healthy human postmenopausal females. The femoral neck is a
biomechanically crucial junction in human locomotion, and the site of frequent hip fracture in osteoporosis
[8].
Our experiment addressed the following questions :
e Do the mineral particles show uniform or alternating orientations between lamellae, analogous to the
alternating lamellae orientation suggested by some authors ?
e What is the spatial variation of the mineral structure (size, shape, thickness and orientation) with
increasing radial distance from the center of the osteon ?



e Can SAXS measurements of the same sample at different planar tilt angles to the direct beam enable
reconstruction of the full 3D SAXS scattering signal, which is expected to be in the form of
ellipsoids of constant intensity in reciprocal space ?

Using specially prepared thin (3 pm) sections of embedded bone from the femoral neck mounted on TEM
Cu grids or directly on glass capillaries, a beam diameter of 5 um, an energy of 13 keV, sample to detector
distance 30 mm, and the MAR-CCD detector at ID-13 (with 4 x 4 binning), we obtained diffraction frames
in which both the small angle scatterin signal and the (002) and (310) reflections from the mineral apatite
(hexagonal crystal structure) axes were visible (Figure 1). The (310) and (002) axes are orthogonal to each
other and their orientation and Debye-Scherrer width gives an estimate of the crystallite size. With a typical
measurement time (including detector readout) of 15 seconds, we were able to map regions about 100 pm x
100 um around the edge of an osteon within 3 hours.

Figure 2 shows a light microscope image of the osteons and the region scanned (about 1 quadrant of the
elliptical osteons). The 2D map of the diffraction frames at each point (5 um spacing in vertical and
horizontal directions) next to the light microscope image shows the SAXS signal at different points. The
same region was measured with different tilt angles y = -55°, -35°, 0, and +35°, and scan step size 5 um x
cos(y) (to cover the same region).

In Figure 3, the variation of the SAXS signal with y at the same point is displayed. While the orientation of
the ellipse rotates, the ratio of the semi-major to minor axes (eccentricity) does not change significantly.
This result indicates qualitatively that the 3D SAXS intensity consists of oblate ellipsoidal (pancake shaped)
contours of equal intensity (2 large axes and 1 small axis). The orientation of the long axis of the ellipse, o,
may be found from radially integrated intensity plots as a function of azimuthal angle x (Figure 4).

In order to determine the orientation of the oblate ellipsoidal structure factor in reciprocal space, we define a
Cartesian coordinate system (X;,X2,X3), where the beam direction is along x; and the detector plane is in the
(x; — x3) plane. The normal vector along the thin direction of the oblate ellipsoid was denoted n =
(sin(a)cos(P), sin(a)sin(B),cos(a)), where o and 3 are a-priori unknown. Therefore, the orientation of the
long direction of the ellipsoid with the detector plane is normal to n and is described by the equation tan(y,)
= - tan(a)cos(P+y). Since y is known from Figure 4 and y is an experimental variable, we can carry out
nonlinear fits to obtain o and 3. For example, we find that § = /2 - 35° = 55°, since the streak is nearly
horizontal (yo = 0) at y = 35°. This leads to o = 38°.

For a full reconstruction of the SAXS ellipsoids, we are currently implementing the following procedure.
For a given tilt angle y, we select an intensity /j , and characterize the orientation and semi-major and minor
axes of the ellipse on which the intensity equals /). Repeating the procedure for the different tilt angles and
same intensity /y, we obtain a set of points in reciprocal space describing ellipses on the 3D ellipsoid of
intensity /. Assuming the full ellipsoid is rotated with respect to the laboratory fixed frame by a set of Euler
angles (for example the angles a and 3 used above), we can transform the equation of the ellipsoid from
body axes to laboratory axes. The points obtained on the ellipses in the previous step lie on this ellipsoid,
and the problem reduces to solving an overdetermined set of nonlinear equations, since the number of points
we can find on the ellipses is much larger than the 5 unknowns (o and 3 and the 3 ellipsoid axes) we are
solving for. Evaluation of the WAXD data is also in progress, though here the situation is complicated by
the curvature of the Ewald sphere, whereby the two peaks of intensity for the (002) reflection (for example)
are not equal in height when the c-axis is oriented out of the detector plane. Nonetheless, the variation of
peak intensities with y enables reconstruction of the crystallographic orientation of the mineral phase with
lamellar resolution.

In summary our results so far are very promising and show that
e Simultaneous SAXS and WAXD combined with scanning microbeam diameters less or equal to than
5 um, and high flux enables the mineral nanostructure around single osteons to be determined with
lamellar resolution.
e Sample tilting around the vertical axis combined with scanning enables reconstruction of the full
three-dimensional SAXS scattering intensity and the 3D structure of the WAXD reflections. This



technique thus enables the three-dimensional orientation, shape and size of the mineral particles, and
the three-dimensional orientation of the crystallographic axes to be determined with lamellar
resolution.

e The initial results suggesting a “pancake” or oblate ellipsoid shaped structure for the SAXS signal
oriented at about 40° to the osteons axis suggest that the mineral crystallites have a fiber texture,
orienting themselves along the collagen fibers (which are also often found oriented along = 45° to
the osteons axis), when viewed with lamellar resolution.

e This implies that the mineral crystals spiral around the osteons wall, which may have important
biomechanical implications for the natural design of the osteons. We note that similar structures (the
cellulose fibrils in wood cell wall) have been found in plants, where the spiral orientation optimizes
the extensibility as well as stiffness of the cell wall.

Due to a communication problem between the beamline computers and the MAR-CCD detector belonging to
the ID-13 beamline, we were able to start our measurements only at 17:00 on 10.07.2003, thus utilizing only
14 hours of the 72 hours allocated. Nonetheless, we obtained 2 very promising 2D scans around single
osteons, and plan to complete the measurements in a second beamtime, applied for the period of Feb — June
2004. In the second beamtime we will include already prepared samples from osteoporotic patients (from the
same femoral neck bone type) as well as healthy individuals, in order to obtain better statistics and determine
the alterations in bone nanostructure due to diseases and pathological conditions.
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Figure 1: Typical ditfraction frame from transverse section of femoral neck
bone. The elliptical 5A35 signal and the WAXD (002) and (3100 reflections
are indicated on the figure. Tilt angle v =-55%,
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Figure 2: {a) Light microscope itnage of the transversal bone section used The osteon 15 in the center
and right of the copper grid unit Eegion scanned 15 indicated by a dashed line (b) 2D map of diffraction
frames in the region scanned, showing only the SAXE signal in the center of the frame (See Figure 1)
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Figure 3: Vartation of the 5435 signal for different tilt angles 4 WWhile
the principal axes of the ellipse rotate as -y 15 varied, the eccentricity of
the ellipse does not change dramatically.
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Figure 4: Plots of the azimuthal distribution of the SAE intensity Iy
tor different tilt angles «v. As can be seen, the principal axes of the
ellipse rotate as 15 varied, resulting 1n a change of peak position ¥,



