
From diffraction to imaging: New avenues in studying hierarchical
biological tissues with x-ray microbeams „Review…

Oskar Parisa�

Department of Biomaterials, Max-Planck Institute of Colloids and Interfaces, Research Campus Golm,
14424 Potsdam, Germany

�Received 29 April 2008; accepted 16 June 2008; published 11 July 2008�

Load bearing biological materials such as bone or arthropod cuticle have optimized mechanical
properties which are due to their hierarchical structure ranging from the atomic/molecular level up
to macroscopic length scales. Structural investigations of such materials require new experimental
techniques with position resolution ideally covering several length scales. Beside light and electron
microscopy, synchrotron radiation based x-ray imaging techniques offer excellent possibilities in
this respect, ranging from full field imaging with absorption or phase contrast to x-ray microbeam
scanning techniques. A particularly useful approach for the study of biological tissues is the
combination x-ray microbeam scanning with nanostructural information obtained from x-ray
scattering �small-angle x-ray scattering �SAXS� and wide-angle x-ray scattering �WAXS��. This
combination allows constructing quantitative images of nanostructural parameters with micrometer
scanning resolution, and hence, covers two length scales at once. The present article reviews recent
scanning microbeam SAXS/WAXS work on bone and some other biological tissues with particular
emphasis on the imaging capability of the method. The current status of instrumentation and
experimental possibilities is also discussed, and a short outlook about actual and desirable future
developments in the field is given. © 2008 American Vacuum Society. �DOI: 10.1116/1.2955443�

I. INTRODUCTION

From a viewpoint of materials science, biological tissues
such as wood, bone, or insect cuticle are composites with a
hierarchical structure. Some of them are mineralized, i.e.,
they form organic/inorganic nanocomposites typically con-
sisting of a fibrous matrix reinforced with crystalline or
amorphous nanoparticles. Bone, teeth, and antler, for in-
stance, consist of a fibrous protein matrix �mainly collagen�
reinforced with crystalline calcium phosphate nanopar-
ticles.1–3 On the contrary, wood cell walls usually do not
contain any substantial amount of minerals, being polymer/
polymer composites of crystalline cellulose nanofibrils in an
amorphous matrix of hemicelluloses and lignin.3–5 Arthro-
pods have an exoskeleton build of a polymer/polymer
composite �chitin/protein�,6,7 in some cases—e.g., in
crustaceans—additionally reinforced with amorphous and/or
crystalline calcium carbonate.6,8 All these materials show ex-
ceptional mechanical properties, which are believed to be
due to a functional adaptation of the structure at all levels of
hierarchy �see, e.g., Ref. 3�. The first step toward a deeper
understanding of the structure-function relationships is the
detailed characterization of the structure at all hierarchy lev-
els. This can be achieved by applying and combining several
position sensitive techniques such as light microscopy, scan-
ning electron microscopy �SEM� and transmission electron
microscopy �TEM� combined with elemental analysis, scan-
ning probe microscopy, as well as Raman and infrared spec-
troscopic imaging. X-ray imaging—in particular, in combi-
nation with synchrotron radiation—represents another broad

class of useful methods for the investigation of biological
tissues. This includes both, full field techniques such as
absorption and phase contrast imaging and tomography, as
well as x-ray microbeam scanning methods using different
sources of contrast. A very powerful recent approach is
the application of scanning small-angle x-ray scattering
�SAXS� and/or wide-angle x-ray scattering �WAXS� to map
local nanostructural features in spatially heterogeneous
systems.9–11 Even though being much slower as compared to
full field imaging, one of the big advantages is that the in-
formation gained from the nanometer scale is quantitative.
Moreover, two spatial regions from different length scales
are covered simultaneously, i.e., the nanometer length scale
��0.1–100 nm� with the information deduced from x-ray
scattering, and the micrometer scale by scanning the speci-
men across an x-ray beam of some micrometer size.

The rapid increase in the beam brilliance at third genera-
tion synchrotron radiation sources in recent years, together
with the development of focusing optics for hard x rays has
led to the construction of dedicated microfocus beamlines.
Pioneering work in the field of microbeam diffraction stems
from Riekel et al. at the microfocus beamline �ID13� at
the European Synchrotron Radiation Facility �ESRF� in
Grenoble, France. This group has introduced many cutting-
edge developments in instrumentation �see Refs. 11–13 for
reviews�, and has applied them particularly to polymers and
biopolymers.13–17 User applications at the ID13 beamline
include many fields of modern materials science covering
among others metals,18 carbon fibers,19 synthetic poly-
mers,20–22 as well as biopolymers and biological tissues.23–29

In the meanwhile, x-ray microbeams with high photon flux
are available also at other sites, and dedicated instruments fora�Electronic mail: oskar.paris@mpikg.mpg.de
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scanning SAXS/WAXS have been built30 or are in the con-
struction phase. Particularly important for the success of mi-
crobeam SAXS/WAXS techniques is also the recent devel-
opment of high resolution area detectors for x-ray scattering.
This permits the combination of SAXS and WAXS with one
single area detector, providing simultaneous information
about the crystal structure and crystallographic texture
�WAXS� as well as size, shape, and orientation of nanopar-
ticles or nanofibers �SAXS� with micrometer scanning reso-
lution.

The aim of the present article is to review the recent
progress in scanning SAXS/WAXS on hierarchical biologi-
cal materials, with particular emphasis on the imaging poten-
tial of the method. It starts with a discussion of the current
experimental possibilities, including some brief consider-
ations about sample preparation and radiation damage in bio-
logical tissues. Then, recent work with scanning SAXS on
bone and other mineralized tissues as well as scanning
WAXS on wood and insect cuticle are reviewed, with special
focus on the construction and interpretation of images ob-
tained by mapping nanostructural information. We further
discuss the determination of the local morphological and
crystallographic orientation �texture� of crystalline fibers and
particles. The combination of full three-dimensional �3D�
texture analysis with x-ray microbeam scanning is presented
for the examples of trabecular and osteonal bone. Finally, an
outlook about some likely future directions and possibilities
is given.

II. EXPERIMENTAL CONSIDERATIONS

All scanning techniques use the same fundamental prin-
ciple, that is, to scan a sample across a fine probe, and to
measure a signal arising from the interaction between the
probe and the specimen. The interaction volume is given by
the lateral size of the probe and its penetration depth into the
specimen, defining the “position resolution” of the respective
technique. Hence, the result of a scanning experiment is typi-
cally a two dimensional �2D� image showing the measured
signal as a function of two scanning coordinates. One pecu-
liarity of employing scanning x-ray microbeam scattering in
connection with an area detector is that each scanning step
does not only deliver a scalar signal value �as in scanning
electron microscopy or scanning force microscopy� or a one-
dimensional �1D� spectrum �as in many scanning spectros-
copy methods�, but a 2D scattering pattern. Establishing the
method as a real imaging technique implies therefore the
reduction and evaluation of these 2D scattering patterns to
obtain images of nanostructural parameters as a direct output
of the experiment. This step is not at all trivial, and consid-
erable effort is currently undertaken by several groups and
initiatives to reach this goal. Progress was recently achieved,
in particular, in the fully automated tracking of peak
positions31–33 or the online or quasionline imaging of simple
integral SAXS parameters such as the total scattered inten-
sity or the mean chord length.34

A. Experimental setup

The experimental setup for a typical scanning microbeam
scattering experiment is quite simple and is sketched in Fig.
1�a�. A thin sample is hit by an x-ray microbeam in transmis-
sion geometry and the scattered photons are collected with a
high resolution area detector placed perpendicular to the pri-
mary x-ray beam. In addition to the position sensitive detec-
tor for x-ray scattering, an energy sensitive detector may
additionally be employed to collect the x-ray fluorescence
�XRF� radiation for chemical analysis. The sample is usually
mounted on a high resolution goniometer with at least two
translation axes and one rotation axis perpendicular to the
beam. 2D scanning is typically performed in steps of about
the beam diameter within a sheetlike sample with a thickness
similar to the beam size �see Fig. 1�b��. In this way, 2D
scattering patterns as well as XRF spectra can be collected
from sample volumes in the order of D3 �D is the beam size�
for each scanning step. While in a typical laboratory setup, D
cannot be made much smaller than about 100 �m for pri-
mary intensity reasons,9 synchrotron radiation allows readily
to obtain beam sizes down to 10 �m at bending magnet
and wiggler sources30,35,36 and down to 1 �m at undulator
sources at dedicated high energy x-ray facilities such as the
ESRF.11,13 Even though much smaller beam sizes have re-
cently been demonstrated with hard x rays,37–39 scattering
experiments with beam sizes well below 1 �m are still far
from being routine. The reasons for this are related to several
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FIG. 1. �a� Scheme of a simultaneous microbeam SAXS/WAXS/XRF ex-
periment. A microbeam impinges the thin sample in x direction. The SAXS/
WAXS area detector is placed in the y-z plane at a distance L behind the
specimen. The scattered intensity in polar detector coordinates I�r ,�� is
converted into reciprocal space units I�q ,��, where the length of the scat-
tering vector q is given by q=4� sin � /�, with 2�=arctan�r /L� being the
scattering angle and � the x-ray wavelength. The XRF detector is positioned
in the x-y plane, optimally almost perpendicular to the primary beam direc-
tion. The specimen can be scanned laterally within the y-z plane perpendicu-
lar to the primary beam and rotated around the z axis �rotation angle ��. �b�
shows the optimum sample geometry and sample thickness D for 2D scan-
ning and �c� shows the same for 1D scanning with sample rotation. Red
circles symbolize the beam footprint. �d� shows the length scales �logarith-
mic scale� that can be simultaneously covered by the method, in principle
�dashed lines�, and in a current realistic experiment �full lines�.
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factors, including sample preparation and handling, sample
visualization, and �long-time� beam stability issues. None-
theless, current developments of long nanofocus beamlines
promise stable experiment setups with routine beam sizes in
the order of a few hundred nanometers within the next few
years.

B. Simultaneous microbeam SAXS/WAXS

Due to the high brilliance of third generation synchrotron
radiation sources, a large number of photons can be brought
to the sample with a small beam size and a small beam
divergence. This allows optimizing the experimental setup
for a small beam at the sample position �determining the real
space resolution for scanning� and at the detector position
�determining the scattering or reciprocal space resolution� at
the same time. When using additionally a large area detector
with small pixel size, the detector can be placed very close to
the sample �typically �200 mm�. This allows constructing a
very compact instrument covering SAXS and WAXS
simultaneously.30,40 A state of the art area detector �charge
coupled device or pixel detector� with a point spread func-
tion �100 �m and edge length 	200 mm allows to cover
up to three orders of magnitude in the length of the scattering
vector q simultaneously30 �see Fig. 1 for the definition of q�.
Figure 2 shows an example of a SAXS/WAXS pattern from
human trabecular bone with qmax /qmin=250. This large q
range provides simultaneously crystallographic parameters
from the carbonated hydroxyapatite �HAP� nanoparticles
such as crystallographic texture or lattice parameter from
WAXS, as well as the size shape and orientation of the HAP
particles from SAXS �see Sec. II C�.

From an instrumentation point of view, the biggest chal-
lenge is the reduction in parasitic background scattering to
resolve weak SAXS signals and diffuse WAXS scattering.
Air scattering is a serious issue, given that the total number
of primary scattering particles �electrons� in an �200 mm
long air path exceeds the one from a �0.1 mm thick �pri-
marily organic� sample by typically a factor of 10–20. The
same is of course true for any kind of x-ray windows used
for sample containers. Putting the whole instrument into
vacuum �or at least in a helium atmosphere� would be a
solution to this dilemma. However, this option is seldom
employed due to the loss of flexibility on the one hand, and
due to the frequent need to keep biological tissues in a humid
environment—and thus requiring windows—on the other
hand. The specimen must be placed very close �typically less
than 1 mm� to the final guard pinhole in order to entirely
avoid air scattering from behind the sample. Otherwise, air
scattering produces a shadow image of the sample and the
sample holder on the area detector, which is very difficult to
deal with. In order to minimize the �less critical� air scatter-
ing in front of the sample, a beam stop with a small diameter
should be placed as close as possible to the sample. For the
example shown in Fig. 2, a cylindrical beam stop �lead wire�
of 0.25 mm diameter was placed at a distance of 50 mm from
the sample. This relatively large distance leads to a consid-
erable air scattering background at intermediate angles, indi-

cated by the isotropic halo in Fig. 2�a�. Since the handling
and stability of a much smaller beam stop is not easily pos-
sible, a reduction in air scattering can only be achieved on
the cost of resolution toward small angles, as qmin is directly
determined by the angular size of the beam stop. This means
that one has usually to find a compromise between SAXS
resolution and air scattering reduction.

These considerations illustrate that miniaturization �small
beam stop and detector pixels, small distances� together with
high beam brilliance �small beam size and divergence� is the
way to choose for scanning SAXS/WAXS with high reso-
lution in both real and reciprocal spaces. This fact is note-
worthy insofar, as the usual way to increase resolution in
scattering experiments was previously rather to build large
instruments. It can be anticipated that a future dedicated
scanning SAXS/WAXS instrument with, say, 100 nm beam
size must be built even much more compact than current
instruments.

C. Sample preparation

Sample preparation for scanning SAXS/WAXS experi-
ments is a serious issue for hierarchical biological tissues, the
efforts becoming comparable to sample preparation for
TEM. The ideal sample for 2D scanning is a sheet with a
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FIG. 2. Simultaneous SAXS/WAXS �raw data, no background subtracted�
from a 20 �m thick section of human trabecular bone, measured at the
�-Spot beamline at the BESSY II synchrotron radiation source in Berlin,
Germany. The pattern was collected with a MarMosaic-225 detector
�MarUSA, Evanston, USA� using a 10 �m monochromatic beam from a
W/Si multilayer �wavelength �=0.0827 nm� at a sample detector distance
L=220 mm. The covered range of scattering angles is 0.15° �2��36°,
corresponding to 0.2 nm−1�q�47 nm−1. �a� shows the whole scattering
pattern with the 002 reflection from the calcium phosphate mineral particles
�carbonated HAP� and the 111 reflection from an internal gold standard
indicated. �b� displays the enlarged region close to the direct beam, showing
an anisotropic SAXS signal from nonspherical HAP nanoparticles. The in-
tensity is visualized in a logarithmic color coded scale, blue corresponding
to low and white to high intensity values.
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thickness comparable to the beam size in order not to loose
the position resolution by averaging along the beam path
�Fig. 1�b��. If the specimen is additionally rotated during the
experiment, the position resolution gets blurred in the direc-
tion perpendicular to the rotation axis and the specimen must
be either even thinner, or must exhibit a local lamellar sym-
metry �see, e.g., Sec. IV�. The ideal sample geometry for
rotation �texture� experiments is thus a rod, with 1D scan-
ning possibility along the rod axis �Fig. 1�c��. The usual
scanning experiment is conducted with a freestanding speci-
men, typically mounted �glued� on the tip of a tapered glass
capillary. The use of micromanipulators can be very helpful
in this respect, and becomes mandatory for very tiny samples
of only a few micrometer size.41

Bone and other mineralized tissues are usually fixed and
embedded into resin. Cutting with a diamond saw followed
by grinding and polishing permits obtaining slices of a few
micrometer thickness. Other tissues may require to be cut in
their native �in particular, hydrated� state with a �cryo-� mi-
crotome, or with an UV microlaser. The latter, installed on an
optical microscope, has proven to be a very useful and flex-
ible tool in preparing thin slices of organic tissues, as there is
no heat impact and the possibility to keep the sample in an
aqueous environment.33,41,42 Even though also focused ion
beam techniques have obtained quite some attention in re-
cent years, they are rarely used for the preparation of bio-
logical tissues.43 This is mainly because of the need of ultra-
high vacuum conditions, and the possible “poisoning” of a
surface layer by the Ga ions. It has generally to be mentioned
that with all preparation techniques great attention must of
course be paid on surface damage, which in the cases of
micrometer sample thickness may be dominating over the
undisturbed bulk volume.

D. Radiation damage

Radiation damage is not only one of the limiting steps in
protein structure analysis via protein crystallography �see,
e.g., Ref. 12� but also starts to play a considerable role in
SAXS/WAXS investigations of biological tissues. There are
only few papers and practically no systematic investigations
of radiation damage in hierarchical biological tissues during
scattering experiments with high brilliance synchrotron ra-
diation, and its influence on the structural parameters ex-
tracted from SAXS/WAXS patterns is not well known. The
crystal structure of organic crystalline phases such as cellu-
lose or chitin is very sensitive to radiation damage by elec-
trons or x-rays,44,45 and a decay of the intensity of Bragg
reflections with irradiation time is usually observed. To the
personal experience of the author,46 nanocrystalline cellulose
fibrils in plants or chitin fibrils in arthropod cuticle show
deterioration of crystallinity already after 1 min of exposure
in air environment by a high brilliance undulator beam at the
ESRF. It was also observed that the small-angle Bragg re-
flections arising from the axial d period of collagen broaden
and shift within a period of minutes when illuminated with a
flux 	1013 photons s−1 mm−2.

It is well known that secondary damage due to free radical
diffusion is one of the major sources of radiation damage in
biological macromolecules.47 One possibility to avoid sec-
ondary damage is to use radical scavengers, and/or to cool
the specimen to cryogenic temperatures, avoiding the diffu-
sion of free radicals. Figure 3 demonstrates that radiation
damage can indeed be successfully “frozen in” within bio-
logical tissue, allowing to conduct scanning SAXS/WAXS
experiments on highly radiation sensitive soft biological tis-
sues. However, cryocooling creates constraints for the speci-
men environment and a considerable increase in background
scattering, in particular, at small angles. Cryocooling is of
course also not an option for in situ experiments, e.g., in situ
deformation of biological tissues.48,49 Other possibilities to
cope with radiation damage are very fast measurements,
which have become feasible with new developments of pixel
detectors50 in combination with scanning.11,13 Due to the dif-
fusion of radicals �the mean diffusion distance in water is in
the order of several �m /s at room temperature51�, there are
also limits to this. Staying ahead of radiation damage re-
quires therefore essentially much faster scanning as com-
pared to now, which is, in principle, feasible with increased
flux density and faster detectors. Finally, it should also be
mentioned that the use of very small samples could, under
certain conditions, result in a reduction in secondary radia-
tion damage. Hence, the use of very small samples as origi-
nally proposed for protein crystallography52 might well be a
loophole to avoid or reduce radiation damage in biopolymers
and biological tissues.

a) 50 μm

b) 50 μm

FIG. 3. Light microscopy images of a 5 �m thick section of demineralized
human bone embedded in polymethylmethacrylate �PMMA�. �a� After sev-
eral hours of SAXS/WAXS measurements in a cryostream at a temperature
of 100 K. �b� the same sample after reheating to room temperature �
�300 K�. Cracks �indicated by arrows� develop at the positions where pre-
vious SAXS/WAXS line scans were conducted at low temperature. Mea-
surements were performed at the ESRF, beamline ID13 with a 0.3 �m
beam at an x-ray energy E=13 keV ��=0.095 nm�.
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III. TOWARD SAXS IMAGING OF HIERARCHICAL
BIOLOGICAL TISSUES

Bone is characterized by a rich structural hierarchy from
macroscopic dimensions down to the molecular scale.1–3 The
basic building block of bone is the mineralized collagen
fibril, consisting of staggered collagen type I triple helices
with embedded platelike mineral particles of calcium phos-
phate �carbonated hydroxyapatite �HAP��. Small-angle x-ray
scattering has long been employed to study the size shape
and arrangement of these mineral particles in human
bone,53,54 in particular, also in connection with bone diseases
and treatment.55,56 Two structural parameters are easily ob-
tained from SAXS on bone using a pinhole camera with 2D
detector �see, e.g., Fig. 2�b��: �i� from the azimuthally aver-
aged SAXS intensity I�q�, the mean chord length �or T pa-
rameter� is obtained, which is directly related to the average
thickness of the plate-shaped mineral particles,53,57 and �ii�
the elliptical shape of the SAXS isointensity contour �Fig.
2�b�� gives information on the mean orientation and degree
of orientation of the mineral platelets.58 More detailed analy-
sis permits obtaining additional information on the orienta-
tion distribution,56 and the shape and arrangement of the
particles.59,60

A. Imaging of bone nanostructure

Trabecular bone was probably the first biological tissue
where the idea of scanning SAXS was successfully
applied.9,58 Employing a beam of 200 �m size from a labo-
ratory SAXS instrument, nanostructural parameters such as
the mineral particle thickness T, the mean particle orienta-
tion, and their degree of orientation could be mapped over
extended areas with a resolution on the level of single trabe-
culae. This local information provides a new quality of un-
derstanding the relationship between the hierarchical struc-
ture of bone and its mechanical properties, in particular, in
combination with other position sensitive methods such as
quantitative electron backscattering,61 energy dispersive
x-ray analysis, and atomic force microscopy,62 or Fourier-
transformed infrared spectroscopy.63 First scanning SAXS
investigations on bone using synchrotron radiation were per-
formed at the SAXS beamline at ELETTRA �Trieste, Italy�
using a 20 �m wide x-ray beam.10,35 These investigations
were later extended to bone-cartilage interfaces,10,64 and to
mineralized avian tendons.65

To illustrate the important step from a microbeam SAXS
experiment to SAXS imaging, we discuss a recent example
of SAXS from osteons in more detail. The secondary
osteon—a fundamental building block in compact bone—is a
multilayered cylindrical structure of mineralized collagen
fibrils arranged around a blood vessel, with one lamella be-
ing about 5–10 �m thick �see Fig. 4�a��. It was already
revealed with scanning SAXS using a 20 �m beam that
there is a concentric arrangement of the mineral particles
around the central hole in osteons.10 To obtain information
about the structural organization within the single lamellae in
the osteon, SAXS patterns were collected at the ID13 beam-
line �ESRF, Grenoble� in a 2D mesh scan with 1 �m beam

size employing the same step size.34 The simplest image that
can be derived online or quasionline during the scan is by
binning all pixels of the SAXS signal on the area detector �or
a selected region of interest� into one value. This image is
shown in the inset in Fig. 4�a�, displaying clearly the lamel-
lar structure of the osteon. To understand the origin of the
contrast, it is, in principle, necessary to analyze each single
SAXS pattern quantitatively. It is, however, clear from the
visual inspection of the 2D SAXS patterns �Figs. 4�b� and
4�c�� that the origin of the contrast is the ellipticity of the
SAXS signal, which can be related to the mean local orien-
tation of the mineral particles. Figure 4 therefore suggests
that the mineral particle orientation changes continuously
within one single lamella. To obtain the orientation quantita-
tively, the reconstruction of the full 3D SAXS “ellipsoid” in
reciprocal space is necessary, which would necessitate addi-
tionally sample rotation. This point will be discussed in more
detail in Sec. III B for WAXS on osteons.

Images from further nanostructural features can be ob-
tained by evaluating the SAXS data quantitatively. In Fig.
5�a�, the T parameter is shown for an osteon, while Fig. 5�b�
shows the total SAXS intensity already discussed above, and
Fig. 5�c� shows the x-ray transmission. The average mineral
particle thickness T appears more or less constant
�3.5–4.0 nm� across the osteon with a clear drop ��3 nm�
at the innermost lamella. This indicates the well known fact
that the younger bone in this region has smaller mineral
particles.61 It is also remarkable that the images of the T
parameter and sample transmission do not �or only very
weakly� show the lamellar structure, supporting the above
interpretation of the orientation contrast observed in the total
intensity image �Fig. 5�b��.

50 μm

a) b)

c)

FIG. 4. SAXS imaging of a single osteon. �a� displays the light microscopy
image of a 3 �m thick cortical bone section showing two osteons. The inset
in �a� displays the image of the SAXS intensity in the selected region,
obtained by binning the total SAXS intensity to a single pixel giving a gray
value for each scanning step. The contrast mechanism leading to the ob-
served SAXS intensity image is revealed by inspecting the single SAXS
patterns �b� and �c�. Within one lamella, the shape of the SAXS patterns
changes in radial direction of the osteon from circular to strongly elliptical
and back to circular again. A simple qualitative explanation of this contrast
is based on the fact that plate-shaped mineral particles correspond roughly to
a intensity distribution resembling a prolate ellipsoid in reciprocal space, the
long axis corresponding to the direction of the plate normal. Since the mea-
sured SAXS pattern is simply a plane section through this ellipsoid, it is
clear that the contrast is mainly determined by the local orientation of the
mineral particles.
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B. Further examples of SAXS imaging

Another example of SAXS imaging is presented in Figs.
5�d�–5�f�, obtained from a thin cross section of hen
eggshell.34 Starting from the inner membrane �bright stripe
in Fig. 5�f��, the first mineralized layer is the mammillary
layer, known to contain randomly orientated calcite crystals
associated with an organic protein matrix.66 The calcite crys-
tals are in the order of 1 �m in size, and therefore, the
SAXS signal must be attributed to inter- or intracrystalline
matter, such as protein inclusions,67 for instance. The T pa-
rameter is about 5 nm, and does not change much within the
investigated region. Interestingly, again the total SAXS in-
tensity shows a rich contrast �Fig. 5�e��, displaying spheru-
litic structures that are observable also in light microscopy
images.34 These structures are not associated with different
mineral densities as proven by the x-ray transmission image
in Fig. 5�f�. Since the SAXS patterns were only slightly an-
isotropic, the change in intensity by more than a factor of 5
in the intensity image can also not be explained by an orien-
tation contrast such as for the osteon. The most likely expla-
nation is that the contrast is due to a local difference in
protein content, since for low contents of organic material �
�5%� the SAXS contrast would change roughly linear with
the protein concentration.

Several groups have recently started to use 2D scanning
SAXS for the mapping of quantitative nanostructural param-
eters of mineralized tissues, for instance, in archeological
bone,68 in newly formed bone adjacent to implants,69 or in
engineered bone at the bone scaffold interface.70 Spatially
resolved SAXS investigations in connection with position

resolved measurements of chemical composition and me-
chanical properties using nanoindentation have also been
employed for the investigation of dentin-enamel interfaces in
teeth,71 or biominerals in the jaws of marine worms.72,73

Moreover, several studies dealing with the cross sectional
structure of biopolymeric fibers were reported, for instance,
on native cellulose fibers,74 wool,75 or human hair.76

IV. MAPPING CRYSTALLOGRAPHIC AND
MOLECULAR ORIENTATION BY SCANNING WAXS

The intensity, position, and width of Bragg reflections
from crystalline organic or inorganic components in biologi-
cal materials contain useful information about local crystal-
lographic and nanostructural features. Examples are the de-
termination of crystallographic phases and their degree of
crystallinity, as well as size and strains of nanocrystals.
Moreover, crystalline entities in biological tissues are seldom
randomly oriented �polycrystals�, nor are they perfectly
single crystalline. Using scanning WAXS, the orientation
�and orientation distribution� of crystalline or semicrystalline
entities in tissues can be obtained and mapped as a function
of position by employing quantitative texture analysis. In
general, the determination of the crystallographic orientation
distribution requires rotation of the sample and the construc-
tion of so-called pole figures from intensities of several re-
flections measured on the unit sphere.77,78

As compared to single crystals, many fibrous crystalline
biopolymers in natural tissues exhibit a local fiber texture.
This means that a crystallographic fiber axis—corresponding
to the morphological fiber direction—shows rotational sym-

20 μm
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b)

20 μm

f)
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a)
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FIG. 5. Scanning SAXS images obtained from osteonal bone �a� to �c�, and from hen eggshell �d� to �f�. The images �a� and �d� show the mean chord length
�T parameter�, and �b� and �e� show the integrated SAXS intensity. Images �c� and �f� show the x-ray transmission through the sample, which is mainly
determined by the local mineral density in these highly mineralized tissues. Figure reproduced from Gourrier et al.�Ref. 34� with permission from the
International Union of Crystallography �http://journals.iucr.org�.
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metry around this axis. This leads to so called fiber diffrac-
tion patterns if the fiber axis is perpendicular to the primary
x-ray beam. It can be generally shown25,79 that the 3D orien-
tation of the fiber axis can be determined from a single 2D
diffraction pattern even if the fiber axis is not perpendicular
to the x-ray beam. The reason is that the Ewald sphere cur-
vature induces a symmetry breaking with respect to nonme-
ridional reflections if the fiber axis is tilted with respect to
the primary beam.79 Thus, scanning a thin sample with local
fiber symmetry across a microbeam permits the imaging of
the �3D� fiber orientation without sample rotation. It has to
be noted that this fundamental principle is only applicable
for x-ray diffraction where the wavelength � is typically in
the same order of magnitude as the sample lattice spacing.
For electron diffraction or high energy x-rays the Ewald
sphere can be considered to be flat for the relevant lattice
spacings, hence necessitating sample rotation.

One application example is the determination of the cel-
lulose fibril orientation in plants. The so-called microfibril
angle, i.e., the spiral angle of cellulose fibrils with respect to
the cell axis has been determined in a position resolved way
already in 1994 by Jakob et al.80 across the annual rings of
spruce wood. These investigations were later extended to
stems of different wood types,81 and wood branches,82 and
related to the mechanical adaptation of wood to external
loads.83 The imaging of the local microfibril angle across
single wood cells25 can be seen as one of the pioneering
experiments for scanning WAXS on complex biological tis-
sues. Employing nonstandard diffraction geometry �x-ray
beam direction parallel to the cell direction� together with a
microbeam considerably smaller than the cell wall thickness,
the spiraling cellulose orientation within adjacent cell walls
was imaged for the first time within an intact tissue.25

In the following we present and discuss two more recent
examples of WAXS imaging: the mapping of the local fiber
orientation in complex shaped arthropod cuticle and the local
morphological and crystallographic texture of mineral par-
ticles in bone.

A. Local fiber orientation in arthropod cuticle

Arthropods, the largest phylum of animals include among
others the insects, spiders, and crustaceans. They are charac-
terized by a hard exoskeleton or cuticle which is a hierarchi-
cal nanocomposite of stiff crystalline chitin fibers in a pro-
tein matrix, sometimes—in particular, in crustaceans—
additionally reinforced with biominerals �mostly calcium
carbonate�. The arthropod cuticle is the prototype of a rotated
or twisted plywood structure,84,85 which is formed by the
helicoidal stacking sequence of fibrous chitin-protein layers
in the plane of the cuticle. Besides the cuticle, a multitude of
jointed appendages basically also formed by chitin/protein
nanocomposites are used for feeding, locomotion, and sen-
sory reception. Particularly complex systems are, for in-
stance, airflow sensors in spiders and insects.86 Figures 6�a�
and 6�b� shows the flow sensing systems in the appendices of
a cricket. Each individual sensor comprises a stiff hair acting
as a lever arm during airflow. As the tip of the hair moves to

one side, the anchored base moves in the opposite direction,
triggering a signal in the attached neuron. The hair sits in a
complex socket �Fig. 6�b�� with two or more strain sensors
�campaniforms� attached at the base of the socket. These
strain sensors are believed to perceive additional information
on the flow by detecting surface strains caused by the hair if
it impacts on the rim of the socket.86,87 In order to model the
details of the stress distribution and amplification that leads
to signal creation in the strain sensor,88 the local orientation
of the stiff chitin fibers in the whole flow sensing system is
of paramount importance.

Figure 6�c� depicts a scanning WAXS image of the speci-
men shown in Fig. 6�b�, obtained with a 0.3 �m x-ray beam
at the microfocus beamline at the ESRF.33 The color displays
the total intensity of the chitin 040/110 reflection doublet. As
the socket is a complex 3D object, the x-ray beam hits
sample regions of different thicknesses and the intensity is
thus indicative of the local chitin content, leading to a perfect
projection image of the sensory system. The local fiber ori-
entation was evaluated from the equatorial 040/110 reflec-
tions �Fig. 6�d��, and an orientation vector was plotted in Fig.
6�c� as a bar for each pixel of the scan. The direction of the
bar gives the fiber orientation projected to the detector plane
while the length of the bar symbolizes the degree of orienta-
tion. It is seen that the chitin fibers in the hair are perfectly
parallel to the hair axis and have the highest orientation de-
gree. For most of the other regions in the sensory system the

040/110

020

FIG. 6. WAXS imaging of the local chitin orientation in the flow sensing
system of crickets. �a� shows a SEM image of the cricket appendix with the
sensory hairs and �b� shows a SEM image of a single sensory system pre-
pared by cutting with an UV microlaser. The whole socket including the hair
�cut at the top of the socket� and its anchoring base are clearly visible. �c�
displays the scanning WAXS image of the system in �b� with the color being
the total azimuthally integrated intensity of the 040/110 doublet �see �d��.
The black lines in each pixel of the image visualize the local mean orienta-
tion of the chitin fiber axis �direction of the bar� and its degree of orientation
�length of the bar�. Figure in part reproduced from Seidel et al. �Ref. 33�
with permission from Elsevier.
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local orientation is rather difficult to interpret since the signal
is being averaged over a long beam path within a complex
shaped object. The only regions where reliable orientation
information can be obtained apart of the hair are the walls of
the socket. The fiber orientation here seems to be parallel to
the hair, resembling essentially the orientation of the staves
in a barrel. Since the socket transmits a mechanical signal to
the campaniforms at its base, this fiber orientation makes
sense in terms of a mechanical optimization.33

This example demonstrates that scanning WAXS without
the necessity of sample rotation is able to image local fiber
orientation in complex shaped functional units in hierarchical
biological tissues, as long as local fiber symmetry can be
assumed. However, it also clearly shows the restrictions
which are particularly caused by such complex geometries,
requiring, in principle, 3D �volume� sensitivity of the tech-
nique.

B. Quantitative texture analysis in bone

It is well known that the apatite c axis in bone is parallel
to the collagen fiber axis.89,90 Thus, determination of the
HAP c-axis orientation can be used to determine the collagen
orientation in bone. Since we cannot generally assume local
fiber symmetry at a certain hierarchical level, a full 3D pole
figure analysis of the 002 reflection is, in principle, neces-
sary. Texture analysis in bone has already been employed
since many years with x rays,91–94 and neutrons,95 but only
little position resolved work on intact tissues has been re-
ported so far. A comparison of the local crystallographic ori-
entation of the mineral c axis with the morphological orien-
tation of the mineral particles was recently undertaken in
human trabecular bone.96 This was achieved by constructing
pole figures from 3D SAXS and WAXS data at the level of
single trabeculae. This work revealed a close relationship
between the c-axis orientation �crystallographic texture� and
the mineral platelets �morphological texture�, the plate nor-
mal being consistently perpendicular to the c axis �Fig. 7�.
Additionally, complementary information was deduced from
the SAXS pole figures, revealing �Fig. 7�d�� that the mineral
platelets are preferentially parallel to the lamellae within the
trabecula �S1–S3 plane in Fig. 7�a��.

The second example is related to the position resolved,
quantitative determination of the c-axis orientation �and thus
the collagen fiber orientation� within the lamellae of an
osteon.97,98 The changing SAXS intensity within the lamellae
as discussed in Sec. III A revealed a changing orientation of
the mineral platelet normal within one lamella. A quantitative
picture of the c-axis orientation can be obtained by perform-
ing a full 3D pole figure analysis of the 002 HAP reflection
as a function of radial position across the osteon. Since the
osteon exhibits a complex geometry, such experiments re-
quire a careful choice of the experimental geometry, together
with very small dimensions of the x-ray beam and sample
thickness �Fig. 8�a��. The experiment revealed essentially
that the c axis �and thus the collagen fiber direction� forms a
helicoidal stack within each lamella with the helicoid rota-
tion axis being perpendicular to the osteon axis �Fig. 8�b��.

This is a similar building principle as in the case of arthropod
cuticle �see Sec. IV A�, with the difference that the rotation
in arthropod cuticle runs over 180°, forming an isotropic
structure in the plane perpendicular to helicoid rotation axis.
In the osteon, there is a preferred fiber orientation with re-
spect to the osteon axis �about 30°�, with the fiber axis being
restricted within one quadrant. Together with the cylindrical
shape of the osteon, this defines a spiraling arrangement of
the fibrils with respect to the fiber axis �Fig. 8�c��. The simi-
larity to the orientation of cellulose microfibrils in wood cell
walls25 is amazing, and is an impressive example for a gen-
eral building principle using helicoidal structures in
nature.84,85

V. FUTURE DIRECTIONS

Even though imaging is not always the primary objective
of scanning SAXS/WAXS yet, it is clear that the method has
a great potential to evolve toward a real imaging technique.
Our current work in progress focuses on the combination of
simultaneous SAXS, WAXS, and XRF mapping, including
online or quasionline extraction of several parameters for
imaging. For bone, SAXS delivers the thickness as well as
the orientation and orientation degree of the mineral plate-
lets, and the evaluation of the Scherrer size99 of the 002
reflection allows to estimate the long dimension of the min-
eral particles. Accurate determination of the lattice parameter
�e.g., by using internal standards, see Fig. 2�a�� can reveal
strains and/or variations of mineral composition, comple-
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FIG. 7. Local SAXS/WAXS texture in trabecular human vertebral bone us-
ing a 200 �m x-ray beam from a laboratory source. �a� shows a light mi-
croscopy image from a 200 �m thick bone section embedded in PMMA,
indicating also the local coordinate system �S1 ,S2 ,S3� connected with the
single trabeculae. Local pole figures were constructed from the 3D angular
intensity distributions of the SAXS signal �b� and the 002 reflection from the
hexagonal HAP nanocrystals �c�. The WAXS pole figure provides the main
orientation of the HAP c axis �highest pole density� in S1 direction, whereas
the SAXS pole figure suggests that the plate normal of the plate-shaped
HAP nanoparticles points preferentially into a direction close to S2. These
findings are sketched in �d� for a single lamella within the trabeculae. Figure
reproduced from Jaschouz et al. �Ref. 96� with permission from the Inter-
national Union of Crystallography �http://journals.iucr.org�.
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mented by the mapping of chemical composition by scan-
ning XRF. In this way, several images with different infor-
mation contents from exactly the same specimen areas are
obtained. In bone research, this approach may lead in the
long term to the development of dedicated and highly spe-
cialized instruments for medical screening applications in
bone and other connective tissues. Synchrotron radiation
sources permit micrometer and submicrometer image reso-
lution, while future laboratory instruments based on x-ray
microsources may allow position resolution down to at least
50 �m.

A generally very promising future direction is the combi-
nation of different position resolved techniques. Simulta-
neous SAXS/WAXS and XRF have already been mentioned
above, and also the application of online �polarized� light
microscopy is possible without great difficulty. A remarkable
recent development with a large potential for biological tis-
sues is the combination of SAXS/WAXS with simultaneous
Raman spectroscopy.100,101 Future instrumentation with

nanobeams will particularly also require new ways of sample
visualization, since optical light microscopy is not applicable
anymore below 1 �m. First ideas exist to implement AFM
and near field optics into nanofocus beamlines.

A further important future direction will be the combina-
tion of position resolved SAXS/WAXS with in situ experi-
ments. Mechanical deformation combined with mapping of
the local nanostructural changes has already been demon-
strated in other fields, e.g., for in situ bending of carbon
fibers102 or crack propagation in polymers.103 Such tech-
niques will be of great value to get deeper insight in the
relationship between local structure and mechanical proper-
ties, for instance, concerning the fracture toughness of
bone.104 Furthermore, humidity control combined with in
situ position resolved SAXS/WAXS may be used to further
investigate such fascinating phenomena as the recently re-
ported humidity induced actuation in plant tissues.105 An-
other fascinating development—although not directly related
to hierarchical tissues—is the application of optical tweezers
to catch and manipulate very small particles �e.g., single
vesicles, cells� in solution in combination with microbeam
SAXS/WAXS.106

One of the advantages of x rays over many other tech-
niques is their large penetration depth into matter, and there-
fore the principle possibility to obtain 3D information from
bulk specimens in a nondestructive way. 3D absorption-,
phase- and spectroscopic imagings are nowadays almost rou-
tinely offered at synchrotron radiation sources using different
techniques such as computed tomography or confocal scan-
ning. These developments are not yet very advanced for
x-ray scattering techniques with 3D position resolution in
biological tissues. Confocal x-ray diffraction, for instance, is
based on the 3D scanning of a subvolume within the sample
defined by the intersection of primary and diffracted beam.
While this technique has been quite successfully applied to
metals,107,108 the extension to biological materials is not
trivial due to their much more complex structure, and no
serious attempts have been reported so far. Another
technique—energy variable diffraction—uses the energy de-
pendence of the x-ray penetration depth,109 and has been
applied to study the in-depth microstructure in mollusk
shells.110 Together with 2D scanning using a microbeam, this
technique would, in principle, also be able to give 3D dif-
fraction information. A very interesting recent approach is
SAXS tomography,111 which is based on “first generation
tomography,” i.e., a combination of sample scanning and
sample rotation and using standard reconstruction algo-
rithms. The authors have shown that the SAXS signal paral-
lel to the rotation axis can be reconstructed uniquely with
full 3D position resolution given essentially by the beam
size. Unfortunately, the restriction to random orientation or
fiber symmetry of the scattering particles limits this tech-
nique to rather simple cases which are usually not given in
hierarchical biological tissues. A similar approach has re-
cently also been reported for WAXS on a bone specimen
using selected HAP reflections,112 although no comprehen-
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FIG. 8. Scanning texture analysis in human osteons using a 1 �m x-ray
beam at the microfocus beamline ID13 �ESRF, Grenoble�. �a� shows the
geometry used for the measurements. A thin section containing a single
osteon �compare Fig. 3�a�� was mounted with the osteon axis parallel to the
primary beam and rotated from −45° to 45° in 5° steps around an axis
perpendicular to the x-ray beam. 1D scanning was performed over the whole
osteon parallel to the rotation axis. Since for a 3 �m thick sample and a
1 �m wide x-ray beam the lamellae can be considered flat in this geometry,
sample rotation does not lead to a reduction in position resolution. �b� dis-
plays regrouped pole figures �radial pole angle 
 and azimuthal pole angle
�, see original publications for definition� of the 002 reflection from five
adjacent positions �1 �m step� within a single lamella. The maximum in-
tensity �red color, corresponding to the main c-axis orientation� shifts con-
tinuously along the angular direction 
, while it stays constant with respect
to the angle �. This corresponds to a rotation of the c axis within the �local�
plane of the lamellae. Since rotation of the sample at a fixed position pro-
vides exactly the same c-axis shift �see original publications�, this gives the
picture of a helicoidal orientation change of the c axis �and thus the collagen
orientation� within each lamella, i.e., the helicoid rotation axis is perpen-
dicular to the osteon axis �c�. �b� was reproduced from Wagermaier et al-
.�Ref. 98� with permission from the International Union of Crystallography
�http://journals.iucr.org�, and �c� was reproduced from Wagermaier et al.
�Ref. 97� with permission from the American Vacuum Society.
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sive theoretical treatment was yet undertaken to clarify the
limitations of this approach for textured materials.

Finally, an entirely new class of imaging techniques based
on x-ray scattering with potential 3D resolution should also
be mentioned here. These techniques are frequently summa-
rized under the label “coherent x-ray diffraction imaging”
�CXDI�, and are based on the reconstruction of real space
images from SAXS speckle patterns obtained using coherent
or partly coherent x rays.113 More general, the fundamental
principle of the CXDI technique is based on the numerical
Fourier transform of the far-field coherent x-ray diffraction
pattern. It has been shown, for instance, that the 3D imaging
of strains in submicron particles is possible,114 and a recent
paper has reported first CXDI measurements on bone.115

Current limitations are, in particular, restrictions concerning
the rather small sample sizes required �typically a few hun-
dred nanometers�, which might, however, in practice, be less
serious as recent CXDI results on cells have demonstrated.116

Current developments permit that these methods will
complement or even replace the scanning SAXS/WAXS
techniques for the investigation of the hierarchical structure
of biological materials. First attempts have already been
made to combine CXDI with scanning using strongly fo-
cused beams in the submicrometer range.117,118
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