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ABSTRACT

Fibrous biocomposites like bone and tendons exhibit a hierarchical arrangement of their components
ranging from the macroscale down to the molecular level. The multiscale complex morphology, together
with the correlated orientation of their constituents, contributes significantly to the outstanding mechan-
ical properties of these biomaterials. In this study, a systematic road map is provided to quantify the
hierarchical structure of a mineralized turkey leg tendon (MTLT) in a holistic multiscale evaluation by
combining micro-Computed Tomography (micro-CT), small-angle X-ray scattering (SAXS), and wide-angle
X-ray diffraction (WAXD). We quantify the interplay of the main MTLT components with respect to highly
ordered organic parts such as fibrous collagen integrating inorganic components like hydroxyapatite (HA).
The microscale fibrous morphology revealing different types of porous features and their orientation was
quantified based on micro-CT investigations. The quantitative analysis of the alignment of collagen fibrils
and HA crystallites was established from the streak-like signal in SAXS using the Ruland approach and
the broadening of azimuthal profiles of the small and wide-angle diffraction peaks. It has been in general
agreement that HA crystallites are co-aligned with the nanostructure of mineralized tissue. However, we
observe relatively lower degree of orientation of HA crystallites compared to the collagen fibrils, which
supports the recent findings of the structural interrelations within mineralized tissues. The generic mul-
tiscale characterization approach of this study is relevant to any hierarchically structured biomaterials
or bioinspired materials from the gm-nm-A scale. Hence, it gives the basis for future structure-property
relationship investigations and simulations for a wide range of hierarchically structured materials.

Statement of significance

Many fibrous biocomposites such as tendon, bone, and wood possess multiscale hierarchical structures,
responsible for their exceptional mechanical properties. In this study, the 3-dimensional hierarchical
structure, the degree of orientation and composition of mineralized tendon extracted from a turkey leg
were quantified using a multimodal X-ray based approach combining small-angle X-ray scattering and
wide-angle X-ray diffraction with micro-Computed Tomography. We demonstrate that hydroxyapatite
(HA) domains are co-aligned with the nanostructure of mineralized tissue. However, the lower degree
of orientation of HA crystallites was observed when compared to the collagen fibrils. The generic multi-
scale characterization approach of this study is relevant to any hierarchically structured biomaterials or
bioinspired materials from the micrometer over the nanometer to the Angstrom scale level.
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1. Introduction

Many biological composite materials such as wood, bone, and
tendons possess a hierarchical structure spanning multiple scales.
The excellent mechanical properties of such materials are at-
tributed to their hierarchical structure ranging from micrometer
down to the molecular level, the respective fiber orientation, and
tissue composition [1,2]. In particular, tendons are dense fibrous
connective tissues between muscle fibers and bones [1,3]. In the
body, tendons are constantly subjected to dynamic mechanical
loads while they transmit the mechanical force of the muscle to
the bones. Hence, tendons demonstrate viscoelasticity and high
mechanical strength, especially in tension [4]. The nanostructure
of the tendon is composed of unidirectionally aligned collagen fib-
rils, made of cross-linked collagen molecules packed in a staggered
fashion [5]. In the case of calcification, mineral crystals nucleate
preferably in the gap zones between the collagen fibrils [6,7]. Fur-
thermore, groups of such mineralized collagen fibrils form the col-
lagen fiber, fiber bundles form the fascicle, and finally, a group of
fascicles form the tendon [8]. The tendon cells, the tenocytes, form
a complex network that envelops collagen fibers and penetrates
between the fibrils [9].

The overall hierarchical structure of the tendon along with
the orientation of the collagen fibrils is extremely important for
its mechanical properties. The mechanical properties of tendons
are highly compromised due to rupture or other tendon diseases,
which result in patients’ pain and reduced mobility and functional-
ity [10]. Injury and degeneration may change the dimensions of the
tendon tissue due to the change in the internal structure [11,12].
Therefore, the hierarchical structure and the orientation of the col-
lagen fibrils of the tendon tissue are not only important for un-
derstanding its mechanical behavior but also for determining the
pathophysiology of the tendon tissue.

In the past, various methods have been used for the struc-
tural characterization of tendon tissue. Computed tomography (CT)
[13] and magnetic resonance imaging (MRI) [14,15] are the most
commonly used techniques providing information about the ten-
don circumferential and interstitial morphological zones. These
techniques provide 3D structural information on a microscale. Elec-
tron microscopy techniques [16,17] are used to get the information
in nanoscale. However, these techniques are destructive and only
provide very local information. Polarised Raman spectroscopy [18-
21] and polarised Fourier-transform infrared spectroscopy [22,23]
provide insights on fibril orientation and composition but it is
challenging to obtain quantitative measures of composition and
microstructure.

Small-angle X-ray scattering (SAXS) and wide-angle X-ray
diffraction (WAXD) are the techniques providing structural infor-
mation in the nano- to Angstrém-scale range inside the tendon tis-
sue [6,7,24,25]. Fratzl et al. have utilized SAXS to study the struc-
ture of wet, dry, and mineralized turkey leg tendons (MTLT) [6].
They studied the mineralization process and concluded that the
mineral is first nucleated in the gap zones but continues to ex-
tend into the packed collagen fibril zone at very high degrees of
mineralization [6,26]. Gupta et al. have studied the mineralized
microstructure of calcified avian tendons by SAXS to determine
the size, shape, and orientation of the mineral crystals [25]. White
et al. have investigated the collagen-mineral axial relationship in
calcified turkey leg tendons by X-ray and neutron diffraction meth-
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ods and reported that the minerals are arranged with the same
axial periodicity as the collagen and occupy the gap region of the
collagen structure [7]. Although the individual levels in the hier-
archical tendon structure and the related mineralization processes
have already been investigated in the past, the degree of orien-
tation at the various length scales is only qualitatively discussed.
The detailed quantification of orientation at different length scales
is particularly important to understand the mechanical response of
the tendon tissue under applied forces in healthy or injured ten-
dons [18,24,27].

In this study, we have investigated the micro-nano-Angstrom
scale structure of a mineralized tendon tissue extracted from a
turkey leg. The combination of non-destructive X-ray based meth-
ods such as micro-CT, SAXS, and WAXD provide structural (phase)
information along with the corresponding phase orientations at
multiple length scales. We have concentrated on the data analy-
sis to quantify the orientation of the collagen fibers, fibrils and hy-
droxyapatite (HA) crystallites. The mineralized tendon is an ideal
model system as its structure and related properties are similar to
other systems such as bones [6,17,25,27,28]. Therefore, this study is
also relevant as a generic multiscale characterization methodology
for any of such hierarchical structures.

2. Materials and methods
2.1. Sample preparation

The mineralized tendons were extracted from the turkey leg ob-
tained from a local abattoir. The tendons were cleaned from the
soft tissue and cut with a diamond band saw under constant water
irrigation (Exakt, Norderstedt, Reichert-Jung, Germany). The tendon
piece of ~1.5 mm diameter and 4 mm length was used for micro-
CT, SAXS, and WAXD measurements.

2.2. Micro-Computed Tomography (micro-CT)

MTLT sample was investigated by micro Computed Tomogra-
phy (micro-CT) using an EasyTom XL Ultra 230-160 micro/nano-CT
system (RX Solutions, Chavanod France). The scanner operated at
90 kV, 100 A, rotation step 0.25°, rotation 360°, and spatial reso-
lution of 400 nm/pixel.

2.3. Small-angle X-ray scattering (SAXS)

SAXS measurements were performed with a Bruker Nanos-
tar system (Bruker AXS GmbH, Karlsruhe, Germany) equipped
with a micro-focused X-ray Cu source (wavelength of CuKo with
1.5406 A) and a VANTEC-2000 detector. The X-ray beam is pin-
holes collimated (beam diameter of about 0.5 mm) with a custom-
made semitransparent beamstop. The VANTEC-2000 is a gaseous
avalanche-based detector with arrays of 2048 x 2048 pixels with
a pixel size of 68 x 68 um?. The instrument operates in mod-
erate vacuum conditions of about 102 mbar pressure to reduce
the air scattering and providing a resolvable g-range of 0.07-8.00
nm~! by combining sample-to-detector distances (SDD) of 107 cm
and 27 cm. The scattering experiment performed at the SDD of
27 cm could be called medium-angle X-ray scattering (MAXS)
which bridges the gap between the SAXS and WAXD. For simplic-
ity, we refer to this measurement also as SAXS in this study. The
sample was measured for 3600 s for both SDDs. 1D profiles were
extracted using the Bruker software DIFFRAC.EVA (Bruker AXS, ver-
sion 4.1). The background was subtracted after normalising the 1D
radial profiles to the transmitted intensity.
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2.4. Wide-angle X-ray diffraction (WAXD)

Wide-angle X-ray diffraction (WAXD; STOE IPDS-II, MoK« radi-
ation with A = 0.71073 A, a source at 40 mA, 50 kV, exposures
for 30 min in a beam with a diameter of 0.5 mm in transmis-
sion mode) was used to study the crystal structure and degree of
mineral crystals alignment with respect to the collagen fiber ori-
entation. The sample was fixed on the goniometer head and then
aligned perpendicular to the X-ray beam. The WAXD profile was
recorded on an Image Plate Detector System (IPDS) with a 340 mm
diameter and placed at a distance of 200 mm from the sample. 2D
diffraction images have been recorded covering a 26 range from
3 to 40°. 1D radial profiles in equatorial and meridional direction
and the azimuthal profile for the hydroxyapatite (002) reflection
were extracted. The Crystallography Open Database (COD) is used
for indexing.

2.5. Orientation analysis of different phases

The orientation analysis of structural phases present in the ten-
don tissues at various length scales was carried out using micro-CT,
SAXS, and WAXD methods. SAXS and WAXD are performed on the
same sample as the micro-CT. While by micro-CT a 3D representa-
tive volume of interest (VOI) of 0.2 x 0.2 x 0.2 mm3 was investi-
gated for the statistical analysis, transmission WAXD and SAXS ran-
domize over a slightly larger volume fraction based on a 0.5 mm
X-ray beam diameter and the sample thickness (~1.5 mm). The de-
tails of the correlative positional information are given in the sup-
porting section S2. As micro-CT focuses on a smaller but repre-
sentative VOI, the correlative assessment of the multiscale relative
orientation and positioning is guaranteed.

2.5.1. Microscale orientation of collagen fibers by micro-CT

A VOI of 500 x 500 x 500 pixels (0.2 x 0.2 x 0.2 mm?) was se-
lected in the inner portion of the sample, being representative for
the total investigated sample volume (0.5 x 0.5 x 0.3 mm?3), and
used for the orientation analysis. The preferred orientation of the
elongated lacunae was calculated in Image] [29] using the image
stacks in the xz and yz plane of the VOI. The Directionality plugin
with a local gradient orientation was used and the results demon-
strated the preferred vertical orientation of the collagen fibers.

2.5.2. Nanoscale orientation of collagen fibrils and HA domains by
SAXS

SAXS provides the nanostructure information on a length scale
of about 1-100 nm. Therefore, it is ideal to decode the average
orientation of the collagen fibrils coupled with the periodically ar-
ranged elongated HA domains and the HA domains separately. In
this study, HA domains refer to the global size and shape of HA
crystallites, which provide an electronic contrast at the nanoscale.

(1) Determination of misorientation width (MOW) by the Ruland
method
The Ruland method analyses the streak-like signal observed in
the orthogonal direction of the tendon fiber alignments and de-
termines the misorientation width (MOW) of the fibril coupled
with elongated HA domains in the collagen fiber. The details of
the Ruland method are described elsewhere [30].

(2) Quantification of the degree of orientation using the azimuthal
broadening of the peak

The degree of orientation is determined by extracting the full
width at half maximum (FWHM) of the azimuthal profile by Gaus-
sian fitting of the small-angle or wide-angle diffraction peaks. The
degree of orientation (;r) is determined by using Eq. (1) [31].

(180 — FWHM)
T=—

180 M
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(b)

Fig. 1. Micro-CT analysis of the MTLT sample. (a) Orthogonal view of the cross-
sections; (b) 3D model of the acquired volume of the sample. Scale bars = 0.1 mm.

7w =1 for perfectly aligned and 0 for non-aligned samples.

2.5.3. Angstrom-scale orientation of HA crystallites by WAXD

From the X-ray diffraction data obtained by a 2D diffraction
experiment covering a d-spacing range between 30.0 and 1.0 A,
structural information is gained for present crystallographic phases
and their preferred orientation with respect to each other and the
tendon alignment. The HA crystallite orientation is derived using
Eq. (1) on azimuthal scans on the HA (002) reflection using the
2D X-ray diffraction data [16]. The presence of 2 phases, whose
periodicity is close to perpendicular, permits to derive their exact
alignment with respect to each other.

2.6. Statistical analysis

Statistical analysis was performed using R [32]. Nonparamet-
ric statistical tests were used due to the limited sample num-
ber. Significant differences between datasets were tested using the
Wilcoxon rank sum test. Measurements are reported as mean =+
standard deviation.

3. Results and discussion

The MTLT sample was investigated for pm-nm-A scale levels of
the hierarchical structure along with the different phase informa-
tion and orientation which critically influence its mechanical prop-
erties. The detailed quantification was performed by state-of-the-
art lab-based micro-CT, SAXS, and WAXD experiments.

3.1. Microscale morphology and orientation by micro-CT

At the micrometric level, two zones of tissue with different
structures can be distinguished in MTLT: the circumferential (CIR)
and interstitial (INT) zones [13]. The collagen fibers are smaller in
diameter and densely packed in the CIR zone, while they are larger
and less packed in the INT zone [9]. Tenocytes are arranged lon-
gitudinally along the fibers in more elongated lacunae in the CIR
zones and more cuboidal lacunae in the INT zones.

Micro-scale information of MTLT was obtained with micro-CT.
Micro-CT analysis allowed obtaining a stack of cross-section im-
ages of 16-bit that represent the volume of the sample as shown
in Fig. 1.

The two morphological zones CIR and INT of the mineralized
tendon tissues are usually classified according to the different di-
ameters of the fibers (smaller in diameter and denser in the cir-
cumferential zone and larger and less packed in the interstitial
zone). In our study, the identification of these two areas is possible
due to the presence of a different type of cellular lacunae. The la-
cunae of the tenocytes in the CIR zone have a shape similar to that
of the osteocytes in the bone, while the cells in the INT zone are
cubic in shape and positioned along with columns as can be seen
in Fig. 2.
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Fig. 2. Coronal micro-CT section (xz axes) of the sample. Circular to elongate resorption cavities are present started from enlarged tenocytes associated with the onset of
mineralization in the circumferential zone (CIR), while cubic-shaped lacunae are present in the interstitial zone (INT). Scale bar = 100 pm.
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Fig. 3. Orientation analysis of the fibers. (a) The volume of interest (VOI) of 500 x 500 x 500 pixels was cut in the xz and yz planes; the overlapped images of the entire
datasets in the two planes after the application of the directionality plugin of Image] are shown in the onsets colored as the color-coded orientation angles. (b) The graph
of the orientation distribution of the VOI stacks in the xz plane. The percentage of frequency is determined by the high of the red line for each angle according to the value
of the graduated axis (c) The graph of the orientation distribution of the VOI stacks in the yz plane. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

In addition, as the cells of the mineralized tendon are posi- preferred orientation, the graph shows a peak in that orientation.
tioned along the collagen fibers and along with the fiber bundles, In both considered planes, the peak of the orientation is detected
the elongated shape of their lacunae was used to make an indirect at 90° or —90° demonstrating the preferred vertical alignment of
calculation of the collagen fiber orientation. fibers.

The orientation was calculated in the two orthogonal planes
along the z-axis (Fig. 3). The distribution of the orientation indi-
cates the number of lacunae in a given direction. In the case of
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Fig. 4. 2D-SAXS profiles measured at SDDs of (a) 107 cm and (b) 27 cm. 1D-radial profiles stitched together for SDDs of 107 cm and 27 cm in (c) equatorial direction (normal
to fiber alignment) and (d) meridional direction (along the fiber alignment). q;-q¢ indicates the first to sixth order peaks due to the periodicity of HA domains along the
fiber alignment. q.; is the first order peak due to collagen fibrils periodicity orthogonal to fiber alignment.

3.2. Nanoscale structure and orientation quantification by SAXS

Nanostructural information is obtained by SAXS. 2D-SAXS pro-
files of the MTLT were measured at two different SDDs to gain the
information in the g-range of 0.07-8.0 nm~!. The 2D-SAXS pro-
files for SDDs of 107 cm and 27 c¢cm are shown in Fig. 4(a) and (b),
respectively. The profile measured at the SDDs of 107 cm shows
the streak-like signal (diffuse scattering) in the equatorial direction
while peaks occur in the meridional direction. The streak-like sig-
nal is originated due to the alignment of collagen fibrils and the
plate-like elongated hydroxyapatite (HA) domains along with the
collagen fiber inside the tendon tissue in the nanoscale (see Fig. 5)
[6]. The peaks in the meridional direction relate to the periodic-
ity of the HA domains along the fibril collagen alignment direction
[33,34]. The HA crystallites form in the gap regions (HA domains)
between the triple-collagen helixes [6,7].

The 2D-SAXS profile measured at the SDD of 27 cm shows the
streak-like signal in the equatorial direction along with the peak
being indicated by q.; in Fig. 4(b). This observed peak is related
to lateral packing of the collagen fibrils. No peaks in equatorial di-
rection were observed in small-angle due to the lower resolution
related to the small SDD of 27 cm.

Nanostructural information was further quantified by extracting
the 1D-radial profile (30° wedge azimuthal integration) in equa-
torial and meridional directions. The 1D-radial profiles stiched for
SDDs of 107 cm and 27 cm in equatorial and meridional directions
are shown in Fig. 4(c) and (d), respectively. In the equatorial direc-
tion, exponential decay is observed with a Porod exponent of —1.4
in the g-range of 0.4-0.6 nm~! (see Fig. 4(c)). The solid cylinder
object scatters with a Porod exponent of —1 [35]. The deviation is
most probably due to the contribution of HA crystals and the flex-
ible structure of collagen fibrils [35]. Furthermore, a weak peak is
observed at 5.6 nm~! (indicated by q.; in Fig. 4(c)) which provides
the inter collagen fibril spacing of 12 A. In the meridional direc-
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tion, the d-spacing of the periodicity of the HA crystals of 66.1 nm
was determined by the 3rd order peak position. A schematic of the
nanostructure based on the above finding is shown in Fig. 5(b).

Along with the nanostructure, the orientation at different
length scales, influences the overall mechanical properties of the
tendon tissue [18,24], was quantified by the following two differ-
ent methods based on the SAXS data.

3.2.1. Orientation analysis by Ruland streak method

The Ruland streak method is based on the analysis of the
streak-like signal in the 2D-SAXS profile [36,37], which originates
from the collagen fibrils but is also influenced by the diffuse scat-
tering due to the platelet-like HA domains in small-angle. There-
fore, this method provides the misorientation width of the collagen
fibrils coupled with HA domain orientation.

To determine the misorientation width, the azimuthal profiles
were extracted in the g-range of 0.28 to 1.1 nm~! with a step size
of 0.036 nm~! for a 120° azimuthal angle. The exact g-positions
where obtained from the azimuthal profiles shown in Fig. 6(a). All
extracted azimuthal profiles are shown in Fig. 6(b) together with
the Lorentzian fitting of each profile. The azimuthal broadening
was determined by the FWHM of the Lorentzian fitting which is
plotted in Fig. 6(c) over the inverse of q. The linear fitting pro-
vides the misorientation width of (14.0 & 0.3)° of the collagen fib-
rils coupled with HA domains.

3.2.2. Degree of orientation quantification from the azimuthal profile
of 3rd order peak

The peaks in the meridional direction in the SAXS profile origi-
nate from the periodic arrangement of the HA domains in the fiber
direction as shown in schematic Fig. 5(b). Therefore, the degree of
orientation of these HA domains can be determined using Eq. (1).

To determine the degree of orientation of the HA domains, an
azimuthal integration of the 3rd order peak was obtained using
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Collagen fiber

Cellular lacunae

(a)

Collagen fibril HA domain

} {

12 A (WAXD)

t - -

Overlapregion 66.1 nm (SAXS)
Overlap region

HA crystallite orientation

Fig. 5. Schematic of the pm-nm-A scale structure of a MTLT sample. (a) Microscale
morphological structure with collagen fibers and cellular lacunae; (b) Nanoscale
structure with collagen fibrils with HA domains; (c) HA crystal structure (atom col-
ors: light blue for Ca, green for P, and red for O). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

the g-range of 0.25-0.34 nm~!. Thereafter, the extracted azimuthal
profile was fitted with a Gaussian function and the FWHM of the
peak was determined. The g-range of the azimuthal profile and the
corresponding extracted azimuthal profile together with the Gaus-
sian fitting are shown in Fig. 7(a) and (b), respectively. The degree
of orientation was obtained with w = 0.93, which means that the
HA domains are highly aligned along the fiber direction (7 = 1 for
100% alignment and O for random orientation).

Acta Biomaterialia 129 (2021) 169-177

3.3. Crystallographic phase and orientation analysis by WAXD

The 2D-WAXD pattern for the MTLT sample is shown in
Fig. 8(a). The 1D radial profile was extracted in the meridional
direction and equatorial direction (30° wedge azimuthal integra-
tion indicated in Fig. 8(b)) are plotted in Fig. 8(c). The indexing of
the obtained diffraction patterns revealed two phases: crystalline
hydroxyapatite (HA) by phase matching with the COD (Crystal-
lography Open Database, hexagonal, P63/m with a = 9.424 and
c = 6.879 A) and lateral packing of collagen fibrils with respect
to the fiber alignment direction. The lateral inter-fibrillar spacing
of 12 A was derived from the collagen low-angle peak in the equa-
torial direction, which is the same as the q.; peak observed in the
SAXS measurement performed at 27 cm SDD.

The HA crystallites are oriented along the crystallographic c-
axis and along the collagen fibril axis as shown in Fig. 5(b) and (c).
Therefore, the HA crystal orientation was determined by the az-
imuthal broadening of the (002) reflection (FWHM = 41.6 + 0.1°)
from the 2D-WAXD profile. The degree of orientation (77 ) according
to Eq. (1) has been calculated with 0.77 for the HA crystallites in-
dicating a lower orientation compared to the nanoscale structures.

3.4. Comparison of the orientation of the different phases at
pum-nm-A scale

In order to compare the orientation of the collagen fiber at the
microscopic level, the FWHM of collagen fiber orientation was de-
termined by Lorentzian fitting of the transformed orientation plot
(Fig. 3(b) and (c)) in such a way that 0° orientation angle rep-
resents the ideal collagen fiber orientation. The transformed plot
and the corresponding fitting for xz and yz planes are shown in
Fig. S1(a) and (b). The average FWHM of 7.4 4+ 1.7° was obtained
due to the misorientation of the collagen fibers in xz and yz plane.
Furthermore, SAXS and WAXD experiments were repeated at 5 dif-
ferent positions of the same sample to perform the significance
test on the different methods. The exact positions of the SAXS and
WAXD measurements on the tendon tissue and the corresponding
orientation analysis of the corresponding constituent present at the
nm-A scale are described in the supporting section S2. The average
outcome of the orientation analysis of the different phases present
at pm-nm-A levels is summarized in Table 1. The indirect colla-
gen fiber misorientation determined by micro-CT provided a very
narrow broadening of 7.4 + 1.7°. The average misorientation width
(By = 17.0 £ 1.2°) due to the collagen fibrils combined with HA
domains obtained from the Ruland method is in the same order

(c)

1 200 T T . 2 .
08 150 ‘@ 1.5} !
—_ & B_:(14.0£0.3)°
06 3 1066 5 g’
S, © 1t R® :0.97 T
0.4 - I_'g
50 onx5l 1
i [an] 0.5 M
0 0 30 0 30 60 0 :
60 - 0 2 4
Azimuthal angle [deg] 1 fnm]
—|nm
q

Fig. 6. Determination of the misorientation width of the collagen fibril. (a) 2D-SAXS profile indicating the positions of azimuthal profiles (yellow line) extracted at different
q on the streak-like signal; (b) their corresponding azimuthal scans (blue data points) and Lorentzian fits (continuous red line); (c) Bops vs 1/q fitting to determine the
misorientation width. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (a) q and azimuthal range of the radial integration on the 3rd order peak in order to extract the azimuthal profile; (b) corresponding extracted azimuthal profile
fitted with a Gaussian function.
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version of this article.)
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Table 1
Comparison of the X-ray multimodalities used for multiscale structural orientation determination.
Method Oriented structural unit Scale Orientation analysis
Micro-CT Tenocyte lacunae (indirectly collagen fibers Hm-mm FWHM = 7.4 + 1.70
orientation)
SAXS a) Collagen fibril and HA domain (streak-like diffuse nm a) Average
scattering in the equatorial direction, Ruland method) By =17.0 £ 1.2°
b) HA domains in collagen gap zones (Bragg b) Average
reflection in the meridional direction) FWHM = 154 + 1.1°
(r =0.92)
WAXD HA crystallographic orientation ((002) reflection) A Average
FWHM = 41.9 + 0.7°
(r =0.77)

of the azimuthal broadening (FWHM = 15.4 + 1.1°) of the third-
order peak due to the periodicity of the HA domains. No signifi-
cant difference was found between the misorientation widths de-
termined from Ruland and the FWHM of 3rd order peak calculated
from SAXS data (p = 0.05, Wilcoxon). It means that the orientation
of the collagen fibers, fibrils, and the overall orientation related to
the periodical HA domains are co-axial along the fiber alignment
direction of the tendon tissue.

A significant difference in the degree of orientation of HA do-
mains (7=0.92) and the c-axis of HA crystallites (7=0.77) was ob-
served. It means the c-axis of the HA crystallites is more misori-
ented compared to the collagen fibrils with respect to the fiber
alignment inside the tendon. However, in previous studies, there is
a general agreement that the orientation of the crystallographic c-
axis of the HA crystallites follows the collagen fibrils in mineral-
ized tissues [7,25]. Nevertheless, a recent publication on the 3D
mapping of the orientation of HA crystallites and nanostructures
in the human bone has reported the difference in the orientation
distribution between the HA crystallites and collagen fibrils [38].

Various scenarios can explain this difference in the degree of
orientation of these phases. First, it could be due to the differ-
ence in the orientation of the HA crystallites in the interfibrillar
locations (outside and along the surfaces of the fibrils) compared
to intrafibrillar locations. Such intra- and interfibrillar mineral de-
posits have recently been observed by Zao et al. by the 3D struc-
tural analysis of a mineralized avian leg tendon by Focused lon
Beam Scanning Electron Microscopy (FIB-SEM) [9]. Secondly, an
irregularly shaped platelet-like structure of the HA crystals which
extends out of the gap zone is observed by some researchers in
the case of MTLT [6,39]. The extended crystallites may have more
misorientation which reduces the degree of orientation of the HA
crystallites.

4. Conclusion

In this study, our emphasis was placed on the quantification
of structural and morphological domains and orientations of con-
stituent phases in the hierarchically organized system of MTLT
from pm-nm-A scale by combining micro-CT, SAXS, and WAXD.
Using micro-CT, we analyzed the microscale morphology of the
mineralized tissue and indirectly quantified the orientation of the
collagen fibers. The spacing of 66.1 nm was determined between
the adjacent HA domains along the collagen fiber alignment di-
rection from SAXS. The alignment of the collagen fibrils coupled
with elongated HA domains and the HA domains separately with
respect to fiber alignment direction was quantified by the Ruland
method and the azimuthal broadening of the 3rd order SAXS peak,
respectively. Furthermore, the hexagonal phase of the HA crystal-
lites (space group P65/m, a = 9.424 and ¢ = 6.879 A) and the lat-
eral spacing of 12 A for collagen fibrils were determined by WAXD.
The degree of orientation of the HA crystallites was quantified by
evaluating the azimuthal scan of the (002) reflection. We observed

a relatively low degree of orientation along the crystallographic c-
axis of the HA crystallites (m = 0.77) compared to the nanostruc-
ture (HA domains, w =0.93) which was previously assumed to be
co-axial.

The current study shows a generic approach in detail to quan-
tify the structure, morphology and the degree of orientation of dif-
ferent constituent phases present at the pm-nm-A level support-
ing the indication of novel features in a hierarchically structured
material. This forms the basis for a detailed understanding of the
structure-property relationship and a quality assessment for hier-
archically structured biomaterials or bioinspired materials by pro-
viding input for finite element simulations.
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