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ABSTRACT

Various tissue types, including fibrous connective tissue, bone marrow, cartilage, woven and lamellar bone,
coexist in healing bone. Similar to most bone tissue type, healing bone contains a lacuno-canalicular network
(LCN) housing osteocytes. These cells are known to orchestrate bone remodeling in healthy bone by sensing
mechanical strains and translating them into biochemical signals. The structure of the LCN is hypothesized to
influence mineralization processes. Hence, the aim of the present study was to visualize and match spatial
variations in the LCN topology with mineral characteristics, within and at the interfaces of the different tissue
types that comprise healing bone. We applied a correlative multi-method approach to visualize the LCN ar-
chitecture and quantify mineral particle size and orientation within healing femoral bone in a mouse osteotomy
model (26 weeks old C57BL/6 mice). This approach revealed structural differences across several length scales
during endochondral ossification within the following regions: calcified cartilage, bony callus, cortical bone and
a transition zone between the cortical and callus region analyzed 21 days after the osteotomy. In this transition
zone, we observed a continuous convergence of mineral characteristics and osteocyte lacunae shape as well as
discontinuities in the lacunae volume and LCN connectivity. The bony callus exhibits a 34% higher lacunae
number density and 40% larger lacunar volume compared to cortical bone. The presented correlations between
LCN architecture and mineral characteristics improves our understanding of how bone develops during healing
and may indicate a contribution of osteocytes to bone (re)modeling.

1. Introduction

structural regeneration takes place, where mechanical stabilization is
supported by the emergence of a callus consisting initially of fibrous

The capacity to regenerate makes bone one of the most remarkable
tissues in our body. The process of self-repair (healing) after fracture
occurs predominantly by indirect healing, also known as secondary
healing, which includes a combination of endochondral and in-
tramembranous bone formation (Gerstenfeld et al., 2006). Secondary
healing starts with an inflammatory phase, in which dead material is
removed from the fracture zone and a hematoma is formed. Thereafter
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connective tissue that is substituted by cartilage (Dimitriou et al.,
2005). This soft callus is then replaced by a bony callus (Al-Aql et al.,
2008; Marsell and Einhorn, 2012). The initially formed mineralized
tissue exhibits a rather unordered structure — similar to woven bone
(Reznikov et al., 2014) — and its mechanical properties are still inferior
to the pre-fractured cortical bone. The woven bone structure serves as a
scaffold on which groups of osteoblasts can align and collectively form
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ordered lamellar bone (Currey, 2006; Kerschnitzki et al., 2011a;
Shapiro, 2008). During the final remodeling phase, the woven bone is
gradually replaced by lamellar bone leading to the re-establishment of
the form and function of the pre-fractured bone structure (Schmidt-
Bleek et al., 2014). The spatial-temporal succession of tissue formation,
replacement and remodeling during secondary healing are similar in
most mammals and give rise to intricate tissue patterns, in which dif-
ferent tissues are in contact with each other. An important question
concerns the nature of the interfaces between tissues, specifically how
continuous or discontinuous the transitions are from one tissue to the
other.

The question of (dis)continuity relates not only to tissue composi-
tion and organization, but also to possible transport pathways between
tissues housing the osteocyte lacuno-canalicular network (LCN). This
network is formed when osteoblasts are incorporated into the bone
matrix and differentiate into osteocytes. It remains unclear whether the
osteoblast to osteocyte transition is a passive process whereby osteo-
blasts become entombed in osteoid (Franz-Odendaal et al., 2006;
Nefussi et al., 1991) or is an active process involving proteolytic de-
gradation of the extracellular matrix (ECM) to form the LCN (Holmbeck
et al., 2005; Zhao et al., 2000). The osteocytes form a cellular network
with the cell bodies located in cavities, known as lacunae, and their cell
processes reside in narrow canals, the canaliculi. The LCN serves both
transport and signaling functions, yet evidence is increasing that os-
teocytes also make use of the large surface of the LCN to resorb and
deposit mineral, thereby contributing to mineral homeostasis (Roschger
et al., 2019). This concept of osteocytic osteolysis is under debate since
several decades and indications are found that this process may have
significant physiological and pathophysiological importance (Tsourdi
et al., 2018), but there are also several arguments against it (Boyde,
1980). A recent study on turkey leg tendons revealed interrelationships
between an extensive tendon lacuno-canalicular network, the extra-
cellular matrix and mineral deposits, suggesting a mechanism where
the lacuno-canalicular system facilitates the transport of mineral ions
and possibly mineralization precursors (Zou et al., 2020).

Recently research on the LCN gained momentum due to new ima-
ging techniques, making it possible to visualize the three-dimensional
architecture of the network in substantial bone volumes (Weinkamer
et al., 2019). X-ray phase nano-tomography (Bach-Gansmo et al., 2016;
Hesse et al., 2015) and ptychographic X-ray computed tomography
(PXCT) (Dierolf et al., 2010) use the intensive and coherent X-rays of
synchrotrons to image the LCN with a voxel side length up to 40-50 nm.
An even higher resolution -accompanied with a smaller imaging vo-
lume- is possible with focused ion beam/scanning electron microscopy
(FIB/SEM) (Schneider et al., 2011). A very efficient approach to image
large regions of the LCN is to combine rhodamine staining with con-
focal laser scanning microscopy (Kerschnitzki et al., 2011b). With this
approach it was shown that the structure of the LCN depends on the
surrounding bone type (Kerschnitzki et al., 2013, 2011b); lamellar bone
contains well aligned canaliculi and flattened lacunae, while in woven
bone lacunae have a rounder shape and the fewer canaliculi are more
irregularly arranged (Hernandez et al., 2004; Kerschnitzki et al., 2013).
For human osteonal bone it was reported that lateral canaliculi, i.e.
canaliculi not oriented towards the Haversian canal, are co-aligned with
the preferred fiber orientation of the collagen matrix (Repp et al.,
2017). Although numerous histological examinations have been applied
to the LCN within the bony callus (Han et al., 2018; Marsell and
Einhorn, 2012), there is lack of studies focusing on its three-dimen-
sional architecture.

Structural characterization of the different tissue types in the
healing bone is essential for providing insights into how these tissues
are formed as well as how they influence each other. An important
contribution to the stiffening of the callus relates to the mineralization
of tissues. X-ray scattering techniques make it possible to determine the
thickness of the nanometer-sized carbonated hydroxyapatite particles
in bone (Fratzl et al., 2004). With backscattered electron microscopy
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the local mineral content of the bone can be quantified (Roschger et al.,
2008). In previous healing studies on small animal models it was shown
that the osteotomized region exhibits intricate patterns of various
nonmineralized tissue types (cartilage, bone marrow, fibrous con-
nective tissue) and mineralized ones (cortical tissue, callus-woven,
callus-lamellar, calcified cartilage) and that the mineralized tissues do
not only differ in collagen fibril organization, but also that the mineral
particle density, orientation and shape contributes to the reduced me-
chanical competence of woven as compared to lamellar bone (Hoerth
et al., 2018). During bone healing, an increasing degree of collagen
fibril and mineral particle alignment was observed in the callus region
coupled with increasing mineral platelet sizes (Hoerth et al., 2014;
Manjubala et al., 2009). The properties of both, the collagen matrix and
the mineral particles, play an important role in the mechanical char-
acteristics of bone (Fratzl et al., 2004; Fratzl and Weinkamer, 2007).
This may explain why many organisms replace less organized miner-
alized tissues with higher organized tissues.

In the current work a murine femoral osteotomy model was used to
pursue the following two aims: (i) to identify and image structural
characteristics of the main types of tissue (cortical tissue, bony callus,
calcified cartilage) around the osteotomy site and (ii) to elucidate po-
tential spatial correlations between the lacuno-canalicular network
(LCN) and the mineral nanostructure of the surrounding extracellular
matrix (ECM) to learn more about the role of osteocytes in miner-
alization processes. We map structural changes depending on the po-
sition of the tissue, i.e. in close vicinity to other tissues or further away,
with an emphasis on the interfaces between cortical and callus tissue.
Our strategy is to use a combination of different techniques to obtain
three-dimensional and two-dimensional maps of material character-
istics: Synchrotron-based micro-computed tomography (uCT) to char-
acterize osteocyte lacunae, confocal laser scanning microscopy (CLSM)
to image the three-dimensional LCN architecture, high-resolution syn-
chrotron scanning small and wide angle X-ray scattering (SAXS/WAXS)
to determine the mineral nanostructure and quantitative backscattered
electron imaging (qBEI) to analyze the calcium content of the miner-
alized matrix.

2. Materials and methods
2.1. Samples and sample preparation

Three female, 26 week old -skeletally mature- C57BL/6J mice
(Jackson Laboratory, Bar Harbor, Maine, USA) underwent an os-
teotomy at the mid-diaphysis of the left femur. An antibiotic
(Clindamycin, dose of 45 mg/kg) and analgesic (Buprenorphine slow
release, dose of 1 mg/kg) were administered with a subcutaneous in-
jection prior to surgery. Mice were anesthetized with a 2% isoflurane
oxygen mixture, which was administered throughout the surgery via a
nose cone. The left femur was shaved on the lateral side from the knee
to the hip. An approximately 1.5 cm long incision through the skin was
made with a scalpel and the fascia lata was dissected, followed by se-
paration of the M. vastus lateralis and M. biceps femoris to expose the
femur. Four holes were drilled into the femur and an external unilateral
fixator was mounted in the cranio-lateral direction onto the femur with
four Mini-Schanz screws (pins) (0.45 mm, RISystem, Davos,
Switzerland). A 0.5 mm osteotomy was created between the inner
screws using a 0.44 mm Gigli wire saw (RISystem AG, Davos,
Switzerland). Then, 2-3 topical drops of a solution containing
Lidocaine 1% and Bupivacaine 0.25% were applied to the surgical site
and the wound was closed by suturing the muscle fascia and then the
skin. For pain management the animals received Tramadol hy-
pochloride (25 mg/1) ad libitum through drinking water up to the third
day after surgery. The three osteotomized mice (MF1-3) were sacrificed
21 days post-osteotomy as well as one not operated littermate serving
as control. After dissection of the femora, the external fixator was re-
moved and the bones were put immediately in 70% ethanol. The animal
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experiments were carried out according to the policies and procedures
approved by the local legal research animal welfare representative
(Shriners FACC 2016-7821).

For sample preparation, the bones were dehydrated by immersion in
ascending grades of ethanol (70%, 80%, 90% and 100%). Thereafter,
samples were stained overnight with a solution of Rhodamine6G
(Rh6G, Sigma Aldrich GmbH, Taufkirchen, Germany) and pure ethanol.
Rhodamine stains non-mineralized tissue, osteoid and the small size of
the rhodamine molecule ensure deep penetration of the stain reaching
all the porosities in the mineralized tissue, including the LCN. To sta-
bilize the samples for cutting and polishing, they were embedded in
Polymethylmethacrylate (PMMA). The obtained femur-PMMA blocks
were cut into two halves. One half of the blocks were cut into slices
along their longitudinal axis with a microtome (Leica SM2500S and
Leica VMH 400 knife, Nussloch, Germany) and polished (PM5 Logitech,
Glasgow, UK) to a final thickness of approximately 5 um. Some slices
were used for histological staining (Giemsa and Masson-Goldner), the
slice closest to mid-section of each sample, i.e. the remaining block, was
mounted on a silicon nitride X-ray-transparent window (1 um thick
nitride window with a 500 pm thick silicon frame, Norcada Inc.,
Edmonton, Canada) and was used for SAXS and WAXS experiments.
Following grinding and polishing, the other halves of the blocks were
first imaged by CLSM and then by qBEL For the qBEI experiments, the
block surfaces were coated with a thin carbon layer by vacuum eva-
poration (Ager Scientific, SEM carbon coater, Essex, UK) to prevent
charging using scanning electron microscopy (SEM).

2.2. Material properties

Small- and wide-angle X-ray scattering (SAXS/WAXS) measure-
ments were performed at the microfocus beamline (ID13) at the
European Synchrotron Radiation Facility (ESRF, Grenoble, France) for
all four samples (three with and one without surgery). In this manu-
script, we provide extensive details about the results of MF1, i.e. maps,
mean values and standard deviation values. During the scanning ex-
periments SAXS and WAXS were measured simultaneously. Using an x-
y-z-stage the samples were moved relative to the beam with a step size
of 2 pm, defining the coordinate system for further evaluations. With a
nominal beam size of approximately 2 um the samples were exposed to
X-rays of the wavelength 0.95 A (photon energy of 13 keV) for 85 ms.
The SAXS/WAXS patterns were recorded with an Eiger X 4 M detector
(Dectris AG, Baden Dattwil, Switzerland) with an image size of
2070 x 2167 pixels and a pixel size of 75 x 75 um? The g-range
covered 0.1-3 nm ™! (SAXS) and 15-20 nm ! (WAXS). The scan area
per sample was several hundred micrometers in size, resulting in a total
of 557,570 measured scattering patterns. The SAXS and WAXS data
were evaluated with the DPDAK software tool (Benecke et al., 2014),
which uses integration and calibration algorithms from the pyFAI
package (Kieffer and Wright, 2013). The detected intensity (Ligmp) Was
corrected by subtracting the background intensity. Using the motor
position of the stage, distribution maps of the resulting data were cre-
ated. The software Fiji (Schindelin et al., 2012) was used to read out the
pixel coordinates (x-y-plane) of regions of interest.

The mineral particles (hydroxyapatite) of bone usually have the
shape of thin platelets (Fratzl et al., 2004). The average thickness of
these platelets is estimated by the T parameter T = (4@ (1- ®))/0,
where @ describes the total volume and o describes the total surface
area of all particles per unit volume. Thus, the relation of ® and o in-
dicates the volume-to-surface ratio of the particles (Fratzl, 1994). To
filter and distinguish points from either mineralized matrix or un-
mineralized regions, we added a threshold of the total scattering in-
tensity, assuming a corresponding threshold of material amount in the
corresponding volume. Moreover, the T parameter evaluation was
limited by Porods law (Porod, 1951), i.e. the T parameter was evaluated
for points, where the scattering intensity decreased with q*. The T
parameter determination assumes a mineral volume fraction of 50%
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(Pabisch et al., 2013), but especially in callus regions there might be
deviations from this assumption. In principle, the mineral volume
fraction could be measured independently by quantitative back-
scattered electron imaging to apply corrections for the T parameter and
calculate a corrected mineral particle size parameter. However, the
mineralization levels in the callus region are mostly lower compared to
the cortical tissue regions, leading to a slight overestimation of the
mineral particle size.

The degree of orientation defined as p parameter was calculated by
the azimuthal SAXS intensity profile I(y). A p parameter of 1 corre-
sponds to a uniform orientation of mineral particles, while a value of
p = 0 describes a completely random distribution of particle orienta-
tions (Rinnerthaler et al., 1999). The p parameter describes the pro-
jected degree of orientation within the plane perpendicular to the in-
cident X-ray beam and is not a full measure of a three-dimensional
degree of orientation of the mineral particles. The crystal length Lalong
the c-axis was determined from the full width at the half maximum of
the (002) peak intensity in the WAXS signal using Scherrefs equation
L = (k'A)/(B - cos (8)), with the wavelength A, the Bragg angle of the
peak 6, the Scherrer constant k = 0.9 and the full width at the half
maximum B of the peak in radians. Not only the finite size of the
crystals causes this peak broadening, but also other effects, especially
the instrumental broadening. However, a Voigt function, which is a
convolution of Cauchy and Gaussian functions, describes the pure dif-
fraction line profile of biological apatite (Danilchenko et al., 2002). The
position of the 002 peak refers to the d-spacing in crystallographic 002
direction, i.e. the inter-atomic space, which is used to calculate the c
lattice constant (Handschin and Stern, 1995).

2.3. Imaging techniques

The bone mineralization density distribution (BMDD) (i.e., a fre-
quency distribution of bone mineral content) was determined with a
scanning electron microscope (Supra 40, Zeiss, Oberkochen, Germany)
equipped with a four-quadrant semiconductor backscatter electron (BE)
detector for all samples. The scanning electron microscope (SEM) was
used with the following setup: 10 mm sample-detector-distance, 130x
nominal magnification, 20 kV acceleration voltage and a probe current
between 270 and 320 pA. Each pixel (size: 0.88 x 0.88 um?) has a
certain gray level (256 gey level steps), which represents a corre-
sponding mineral content. The calibration of the BE signal was per-
formed according to the standard procedure described by Roschger
et al. (1998) with calibration standards Aluminum (grey value
225 #* 1) and Carbon (grey value: 25 =+ 1). Consequently, the grey
value of pure hydroxyapatite (HA) is 255, the grey value for 0% HAP is
25. For each sample, we calculated the BMDD and the reported mean
values for the depicted bone tissue separately.

To determine the architecture of the LCN from the femur-PMMA
blocks, a Leica TCS SP8 (Leica Microsystems GmbH, Wetzlar, Germany)
equipped with a 40x oil immersion microscope objective (numerical
aperture of 1.3) was used. An image size of 1024 x 1024 px (pixel size
284 x 284 nm?) was chosen. An argon laser (max. 65 mW) with an
excitation wavelength of 514 nm serves for point illumination, while
the emission was measured at a range from 550 nm to 650 nm. Image
stacks were taken with a spatial z-resolution of 300 nm for all samples.

To visualize the LCN architecture within its mineralized surround-
ings, qBEI images and CLSM z-projections were overlaid onto each
other. For this purpose the z-stacks of approximately 2 pm (similar
information depth like penetration depths of electrons in gBEI mea-
surements (Goldstein et al., 2018)) were projected from 3D in 2D with
ImageJ v.1.51n (Schneider et al., 2012) using the standard deviation
(STD) projection type. A fixed threshold with the graphics software
Adobe Photoshop (CS5 v.12.0.4) was used to extract the LCN from the
z-projections for visualization. As osteocyte lacunae at the block surface
are clearly visible in both datasets, these features allowed accurate
image registration.
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We performed synchrotron-based phase contrast enhanced micro-
computed tomography (CT) at the beamline ID19 at the ESRF on two
selected samples. The phase contrast was used to enhance the visibility
of edges of lacunae and pores providing more accurate results for pore
segmentation. The effective pixel size on the detector was
650 x 650 nm?, and the detector field of view was 1.4 x 1.4 mm?. A
total of 4200 up to 4600 projection images were recorded over a ro-
tation of 360°, with a counting time of 80 ms resulting in a scan time of
10.5 min for each sample. For the subsequent image analysis a sample-
to-detector distance of 25 mm was used to achieve best contrast per-
formance for the subsequent image analysis.

To determine lacunae shape, size and distribution in cortical and
callus regions a multi-step image analysis was performed. First, a non-
local means filter was used for noise reduction in the image. Then a
histogram-based global thresholding method was used to segment the
pre-processed 3D data, where the minimum in the grey-level distribu-
tion was chosen to separate bone from pore space (Vorauer et al.,
2020). In the binarized image, the morphological operations of dilation
and erosion together with the same input parameters were applied to
correct segmentation errors, e.g. over- and under-segmented lacunae.
The application of both dilation and erosion improved the segmenta-
tion. To be analyzed as lacuna, a pore had to be larger than 50 um?>,
which is larger than the reported volume of canalicular junctions
(Wittig et al., 2019) and smaller than reported volumes of lacunae, i.e.
between 200 and 600 um® (Heveran et al., 2018). Larger porous
structures such as blood vessels were excluded by applying an upper
threshold of 1000 um?.

The two volumes of interest (VOIs) of the uCT measurements
(1723 x 1560 x 1300 um®and 739 x 747 x 65 um?>, respectively, see
Fig. 1a and b) were evaluated in two different ways. The first evaluation
approach focused on the determination of reference values for the
cortical region and the bony callus, respectively. Consequently, 70
cubic subvolumes (65 X 65 X 65 pms) were selected from the larger
VOI (Fig. 1a) within both, the cortical region and the bony callus. The
size of the subvolumes were chosen with respect to a compromise: large
enough to provide enough statistics and, therefore, to obtain a mean-
ingful value for the lacunar density, and small enough to be able to
study a spatial heterogeneity of the lacunar density. Concerning the
positioning of the subvolumes, we decided against a positioning on a
regular grid not only to avoid the bone surface, but also due to het-
erogeneous nature of rodent long bones. While the 70 cubic subvolumes
were distributed over the whole imaged volume to cover a re-
presentative volume, their locations were chosen to avoid interface and
surface regions, and to place them only within the woven as well as
more lamellar regions of cortical bone. The same applies to the callus
(Fig. S1). In addition, the cubes were selected in different depths for the
different regions (cortical region and bony callus) to allow for a re-
presentative statistical quantification in image analyses. We validated
the accuracy of the segmentation by checking slice by slice for selected
cubes of both cortical region and bony callus regions. Using a second
evaluation approach we performed a detailed analysis of lacunar
properties at the interface between the cortical and callus region
(Fig. 1b). For this analysis the smaller VOI was used and the interface
between cortical and callus regions was defined manually based on
clear differences in the grey values between the two tissues followed by
a spline interpolation. The distance between lacuna and interface is
defined as the shortest distance of the center of mass of the lacuna and
the interface. The segmented pores on the right (callus) and left (cor-
tical region) side of the defined interface are shown in blue in Fig. 1c.

The lacunar properties were analyzed according to the framework of
former studies (Dong et al., 2014; Mader et al., 2013). Lacunar volume
(Lc.V) is simply calculated based on the number of voxels in the pore.
For the lacunar density, Lc.N/TV, only lacunae with their center of mass
within the cubic subvolume of evaluation were considered. The mor-
phology of the lacunae was characterized using the inertia matrices of
each lacuna with reference to its center of mass. With the eigenvalues of
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this matrix A;.3 with A; - Ay - Ag, the lacunar stretch is defined as
Le. St = (43 — 4)/A43. Its extrema indicate either a perfect sphere
(Lc.St = 0) or an infinitely stretched object (Lc.St. = 1). If Le.St = 0,
the lacunar oblateness Lc. Ob = ZH — 1 takes also the third eigen-
value into account and characterizes whether the shape is more prolate-
like, when the first two eigenvalues are close to each other
(Lc.Ob = —1) or oblate, when A is closer to A3 than to A,; (Lc.Ob = 1)
(Mader et al., 2013). We used Python 3.6 for image analysis and Avizo®
(version 2019.1) to visualize the obtained results. Welch’s t-test de-
termines the effects of the tissue type.

3. Results
3.1. Microstructure and mineralization density distribution

Quantitative backscattered electron imaging (qBEI) (Fig. 2) pro-
vides information on microstructure and mineral content of the murine
femora and gives an overview of the healing state of the bone. Based on
the morphology and grey-levels it was possible to differentiate (i) the
dense cortical bone (Fig. 2, white arrow heads) with a high mineral
content and uniform appearance, (ii) the rather loose and lower mi-
neralized bony callus bone (red arrow heads) and (iii) the calcified
cartilage (blue arrow heads) with its characteristic round pores. This
classification of tissues was confirmed by histology as shown in the
supplementary information (Fig. S2).

The mice underwent the same osteotomy surgery and were stabi-
lized using external fixators with the same stiffness. Although all show
the formation of mineralized callus tissue, the different animals exhibit
substantially different healing patterns (Fig. 2). The fracture ends of
mouse femur 1 (MF1) are aligned almost along the pre-osteotomized
position and show periosteal bony callus bridging as well as an en-
dosteal mineralized callus. The upper and lower fracture ends of MF2
are not well aligned and the healing progress is limited with miner-
alized callus tissue being formed only locally. MF1 and MF2 show a
vesicular structure between the adjacent fracture ends which is iden-
tified by histological staining as cartilaginous tissue (see supplementary
information).

The Ca content of the cortical tissue is high (Camean ~ 27.5 Wt% and
Clmean, control & 27.1 Wt% in the control sample) and it is homogenously
mineralized as reflected by a small width of the bone mineralization
density distribution (BMDD) Cayidth,cortex = 3 Wt% and
Cayiden, control = 3.1 Wt%in the control sample). Only near the interface
with the bony callus, the Ca content of the cortical tissue slightly de-
creases. Compared to the cortical tissue, the bony callus tissue shows a
substantially lower Ca content, i.e. Capeqnranges from 22.16 to 23.39 wt
% Ca. Furthermore, with Cayqn ~ 5.6 wt% the BMDDs are broader than
those of the cortices reflecting a more inhomogeneous mineral content.
However, qBEI shows cortex fragments (CF) resulting from the os-
teotomy process (see also Fig. 3 MF1 [i]) and highly mineralized islands
(black asterisks in Fig. 3, MF1 [ii]) across the callus tissue without any
lacunae.

MF1 shows calcified cartilage at the fracture ends (see Fig. 2 and
Fig. S2), while the calcified cartilage of MF2 is located in the central
callus tissue within the opposing fracture ends. In both cases, the car-
tilage shows a strongly heterogeneous Ca content covering the full
range from very low calcium content up to the highest detected Ca
values (see Fig. 2).

3.2. Lacuno-canalicular network and its mineralized surroundings

The plots in Fig. 3 show a superimposition of qBEI images with the
image of the rhodamine-stained LCN on top for selected regions. MF1
[i] covers an extended region within the osteotomy gap. At the cartilage
area next to the cortices, regions with a low Ca content can be found,
which are fully rhodamine-stained and, therefore, appear red. In
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Fig. 1. Synchrotron-based micro-computed tomography measurements. 3D reconstruction of a portion of callus and cortical bone (a). The segmented lacunae were
analyzed within cubes with a side length of 65 pm. To analyze the behavior at the interface, a layer with the contrasting bone types, cortical tissue and callus, was
chosen. The VOI of 739 * 747 * 65 um? is shown as a phase contrast image (b) and segmented volume with a defined interface between the bony callus and cortical

tissue (c).

contrast, MF1 [i] shows also regions without staining, which are most
likely cortex fragments (labeled by CF in Fig. 3), that became detached
from the cortex during the osteotomy process. MF1 [ii] and MF3 [i]
display both an endosteal callus region. Gross observation shows that
these areas show highly aligned canaliculi, running radial from the
vascular channels (labeled by V) and from the lacunae (yellow aster-
isks), respectively, connecting other lacunae in their vicinity. Besides
this, the LCN seems to be randomly arranged. Again, regions without
staining can be identified, which have a particular high Ca content
(labeled by black asterisks). Also the surrounding of these mineralized
islands exhibits negligible staining.

In sample MF3 [i] it is clearly seen, that the architecture of the LCN
in the cortical region differs from the one in the callus. The lacunae of
the cortical region exhibit a more elongated shape and their longest axis
seem to be well aligned with the longitudinal axis of the femur. In
contrast, lacunae of the callus exhibit a more roundish shape. The callus
also features more lacunae, but fewer connecting canaliculi. The ca-
naliculi within the callus run without a preferred orientation, while the
canaliculi in the cortical region are preferentially oriented perpendi-
cular to the longitudinal axis of the femur.

In the transition zones between the cortical and callus region (as can

be seen in Fig. 3 MF3 [i]) most of the canaliculi from the cortical region
do not proceed to the callus region. The appearance of canaliculi is
markedly different in cortical and callus regions with canaliculi appear
thinner in cortical regions. At the interface between cortical and callus
regions vascular channels are located and areas of high mineral content
without any lacunae or canaliculi interrupt the continuity of the LCN.

3.3. Osteocyte lacunae number, volume and shape

Evaluation of the cubic subVOI positioned either in the cortical
region or in the bony callus of MF1 (Fig. 1; Fig. S1) showed that the
lacunar density (Lc.N/TV) as well as the mean lacunar volume
(<LcV> ) were both significantly higher in the callus
(=100 = 19) *10° mm™>and 290 + 177 um®) than in the cortical
region (= (73 * 15) * 10> mm % and 151 * 55 um?®) (see Fig. 4 and
Table 1). Fig. 5 shows the obtained size and shape information of all the
lacunae using the evaluation approach based on cubic subvolumes
within the cortical region and the callus (Fig. 5a, b, e, f). In the cortical
region two lacunar properties show conspicuously low variability: Le.V
(Fig. 5a) and the lacunar stretch (Fig. 5e) (< Lc.St>
cortex = 0.80 = 0.06). The negative values for the oblateness indicate
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Fig. 2. Quantitative backscattered electron imaging (qBEI) of three samples MF1, MF2 and MF3 showing the healing status of each sample 21 days post-osteotomy.
Grey levels in the images correspond to the local Ca content with high regions of high Ca content being depicted bright. All three samples show callus formation
between the proximal and distal osteotomy fracture ends in the cutting plane. Additional regions of calcified cartilage can be found only in MF1 and 2. The arrow
heads mark the three mineralized tissue types of interests: (white) cortical bone, (red) bony callus bone and (blue) calcified cartilage. Differentiation between tissue
types were based on morphological features (e.g., osteocyte lacunae), the local Ca content (grey level), and were confirmed by histological sections (see Fig. S2).
Below are shown the bone mineral density distributions (BMDDs), i.e. the frequency distribution for the Ca content, for the whole image and the three mineralized
tissues separately. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Overlay of quantitative backscattered electron images (qBEI) and confocal laser scanning microscopy (CLSM) z-projections with an information depth of 2 um
for both methods. The qBEI images depicts the Ca content of the cortical and callus region in grey scale. Rhodamine6G stains all inner surfaces: osteocyte lacunae
(yellow asterisks) and soft tissue appear with red stained areas or lines, vascular channels (V) are typically surrounded by a red layer. The left qBEI images serve as
orientation for the following regions of interest. MF3 [i] shows an interface between the cortical and endosteal callus region. MF1 [i] is an overview of the callus
region from sample MF1. MF1 shows different types of mineralized tissue, cortical region (Co), bony callus, calcified cartilage, but also cortex fragments (CF) from
the osteotomy process. MF1 [ii] displays a region of the callus structure surrounding islands of high mineral content (black asterisks) and vascular channels. (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. 4. Lacunae number density vs. average lacunar volume from pCT data
using the evaluation approach with cubic subvolumes. Analysis of individual
subvolumes distributed throughout the imaged bone volume (cortical and
callus region). The orange crosses correspond to average lacunar properties
from cubes in the callus and the blue dots from cubes in the cortical region,
respectively. The solid lines in blue and orange indicate the mean value of the
respective bone type. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

a prolate shape of the lacunae (< Lc.Obcorex > = -0.16 = 0.37). In
contrast, lacunae in the callus show more diverse sizes and shapes. In
the callus the lacunae are more roundish with lower values of Lc.St
compared to the cortical region (< Lc.Steaus > = 0.72 £ 0.11)
(Fig. 5f compared to 5e). Lc.Ob is smaller (< Lc.Ob > s = -
0.25 + 0.40) and, therefore, the lacunae are more prolate than in the
cortical region (Fig. 5f).

Shifting now the focus towards the transition zone between callus
and the cortical region, we observe that the cubic subvolumes in the
cortical region in Fig. 4 with very large lacunae or very high lacunar
density are located rather close to the interface within the callus region.
Analysis of the transition zone between cortical and callus regions (VOI
of Fig. 1b, c; see also Fig. S3 for information of how far the analyzed
bone volume is located from the interface) and comparing the obtained
results (Fig. 5S¢, d, g, h) to the results from within the callus and cortical
region (Fig. 5a, b, e, f), we see clear differences that imply an influence
of the two different tissues on each other. The analysis from the tran-
sition zone on the side of the cortical region shows an increase of the
size of the lacunae (Table 1) and a broader distribution of the lacunar
volume than within the cortical region (Fig. 5c compared to Fig. 5a). It
is remarkable, that the distribution of both Lc.V and Lc.Ob in the cor-
tical region and callus at the interface (Fig. 5c and d) are more similar
to each other than within each cortical region and callus separately
(Fig. 5a, b). This observation also holds true when comparing the shape
characteristics of the lacunae: also here Fig. 5g) and h) resemble each
other more than the corresponding plots Fig. 5e and f.

Table 1
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The lacunar properties near the interface revealed in more detail
from plots of the lacunar volume and the lacunar oblateness as a
function of the distance from the interface (Fig. 6). For the lacunar
volume (Fig. 6a) there is a clear discontinuity at the interface. On the
cortical side (left to the interface) the size of the lacunae is not only
smaller, but the variability is clearly lower compared to the callus.
Lacunae larger than 400 um are almost exclusively found on the side of
the interface, where the bony callus was formed. The average lacunar
volume in our VOI close to the interface was determined to be 197 um>,
which is larger than the corresponding reference value for the cortical
region (151 um?®) obtained by the approach based on cubic subvolumes.
The average lacunar volume on the callus side (right to the interface) is
higher (327 um®) than the corresponding reference value for the callus
(290 pm3). The situation is very different for the oblateness describing
the shape of the lacunae (Fig. 6b). Here the transition between cortical
and callus region is so smooth that it would be difficult to locate the
interface without the information provided by the x-axis of the plot.
However, the reference values for oblateness for the callus and the
cortical region were already also very similar.

3.4. Ultrastructure of mineral particle parameters in healing bone

High resolution synchrotron SAXS and WAXS were used to elucidate the
nanostructural mineral particle characteristics, namely thickness and length
(T and L parameter) as well as the alignment of their orientation (p para-
meter) and the c lattice parameter in a position-resolved manner across the
different tissue types. Comparing the resulting color maps (see Fig. 7) with
the results of gBEI allows a distinction between the types of bone, which is
reflected by different characteristics in the nanostructure. As shown in Fig. 7
for sample MF1, the cortical tissue exhibits long, thick mineral particles with
a relatively high degree of orientation and high c lattice parameter
(< Leortex > =24.36 * 2.93nm, < Tcopex > =2.86 = 0.26nm, < pcorex >

= 0.5and < coorex > = 6.822 * 0.006 A). The control sample showed
the following average values: < Tconwol > = 260 = 0.19 nm,
< Pcontrol > = 0.55 = 0.13. In contrast, most of the bony callus bulk
regions show a smaller degree of particle alignment with
(< pcaius > = 0.37) and thinner mineral particles
(< Tcams > = 2.50 nm). The calcified cartilage shows thin and poorly
oriented particles (< Tcarilage > = 2.17 nm, < pcartilage > =~ 0.22). A
positive correlation between mineral crystal length (L parameter) and crystal
lattice spacing was found by evaluating the WAXS measurements (Fig. 8).
The average length of the mineral crystals hardly differs between calcified
cartilage (< Lcariilage > =~ 18.60 nm) and callus < Lcays > = 18.70 nm),
but is higher in the cortical tissue (< Leoex > = 24.36 nm), while the
thickness and the lattice constant increase from calcified cartilage
(< Ccartilage > = 6.815 A to (;allus (< ccames > =~ 6.821 A) to the cortical
region (< Ccorex > = 6.844 A).

The thickness of the particles decreases from the bulk region of the
cortex towards the interface with the bony callus, as well as the p
parameter (see Fig. 7). Most of the callus transition zones show a higher
degree of orientation (p = 0.5) compared to their bulk region. The

Lacunar properties in cortex and callus. The mean and standard deviations of the average lacunar volume (< Lc.V > ), the average lacunar stretch (< Lc.St > ), the
average lacunar oblateness (< Lc.Ob > ) and the average lacunar density (< Lc.N/TV > ) are reported. Entries that are significantly different (p < 0.001) are
indicated with an asterisks (Welchs-tests for all), n.s. stands for not significant. A total of 4007 lacunae were analyzed, see materials and methods for further

description.
Within tissue At the interface Comparison of bone type within tissue and at the interface
Cortex Callus Cortex Callus Cortex Callus
Le.N(#) 1152 1544 496 815
Le.V (pm3) 151 = 55 290 = 177 * 197 += 93 327 + 187 * * *
Lc.Ob —-0.16 = 0.37 —0.25 = 0.40 * —-0.22 = 0.39 —-0.26 = 0.41 * n.s. n.s.
Le.St 0.80 = 0.06 0.72 * 0.11 0.76 = 0.09 0.71 = 0.11 * * n.s.
Le.N/TV (10% /mm®) 73 = 15 100 + 19 *
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callus regions with lamellar-like organization contain relatively thin
mineral particles (T < 2.4 nm) while the regions around the lacunae
exhibit thick minerals (T greater than 2.9 nm) (see also Fig. S4). Ad-
ditionally, the thickness of the mineral platelets in the calcified carti-
lage increases also towards its transition zone to the bony callus.

4. Discussion

In this work, we applied a multi-method approach to visualize the
lacuno-canalicular network architecture and to quantify structural

Journal of Structural Biology 212 (2020) 107616

characteristics in different types of mineralized tissue present in healing
bone and, in particular, at the transition zone between the cortical re-
gion and callus. We used a mouse osteotomy model, which provided a
large variety of structural characteristics across tissue types (cortical
tissue, bony callus, calcified cartilage) corresponding to different stages
in endochondral and intramembranous bone formation processes. This
approach resulted in a multi-scale characterization of these tissues.
Thereby, we elucidated potential correlations between structural fea-
tures of the LCN architecture and mineral characteristics in view of the
underlying bone formation mechanisms. Characteristic key features of

Fig. 5. Size (Lc.V) and shape (Lc.St, Le.Ob) of la-
cunae measured by pCT within the cortical (a, e)

Callus

and the callus region (b, f) in comparison with la-
cunar properties for the cortical and callus region
(c, d, g, h) measured in a bone volume containing an
interface between the two tissues (see Fig. 1b). Each
white dot in the plots corresponds to one measured
lacuna. For a better readability the scatter plots are
underlaid with a density plot, where brighter colors
imply higher density of measured points. Dashed
line indicates Lc.Ob equals zero. Additionally, el-
lipsoids illustrate the stretched or roundish shape of
lacunae (a, €). The oblateness of lacunae (Lc. Ob) as
a function of lacunar volume (Lc.V) is plotted for
the cortical region in (a) and for the callus in (b).
The lacunar stretch (Lc. St) as a function of the
oblateness is plotted in the cortical region in (e) and

for the callus in (f). The corresponding plots for the
transition zone between the cortical and callus re-
gion are shown in (c), (d) and (g), (h), respectively.
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the tissue types are summarized in Table S1.

Cortical bone regions exhibited typical characteristics as found in
earlier studies for murine bone, i.e. an intracortical band with a rather
low degree of organization surrounded by material with a higher degree
of organization (Ip et al., 2016; Shapiro, 2008) being represented by the
organization of the LCN as well as the mineral particle orientation
(Kerschnitzki et al., 2011b). The cortical region generally shows higher
values for mineral particle thickness and degree of orientation than the
callus region (Hoerth et al., 2018). As secondary remodeling usually
does not occur in rodents, the intracortical band - including cartilage
islands and woven bone - presumably was formed during bone devel-
opment and remains unremodeled in the adult mouse (Bach-Gansmo

b) T(m)
3.8

3.4

22

0
Distance to the interface (um)

Fig. 6. Lacunar volume (a) and oblateness of
lacunae (b) as a function of their distance to the
| interface between the cortical region and callus.
: Each white dot corresponds to one measured
lacuna. The location of the interface is denoted
by a black dashed line. Negative distances in the
plots corresponds to the cortical region, positive
distances to the callus. The blue dashed lines
correspond to the reference values for Lc.V and
Lc.Ob as obtained from an evaluation approach
with cubic subvolumes located completely either
in the cortical region or the callus. The oblate/
prolate ellipsoids in (b) reflect the shape of la-
cunae at the particular part of the axis. (For in-
terpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)

200 400

et al., 2013; Burr and Allen, p. 92/93, 2019). Similar findings are re-
ported for the cortex of rats exhibiting a lower degree of matrix orga-
nization than lamellar bone (Shipov et al., 2013). In contrast to the
observations of Bach-Gansmo et al. in rats, we could not observe any
significant differences in lacunar properties between the inner and
outer band (Bach-Gansmo et al., 2015). In the cortical region, the
average lacunar density (Lc.N/TV = 73 * 10° mm ™ %) appears higher or
in the same range as reported previously on bones in rodents, while the
average lacunar volume (Lc.V = 151 pum®) is comparably lower
(Schneider et al., 2007; Voide et al., 2011) or in a similar range (Tiede-
Lewis et al., 2017).

The bony callus contains woven regions enveloped by lamellar ones,
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Fig. 7. Results from synchrotron small and wide angle X-ray scattering (SAXS/WAXS). Mineral particle thickness (T), orientation (p), crystal length (L) and lattice
spacing (c lattice parameter) are represented by color maps of MF1. The white square in the light microscopy image in (a) marks the location of the region, which
includes periosteal callus tissue, calcified cartilage tissue and osteotomized cortex. All maps originate from the same combined SAXS and WAXS measurement. For
every measurement point the mean mineral particle thickness (T parameter) is shown color-coded in (b). The degree of orientation (p parameter) is evaluated in (d).
The right side (c and e) shows WAXS results, the c lattice parameter (c) and the length L of the crystals (e). The gray colored data points in the color maps represent
the filtered measurement spots, which did not contain enough mineral to give a sufficient X-ray scattering signal. Cortical bone can be found in the upper left corner
of each map and is highlighted by a white line. The white line below the cortical region surrounds the region of calcified cartilage, while the white circle visualizes a
region of the callus including different features such as woven as well as lamellar bone.
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Fig. 8. Mineral particle characteristics (L: crystal length; c lattice parameter: crystal lattice spacing; T: particle thickness) as evaluated by wide and small angle X-ray
scattering of MF1 of the corresponding regions in Fig. 7 (the whole region (a), cortical tissue (b), calcified cartilage (c), bony callus (d)). Based on crystal lengths and
lattice spacing the different regions can clearly be distinguished. The number of evaluated points (n) as well as the mean values of c lattice parameter, length and

thickness are provided at the upper left of the plots.

as it has been described earlier in murine healing bone (Hoerth et al.,
2018). The mean Ca content of the callus (~23 wt%) is comparable to
data presented by Haffner-Luntzer et al. (2016), who used a similar
animal model and osteotomy stabilization method. Mineral particles
located in these woven regions exhibit a low degree of orientation and
are relatively thick but short, which is characteristic for woven bone
(Hoerth et al., 2018; Kerschnitzki et al., 2011b, 2011a). These woven
areas form at an early stage of mineralization in the callus region and
presumably serve as a scaffold for the deposition of lamellar bone
(Kerschnitzki et al., 2011a). The lamellar areas in callus bone exhibit
typical mineral characteristics (Hoerth et al., 2018), i.e. a relatively
high degree of orientation. The areas close to lacunae typically exhibit
high T parameters and a relatively high degree of mineral platelet or-
ientation (Fig. S4). The average lacunar density (Lc.N/
TV = 100 * 10° mm~2) and average lacunar volume (Lc.V = 290 um3)
are both significantly higher than in the cortical region. Lacunae
properties in callus tissue are rarely studied so far, but Hernandez et al.
reported two-dimensional data on rat bone and also found higher la-
cunar density in woven bone areas of the callus compared to the cor-
tical bone (Hernandez et al. 2004).

By using qBEI we were able to identify cortex fragments (within the
callus region) remaining from the osteotomy procedure, which did not
show any rhodamine staining of the LCN. The absence of stained ca-
naliculi here could be caused by sealing of the surface through mac-
rophages and osteoclasts, which are assumed to secrete osteopontin
onto calcified surfaces to inhibit extracellular bone resorption or pha-
gocytosis (Dodds et al., 2009; McKee et al., 2011).

Calcified cartilage areas in the investigated callus tissue exhibit a
very heterogeneous Ca content, and the mineral particles are small and
rather randomly organized as compared to the other tissue types. The
initially cartilaginous callus serves to stabilize the fracture site and

10

vascularity progresses in the increasingly stable environment deeper
into the callus (Shapiro, 2008). Woven bone is then synthesized on
calcified cartilage cores of the callus and later cartilage transforms to
bone by endochondral mechanisms. The so-called cartilage canals car-
rying blood vessels deep into the connective tissue could explain the
high staining level of the cartilage by rhodamine. Blood vessels play an
important role in the development, growth and removal of cartilage and
forming bone by transporting fibroblasts and chondroclasts (Hall, 2015;
Shipov et al., 2013). In addition, some areas within the bony callus have
been identified as calcified cartilage islands (see Fig. 3, MF1 [ii]) and
exhibit a positive correlation between T and p parameter as well as a
relatively high Ca content. Lacunae located around these islands possess
only few canaliculi. In general, calcified cartilage possibly plays an
important mechanical role as a junction between two materials of very
different stiffness, bone and unmineralized cartilage. We can infer that
the characteristics found in the cartilage regions (low degree of orga-
nization, heterogeneous Ca content and small mineral particles) may
indicate a different mechanical competence of this region compared to
other mineralized regions.

As the fracture healing model represents different tissue types
within a rather small sample volume, our data allows to characterize
interfaces and transition zones between tissues as well as to discuss
potential mechanisms of how these tissues develop and are structurally
related to each other. We found significant differences in the lacunae
density, lacunae volume and shape between cortical region and callus.
The callus exhibits on average 34% higher lacunae number density and
40% larger lacunae than the cortical region. Although the lacunar vo-
lume (Lc.V) values from the bulk regions of the cortical region
(151 = 55 um®) and callus (290 + 177 um®) on average approach
each other within the transition zone, we find discontinuities around
the interface (cortical region near interface: 197 + 93 um?; callus near
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interface: 327 + 187 um3) (Fig. 6a). The oblateness shows a rather
continuous transition across the interface (Fig. 6b). At the same time,
the particle thickness and the calcium content decrease toward the
cortex edges, which was also observed by Liu et al. (Liu et al., 2010).
This might indicate a potential role of the osteocytes in dissolving parts
of the cortical mineral phase by remodeling their environment to pro-
vide calcium and phosphate for the mineralization of the new formed
callus similar to the reported effect during lactation in mice (Qing et al.,
2012).

In general, lacunar volume and density depend on the corre-
sponding tissue type, but also on animal and tissue age. A majority of
studies indicate a reduction in osteocyte cell volume during aging that
may be combined with reduced lacunar size aging (Tiede-Lewis and
Dallas, 2019). The lacunar volume was reported to decrease with age in
mouse bone (Hemmatian et al., 2018) as well as in human bone
(Milovanovic et al., 2017). Although the mice in our study were older
(26 weeks) compared to the mice of the above-mentioned studies
(~16 weeks), ageing effects would not be sufficient to explain sys-
tematic differences in lacunar size. However, it still is under debate
whether these changes also affect osteocyte mechanosensation. There is
evidence that lacunar shape reflects the shape of the osteocyte within
the lacuna (Vatsa et al., 2008) and that rounder osteocytes are more
mechanosensitve (Bacabac et al., 2008). Finite element models suggest
that the perilacunar environment is directly linked to the strain ex-
perienced by the osteocytes and that reduced lacunar size leads to a
decreased mechanoreaction (Kola et al., 2020). Variations in lacunar
density might also be caused by the higher activity of osteoblasts in the
earlier stages of the bone healing process compared to the in-
tramembranous growth process of the cortex (Hernandez et al., 2004).
Furthermore, the size of osteocytes and related lacunae is suggested to
be correlated to the size of osteoblasts before differentiation to osteo-
cytes (Boyde, 1980) and also their deposition rate (Buenzli, 2015). The
programmed cell death (apoptosis) of osteocytes is proposed to instruct
neighboring viable osteocytes to synthesize cytokines, which then re-
cruit osteoclasts to remove the dead cells and initiate remodeling of the
surrounding matrix (Jilka et al., 2013; Verborgt et al., 2000). Therefore,
a high lacunar density, i.e. high osteocyte density, as we find it in the
callus woven bone, could potentially promote tissue removal and re-
placement by lamellar bone with a lower cell density (Vashishth et al.,
2002). Thus, the osteocyte number may be an indicator for the bone
turnover rate (Cane et al., 1982; Qiu et al., 2002) and may explain the
transient nature of the woven bone callus.

Recently, synchrotron-based phase-contrast uCT was used to in-
vestigate human jawbone, revealing a direct correlation of its re-
modeling rate with the lacunar density and an inverse correlation with
the local bone mineral density (Ca content) (Iezzi et al., 2020). We find
a similar correlation, i.e. higher lacunar density in woven bone corre-
sponding to a lower Ca content as compared to cortical tissue. The
higher mean volume of lacunae and higher average lacunar density in
the callus than in the cortical region presumably has an influence on the
respective mechanical properties. Correlations between the mechanical
behavior and the lacunar volume as well as lacunar density have been
shown earlier (Yeni et al., 2001) and in addition it was reported that the
callus stiffness during the late healing stages is only 70-60% of the
cortex stiffness (Hoerth et al., 2018; Manjubala et al., 2009).

Besides the density and shape of lacunae, also the connections be-
tween them (canaliculi, housing the osteocyte processes), are indicators
for the course of bone development. From the visualization of the LCN
by CLSM, we see that canaliculi within the callus do not show a pre-
ferred orientation, while the canaliculi in the cortical region are pre-
ferentially oriented perpendicular to the longitudinal axis of the femur.
We see a disruption of the majority of canaliculi across the interfaces
between callus and the cortical region, although some canaliculi tra-
verse this area. It has been suggested that the canaliculi may mediate
between the injured bone matrix and the lamellar bone during ossifi-
cation, and are therefore essential for new bone formation (Kusuzaki
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et al., 2000).

Mineral particle length and thickness in mice are known to increase
with animal age (Lange et al., 2011). We observe a similar trend across
the transition zone from callus (younger) to cortical (older) tissue,
where the mineral particle dimensions increase (Fig. 8) as a function of
tissue age. Within the transition zone we find a decrease of T parameter
values at the cortical edges towards the callus tissue (Fig. 7a), in-
dicating an influence on the particle size even in cortical bone by callus
formation. While the T parameter and the c lattice constant vary in
bony callus and calcified cartilage, the L parameter, i.e. the length of
the mineral crystals, stays mainly at a small range around 19 nm -
equivalent to the crystal size of fetal bone (Lange et al., 2011). This may
indicate that the mineral particles first grow in thickness and lengthen
only later. The crystal length (L parameter) as measured by x-ray
scattering methods usually appears shorter (~15 — 25 nm) as compared
to measurements of the particle length using electron microscopy
(Ascenzi et al., 1965; Boyde and Jones, 1998). Within the callus tissue
we also find position-dependent differences of mineral shapes, i.e. a
change from short and thick to long and thin with increasing callus
tissue age which is comparable to findings of Hoerth et al. in rodents
(2018, 2014). This shape change was interpreted as contributing factor
to stiffen the mineralized tissue with healing progression time (Hoerth
et al., 2018; Manjubala et al., 2009) in accordance with theoretical
predictions of mechanical behavior depending on the arrangement and
shape of the mineral particles embedded in the collagen matrix (Jager
and Fratzl, 2000). This may be a possible explanation why the less
organized woven bone tissues are replaced with higher organized la-
mellar tissue.

Changes in crystallographic parameters of the hydroxyapatite
crystals allow an interpretation of the degree of carbonatization, i.e. the
substitution of phosphate by carbonate (Handschin and Stern, 1995),
and to some degree an interpretation of tissue maturation. The inter-
calation of trace elements and hydration also lead to a distortion of the
crystal, i.e. changes in the lattice constant. In our samples, the c-lattice
constant of hydroxyapatite and the particle length (L parameter) are
linearly correlated if plotted for all tissue types (Fig. 8a). Across the
transition zone at the callus-cortex interface we find a continuous in-
crease of the c-lattice constant from the fracture-induced tissues (car-
tilage and bony callus) towards cortical bone. Something similar was
observed in human teeth (Forien et al., 2016), where the decrease in ¢
lattice parameter from outer (cementum) to later-formed inner regions
(pulp) has been interpreted as a reduction in the apatite carbonate
content as a function of root maturation. At the mineralization front of
osteonal remodeling in human bone an analogous trend has been
identified, i.e. at the mineralization front the lattice constant was found
to be smaller than in the bulk tissue (Roschger et al., 2020). In our
samples this would correspond to a lower carbonate content in the
younger callus and cartilage regions as compared to the older cortical
bone regions.

Based on these characteristics of mineral structure and LCN archi-
tecture across all tissue types and the corresponding transition zones,
our study allows to draw some general —partly speculative- conclusions
regarding bone development during fracture healing: (i) mineralized
tissue regions serve consecutively as scaffolds for the next step in tissue
formation (Kerschnitzki et al., 2011a). The osteotomy gap in the cor-
tical tissue defines the position of mineralizing repair cartilage serving
as base for the formation of woven bone, which then acts as scaffold for
lamellar-like bone regions within the callus. (ii) Interfaces between
tissues appear at different length scales, but we can speculate that the
formation patterns at all transition zones depend mostly on mechanical
conditions: early formed tissues are laid down quickly but with lower
degrees of organization; later ones have higher degrees of organization
and therefore probably show different mechanical properties. (iii)
Porosities (lacunae and canaliculi as well as vascular channels) within
the tissues are fingerprints of the endochondral bone formation me-
chanisms: lacunar shape and density indicate formation or remodeling
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rates, while canalicular connectivity may indicate communication be-
tween cells across interfaces.

4.1. Limitations and specific characteristics of our study

We want to mention the following limitations and specific char-
acteristics of our study. Although the observed healing progress was
different in different animals, the same general principles of bone
fracture healing were encountered. The healing process in some of the
investigated samples could have been influenced by surgical procedures
and debris from the Gigli saw, which could have led to increased in-
flammation (Wataha et al., 2001). Additionally, the heterogeneity in
healing is affected by the interfragmentary movement within the frac-
ture region. Interfragmentary movement is influenced strongly by the
load on the operated limb due to gravity, muscle forces, and even the
fixation stiffness used to stabilize the fracture. Presumably, all of these
factors were similar within the study, although activity levels of the
mice in the cages were not measured. Even other studies that reported
better healing outcomes than those observed in the current study
(Hoerth et al., 2018; Kruck et al., 2018; Rontgen et al., 2010), show
very similar structural features as the samples in our study. Therefore,
the discussed structural features are assumed to be representative for
the respective tissue types. The study was based on five mice which
underwent the surgical procedure and one control sample, taking into
consideration all ethical issues. In the following, three osteotomized
samples were selected and representative regions were investigated
from the following number of samples by qBEI (longitudinal cross
sections from all samples), CLSM (eleven regions from four samples),
SAXS/WAXS (five regions from four samples) and pCT (two samples).
Future investigations with this osteotomy model in skeletally mature
mice will be extended to 28 days, to allow one more week for additional
time of healing.

To assess potential participation of osteocytes in mineralization
processes during healing, the mineral particle parameter maps are
compared with CLSM and gBEI of the samples. Although the mea-
surements of CLSM and gBEI were done on thick blocks, while the
scanning SAXS/WAXS experiments were performed on thin slices,
which were cut before the measurements, the respective sample regions
still show comparable structural patterns. But the variations appear in
different volume elements. Therefore, only qualitative correlations be-
tween the results of these methods can be reported. Nonetheless, the
surroundings of large soft tissue regions (i.e. vascular channels) as well
as positions of lacunae could be easily identified in the respective maps
of mineral particle thickness and could be used for image registration.

5. Conclusions

Bone tissue organization constantly changes during the process of
fracture healing. Consequently, various structures at all levels of hier-
archy, cell geometry and mechanical properties can be observed at
different sites across the healing bone. We demonstrated characteristic
structural differences relating to the amount, orientation and shape of
both mineral particles at the nanometer scale and lacunae at the mi-
crometer length-scale across several tissue types and the interface be-
tween the cortical region and bony callus. The transition zone around
the interface between cortical and callus regions showed a continuous
convergence of mineral particle characteristics and lacunae shape, but
the mean volume of lacunae in the callus tissue was approximately 40%
larger than those found in the cortical tissue. Further studies are re-
quired to explain the reason for these size differences. To judge effects
on mechanosensing amongst osteocytes in enlarged lacunae, future
studies including measurements of osteocyte size similar to Tiede-Lewis
et al. (2017) as well as load-induced fluid flow that can be sensed by the
cells would be required. The majority of canaliculi between callus and
cortical region were disrupted, while some were able to pass the tran-
sition zone, indicating a potential communication between osteocytes
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of both tissues. One could speculate that the increase in mineral particle
parameter values in perilacunar regions of the callus could also be an
indication of an osteocytic influence on the mineralization
(Kerschnitzki et al., 2013). In our study also other presented correla-
tions between LCN architecture and mineral characteristics, such as the
inverse correlation of T parameter (low in callus vs. high in the cortical
region) and lacunar density (high in callus vs. low in the cortical re-
gion) across the callus-cortex transition, could be a sign that osteocytes
might be actively involved in the mineralization processes during
healing. Further studies may lead to a deeper understanding of the
mechanisms involved in osteocyte-mediated mineralization and would
be essential for identifying new therapeutic strategies to support the
bone healing process after injuries or surgeries.
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