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3D Interrelationship between Osteocyte Network and
Forming Mineral during Human Bone Remodeling

Mahdi Ayoubi, Alexander F. van Tol, Richard Weinkamer, Paul Roschger, Peter C. Brugger,
Andrea Berzlanovich, Luca Bertinetti,* Andreas Roschger,* and Peter Fratzl*

During bone remodeling, osteoblasts are known to deposit unmineralized
collagenous tissue (osteoid), which mineralizes after some time lag. Some of
the osteoblasts differentiate into osteocytes, forming a cell network within the
lacunocanalicular network (LCN) of bone. To get more insight into the
potential role of osteocytes in the mineralization process of osteoid, sites of
bone formation are three-dimensionally imaged in nine forming human
osteons using focused ion beam-scanning electron microscopy (FIB-SEM). In
agreement with previous observations, the mineral concentration is found to
gradually increase from the central Haversian canal toward pre-existing
mineralized bone. Most interestingly, a similar feature is discovered on a

(i.e., high stiffness) and difficult to break
(i-e., high toughness).[!l These functional
characteristics are attributed to its structure
at the macro-, micro-, and nanoscale.?] At
the smallest length scale, of particular im-
portance is the incorporation of nanoscopic
mineral particles of carbonated hydroxya-
patite into a soft collagen matrix, which
enables a high energy absorption before
failure. The mechanical integrity is further
improved by a continuous renewal of bone,
which allows the removal of microdamage

length scale more than 100-times smaller, whereby mineral concentration
increases from the LCN, leaving around the canaliculi a zone virtually free of
mineral, the size of which decreases with progressing mineralization. This
suggests that the LCN controls mineral formation but not just by diffusion of
mineralization precursors, which would lead to a continuous decrease of
mineral concentration from the LCN. The observation is, however, compatible
with the codiffusion and reaction of precursors and inhibitors from the LCN

into the bone matrix.

1. Introduction

Bone is a remarkable material since it reconciles the otherwise
conflicting mechanical properties of being difficult to deform

counteracting the fatigue of the material.’!
This remodeling of bone occurs in corti-
cal bone of humans and bigger mammals
by the formation of osteons. Osteons are
roughly cylindrical structures with a diam-
eter of about 300 pm and a central cavity
known as the Haversian canal, which pro-
vides space for blood vessels and nerves.
They are formed by bone-resorbing osteo-
clasts tunneling through the cortical bone
and in their wake, osteoblasts lay down
new bone, thereby narrowing down the
tunnel until only the Haversian canal remains. Such a replace-
ment of old by new bone is very different from bone for-
mation during embryonic development, which occurs via the
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intermediate stage of cartilage in a process called endochon-
dral ossification. Furthermore, the remodeling scenario of a
forming osteon has to be distinguished from modeling, where
the bone is directly deposited on a bone surface without pre-
vious resorption.[*!) This distinction was recently substantiated
by demonstrating differences in the chemical composition of
the mineral particles, which formed during osteonal remodeling
and periosteal modeling, respectively.[*! Common to all ossifica-
tion scenarios is that new bone formed by osteoblasts is a non-
mineralized collagenous tissue called osteoid.*™*! Besides col-
lagen, osteoid contains water, water binding-proteoglycans, and
other noncollagenous proteins (NCPs), such as osteopontin, os-
teonectin, bone sialoprotein, and osteocalcin.l®] With a time lag of
some days after bone formation, mineral particles start growing
in the collagen matrix. This mineralization process starts with a
rapid first phase, during which 70% of the final mineral content
of the bone is incorporated within a few weeks, followed by a sec-
ond, slower phase where the mineral content further increases
over months and years.”l From the investigation of pathologi-
cal cases, it became clear that the early mineralization phase is
critical for creating healthy bone tissue and deviations can lead
to hypo- or hyper-mineralization.!®! Therefore, investigating the
very beginning of physiological mineralization is fundamental
to understand how healthy bone is formed and maintained dur-
ing remodeling. The two processes of remodeling and mineral-
ization running in parallel but lagged and with varying speeds,
results in a characteristic spatial-temporal pattern. At a specific
time point, the forming osteon consists of a 10-12 pm wide layer
of osteoid, followed by a narrow transition zone with a steep gra-
dient in the mineral content, which declines in steepness when
approaching the limiting cement line of the osteon. Most impor-
tantly, this spatial succession of different mineralization phases
allows studying the temporal course of different mineralization
stages in a single sample of a forming osteon.

While the function of osteoblasts and osteoclasts in bone re-
modeling and mineralization is well defined, this holds less when
it comes to osteocytes, the most abundant bone cells.’! Osteo-
cytes derive from osteoblasts as some of them get encased in
the osteoid matrix during bone formation. Late osteoblasts/early
osteocytes start to secrete osteocyte-characteristic proteins and
form dendritic processes, which eventually pervade the miner-
alized tissue as well as the osteoid and form a dense cell net-
work. Dendrites and cell body are housed in a pore network of
thin (2300 nm in diameter) canals (canaliculi) and ellipsoidal,
bulky (~ 300 um3) cavities (osteocyte lacunae).l'%! A quantifica-
tion of this lacunocanalicular network (LCN) resulted in stagger-
ing values: in human osteons, the average length of canaliculi in
a cubic centimeter is 74 km, approximately 80% of the bone is
closer than 2.8 pm to the next canaliculus or lacuna, and the total
surface of the LCN is about 215 m2 in the human body.1"!

Although heavily debated in the past, today there is strong
evidence that osteocytes take an active role in Ca and P
homeostasis.'?l Their ability to resorb and secrete material in the
neighborhood of the lacunae and canaliculi was observed in lac-
tating mice, /3] egg-laying hens,!'* and mechanical unloading,*!
although also lactating mice without traces of osteocytic osteoly-
sis were reported.['®! The mineral content of the bone was found
to be increased in the neighborhood of the LCN.['] Osteopontin
depositions in the neighborhood of canaliculi might be residu-
als of the cell’s interaction with its environment."®! From a cell-
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biological point of view, osteocytes are reported to have the ability
to secrete proteins, which are known to be involved in the bone
formation process.['3*1°] Furthermore, osteocytes can secrete
osteopontin,[?’] matrix extracellular phosphoglycoprotein, 2!l and
Dentin matrix protein 1,21 which are known to be inhibitors of
mineralization.[?3! The easy access to the surrounding extracel-
lular matrix via the dense network of canaliculi and the known
biochemistry of osteocytes raises the question, whether this po-
tential is used to interfere with and to control processes in bone.
This study addresses the question of osteocyte involvement in
the essential mineralization process. Specifically, it is important
to know whether osteocytes are able to influence the early stages
of mineralization, where the first submicrometer-sized electron-
dense, mineral agglomerations, the so-called mineralization foci,
appear.

The intricate 3D architecture and the sub-micrometer di-
mensions of the lacunocanalicular network pose a substantial
challenge to describe quantitatively how mineralization ini-
tiates in spatial relation to the network structure.?*! The
imaging technique of focused ion beam-scanning electron
microscopy (FIB-SEM) combines the nanoscopic resolution
of electron microscopy with a 3D rendering due to the use
of two beams.[?! This method was previously employed to
investigate the mineralization front in murine bone.[?’] The
formation of submicron-sized mineralization foci as being the
first mineralization events might be regulated by osteopontin
(OPN) as OPN is associated with the foci surface in rat bone.[?”]
In the formation of mineralized cartilage, ex vivo studies on
the rat epiphysis suggest that matrix vesicles and proteoglycans
are the main mineral nucleation sites.?] In bone, although
mineralization foci were observed in various studies,!?6!
their local distribution with respect to the LCN was never an-
alyzed so far despite one in vitro study where 20-50 nm wide
mineralization foci were associated with the cell processes of
MLO-AS5 postosteoblast/preosteocyte-like cell line.3% In order to
investigate the early stage of mineralization in association with
osteoblasts/osteocytes, Barragan-Adjemian et al.3% conducted
an in vitro study of MLO-AS, a postosteoblast/preosteocyte cell.
They observed that osteoid osteocytes (the immature osteocytes
located in the osteoid) and osteoblasts are polarized toward the
mineralization front suggesting their activity with respect to the
mineralization. Palumbol?®¥ also observed the polarization of
osteocytes in the woven bone of chick tibia due to the shifted
position of the nucleus toward the vascular side and the higher
number of cytoplasmic processes toward the mineralization
front. The author suggested that the osteocyte processes toward
the mineralization front are involved in the mineralization, and
the processes toward vasculature are essential in cell nutrition.

In the present study, we focus on the formation stage of the
remodeling cycle and perform a quantitative investigation of
mineralization fronts at forming osteons of healthy women.
Our aim is to localize the very first mineralization events and
to describe their temporal development in relation to the cell
network present in osteoid. We therefore evaluate the mineral
content on two different length scales as a function of the dis-
tance from the Haversian canal and the canaliculi. Nine different
forming osteons were studied using contrast-enhanced FIB-SEM
imaging. Iodine staining of the bone samples, to specifically
increase the electron density of the organic matrix (and thus the
backscattered electron yield), allows us to discriminate osteoid,
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Figure 1. Overview of the osteocyte network within an osteon. a) 3D ren-
dering of an osteocyte lacuna, emerging canaliculi (green), and the Haver-
sian canal (brown) within a forming osteon. To make these structures vis-
ible, the unmineralized and mineralized matrix are rendered transparent.
Only the underlying perpendicular cutting planes from FIB/SEM backscat-
tered electron images (gray value images) show the position of the lacuna
within the mineralized matrix (bright voxels) and unmineralized matrix
(dark voxels). b) Cross-section of the Haversian canal with osteoid and
the transition to mineralized tissue. Within the transition zone, mineral-
ization foci are visible as bright “islands” in a dark unmineralized matrix
tissue. c) Cross-section perpendicular to the direction of canaliculi so that
canaliculi appear as round dots (green). The red arrows in (b,c) show the
direction of increase in distance from the Haversian canal and canaliculus
surface, respectively.

mineralized tissue, and the LCN pervading both tissue types. A
spatial resolution of 40 nm in 3D FIB-SEM imaging provides
access to the early mineralization event of foci formation.

2. Results

2.1. 3D Heterogeneity of Mineral Content in a Forming Osteon

Figure 1a shows the result of a typical FIB-SEM measurement.
Extracted from the 3D image stack, the two backscattered elec-
tron (BSE) images from two planes perpendicular to each other
represent the FIB-SEM dataset where the brightness of voxels
can be related to the local mineral content (also see Supplemen-
tary Movie 1 in the Supporting Information). The imaged volume
shows a forming osteon with an unmineralized matrix (dark vox-
els) in the vicinity of the Haversian canal, and a higher mineral
content (bright voxels) further away from the canal. At the tran-
sition between unmineralized and mineralized tissue, whitish
speckles—the mineralization foci—can be observed. Based on
the gray value probability distribution (GVPD) of all voxels, a
distinction was made between the unmineralized and mineral-
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ized matrix (Figure 2, see details about the image segmentation
in the Experimental section). The osteocyte lacuna is located in
the mineralized tissue, and numerous canaliculi connect the la-
cuna to the surface of the Haversian canal. Figure 1b shows an
image of the FIB-SEM dataset taken from a transversal cross-
section through the osteon. Reading the figure from left to right,
the Haversian canal (brown), the unmineralized (gray) and min-
eralized tissue (whitish) with the transition zone in between are
visible as expected from a forming osteon.**! Figure 1c is a zoom
into the transition zone, where the image plane is now perpen-
dicular to the plane of Figure 1b and roughly tangential to the
transition zone. The green dots represent cross-sections through
the canaliculi with a diameter of roughly 0.5 pm. Thus, the 3D
image sets comprise two types of canals of very different dimen-
sions, the Haversian canal at the microscale and the canaliculi at
the nanoscale. In the following, we analyze the mineral content
of the tissue as a function of the distance to these canals (in Fig-
ure 1b,c, the direction of the increase of distance from the surface
of the canals is shown by red arrows).

2.2. Mineral Content as a Function of Distance from the
Haversian Canal

After the segmentation of the Haversian canal, a distance trans-
form was used to assign each voxel in the image the shortest dis-
tance from the Haversian canal. For all voxels with the same dis-
tance from the Haversian canal (used bin size was 0.27 pm), a
gray level frequency distribution was calculated. Normalization
by the total number of voxels at a given distance results in a gray
value probability distribution (GVPD) (see Experimental section
for details). Consequently, the color code in Figure 3a reveals the
likelihood to find, at a given distance from the Haversian canal,
a voxel with a specific gray value. For the analyzed dataset shown
in Figure 1, the clear majority of voxels have low gray values for
distances smaller than 6 pm from the Haversian canal. For a dis-
tance larger than 9 pm this majority changes to a much larger
gray value. Considering the variability of the gray values for a spe-
cific distance, the variability is smaller for short distances from
the Haversian canal as indicated by the dark narrow “band” (Fig-
ure 3a). Quantification of the transition between the low and high
gray value was obtained by calculating the average gray value for
each distance from the Haversian canal, which resulted in the
black line of Figure 3a. The average gray value displays a sig-
moidal shape with a steep transition between two roughly con-
stant plateau values. For high gray values, a trend for a further
increase of the average gray value when moving away from the
Haversian canal can be observed. However, the slope of the curve
is substantially smaller compared to the transition between low
and high gray values.

We evaluated the average value for unmineralized and min-
eralized matrix separately, where we deliberately excluded voxels
with an “intermediate” gray value (i.e., between m — Am and m +
Am in Figure 2a). The blue and the red curve in Figure 3a repre-
sent the average value for the unmineralized and the mineralized
matrix, respectively. The horizontality of the blue curve excludes
a movement of the peak. However, the red curve representing
the mineralized matrix displays a gentle slope indicating that the
peak is moving to larger gray values while building up.

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Thresholding and segmentation of the bone tissue. a) Segmentation of unmineralized (blue area) and mineralized (red area) matrix based
on the gray value probability distribution (GVPD) of the 3D data sets. The minimum between the two peaks at higher gray values is denoted by m, the
distance between the maxima of the peaks by d. Voxels with gray values above m + Am and below m - Am, where Am = 0.05*d, are considered to belong
to the mineralized or unmineralized matrix, respectively. The sharp peak at the lowest gray values corresponds to polymethylmethacrylate (PMMA) and
thus is linked to regions previously assigned in the images to the PMMA phase via manual segmentation (see details in the Experimental section). b)
Representative slice of the 3D dataset as result of the segmentation. Four different compartments are distinguished: (i) Haversian canal (brown); (ii)
osteocyte lacunae and canaliculi (green); (iii) non-mineralized matrix (blue); and (iv) mineralized matrix (red). For the analysis of mineralization, the
volume fraction of mineralized matrix per total matrix (Vi /Vrm) was calculated based on the dividing of the red area by the red, yellow, and blue area.

In Figure 3b the volume fraction of mineralized matrix per to-
tal matrix (Vy/Vrm) Was plotted as a function of the distance
from the Haversian canal for the same osteon as in Figure 3a.
This way one can precisely quantify the extension of the tran-
sition zone in three dimensions. The start and end points of
the transition zone were defined as the positions where 5% and
95% of the matrix is mineralized, respectively (vertical red dashed
lines in Figure 3b). The start point at 5% was also used in the fol-
lowing as defining the reference position of the mineralization
front. From the evaluation of all nine osteons, the width of the
transition zone was determined to be 3.67 + 0.57 pm.

The definition of the position of the mineralization front al-
lowed to align the average gray value as a function of the distance
from the Haversian canal for all nine osteons in a single plot (Fig-
ure 3c). For this plot, the gray values were normalized in a way
that the peak position of the PMMA phase was set equal to 0 and
the peak position of the mineralized matrix was set equal to 1.
The average gray value shows a sigmoidal shape for all osteons.

2.3. Mineral Content as a Function of Distance from Canaliculi

Using the same method of analysis as for the mineralization rel-
ative to the Haversian canal, but now on a much smaller length
scale, the mineralized and unmineralized matrix around canali-
culi was quantitatively described. To take into account that the tis-
sue in a forming osteon has a very heterogeneous mineral con-
tent, a cuboid region parallel to the mineralization front with a
quadratic cross-section of the size of 8 X 8 pm? was selected and
divided into three subvolumes depending on the volume frac-
tion of mineralized matrix per total matrix (Vy;/Vry, see Fig-
ure 2a): lowly mineralized tissue with a Vy,,/Vyy between 5%
and 35%, medium mineralized tissue with a V,;,/Vy between
35% and 65%, and highly mineralized tissue with a Vy;/Vy
between 65% and 95%. Figure 4a—c shows three 2D BSE images
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taken from the lowly, medium, and highly mineralized tissue, re-
specitvely. It can be observed that the green round dots marking
the cross-sections of canaliculi are situated in regions of low min-
eral content. This is true even for the highly mineralized tissue
(Figure 4c), where most of the tissue is mineralized except the
close environment of the canaliculi.

As before for the whole osteon, Figure 4d—f shows the gray
value probability distributions (GVPDs), this time as a function
of the distance from the canaliculi. The black line corresponds
to the average gray value, while the blue and the red lines are the
average gray value when the evaluation is restricted to the unmin-
eralized and mineralized matrix, respectively. For all three tissues
(lowly, medium, and highly mineralized) the lowest gray values
are found close to the canaliculi, and the average gray value in-
creases when moving away from the canaliculi. For the highly
mineralized tissue (Figure 4f) again a transition occurs from an
unmineralized matrix around the canaliculi to a mineralized ma-
trix further away from the canaliculi. The constant values over the
distance of the blue and the red curves demonstrate that the tran-
sition occurs by a change in the volume fraction between miner-
alized and unmineralized matrix and not by a gradual shift of the
gray values in the unmineralized matrix. The reported results re-
fer to an osteon from sample #1 but similar patterns were also
observed in all other datasets as shown in Figure S2 (Supporting
Information).

2.4. Estimated Time Evolution of the Transition Zone on the
Canalicular Scale

In an analysis, which included data from all nine investigated
osteons, our aim was to quantify the transition zone from min-
eralized to unmineralized matrix around canaliculi. This zone
was characterized within sub-volumes defined by their volume
fraction of mineralized matrix (V) per volume of total matrix

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Bone mineralization with respect to the distance from the Haversian canal. a) Gray value probability distribution (GVPD) as a function of
the distance from the Haversian canal (osteon #2, sample #1). For the graph, a 3D subvolume (%20 x 25 X 40 ym?) of the FIB/SEM dataset was
analyzed. The color code provides the likelihood to find a voxel with a given gray value at a specific distance from the Haversian canal (i.e., the sum of
all probabilities for each distance bin sums up to 1, bin width was equal to 0.27 pm). The gray values m - Am and m + Am define the thresholds for
unmineralized and mineralized matrix, respectively (see also Figure 2a). The smooth curves are the moving averages of the gray values (using a window
width of 5% of all data points) for the whole matrix (black), the unmineralized (blue), and mineralized matrix (red), respectively. b) The volume fraction
of mineralized matrix per total matrix (Vjym/Vrm), i-€., the fraction of mineralized voxels per total voxels at each distance bin, plotted as a function of the
distance from the Haversian canal for the same osteon as in Figure 3a. The vertical red dashed lines mark the start and end positions of the transition
zone defined at positions where 5% and 95% of the matrix is mineralized. The start point of the transition zone is referred to as the mineralization
front and is used as a positional reference. Numerical values for the osteoid thickness and transition zone thickness are given in Table S1 (Supporting
Information). c) Normalized average gray values of the nine osteons as a function of the distance to the mineralization front. For the normalization, the
peak positions in the gray level distribution (Figure 2a) corresponding to PMMA and to the mineralized matrix were set equal to 0 and 1, respectively,

by the following linear equation: Y = :% , where Y is the normalized gray value, X is the original gray value, p is the gray value of maximum frequency

of PMMA, and q is the gray value of maximum frequency of mineralized matrix. The green, blue, and red curves correspond to the osteons of samples
#1, #2, and #3, respectively.

(Viem)- We use Vi / Vi to define stages of tissue mineralization
and in addition to the three different stages defined above (lowly,
medium, and highly mineralized), we included the extreme cases
of unmineralized (Vy;,/Vry = 0%) and fully mineralized tissue
(Vam/ Vi > 99.9%) as reference points, plus an almost fully min-
eralized tissue (with Vy,,/Vpy > 95%). Approximate values of
the distance from the starting mineralization front where these
6 successive stages are found are indicated in the left panel of
Figure 5. The average volume fraction of the mineralized matrix
was evaluated in ring-like volumes (ring width = 0.095 pm) with
a specific distance to the nearest canaliculus (D = 0.1, 0.25, 0.5,
2 pm). Moving away from the Haversian canal with a continu-
ous increase in the mineral content, the mineralization process
far away from the canaliculus (D = 2 pm) sets in first and reaches
for highly mineralized tissue (stage III) already a value of 90% for
the Vi /Viy (dark brown data point). At the same stage I1I, a re-
gion close to the canaliculus (D = 0.1 pm) displays a Vy;/Viu

Adv. Healthcare Mater. 2021, 10, 2100113 2100113 (5 of 11)

of only 20% (bright flesh-colored data point). For a region that
close to the canaliculus, mineralization sets in at later stages and
reaches values above 90% V,,,/Vr\ only in the limiting case of
fully mineralized tissue.

2.5. The Size Distribution of the Mineralization Foci

In the early phases of the mineralization process, the FIB/SEM
images allow a distinction of well-separated mineralization foci.
In lowly mineralized tissue, we quantified the formation and
growth of these mineralization foci by analyzing their sizes. For
each focus, the local volume fraction of mineralized matrix per to-
tal matrix (Vy;/ Vo) Was calculated in a cube of 1 um? with the
focus atits center. Depending on the V},,,/Vyy of their surround-
ing matrix, the foci were then allocated into one of three groups:
Vium/ Vrm 0f 0.1-5% (Figure 6b), Vy,\,/ Vi of 5-10% (Figure 6¢),

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Bone mineralization with respect to the distance from the canaliculi. Backscattered electron (BSE) images of the unmineralized (dark) and
mineralized matrix (bright) around canaliculi (green dots) in a) lowly mineralized (Vjyy/Vrm: 5%-35%), b) medium mineralized (Vyyn/Vim: 35%—
65%), and c) highly mineralized tissue (Vyym/Vrm: 65%-95%). Numerical values for the thickness of these zones can be found given in Table S1
(Supporting Information). The image plane is roughly perpendicular to the direction of canaliculi, which causes their almost circular appearance. Gray
value probability distributions are shown as a function of the distance from the canaliculi for d) lowly, e) medium and f) highly mineralized tissue.
The black line corresponds to the overall average gray value, while the blue and red lines correspond to the average value of the unmineralized and
mineralized tissue, respectively (see Figure 2a for the definition of unmineralized and mineralized tissue). Note that the probability distribution shows
the evaluation for the subvolumes of the lowly, medium, and highly mineralized tissue of an osteon (osteon #2) of sample #1 and not for the single BSE
images shown to the left.
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Figure 5. Estimated time-evolution of the transition zone around the canaliculi front. Based on its overall volume fraction of mineralized matrix per
total matrix (Vjm/Vrm), the tissue within an osteon (see left of figure, HC being the Haversian canal) was subdivided into six stages (0: unmineralized,
Vium/Vim = 0%, I: lowly mineralized (Vyy/Vim: 5%-35%), II: medium mineralized (Viy/Vm: 35%-65%), I11: highly mineralized (Vi /Vm: 65%—
95%), IV: almost fully mineralized (Vjyy/Vrm > 95%), V: fully mineralized (Viyy/Vrm > 99.9%, at far distance from the mineralization front), which
correspond to temporal stages of progressing mineralization. Data points show the average Vy,u/Vr\m at different distances from the canaliculi (bright
flesh-colored = 0.1 pm, flesh-colored = 0.25 pm, brown = 0.5 ym and dark brown = 2 pm; evaluation in a ring-like volume of ring width of 0.095 pm).
Numerical values of Vi, /Vru for all osteons can be found in Tables S2-S4 (Supporting Information). Values were obtained by averaging over all nine
investigated osteons and error bars denote the standard error.
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Figure 6. Probability distribution of mineralization foci volume as a function of the distance from the canaliculi. a) The local volume fraction of miner-
alized matrix per total matrix (Vjyy/Vm) was calculated within a 1 ym3 cube surrounding the foci (illustrated by a yellow square). Depending on the
Vim/Vom of the surrounding matrix, foci were allocated into one of three groups: Viyy/Voy = 0.1%-5%, 5%—-10%, and 10% to 20%. (b—d) The color
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and Vy / Vi of 10-20% (Figure 6d). For these three groups, Fig-
ure 6b-d shows the contribution to the mineral volume fraction
of different-sized foci as a function of the distance to the closest
canaliculus, i.e., the color code denotes the probability weighted
by the foci volume to find a focus with a specific volume at a spe-
cific distance from the canaliculi.

Figure 6b shows that formation of mineralization foci starts
more or less independent of the distance from the canaliculi (Fig-
ure 6b), except for the zone close to the canaliculi (distance <
250 nm), where the formation probability of foci is low. Com-
parison with the situation at a higher mineral volume fraction
(Figure 6¢) reveals that the foci grow in volume, but their sizes
remain roughly independent of the distance from the canaliculi.
The only observed trend is that the number of growing foci is
larger farther away from the canaliculi. With the progression of
mineralization (Figure 6d) the formation of new small foci is de-
creasing, while the existing ones are continuing to grow. Coales-
cence of foci results in instantaneous volume increases to values,
which are beyond the scale of the y-axis chosen in Figure 6d.

3. Discussion

We used FIB-SEM to image the course of mineralization in a
newly forming osteon with nanometer resolution and in three
dimensions. We observed two mineral gradients at two different
levels, the micrometer scale around the Haversian canal (diam-
eter ~ 50 pm) and the sub-micrometer scale more than two or-
ders of magnitude smaller, around the canaliculus (diameter ~
0.3 pm).

The transition zone from unmineralized to mineralized bone
in a forming osteon was previously described using electron
microscopy, X-ray scattering, and spectroscopic methods in
2D."] Our 3D imaging method allows us to quantify the width
of the transition zone to be 3.67 + 0.57 pm. A similar transition
zone has been observed by Buss et al.[?] in healthy mouse bone
with a much narrower width. The roughly 6 pm thick osteoid
seam surrounding the Haversian canal is suggested to be kept
free of mineral by circulating mineralization inhibitors, such
as pyrophosphate, or local inhibitors such as osteopontin, that
suppress mineralization close to the osteoblasts.[?*"3!] To initiate
mineral formation within the transition zone, enzymes such
as TNAP and PHEX were proposed to remove the effect of
inhibitors.’" Since the body fluid is rich of Ca and PO, ions
that tend to crystalize,[*?] these inhibition and promotion mech-
anisms are particularly important to trigger the mineralization
where it is desired and to avoid ectopic mineralization. During
progression of mineralization, the transition zone is moving
towards the Haversian canal. Far away from the canal is the
location where the first fully mineralized tissue can be found.

The high resolution of our images showed that the transition
between unmineralized and mineralized bone is not continuous
with a homogeneous mineral content at a given distance from
the Haversian canal. Instead, a closer look revealed a granular na-
ture of the transition zone with discrete mineralization foci. Such
already previously observed granularity*®) can now be quantita-
tively described based on 3D imaging. This was recently done by
using FIB-SEM to investigate sites of bone formation in healthy
mice and mice with osteomalacia, a disease resulting in inade-
quate bone mineralization.[?] For healthy animals, they report
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mineralization foci in the sub-micrometer range, which eventu-
ally fuse together to form the mineralized matrix. In osteomalacic
bone, the foci were much more abundant, over a wider distance
creating a less well-defined transition zone.

To understand the role of the osteocyte network in early min-
eralization, we evaluated size and location of the first mineraliza-
tion foci with respect to the lacunocanalicular network. The spa-
tial correlation of the foci with the LCN structure indicates some
involvement of osteocytes in mineralization. Most importantly,
this spatial correlation is not such that the local mineral content
decreases from the canaliculi, but it rather increases. Hence, the
matrix surrounding canaliculi is comparatively poor of mineral in
matrix undergoing mineralization. We refer to this zone of low
mineral content around canaliculi as “halo zone” (Figure 4). Our
image quantification demonstrated a strongly reduced probabil-
ity of foci formation in the halo zone compared to regions further
away from the canaliculus (Figure 6). This observation excludes
simple diffusion of mineralization precursors originating from
the canaliculi, since then one would expect a Gaussian decrease
of concentration with distance from LCN.

We observed a decreasing mineralization gradient both toward
the Haversian canal and toward the canaliculi, although at very
different scales. While we have no reason to believe that these two
gradients are mechanistically connected, we still analyzed them
both quantitatively. The gradients around canaliculi suggest that
mineralization is modulated by the LCN, e.g., by the secretion of
both promotors (i.e., mineralization precursors) and inhibitors of
mineralization. The observed macroscopic gradient with respect
to the Haversian canal would suggest that parts of the LCN em-
bedded in regions of the osteoid closer to the cement line start to
mineralize the matrix earlier than the ones situated closer to the
canal.

We do not have evidence for the specific molecule(s) involved
in the mineralization process around the canaliculi, but we inter-
pret our experimental finding as the result of a codiffusion of pro-
motors and inhibitors from the LCN. Such an interplay between
diffusants is reminiscent of the Turing model-*}! and more
generally described in the mathematical framework of reaction-
diffusion systems—which are known to generate complex pat-
terns in various biological (and chemical) systems, depending on
geometry and the relative diffusivity of the diffusants. In addi-
tion to these mobile players, it is not unlikely that spatially fixed
molecules influence the course of early mineralization. Collagen
was proposed to act as a nucleator,3* while macromolecules like
proteoglycans could act as practically immobile inhibitors. While
itis beyond the scope of the current work to develop a quantitative
version of a Turing-like model with so many interacting players,
we are confident that the experimentally observed patterns can be
obtained with a suitable set of model parameters, guided by de-
tailed analyses of such models that can be found in literature.*!

Scheme 1 summarizes how we imagine the mineralization
process in a forming osteon in relation to the network of canali-
culi. For reasons of simplicity, in the longitudinal section of
Scheme 1a, only a single canaliculus is depicted, which bridges
the tissue between the osteocyte body and the Haversian canal.
The osteocyte body and part of the canaliculus are within the min-
eralized tissue beyond the unmineralized osteoid. The canalicu-
lus, or more likely the osteocyte cell process within the canalicu-
lus, is the source of mineralization precursors and inhibitors

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Scheme 1. Mineralization pattern around the canals in a forming osteon. a) Sketch of the course of mineralization with respect to the Haversian canal
and the canaliculi. The green canal is a canaliculus and the bright spots are the mineralization foci. The curled purple structures represent mineralization
inhibitors. The newly formed foci are small, but later on, they become bigger and fuse together to create a fully mineralized matrix. Note that the Haversian
mineralization front and the mineralization foci are depicted larger than their real size for better visualization. b) Transversal section through a canaliculus
showing the distribution of foci around the canaliculus at different stages with i) low, ii) medium and iii) high volume fraction of mineralized matrix per
total matrix (Vjym/Vrm)- At stage iv, the halo zone is almost filled in and at stage v, Vyy/Vr is almost 100%. The inhibitors are not to scale.

(shown as curled purple structures), which diffuses into the ma-
trix building up the usual diffusion gradient with a high concen-
tration close to the source and rapid decrease in case that the in-
hibitor diffuses slowly. For this reason, the actual precipitation of
mineral is likely to occur further away from the canaliculus where
the inhibitor concentration is lower. With more mineralization
precursor arriving in the matrix, its concentration will eventu-
ally outperform the inhibitors even closer to the canaliculus, so
that the mineral front approaches the canaliculus with increas-
ing overall mineral content. While at some point the formation of
new foci ceases, the growth of already existing foci continues un-
til they reach the surface of the canaliculus and thereby filling in
the halo zone. This closing in of the mineralized region towards
the canaliculus is illustrated in the transversal cross-sections of
Scheme 1b.

4, Conclusion

The current work reveals a lowly mineralized region around
canaliculi in the transition zone between osteoid and mineral-
ized matrix indicating that the osteocytes play a significant role
in the early mineralization process. Osteocytes and the LCN
have multiple functions, most notably the sensation of me-
chanical stimulation via the fluid flow through the network.*®!
This multifunctionality could give rise to interactions between
functions. For example, mechanical stimulation influences the
transport through the LCN, which could have an effect on the
mineralization process. The influence of mechanical loading
on mineralization could be studied using the approach of the
present work in combination with a well-established animal load-
ing model.’”) In contrast to the studies which highlight the role
of the osteocyte network in bone mineralization, investigations
on anosteocytic fish bones show that physiological mineral-
ization happens in the absence of osteocytes and thus without
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LCN.381 On the other hand, the even narrower porosity network
(with a diameter of ~40 nm) discovered in turkey leg tendon
suggests strong cellular (in this case tenocytes) control of the
mineralization process.[**l Hence, the question rises how univer-
sal or diverse mineralization mechanisms are between species
or even between sites within the same animal.[*”) We see a high
demand for comparative studies to reveal similarities and differ-
ences in the mineralization processes in order to elucidate the
fundamental biochemical mineralization mechanisms and how
they are governed by cell activity. We suggest that one of these ba-
sic mechanisms is the co-diffusion of mineralization precursors,
promotors, and inhibitors. To characterize such a system, Turing
models describing reaction-diffusion processes can potentially
be investigated as they define a framework to describe pattern
formation involving various re- or counter-acting diffusants.

5. Experimental Section

Sample Preparation: The presented data were obtained from three
femoral midshaft necropsy samples of middle-aged women (48 (sample
#1), 55 (sample #2), and 56 (sample #3) years old) without any known
bone-related disease. All samples were provided by the Department of
Forensic Medicine and the Department of Anatomy of the Medical Uni-
versity of Vienna according to ethic commission regulations of the uni-
versity (EK no. 1757/2013). For storage, the native bones were frozen at
-20°C. Sectors were cut out of the cortical ring from midshaft samples and
thawed prior to dehydration with an ethanol series. Subsequently, the spec-
imens were put into a falcon tube filled with a 40 mL rhodamine6G/ethanol
solution (0.417 g/100 mL) for 72 h while renewing the staining fluid
twice following an established protocol.l'’2] The stained samples were
then embedded in polymethylmethacrylate (PMMA) as described in the
literature.[*'l During this procedure, PMMA fills not only the large poros-
ity of the Haversian canals, but also the much smaller LCN porosity. Using
a low-speed diamond saw (Buehler Isoment, Lake Bluff, lllinois) the sam-
ple blocks were cut transversally (i.e., perpendicular to the long axis of the
bone) to obtain a slice of 1 mm thickness with osteons exposed at the
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surface with a roughly circular shape. One of the sample surfaces (~0.5
x 0.5 cm?) was then ground with sandpaper of descending grain size and
polished with 3 and 1 ym grain size diamond suspension (Logitech PMS5,
Glasgow, Scotland).

lodine Staining of the Unmineralized Tissue: To be able to discriminate
between unmineralized matrix and embedding material using backscat-
tered electron microscopy, contrast-enhancing methods are needed as
otherwise, the average atomic numbers of the two materials are too similar
(close to 6, i.e., the atomic number of carbon). Since the research strat-
egy is to use FIB-SEM for the acquisition of 3D datasets with distinguish-
able canaliculi in the mineralized and the unmineralized matrix, a stain is
needed that penetrates the sample homogenously at least up to a typical
field of view depth of 25 ym. Boyde et al. described a procedure for en-
hancing the SEM backscatter contrast in soft tissue in 2D by exposing a
PMMA embedded bone sample block to iodine vapor.[?] Based on this
finding, an iodine vapor staining protocol was developed that provides
appropriate staining results: 0.1 mg solid iodine (Alfa Aesar, Karlsruhe,
Germany) were placed in a 25 mL autoclave sealed glass container (Du-
ran, Wertheim/Main, Germany) next to the PMMA embedded polished
sample for 6 d followed by a second identical staining cycle. It is observed
that the embedding material remained unstained and that only in the un-
mineralized osteoid the electron density (and, therefore, the backscattered
electron coefficient) increased due to the incorporation of iodine with its
high atomic number of 53.

Focused lon Beam-Scanning Electron Microscopy (FIB-SEM): ROls lo-
cated at forming osteons (defined using pre-characterization by ESEM and
CLSM, see Figure S1 in the Supporting Information) were imaged with
FIB-SEM (Crossbeam 540 Zeiss, Oberkochen, Germany) obtaining 3D
datasets with typical dimensions of ~40 x 30 X 50 pm? with an isotropic
voxel size of ~40 nm. Prior to FIB-SEM imaging, the samples were carbon
coated with a vacuum carbon evaporator sputter coater (CED 030, Bal-
tec/Balzers, Liechtenstein, Germany) to reduce charging effects. To avoid
sample shrinkage during the measurement, the samples were mounted
inside the vacuum chamber at least 24 h before imaging. The working dis-
tance during the serial surface imaging was set to the coincidence point
of the FIB and the SEM beams, i.e., at around 5.1 mm. The milling pro-
cess was conducted with high- and low-power gallium ion probes (65 nA
and 0.7 nA at 30 kV acceleration voltage, respectively). With the higher
power, a large hole (%100 x 100 x 100 ym?) was milled, while the latter
was used during the serial surface imaging process featuring a slice thick-
ness of 40 nm and a milling depth of 50 ym due to x5 s milling time per
slice. High-resolution secondary and backscattered electron images (BSE)
(~40 x 40 nm?) were obtained with 2.5 kV acceleration voltage, 1 nA beam
current, and 28 s acquisition time per frame using 40 averaging cycles per
line. Brightness and contrast were set to avoid over- or underexposure of
regions in the backscattered electron images. Postprocessing of the BSE
image stacks was performed using in-house developed Python scripts to
take into account i) misalignment/sample drift, ii) image noise, and iii)
curtaining artifacts originating from the milling process.

Image Segmentation: The 3D FIB-SEM datasets were segmented into
different compartments based on structural features and backscattered
electron image brightness in a two-step process using Amira (Version
2019.38, Zuse Institute Berlin (ZIB), Berlin, Germany). First, manual seg-
mentation was performed to distinguish between PMMA (corresponding
to Haversian canal, osteocyte lacunae, and canaliculi) and bone. Since
PMMA is not stained by iodine and, therefore, the darkest compartment
in the datasets, the Haversian canals could easily be identified due to the
clear contrast to the adjacent unmineralized iodine stained osteoid tissue.
Osteocyte lacunae and canaliculi in the mineralized and unmineralized tis-
sues were manually traced every 5 slices according to their typical shape
and dark appearance followed by an interpolation of the remaining slices.

In a second step, the bone region was further subdivided into regions
of mineralized and unmineralized matrix based on the analysis of the
dataset’s probability distribution of the gray values in the dataset (see Fig-
ure 2a). To consider for variations in the iodine staining intensity and for
differences in the brightness and contrast settings during image acqui-
sition, for each dataset the minimum of the probability distribution (m)
between the peak of the mineralized and the unmineralized matrix and
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the gray value difference (d) between the two peak positions were deter-
mined. As gray values close to m (Figure 2a, yellow) could not clearly be
assigned to one of the two phases due to noise or partial volume effects,
only gray values above m + Am and below m - Am are considered to be-
long to the mineralized (red) or unmineralized (blue) matrix, respectively.
Am was chosen to be 5% of d. A representative 2D slice of a segmented
3D volume is shown in Figure 2b.

Data Analysis:  Based on the segmentation of the Haversian canal and
the canaliculi, 3D distance transforms were generated. Using the “Exact
signed Euclidean Distance Transform (3D)” plugin in FIJI (National In-
stitutes of Health, USA) the calculated 3D distance transforms assign to
every voxel of the bone matrix the value of the shortest distance to a com-
partment surface. The choice of the compartment was either i) the Haver-
sian canal or ii) the canaliculi. For all datasets, the distance transforms
were computed on the original volumes, but the subsequent correlation
analysis was restricted to smaller subvolumes (x25 x 20 x 40 pm?) to
avoid boundary effects. Such acquired distance maps for the canaliculi
and the Haversian canal allow to perform a spatial correlation analysis be-
tween matrix mineralization (BSE gray value) and the location with respect
to a structural compartment (i.e., Haversian canal or canaliculi). The re-
sulting data are presented as gray value probability distribution (GVPD)
graphs as a function of the distance to the structural component (see,
for example, Figure 3a). To obtain these distributions, the following steps
were performed for each 3D dataset: i) the gray values (with values rang-
ing from 0 to 255) were plotted versus the distance values to Haversian
canal/canaliculi for each voxel using bin sizes of 270 nm/95 nm, respec-
tively; ii) this initial distribution m;; with m being the number of voxels
with the distance value i and the gray value j was normalized according to

by = )
ij = o255
ZJ':o mi;

The big advantage of plotting d;; instead of m;; is that for a fixed value of
the distance i, d;; represents a gray value probali)ility distribution. Conse-
quently, geometric effects due to a different number of voxels with a given
distance are corrected for as the density value is normalized by the sum
of all pixels with the same distance. d;; denotes the probability of finding
a voxel with the gray value j at a given distance i. Such GVPD plots were
used to quantify the mineralization process with respect to the Haversian
canal or the canaliculi surface.

The number of osteons per individual (3 osteons per 3 individual) was
not enough to obtain meaningful statistical evaluations, but the data were
reported for all osteons in tabulated form in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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