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ABSTRACT

Human cortical bone permanently remodels itself resulting in a haversian microstructure with heterogeneous
mechanical and mineral properties. Remodeling is carried out by a subtle equilibrium between bone formation
by osteoblasts and bone degradation by osteoclasts. The mechanisms regulating osteoclast activity were studied
using easy access supports whose homogeneous microstructures differ from human bone microstructure. In the
current study, we show that human osteoclasts resorb human cortical bone non-randomly with respect to this
specific human bone microstructural heterogeneity. The characterization of this new resorption profile demon-
strates that osteoclasts preferentially resorb particular osteons that have weak mechanical properties and miner-
al contents and that contain small hydroxyapatite crystals with a high carbonate content. Therefore, the influence
of human bone microstructure heterogeneity on osteoclast activity could be a key parameter for osteoclast be-
haviour, for both in vitro and clinical studies.

Raman spectroscopy

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Bone remodeling occurs throughout life and provides the bone turn-
over required to adapt both structure and architecture of bone tissue to
its mechanical environment. Harmonious remodeling is vital to main-
tain the biological and mechanical characteristics of healthy bone [1-
3]. Osteoclasts - cells of a hematopoietic origin - are one of the three
main bone cell types that play a crucial role in the bone remodeling
cycle [4]. Mature bone-resorbing osteoclasts adhere tightly to the
bone surface at the sealing zone and dissolve both the inorganic and or-
ganic components of the bone matrix by secreting protons and enzymes
[5]. This resorption phase initializes bone remodeling and thus deter-
mines the bone areas that will be substituted. Impaired osteoclast activ-
ity is involved in many bone diseases, such as osteoporosis [6] and
osteogenesis imperfecta [7]. Thus, osteoclasts are prime targets in the
development of new therapeutic treatments [8]. Moreover, resorption
is an essential parameter in the formulation of better performing bioma-
terials whose bioresorbability has to be controlled [9]. Recent studies on
osteoclasts have allowed for a better understanding of the mechanisms
involved in the differentiation of these cells and the intracellular
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mechanisms that are responsible for the resorption, the regulation of
the resorption process remains unclear. Particularly, the behaviour of
osteoclasts and their capacity to function in a cyclic manner - alternating
between resorption and migration phases - has not been fully elucidat-
ed. In this study, we postulated that the in vitro observations of these al-
ternating resorption and migration phases are regulated by the
microstructure of the support used. The resorption profile was ob-
served, for the first time, on human cortical bone in which the heteroge-
neous microstructure differs from the supports that are routinely used
to investigate osteoclasts in vitro.

Previous in vitro studies on resorption were carried out using sub-
strates that were either synthetic or natural - such as bovine bone or
dentin. However, the osteoclast behaviour (adhesion, activity) varies
according to the nature of the substrates [10,11]. For synthetic sub-
strates, the osteoclastic activity varies according to the composition,
roughness, and size of the hydroxyapatite crystals [11]. Regarding natu-
ral substrates, each has its own composition and microstructure; al-
though their composition is similar, dentin has a tubular structure
[12], whereas bovine bone is plexiform. Under the same culture condi-
tions, the surface area of dentin resorbed by osteoclasts is 11 times larg-
er with 7 times more pits per square centimetre than bovine bone [10].
Thus, the characteristics and organization of the material microstruc-
tures predispose them to be more or less resorbed. This observation
suggests that the intracellular function of osteoclasts is modulated by
the support (adhesion capacity - enzyme efficiency).
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Human cortical bone has a specific heterogeneous haversian micro-
structure composed of osteons [13] that are formed from adjacent con-
centric lamellae of type 1 collagen sprinkled with hydroxyapatite
crystals and are delimited at their periphery by cement lines [14,15].
The microstructural heterogeneity is observed for mechanical [16] and
mineral properties between osteons and interstitial bone. Although
the microstructure of human cortical bone is different from other spe-
cies [17] or other substrates that are usually used to study osteoclast be-
haviour, the only previous study investigating the resorption of human
bone is from 1986. Using techniques available at the time and a mixture
of chick osteoclasts, it was reported that resorption by such osteoclasts
was confined at 60% to a single mineral density phase [18]. In the pres-
ent study, direct correlations between human cortical bone mechanical
and mineral properties and resorption localization by human osteo-
clasts were analysed. Resorbable and non-resorbable areas were charac-
terized in terms of their mechanical and mineral properties. The
mechanical properties with the Young's modulus and hardness were
determined on the microscale by nanoindentation. The quantity and
quality of minerals on the microscale were measured by RAMAN
spectroscopy.

2. Material and methods
2.1. Bone sample preparation

Human cortical bones were collected from fresh cadavers by JC
Auregan at Ecole de chirurgie du fer a Moulin, Lariboisiére hospital
(three male donors with a mean age of 72 years old), and immediately
frozen at — 20 °C. The age of the three bone male donors was respective-
ly: donor 1: 69 years old; donor 2: 77 years old; donor 3: 71 years old.
Every anatomical subject was free of systemic disease and did not take
any medication before its inclusion in the study. However, given that
no information about the BMD was available before the completion of
the study, we collected the hip, distal radius and vertebras of each sub-
ject to ensure that none of these bones displayed any sign of osteoporo-
sis. Nine plane-parallel samples (4 mm-long, 4-mm wide and 3-mm
high) were cut in the diaphysis with a diamond saw (Secotom-15,
Struers A/S, Ballerup, Denmark) transversally from the osteon direction

a b

(see Fig. 1a). The upper surface perpendicular to the osteon's direction
was polished using a 1-uym diamond powder. Samples were then
cleaned by ultrasonication in distilled water.

2.2. Human osteoclasts

Monocytes were purified from blood of healthy adult volunteer do-
nors (Etablissement Francgais du Sang, Lyon Gerland, France) as previ-
ously described [19]. Mononuclear cells were isolated by density
gradient centrifugation using Ficoll (Eurobio®), then centrifuged
through a 50% Percoll gradient (GE Healthcare®). The light density frac-
tion from the pellet was recovered and incubated for 10 min at room
temperature in 3% human serum-PBS. Monocytes were purified from
the light density fraction by immunomagnetic depletion (Dynal,
Invitrogen®) using monoclonal antibodies (Immunotech, Beckman
Coulter®) directed against CD19 (J3-119), CD3 (UCHT1), CD56 (C218)
and CD235a (11E4B-7-6). Then, monocytes were cultured at 37 °C in
5% CO, using a-minimum essential medium (a-MEM, Life technolo-
gies®) supplemented with 2 mM L-glutamine (Gibco®), 100 U/mL pen-
icillin (Gibco®), 100 pg/mL streptomycin (Gibco®), and 10% foetal
bovine serum (FBS, Pan biotech Dutscher®). Monocytes were seeded
in the presence of 50 ng/mL human M-CSF (PeproTech®) and 30 ng/
mL human RANKL (PeproTech®). The medium and cytokines were
changed after 3 days; M-CSF at 25 ng/mL and RANKL at 100 ng/mL. Os-
teoclasts were then detached from the plastic plates using Accutase
(Sigma-Aldrich®) as previously described [20] and were seeded onto
bone samples (50,000 cells/sample) with 25 ng/mL M-CSF and
100 ng/mL RANKL for 72 h (Fig. 1b). In the present study, osteoclasts
from two blood donors were seeded on nine bone samples (see Table 1).

2.3. Nanoindentation

Prior to osteoclast seeding, nanoindentation tests were performed
on the nine bone samples surrounded by a physiological saline solution
at ambient temperature using a commercial nanoindenter (Agilent
Nanoindenter G200, ScienTec, Les Ulis, France) (Fig. 1a). Fused silica
was used to calibrate the Berkovich diamond tip contact surface. A
grid of 81 measurement points per sample with a spacing of 150 pm
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Fig. 1. Experimental design. The surface of each bone sample was characterized before seeding mature osteoclasts. First, nanoindentation and interferometer, respectively, provided local
mechanical properties values and surface topography before resorption, respectively (panel a). In parallel, monocytes from human donors were extracted from peripheral blood and
differentiated into osteoclasts. Then, osteoclasts were seeded on each sample in an optimal medium for osteoclast activity. After 72 h, osteoclasts were stained with TRAP, counted and
removed from the bone surface (panel b). Next, the resorbed bone sample was stained by toluidine blue to determine the resorbed areas (intense violet). Analysis of the surface
topography after resorption was carried out by interferometry on the same areas that were characterized before osteoclasts seeding. The variation of z (um) at each point was
measured and the mineral properties were characterized by Raman spectroscopy (panel c). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Table 1

Mechanical and mineral properties of each sample were analysed by nanoindentation and Raman spectroscopy. The Young's modulus and hardness values for each sample correspond to a
mean value of 81 indents, and the mineral to matrix ratios, crystallinity and carbonate substitution rate correspond to a mean value of 30 points. Three human bone donors were used in

this study.

Sample Bone Osteoclast Young's modulus Hardness Mineral to matrix ratio Mineral to matrix ratio Crystallinity Rate of carbonate
donor donor (GPa) (GPa) v1PO,4 / Amide [ v1PO,4 / CH, substitution

1 1 1 21.7 £ 2.5 0.80 + 0.13 15.60 + 2.1 14.49 + 0.9 0.0601 + 0.0007 0.171 + 0.006
2 22.1 +£28 0.71 + 0.14 14.68 + 2.1 1261 £ 19 0.0609 + 0.0007 0.172 + 0.006
3 21.7 £ 2.6 0.79 + 0.14 1718 £ 2.7 14.87 1.2 0.0598 4+ 0.001 0.172 + 0.006
4 2 2 219 £23 0.79 + 0.13 17.65 £ 1.5 1537 £ 1.2 0.0604 + 0.0009 0.162 + 0.007
5 20.7 £ 2.6 0.73 + 0.11 17.65 + 1.1 15.87 + 0.8 0.0611 + 0.0009 0.162 + 0.006
6 205 +£24 0.62 + 0.09 17.77 £ 2.4 1592 + 1.0 0.0605 &+ 0.001 0.164 + 0.008
7 3 2 203 £28 0.72 £ 0.11 1743 £ 24 14.86 + 1.5 0.0599 =+ 0.001 0.190 + 0.008
8 20.7 £ 2.1 0.73 + 0.10 16.06 + 2.2 1431 £ 13 0.0593 + 0.0007 0.172 + 0.006
9 20.1 £2.0 0.69 + 0.10 1739 + 1.6 14.96 + 1.5 0.0599 + 0.0009 0.169 + 0.006
Mean 21.0 0.73 16.82 14.81 0.0602 0.1681
SD +0.7 +0.06 +1.1 +0.9 +0.0006 +0.004

was performed. Then, nanoindentation points were at random locations
inside the bone microstructure. A constant strain rate of 0.05 s~ ! and a
maximum depth of 2000 nm were imposed. The Continuous Stiffness
Measurement (CSM) method allowed for the determination of the
Young's modulus and the hardness as functions of the displacement
into the surface. In the present study, Oliver and Pharr's method [21]
was used with the assumptions for linear elastic isotropic material.
The elastic properties of the diamond indenter were v; = 0.07 and
E; = 1131 GPa. Moreover, bone was assumed to be isotropic, with a
0.3 Poisson ratio. The Young's modulus and hardness for each point
were measured on the plateau between 600 and 1200 nm. The mean
values of the Young's modulus and hardness for each sample are given
in Table 1.

2.4. Raman spectroscopy

Raman spectroscopy (LabRAM HR 800, Horiba Jobin Yvon,
Villeneuved'Ascq, France) was performed under wet conditions on the
same sample surface as nanoindentation. This technique uses Raman
scattering to obtain information on the composition of the material. A
785 nm laser was focused on the bone surface through a BX41 micro-
scope (Olympus, Tokyo, Japan) with a 50 x objective (NA = 0.75),
resulting in a laser spot diameter of less than 2 pm. The system included
a CCD camera (1024 x 256 pixels cooled by Peltier effect at — 70 °C) to
detect the Raman scattering and a grating of 1800 grooves/mm permit-
ting to collect data with a spectral resolution less than 1 cm ™. LabSpec
5 software (Horiba Jobin Yvon, Villeneuve d'Ascq, France) was used to
de-spike the spectra and subtract the background. Before use, the in-
strument was calibrated to the 520.7 cm™ ! Raman line of silicon. Thirty
location points inside the bone microstructure were measured for each
of the nine samples (15 points for resorbed areas, 15 points for
unresorbed areas) corresponding to a total of 270 location points. For
better reproducibility, one accumulation was used and five consecutive
spectra were acquired in each location corresponding to 1350 spectra
[22,23]. These five 45 s acquisitions were averaged at each location be-
tween 750 cm~ ! and 1750 cm™ !, Accordingly, Raman peak ratios are
usually used rather than peak intensities to detect differences in bone
tissue composition. Then two intensity ratios were automatically calcu-
lated from the smoothed spectra (sliding average over three points cor-
responding to a range of 2 cm™'). Three parameters were calculated
from the smoothed spectrum: i) mineral-to-matrix ratio describing
the mineral content compared to the collagen matrix was calculated
in two ways: [1] ;P04 (961 cm™"') / Amide I (1667 cm™ ') maximum
intensities ratio and v;PO4 (961 cm™!) / CH, wag (1453 cm™ ') maxi-
mum intensities ratio; ii) the carbonate-to-phosphate ratio, which is
the ratio between the CO5 (1075 cm™ ') and the v1PO,4 (961 cm™!), con-
veying the substitution rate; and iii) the crystallinity, which is the in-
verse of the full width at half-maximum of the v{PO4 peak (961
cm™ ). The crystallinity value increases when the size of the mineral

crystals increases [24] (Fig. 1¢). As v1PO4 and Amide I bands are orienta-
tion dependent [25] a large number of points was analysed to statistical-
ly compare resorbed and unresorbed osteons. The mean values of the
mineral/matrix ratios, carbonate substitution rate and crystallinity for
each sample are provided in Table 1.

2.5. Resorption analysis

After 72 h of osteoclast culture, osmotic lysis with water and sonica-
tion were used to remove cells. Then, the nine bone samples were
stained in a toluidine blue solution. Toluidine blue intensely colours
naked collagen fibres resulting from the resorption process. Resorbed
areas were localized using an upright microscope under tangential
light (Fig. 1c). The quantification of resorption was analysed using
white light interferometry (Wyko NT, Veeco). Topography acquisition
was performed before and after resorption in vertical scanning interfer-
ometry mode using Visio 32 software parameters: FOV 1 x, 5x magnifi-
cation, VSI optical speed 1x, backscan 20 pm, length 50 um and 2.5
modulations. For each sample, four acquisitions were performed to
cover 4 mm? in the centre of the sample surface (Fig. 1c). For each
point of the sample, the variation depth Az, corresponding to the height
before resorption minus the height after resorption, and the percentage
of the resorbed surface were calculated using a homemade Matlab
routine.

2.6. Scanning electron microscopy

Scanning electron microscopy (SEM) acquisitions were taken in the
backscattered electron mode to reflect the difference in mineralization
with a Quanta 250 FEG microscope (FEI, Hillsboro, Oregon, USA)
equipped with a GDA detector in environmental conditions. The micro-
scope was operated at a voltage of 30 kV and hydrostatic pressure of
0.9 Torr (120 Pa) in the chamber. A magnification of 50x and a very
slow scanning speed (30 ps per point) were used to obtain a contrasted
image of 2.54 mm by 2.54 mm. Each image was resized to keep only the
area of interest already analysed in the experiments of nanoindentation
and Raman spectroscopy.

2.7. Statistical analysis

In the present study, a Kruskal-Wallis test was performed to analyze
differences between the mechanical and mineral properties of values
obtained on the three bone donors. Because no significant difference
was observed between donors, resorption analysis was performed on
the mean values of all samples. Differences between the resorbed and
non-resorbed values were analysed using a Mann-Whitney test. A P-
value of 0.05 was considered to be statistically significant.
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b

Fig. 2. Comparison of the resorption profile between bovine plexiform cortical bone and human haversian bone. Human osteoclasts were cultivated for 72 h on samples of bovine cortical
bone (a) and human bone (b), in the presence of MCSF (macrophage colony-stimulated factor) and RANKL (receptor activator of NF-kB ligand). Cells removal and staining with toluidine
blue (staining of naked collagen fibres) allows - using tangential light - to visualize resorption lacunae created by osteoclasts. (a) Observation of resorbed bovine plexiform bone reveals
the random distribution of small lacunae called “pits” (arrow). (b) Resorption of human haversian cortical bone reveals the resorption of some osteons (white arrow) but not others (star).
Enlarged area corresponds to a zoom of arrow zone. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

3. Results
3.1. Resorption heterogeneity

In a first step, osteoclast resorption was studied in terms of localiza-
tion within the cortical bone microstructure. For that purpose, classical
identification of the resorption process was performed using toluidine
blue staining, which colours collagen fibres, specifically the naked
ones. To evaluate the impact of heterogeneity, we initially compared -
under the same conditions - resorption by human osteoclasts of bovine
plexiform cortical bone and human haversian cortical bone. 72 h after
seeding the osteoclasts - derived from human peripheral blood - onto
bovine cortical bone, in the presence of MCSF and RANKL, we observed
random homogeneous resorption lacunae - or “pits” - within the matrix
(Fig. 2a). By contrast, we found that resorption of human cortical bone

NO RESORPTION

by human osteoclasts was not homogeneous within the microstructure
(Fig. 2b).

To better characterize the resorption profile of human cortical bone
we first compare bone samples before and after resorption. Fig. 3a
shows a typical cortical bone stained with toluidine blue before osteo-
clast seeding. Pale homogeneous coloration was observed. After 72 h
of mature osteoclast culture, typical cortical bone surfaces from donor
1 (sample 1), donor 2 (sample 4), and donor 3 (sample 7) are shown
in Fig. 3b, ¢, and d, respectively. For all samples, toluidine blue staining
revealed a heterogeneous coloration within the microstructure. Osteo-
clasts resorbed some osteons (intense coloration and loss of matrix en-
hanced by tangential light; see the zoomed area in Fig. 3b, c and d,
arrow) but not others (star), resulting in a very clear resorption contour
corresponding to the cement line, while interstitial bone was not a pref-
erential target of the osteoclasts (see the enlarged area in Fig. 3).

RESORPTION

Control Bone-donor1

a

Bone-donor2 Bone-donor3

d

Fig. 3. Human osteoclasts resorb specific human cortical bone osteons. (a) Control: human cortical bone stained with toluidine blue observed using tangential light in the absence of
osteoclast culture. Staining is weak and homogeneous within the osteons. (b) (c) (d) After culture of human osteoclasts for 72 h on human cortical bone samples, osteoclasts resorbed
some osteons (arrow), but not neighbouring osteons (star). The same resorption profile was observed for all of the human bone donors: (b) donor 1 (c) donor 2 (d) donor 3 and for
all of the samples studied. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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Fig. 4. Human osteoclasts specifically resorb osteons that have a poor mineral content. Comparison of the same human cortical bone area with different approaches showed a correlation
between mineral content and localization and depth of resorption. (a) Interferometry measurements before and after resorption of the same bone area allow a representation after
treatment to be obtained with MATLAB software with a z variation (Az) before and after resorption (um). The red colour scale indicates the resorption areas, whereas the blue colour
scale indicates no resorption. (b) Toluidine blue staining of a sample after resorption, which colours collagen fibres, specifically the naked ones resulting from osteoclast activity. The
intense toluidine blue staining is localized to the resorbed areas, and loss of matter is underlined with tangential light. (c) Backscattered SEM imaging of each samples before
resorption reflected the degree of mineralization of each osteon. Mineralization differed from one osteon to another and from interstitial bone. The darkest osteons (arrow)
correspond to youngest osteons with the lowest mineralization level. Therefore, the least mineralized areas (arrow) correspond to the most resorbed osteon (arrow). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Resorption quantification

To assess the resorption depth, a comparison of the topographic sur-
face of each cortical bone sample before and after resorption was per-
formed. Comparison of the same zone before and after resorption
permitted to assess the loss of material (Az in um) at the osteon level.
Quantitatively, the resorption depth was expressed as Az (z before - z
after resorption) in pm for each point of the same sample. A typical
image of the resorption depth is shown in Fig. 4a. This topographic anal-
ysis confirmed a heterogeneous resorption process within the
microstructure.

In a quantitative point of view, this comparison allowed to deter-
mine the values of the resorption depth as well as the fraction of the re-
sorbed surface for each sample (Table 2). The mean values of the
resorption depth and fraction of the resorbed surface obtained on all
samples were 2.41 um and 12.7%, respectively.

The resorption depth, obtained by interferometry, was compared
with toluidine blue staining of the same area (Fig. 4b). The greater
values of depth of resorption (Az) correspond to more intense toluidine
blue coloration after resorption. Then, toluidine blue staining image of
all samples allows resorbed osteons and unresorbed osteons to be sep-
arated. In the same way, Fig. 4c shows the distribution of the mineral
content obtained using SEM backscatter imaging. Because the darkest
SEM grey level corresponds to the lowest mineral content, resorbed
osteons were associated with a lower mineral content usually linked

Table 2

Topographic analysis of the human cortical bone resorption profile. Each cortical bone
sample was analysed by interferometry before and after resorption. Comparison of the to-
pographic data allowed the quantification of resorbed areas delta z (um) and resorbed sur-
face percentage.

Sample Mean value of resorbed Resorbed surface
osteons deltaZ percentage
(m)

1 2.63 134

2 1.77 124

3 3.38 111

4 2.90 13.6

5 2.47 13.0

6 2.06 123

7 2.19 11.7

8 1.78 143

9 2.59 1222

Mean values 241 + 0.52 12.7 + 0.99

with the mechanical properties [26]. As a result, the mechanical and
mineral contents play a significant role in osteoclast resorption. Howev-
er, a decrease in the mineral content does not necessarily involve a
modification of the mineral quality.

3.3. Mechanical and mineral quality properties

We compared the mechanical and mineral properties of resorbed
versus unresorbed osteons and aimed to define a specific signature of
the areas targeted by osteoclasts. The mechanical values measured be-
fore resorption using the nanoindentation technique are given in
Table 3 for both types of osteon. The mean values of Young's modulus
(E) and hardness (H) for future resorbed osteons were significantly
lower (E = 19.7 GPa and H = 0.68 GPa, respectively) compared to fu-
ture unresorbed osteons (E = 22.9 GPa and H = 0.80 GPa, respectively).

Then, the mineral characteristics of resorbed and unresorbed
osteons were measured using Raman spectroscopy. The usual parame-
ters analysed in bone Raman spectroscopy, such as the mineral-to-ma-
trix ratios, carbonate-to-phosphate ratio and crystallinity for both types
of osteons, were measured and are shown in Table 4. The mineral to ma-
trix ratios and the crystallinity for resorbed osteons were significantly
lower than for unresorbed osteons (resorbed osteons, respectively,
16.2 and 0.0596 vs unresorbed osteons 17.6 and 0.0614). The carbonate
substitution rate of resorbed osteons was significantly higher than that
of unresorbed osteons (resorbed osteons 0.172 vs unresorbed osteons
0.163). Therefore, osteoclasts preferentially target the lowest mineral
content areas with specific mineral characteristics, such as small crystals
with a lower crystal quality and a higher carbonate substitution rate.

4. Discussion

The goal of our study was to better understand the links between
the mechanical properties of the human cortical bone surface and
human osteoclast mediated resorption. To date, the vast majority of
in vitro studies on osteoclast mediated bone degradation have been
performed using cortical bovine bone, dentin or biomaterials, which
provide relatively homogeneous surfaces [27-29]. In contrast, the
human haversian cortical bone microstructure is composed of osteonal
units [30] derived from the remodeling process, implying osteoclast
activity. The elastic modulus and mineral content were shown to be al-
most constant inside the same osteon, but variable across osteons |16,
31 and 32]. The hardest tissues inside the microstructure are interstitial
tissues that are mainly composed of the remains of aging osteons [33].
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Table 3

Human osteoclasts resorb target areas with the lowest mechanical properties. Values of
nanoindentation measurements obtained before resorption were superimposed on the to-
luidine blue resorption image obtained after resorption. Thus, each measurement was de-
termined as a future resorbed area or unresorbed area. Osteoclasts preferentially resorbed
areas with the lowest Young's modulus and hardness values. Statistics: (Mann-Whitney U
test).

Nanoindentation Resorbed osteons ~ Unresorbed osteons P value
Young's modulus (GPa) 19.7 £+ 0.7 229 +13 949 - 107°
Hardness (GPa) 0.68 + 0.05 0.8 4+ 0.07 945 - 107>

We raised the question of whether osteoclasts could sense their envi-
ronment, such as the heterogeneous microstructure, and preferentially
resorb bone surfaces with characteristic mechanical and mineral
properties.

Several studies have shown that in vitro osteoclast-mediated bone
degradation implies that there are very dynamic cell behaviours linked
to the actin dynamic [34]. Indeed, osteoclasts adhere to the extracellular
matrix through integrins that are associated with a dense network of
actin and proteins that form podosomes [35]. On mineralized surfaces,
they form a sealing zone that is composed of an interlinked network
of podosomes, which delimits the degradation lacuna into which osteo-
clasts secrete acid and proteolytic enzymes [36]. Labernardie et al.
showed that podosomes from macrophages exert pushing forces on
their substrates [37] and that they possess mechanosensing properties,
i.e.,, the capacity to sense substrate rigidity. Moreover, B. Geiger's group
provided evidence that sealing zones can sense the heterogeneity of ad-
hesion surfaces [38,39]. Through these actin dynamic structures, osteo-
clasts are mechanosensitive cells that are able to sense substrate
rigidity. In this study, we studied, in detail, human monocyte-derived
osteoclast activity on human haversian cortical bone, as a function of
its structural, mechanical and chemical heterogeneities. We provide ev-
idence that human cortical bone resorption, in contrast to bovine corti-
cal bone, dentin or synthetic biomaterials, is not a random process.
Indeed, we observed that the osteoclasts that are seeded homogeneous-
ly on the surface of human cortical bone resorbed preferentially within
osteons, whereas interstitial bone was untouched. Human cortical bone
sample topographic analysis defined a mean value of the resorption
depth of 2.4 um in our culture conditions. To our knowledge, no other
study has analysed the depth of human osteoclast resorption on
human bone in vitro. However, the order of values measured is consis-
tent with the data found in the literature [10,40], even if the in vitro cul-
ture conditions were variable. For instance, in 2006, Varghese et al.
reported a pit depth of 1.42 um for mouse osteoclasts that were cultured
for 48 h on dentin [29].

Moreover, heterogeneity also exists within osteons because osteons
targeted by human osteoclasts had the weakest mechanical properties
in terms of the Young's modulus/hardness. The average Young's modu-
lus and hardness values before resorption for the resorbed areas were
19.7 GPa and 0.68 GPa, respectively, compared to the unresorbed
areas, with 22.9 GPa and 0.80 GPa. These results indicate that osteoclasts
can sense bone surface mechanical heterogeneity to degrade it. In a

Table 4

previous study, we showed that on homogeneous surfaces, such as
glass; synthetic mineralized surfaces; dentin; or cortical bone, murine
osteoclasts alternate between migration phases with a loose actin net-
work and resorption phases with the formation of an actin containing
sealing zone [35,41,and 42]. We can now determine that on heteroge-
neous human cortical bone surfaces, osteoclasts resorb specific areas,
mostly within osteons. Then, osteons are completely resorbed along
the main axis of the haversian structure. This indicates that once located
within osteons, osteoclasts are constrained within a physical barrier.
This is in agreement with the results published by Anderegg et al.,
showing that the sealing zone organization and dynamics of murine os-
teoclasts seeded on micro-patterned glass substrates strictly depend on
the continuity of substrate adhesiveness [43].

Furthermore, our study provides evidence that osteons targeted by
osteoclasts had a lower mineralization content compared to unresorbed
osteons and interstitial bone. This result is in agreement with the weak
mechanical properties of these areas because a positive correlation ex-
ists between the mineral content and mechanical properties [26]. Dif-
ferent studies have described the effect of mineral density on
osteoclast activity [11,44]. The only study that used a human cortical
bone substrate concluded that chick osteoclasts resorbed homogeneous
density mineral areas in 60% of the cases. In addition Jones et al. showed
that for elephant teeth, the rate of resorption was inversely proportional
to the mineral density [44], whereas Taylor et al. showed the same rela-
tionship for the rate of rabbit osteoclast activity on biomaterials [45].

In this study, we highlighted that osteons targeted by osteoclasts are
characterized by smaller hydroxyapatite crystals and a higher carbonate
substitution rate compared to non-resorbed areas in human cortical
bone. In bone tissue engineering, the interaction of osteoclasts with bio-
materials with different compositions, crystallinities, grain sizes and
surface bioactivities in regard to the degradation activity has been in-
vestigated [9]. The resorbability of different bone substitutes by
human osteoclasts is not equivalent [46]. Indeed, the composition of
synthetic material is a major parameter that inhibits or enhances osteo-
clast-mediated resorption. In particular, the crystallinity, grain size [47,
48] and roughness affect osteoclast activity [38]. Concerning the rate of
carbonate substitution, it is known that substitutions within the hy-
droxyapatite crystals, such as carbonate, provokes a stoichiometric var-
iation, resulting in a loss of mineral quality [49]. Another study on
ceramics reported that the resorption increased with the carbonate sub-
stitution content [50]. Therefore, our results emphasize the impact of
the heterogeneity of the human bone microstructure in terms of the
mechanical and mineral properties on osteoclast activity. In the same
way, Dong et al. [51] observed that the bone resorption activities of os-
teoclasts were positively correlated with the in situ concentration of ad-
vanced glycation end products (AGEs). Then, it will be interesting to
analyze AGEs accumulation in future work.

Our results showed clearly a strong impact of microstructure, osteo-
clasts resorbing preferentially osteons with mechanically softer proper-
ties. This result raises the question; how older tissues are resorbed in
vivo? Actually, in vivo bone remodeling process aims to maintain bone
mechanical properties and mineral homeostasis. It seems that two

Osteoclasts preferentially resorbed areas that had the lowest mineral content, contained small crystals, and whose maturation was the most advanced. The bone mineral characteristics
were obtained with RAMAN microspectroscopy. The mineral/matrix ratios reflect the rates of mineralization, crystallinity reflects the size of the crystal, and the rate of carbonate substi-
tution reflects the mineral maturation. Each value corresponds to a mean value of 9 samples, with 15 measurements per sample. Osteoclasts preferentially resorbed areas with the lowest
levels of mineralization, the smallest crystals and areas with the highest rates of carbonate substitution. Statistics: (Mann-Whitney U test).

Raman spectroscopy Resorbed osteons Unresorbed osteons Pvalue
Mineral to matrix ratios

11P04 (961 cm™') / Amide I (1667 cm™ ') 162 £ 14 17.6 + 0.8 0.010
P04 (961 cm ™) / CH, (1450 cm ™~ ) 139 £1.2 15.7 + 0.8 0.004
Crystallinity

the inverse of the full width at half maximum of the v;PO, peak (961 cm ') 0.0596 + 0.001 0.0614 + 0.005 194 -10°°
Carbonate substitution rate

CO; (1075 cm™ 1) / v1PO4 (961 cm™ 1) 0.172 £ 0.005 0.163 £ 0.004 0.004
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kinds of bone remodeling exist: one that is “stochastic” and a second
that is targeted to areas that require repair such as microcracks created
by repetitive cycles of mechanical loading [52-55]. Microcracks accu-
mulation is more important in older tissue as it increased with the num-
ber of cycles. Targeted remodeling process is based on a strong
association between microdamage and osteocyte apoptosis, which is
an important factor in initiating new remodeling sites [56]. Because,
no mechanical stimulation was applied on bone sample during osteo-
clast culture and osteocytes were dead, fatigue microcrack accumula-
tion removal cannot be observed in our experiments. In this context,
osteoclast resorption measured in the present study corresponds to
“stochastic” remodeling which serves functions other than
microdamage removal such as metabolic function. Moreover, results
obtained in this study suggest that “stochastic” remodeling does not op-
erate truly in a random manner.

The results obtained in the present in vitro study present similarities
with recent results obtained on bone pathologies, such as osteogenesis
imperfecta. In fact, this bone pathology is characterized by large resorp-
tion cavities, leading to a weak fracture resistance [57]. These large cav-
ities were also associated with local altered mechanical properties and
the crystal quality compared to the bones of healthy children [58]. In
particular, osteogenesis imperfecta bones are composed of small crys-
tals, which in regard to our study, were associated with an increase in
bone resorption. Furthermore, Gourion-Arsiquaud et al. [59] have
shown a reduction of the heterogeneity of mineral-to-matrix and car-
bonate-to-phosphate ratios and more variable crystallinity in fracture
cases compared with fracture-free controls. It will be interesting to com-
pare osteoclast activity between these two groups. The crystal quality
and mechanical properties at the local scale are then key parameters
for osteoclast behaviour, for both in vitro and clinical studies.

This study demonstrates that the substrate microstructure influ-
ences osteoclast activity. The resorption profile on the human haversian
cortical bone microstructure revealed a correlation between the re-
sorbed areas and the mechanical and mineral properties. The resorbed
areas matched clearly with the osteon geometry. Osteons targeted by
osteoclasts are weaker in terms of their mechanical properties (Young's
modulus and Hardness) and mineral quantity and quality (a small crys-
tallinity value and high carbonate substitution rate) than non-resorba-
ble areas. Future in vitro resorption studies must take into account the
influence of substrate properties on the osteoclast activity. It would
also be interesting to study the direct impact of variations in the bone
properties in bone diseases or tissue engineering [60] on osteoclast
activity.
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