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ABSTRACT

The fibrocartilaginous tendon enthesis, i.e. the site where a tendon is attached to bone through a fibrocartila-
ginous tissue, is considered as a functionally graded interface. However, at local scale, a very limited number of
studies have characterized micromechanical properties of this transitional tissue. The first goal of this work was
to characterize the micromechanical properties of the mineralized part of the healthy Achilles tendon enthesis
(ATE) through microindentation testing and to assess the degree of mineralization and of carbonation of mineral
crystals by Raman spectroscopy. Since little is known about enthesis biological plasticity, our second objective
was to examine the effects of unloading and reloading, using a mouse hindlimb-unloading model, on both the
micromechanical properties and the mineral phase of the ATE. Elastic modulus, hardness, degree of minerali-
zation, and degree of carbonation were assessed after 14 days of hindlimb suspension and again after a subse-
quent 6 days of reloading. The elastic modulus gradually increased along the mineralized part of the ATE from
the tidemark to the subchondral bone, with the same trend being found for hardness. Whereas the degree of
carbonation did not differ according to zone of measurement, the degree of mineralization increased by >70 %
from tidemark to subchondral bone. Thus, the gradient in micromechanical properties is in part explained by a
mineralization gradient. A 14-day unloading period did not appear to affect the gradient of micromechanical
properties of the ATE, nor the degree of mineralization or carbonation. However, contrary to a short period of
unloading, early return to normal mechanical load reduced the micromechanical properties gradient, regardless
of carbonate-to-phosphate ratios, likely due to the more homogeneous degree of mineralization. These findings
provide valuable data not only for tissue bioengineering, but also for musculoskeletal clinical studies and
microgravity studies focusing on long-term space travel by astronauts.

1. Introduction

junction and the osteotendinous junction (Curzi, 2016; Roffino et al.,
2021). The latter, also called enthesis, is responsible for force trans-

The musculoskeletal system provides our body with movement. mission between two tissues with differing mechanical properties: the
Tendons play a major role in bone segment mobility, transmitting tendon (soft tissue) and the bone (hard tissue). When tendons insert into
muscle force to the bone through two interfaces: the myotendinous the long bone epiphysis, as with the Achilles tendon, the entheses are

Abbreviations: ATE, Achilles tendon enthesis; CFc, calcified fibrocartilage; CTL, control; HU, hindlimb unloaded; HUR, hindlimb unloaded and reloaded.
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fibrocartilaginous; i.e. approaching the bone, the tendon progressively
differentiates into a fibrocartilaginous tissue whose distal part adjacent
to the bone is calcified.

The gradual transition from tendon fibrous tissue to enthesis fibro-
cartilage has been described at different scales. First, the molecular
composition of the different collagens and proteoglycans varies from the
tendon to the subchondral interface. The fibrous zone of the enthesis is
rich in collagen I and III and small leucin-rich proteoglycans (SLRPs)
(Roffino et al., 2021). These molecules were also described in the un-
calcified entheseal fibrocartilage (Roffino et al., 2021; Thomopoulos
et al., 2003; Waghray et al., 2015; Waggett et al., 1998). However, the
latter is additionally composed of type II collagen and aggrecan, two
macromolecules typical of fibrocartilaginous tissue (Camy et al., 2022;
Friese et al., 2020; Moriggl et al., 2003). These molecules are also pre-
sent in the calcified part of the entheseal fibrocartilage (CFc), where the
extracellular matrix specifically expresses collagen X (Cury et al., 2016;
Shaw and Benjamin, 2007; Thomopoulos et al., 2003) and has a mineral
phase. Using Raman spectroscopy, the mineral's smooth transition be-
tween fibrocartilage and bone was demonstrated (Wopenka et al., 2008;
Genin et al., 2009) by a reported gradation in the mineral-to-collagen
ratio from tendon to bone in the functional supraspinatus tendon
enthesis. In addition to the molecular composition of the enthesis, a
gradient exists in the organization and the distribution of the tissue
components. As the collagen fibers approach the bone, there is a pro-
gressive decrease both in their cross-sectional area (Sartori and Stark,
2020) and in their degree of alignment along the tendon-to-bone
insertion (Genin et al., 2009; Sartori and Stark, 2020), modifying their
organization relative to the tendon fibers (Thomopoulos et al., 2003).
Moreover, the distribution of mineral crystals is documented as depen-
dent on their position relative to the ossification front (tidemark), unlike
bioapatite crystal size. While the gradient starts with the minerals pre-
dominantly located outside the collagen fibrils near the tidemark, they
appear intrafibrillar and extrafibrillar at the end of the gradient close to
the bone (Deymier et al., 2019). Finally, from a cellular point of view,
changes in the shape and size of the cells along the longitudinal axis of
the enthesis were described, strongly suggesting a gradual cell pheno-
type (Thomopoulos et al., 2003; Zhang et al., 2022). The fibroblasts of
the fibrous zone are gradually replaced by fibrochondrocytes aligned
with the direction of principal force (Roffino et al., 2021; Tits et al.,
2021; Zhang et al., 2022) and gradually increase in size from the tendon
to the osteochondral interface (Zhang et al., 2022). Round in shape in
the unmineralized fibrocartilage, the fibrocartilage cells are more
elongated in the CFc and embedded in the mineralized matrix (Kumagai
et al., 1994; Ralphs et al., 1992).

These compositional, cellular, and organizational gradients along the
longitudinal axis of the enthesis led some authors to consider fibro-
cartilaginous entheses as a functionally graded interface (Schwartz
et al., 2012; Smith et al., 2012) protecting the structure from risk of
failure during force transmission (Liu et al., 2011; Shaw and Benjamin,
2007; Zelzer et al., 2014) by locally mitigating stress concentrations
(Bunker et al., 2014; Smith et al., 2012). This concept of a functional
gradient assumes that the biological gradients lead to gradual mechan-
ical properties transition between soft tendon and hard bone. While this
mechanical gradient was predicted by mathematical models concerning
the attachment of tendon to bone (Genin et al., 2009; Thomopoulos
et al., 2003), a recent experimental study did not reveal any gradient in
the local micromechanical properties of the Achilles tendon enthesis in
rats (Tits et al., 2023). This unexpected experimental result calls for
further investigation, in view of the challenge of developing novel bio-
mimetic therapeutic strategies for enthesis regeneration.

The first goal of our work was thus to characterize, through micro-
indentation testing, the micromechanical properties along the longitu-
dinal axis of the mineralized part of the healthy Achilles tendon enthesis
(ATE) in mice. As some authors hypothesized an uneven distribution of
the mechanical stresses applied to the ATE, with force transmission
actually occurring in the superficial part of the enthesis (Benjamin and
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McGonagle, 2001), we also examined the micromechanical properties
along the anteroposterior axis. Because the local mechanical properties
of the enthesis are dependent on the mineral phase of the extracellular
matrix (Deymier et al., 2017; Golman et al., 2021), we investigated the
degree of mineralization and of carbonation of mineral crystals by
Raman spectroscopy as a source of possible variations in micro-
mechanical properties.

Previous studies described an enthesis tissue remodeling in response
to chronic variations in mechanical load (Roffino et al., 2021; Kannus
et al., 1996; Jarvinen et al., 1999; Deymier et al., 2019; Abraham et al.,
n.d.; Mutsuzaki et al., 2015; Deymier et al., 2020; Frizziero et al., 2011;
Camy et al., 2022). Thus, a second objective of our study was to examine
the effects of an altered mechanical environment on both the micro-
mechanical properties and the mineral phase of the Achilles tendon
enthesis. We chose to unload the mouse ATE using a hindlimb-unloading
model, commonly used to simulate weightlessness (Morey-Holton and
Globus, 1998). Mice were hindlimb-suspended for two weeks. The same
parameters were assessed on mice reloaded for 6 days following the
unloading period to study the effects of the return to normal mechanical
stress.

2. Materials and methods
2.1. Animals and experimental procedure

Thirty 12-week-old male C57BLACK6J mice (24.84 g + 1.26) were
used for this study, approved by the Committee on the Ethics of Animal
Experiments of Languedoc Roussillon in accordance with the guidelines
from the French National Research Council for the Care and Use of
Laboratory Animals (APAFIS#28764-2020122115407491). Mice were
housed in single cages in temperature-controlled rooms (22 °C) under a
12 h light-dark cycle and were fed a standard diet ad libitum. Maximum
care was taken to minimize animal discomfort and suffering.

Ten mice moved freely in their cages throughout the experiment,
constituting the Control (CTL) condition. Twenty other mice were
hindlimb-unloaded through tail suspension for 14 days to simulate
weightlessness according to the Morey-Holton and Globus (1998) pro-
cedure previously described (Amblard et al., 2003; Camy et al., 2022).
Following suspension, ten mice were euthanized; this constitutes the
Hindlimb Unloaded (HU) condition. For the remaining ten mice,
ambulation recovery was allowed for six days before euthanization; this
constitutes the Hindlimb Unloaded and Reloaded (HUR) condition. The
following experiments were performed on the right hindlimb of each
animal.

2.2. Microindentation testing

2.2.1. Block preparation

Six ankles per condition (CTL, HU, HUR), including the tibio-talus
and the talo-calcaneal joints, were dissected and prepared for resin
embedding as previously described (Camy et al., 2022; Roseren et al.,
2022). The samples were fixed in 4 % paraformaldehyde (Merk Milli-
pore) in 0.01 M pH 7.4 phosphate buffer saline (Sigma-Aldrich) for 1
week before being dehydrated in progressively increasing concentra-
tions of ethanol, remaining in each for 48 h. The samples were then
soaked in methylcyclohexane (VWR international) for 2 days. Finally,
the ankles were embedded in methylmetacrylate (VWR international).
The resin blocks were polymerized at 28 °C.

The specimens were cut sagittally up to the median part of the
enthesis with a microtome (Leica RM 2265, Wetzlar, Germany) using a
D-profile tungsten-carbide knife. The blocks were polished with an ESC-
200-GTL polishing machine (ESCIL, Chassieu, France) to provide a
uniform surface and to remove any residual resin on the sample. They
were first polished with carbide paper (PFA G2500, ESCIL, Chassieu,
France) for 1 min, followed by thinner polishing with satin polishing
discs (MAGNET, ESCIL, Chassieu, France) coupled with 6 pm, 3 pm, 1
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pm and 0.25 pm polycrystalline diamond slurries (ECN poly, ESCIL,
Chassieu, France) respectively for 3 min each. Between diamond slur-
ries, the blocks were cleaned in an ultrasonic distilled water bath to
remove any residuals.

2.2.2. Microindentation procedure

Microindentation testing was performed on the CFc with an NHT?
device (Anton Paar, Graz, Austria) equipped with a diamond Berkovitch-
type indenter, base length 120 nm (Elastic modulus: 1141 GPa; Poisson's
ratio: 0.07). The CFc was divided into four zones in the proximo-distal
axis from the tidemark to the CFc-bone interface, with one zone added
on the subchondral bone near the interface, using an average of five
indents per zone (Fig. 1A). The CFc was also divided into two regions
according to the antero-posterior axis: a deep region, D (anterior region
of the enthesis) and a superficial region, S (posterior region of the
enthesis) (Fig. 1A). In the HUR enthesis, a neomineralization area had
formed in response to reloading in the superficial part of the enthesis
(Camy et al., 2022), so an extra zone 0 was added to these samples for
the analysis. The indents were performed along the collagen fibers
located between the rows of fibrochondrocytes, avoiding microporosity
caused by the cells. In order to determine (pre-indentation) and to verify
(post-indentation) the location of the indents, 5-um thick histological
sections were collected before polishing and after microindentation
testing. Sections were stained with toluidine blue and Von Kossa
following the procedure previously described (Camy et al., 2022)
(Fig. 2).

The microindentation experiment was performed based on a trape-
zoidal load profile. The experiment comprised a loading phase to reach
25 mN at 50 mN/min, a 30-s holding phase at 25 mN, and an unloading
phase to return to 0 N at 50 mN/min. The experiments were performed
at a controlled temperature of 22 °C. The average penetration depth of
an indent being around 1.6 pm, a 20 pm distance was left between in-
dents. Moreover, we inspected post-indentation surfaces of one random
sample using scanning electron microscopy to ensure the absence of
microcracks due to sample preparation.

Elastic modulus Eg and hardness H were calculated according to the

A Microindentation map

Anterior CFc-Bone
/ interface

4

Posterior
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Oliver and Pharr method (Oliver and Pharr, 1992). Elastic modulus Eg
was calculated according to the following equation:

2
p o (1-9) o

)

vs is the Poisson's ratio of the material fixed at 0.3, this value being
applied to indentation testing both on bone (Turner and Burr, 2001) and
on fibrocartilage (Hu et al., 2001). E; and v; respectively represent the
elastic modulus and Poisson's ratio of the indenter and E; is the reduced
modulus calculated according to equation:

N
Erfz\/_;

with S representing the unloading stiffness and A. representing the
contact area between the indenter and the sample. Finally, hardness was
calculated according to the equation:

(2)

Pmax
A,

H=

3)

with Pp,x the maximum load.

Prior to testing, the indentation protocol was tested on a silica block
of known elastic modulus (72 GPa) and Poisson's ratio (0.17) in order to
calibrate the device. In addition, the elastic modulus and hardness of the
embedding resin were characterized. Any sample values too similar to
those of the resin (Es = 3.963 (& 0.127) GPa; H = 0.171 (£+0.011) GPa)
were excluded from the analysis.

2.3. Raman spectroscopy

Four ankles per condition (CTL, HU, HUR) were dissected according
to the same protocol as for the indentation study. Samples were
embedded in tissue-freezing medium (Leica) and cryofixed at —80 °C for
slow freezing. Fourteen-pm-thick sections of undecalcified samples were

B Raman map

CFc-Bone

/ interface

Bone

Anz‘er/o

Posterior

Proximal 2 Q

> Distal

Fig. 1. Mapping of the experiments. A: Indentation map. The enthesis was divided into five zones from the tidemark to the subchondral bone in the proximo-distal
axis (orange) and the CFc was divided into two regions, deep (D) and superficial (S), in the antero-posterior axis (green). B: Raman map. Two lines of spectra were
acquired: one in the deep (D) and one in the superficial (S) regions of the enthesis by following collagen fibers (green line). These two lines were divided into 4 or 5
zones, including one in the subchondral bone for the D and the S regions, respectively. For each experiment, a zone Z0 on the superficial part of the CFc was added for
the HUR samples (purple area), corresponding to the newly-mineralized zone we previously observed in response to reloading (Camy et al., 2022).
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Fig. 2. An example of histological sections of enthesis used for the mapping. A: Toluidine blue staining, highlighting the CFc-bone interface (yellow dashed line). B:

Von Kossa staining, highlighting the mineralization front (yellow dashed line).

obtained using a cryostat (Leica© CM3050S, Wetzlar, Germany) and
placed onto Superfrost Plus slides.

Prior to Raman spectroscopy, the sections were defrosted and rehy-
drated in distilled water to remove the embedding medium. To deter-
mine the location of the enthesis, the mineralization front and the CFc-
bone interface were visualized with a polarized light microscope (Nikon
Eclipse LV1000 N POL, Tokyo, Japan) before the experiment. Raman
spectra were acquired using a Raman spectrometer (Horiba LabRam HR,
Kyoto, Japan) in reflection mode equipped with a 100x air objective
(Olympus MPlan, NA 0.9), a Peltier-cooled CCD camera, and a laser
excitation wavelength of 632.8 nm. The power delivered to the sample

was about 1 mW. The spectrometer was calibrated using an Si standard
prior to every experiment. A 600 lines/mm grating was used, giving
access to a spectral window ranging from 600 to 1800 cm™'. For each
point, a 30-s acquisition time with 10 repetitions was chosen. The po-
tential effects of polarized Raman spectroscopy highlighted by Kazanci
et al. (2006) on human cortical lamellar bone were investigated in our
region of interest. We determined the amide I/amide III ratios for each
zone in each experimental condition, and statistical analysis showed no
significant effect of polarization due to the large probed volume assessed
(data not shown).

Each spectrum was processed using home-written MATLAB code.

18 T T T T T
3.
sk . v4PO, )l
960 cm™!
14 .
12 .
s10f v(C-C) 1
< 1003 cm-!
P o
[72]
-
[5)
£ i

2 I I I

600 800 1000 1200 1400 1600 1800
Wavenumber (cm'1)

Fig. 3. Raman spectra acquisition. Ratios take into account peaks of phosphate (blue rectangle), phenylalanine (red rectangle), and carbonate (green rectangle).
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First, a fifth-order polynomial was fitted with an asymmetric truncated
quadratic cost function to remove the background over the whole
spectral range (Mazet et al., 2005). Three peaks were selected for further
investigation (Fig. 3): the »1PO3~ peak at 960 cm ' for phosphate
apatite, the ¥(C—C) phenylalanine peak at 1003 cm ™! for collagen, and
the v1CO§’ peak at 1070 cm~! for carbonate apatite (Das Gupta et al.,
2020; Mandair and Morris, 2015). From the maximum peak intensities,
two intensity ratios were determined: the mineral-to-matrix ratio, that
between the phosphate peak and the phenylalanine peak, and the
carbonate-to-phosphate ratio, which indicates the proportion of
carbonate-substituted phosphate apatites (Crawford-Manning et al.,
2021; Deymier et al., 2020; Schwartz et al., 2013; Mandair and Morris,
2015).

Similar to the microindentation experiment, the D and S regions of
the CFc were investigated (Fig. 1B). In each of these areas, Raman
spectra were acquired at several points uniformly distributed between
the tidemark and the subchondral bone, taking care to respect the
orientation of collagen fibers. In this way, zones 1 to 5 were determined
along the proximo-distal axis (Fig. 1B). In addition, a zone 0 was added
at the superficial line of the HUR samples, to investigate the newly-
formed mineralized fibrocartilage. For each condition (CTL, HU,
HUR), spectra were collected on two sections per sample. Due to loss of
one sample during the sectioning process, only three out of four CTL
samples were tested.

2.4. Statistical analysis

First, a 2-way mixed ANOVA was performed using RStudio software
to assess the effects of condition (CTL, HU, HUR) and zone (0 to 5) on
elastic modulus, hardness, mineral-to-matrix ratio, and carbonate-to-
phosphate ratio. Another 2-way mixed ANOVA was performed to
assess the effects of condition and region (D and S) on the same data, but
only on the CFc. Before each test, the normality of data, the homogeneity
of variances, and the sphericity of intra-individual covariances were
verified. When there was significant interaction between two variables
or to investigate the main effect, pairwise t-tests with Bonferroni
correction were performed post-hoc to compare the data pairwise, with
significance level set at p = 0.05.

Bone Reports 20 (2024) 101734

3. Results
3.1. Micromechanical properties of the Achilles tendon enthesis

3.1.1. Micromechanical properties along the longitudinal axis of the
enthesis

Two-way mixed ANOVA models were used to compare elastic moduli
and hardness in the different conditions (CTL, HU, HUR) according to
the zone where the indents were performed. On elastic modulus, sta-
tistical analysis showed a significant effect of zone (p < 0.0001), no
effect of condition, and an interaction between the two factors (p =
0.026). In the CTL samples (Fig. 4A), the elastic modulus increased from
6.97 GPa (+ 1.03) to 12.88 GPa (£1.70) from the tidemark (Z1) up to
the subchondral bone (Z5). In the CFc, the elastic moduli of zones 1, 2,
and 3 were significantly lower than that at the CFc-bone interface (Z4)
(p = 0.0008 for Z1, p = 0.008 for Z2, and p = 0.002 for Z3). They were
also lower than the elastic modulus in the subchondral bone (Z5) (p =
0.015 for Z1, p = 0.043 for Z2, and p = 0.034 for Z3). The HU samples
(Fig. 4B) showed similar behavior to the CTL samples, with a gradual
increase in elastic modulus from the tidemark (6.96 GPa + 1.12) to the
bone (13.25 GPa + 1.22). Both the Z1 and Z2 elastic moduli were
significantly lower than the Z4 and Z5 elastic moduli (p = 0.0006 and p
< 0.0001 for Z1 and p = 0.001, and p = 0.0008 for Z2). In the HUR
samples (Fig. 4C) with an additional zone Z0 indented (Fig. 1), no sig-
nificant difference was found between the different CFc zones. We only
observed a significant difference in elastic modulus between the sub-
chondral bone (Z5) and all CFc zones (0, 1, 2, 3, and 4), with the elastic
moduli of all CFc zones significantly lower than that of the bone (p =
0.017 for Z0, p = 0.008 for Z1, p = 0.014 for Z2, p = 0.003 for Z3, and p
= 0.013 for Z4). Finally, we found that the HUR samples had a signifi-
cantly lower elastic modulus than the CTL samples at the CFc-bone
interface (Z4) (p = 0.013).

Based on the two-way mixed ANOVA model, hardness appeared to be
significantly dependant on the zone (p < 0.0001) but not on the con-
dition. In addition, there was an interaction between zone and condition
(p = 0.035). The hardness of the CTL samples (Fig. 4D) increased by 60
% from Z1 (0.290 GPa + 0.05) to Z5 (0.465 GPa + 0.11), not statistically
significant due to the large dispersion of the data. However, within the
CFc, the hardness values of Z1 and Z3 were significantly lower than
those of Z4 (p = 0.022 for Z1 and p = 0.015 for Z3). No significant

) :
A 5 B C 5
s 15, t — 15 2= 15 !
& Am : & { & ] ™ = E N
Sul a4 Bmlo4, o
s m An } 54 |Am «{ Zu
B8 o } _§ g e a 8 {»____% {
£ e £ 4 £ 3
o — i 1=
g 7 { CTL 2 7 } HU z 7 HUR
© [} @©
o S o o o S
Z1 22 Z3 Z4 25 Z1 22 23 4 25 20 Z1 22 Z3 4 Z5
<« ™ Zone B— <« ™ Zone B—> <« ™ Zone B—
0,6 0,6 » 0,6 1 o
© = [ — i —
G o0 A & oo L } § o %
2 04 A % 2 o4 | A % 2 04 } }
¢ g s g SR S = =
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Fig. 4. Elastic modulus (A, B, C) and Hardness (D, E, F) according to ATE zone in CTL (A, D), HU (B, E) and HUR (C, F) conditions. Z1, Z2, Z3, and Z4 are the CFc
zones, with Z1 and Z4 respectively the most proximal and the most distal to the tidemark. Z5 is the subchondral bone zone. TM: Tidemark. B: Bone. Blue triangle a:
significantly different from Z4 (p < 0.05). Orange square Wl: significantly different from Z5 (p < 0.05). *: significant difference between conditions (p < 0.05).
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difference was observed between the CFc zones (1-4, and) and the
subchondral bone (Z5). The HU samples (Fig. 4E) exhibited the same
behavior as the CTL samples, with hardness increasing in the same way
from Z1 (0.268 GPa + 0.06) to Z5 (0.489 GPa =+ 0.07). Inside the CFc,
the hardness near the tidemark (Z1) was significantly lower than the
hardness near the CFc-bone interface (Z4) (p = 0.002). The subchondral
bone (Z5) was also significantly harder than zones 1, 2, and 4 of the CFc
(p < 0.0001 for Z1, p = 0.015 for Z2, and p = 0.026 for Z4). For the HUR
samples (Fig. 4F), no significant difference in hardness was found be-
tween the different zones of the CFc, including Z0. Only the subchondral
bone (Z5) was significantly harder than zones 1, 3, and 4 (p = 0.006 for
Z1,p =0.003 for 23, and p = 0.016 for Z4). Finally, no zone showed any
significant difference in hardness according to condition.

3.1.2. Micromechanical properties along the antero-posterior axis of the
enthesis

A second set of two-way mixed ANOVA was used to compare elastic
moduli and hardness in the different conditions (CTL, HU, HUR) ac-
cording to CFc region. Contrary to zone, we did not find statistically
significant interactions between region and condition, despite a signif-
icant effect of region (p = 0.012). The latter showed that, regardless of
condition and zone, elastic modulus values were higher in the deep re-
gion of the CFc than in the superficial region. To investigate whether this
effect prevailed in each condition, we compared the elastic moduli of the
deep and superficial regions of the CFc for each condition and observed
no significant difference in any condition (Fig. 5A-C). Finally, neither
condition nor region had an effect on the hardness of the CFc (Fig. 5D-F).

3.2. Raman spectroscopy experiment results

Concerning the distribution of the phosphate-to-collagen ratio along
the longitudinal axis of the ATE, statistical analysis highlighted a sig-
nificant effect of zone (p < 0.0001) but no effect of condition (Fig. 6) and
no significant interaction between zone and condition. We investigated
whether the zone effect applied to each condition. On the CTL samples
(Fig. 6A), the phosphate-to-collagen ratio increased from 14.80 (+2.41)
at the tidemark (Z1) to 25.49 (£3.35) in the subchondral bone (Z5).
Statistically, only the Z2 phosphate-to-collagen ratio differed from the
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subchondral bone ratio (p = 0.048). The HU condition showed the same
pattern of ratio variation along the longitudinal axis of the enthesis, with
the phosphate-to-collagen ratio increasing from 14.76 (+1.71) at the
tidemark (Z1) to 21.66 (£5.40) in the subchondral bone (Z5) (Fig. 6B).
HU condition Z1 and Z2 ratios were significantly lower than the
phosphate-to-collagen ratio of the subchondral bone (Z5) (p = 0.042 for
Z1 and p = 0.048 for Z2). Finally, in the HUR condition, where an
additional zone Z0 was investigated (Fig. 1), no significant difference
was observed between the different zones. However, despite a high
standard deviation in HUR, the phosphate-to-collagen ratio of the sub-
chondral bone (Z5) seemed to be higher than for CFc, where the
phosphate-to-collagen ratios were homogenous (Fig. 6C). In contrast to
the phosphate-to-collagen ratio, neither zone nor condition had an effect
on the carbonate-to-phosphate ratio (Fig. 6D-F).

Finally, statistical analysis of the distribution of phosphate-to-
collagen and carbonate-to-phosphate ratios along the antero-posterior
axis of the ATE showed neither an effect of region nor an effect of
condition on either ratio (data not shown).

4. Discussion

The first aim of this study was to demonstrate, by microindentation
testing, a gradient of micromechanical properties along the longitudinal
axis of the mineralized part of the healthy ATE. Our results show that the
elastic modulus gradually increased along the mineralized part of the
ATE from the tidemark to the subchondral bone, rising from 6.97 GPa
(£1.03) to 12.88 GPa (+1.70) respectively. Thus, the enthesis becomes
more rigid as it approaches the bone, which contributes to a gradual
transition of mechanical properties from fibrocartilage to bone.
Regarding hardness, our results show a trend towards gradual increase
from the tidemark to the subchondral bone. Hardness captures a mate-
rial's ability to withstand deformation; accordingly, our results show
that the CFc of the enthesis increasingly hardens as it approaches the
bone. Our results confirm findings from microindentation testing on
other calcified cartilage and bone. Roseren et al. (2022) reported the
same range of elastic moduli and hardness values in regenerating bone
calluses where calcified fibrocartilage was produced by endochondral
ossification. Regarding bone, Gerbaix et al. (2017) reported an elastic

(@]

= 12
a
S,
------------ % 5 o {%
=}
©
2 8
HU E HUR
3
© 6
Superficial w Deep Superficial
Region Region
F '
0,5
©
a
©oa | ¢
____________ "
GCJ 0,3
HU B HUR
T
0,2
Superficial Deep Superficial
Region Region

Fig. 5. Elastic modulus (A, B, C) and hardness (D, E, F) according to ATE region in CTL (A, D), HU (B, E) and HUR (C, F) conditions.



C. Camy et al.

Bone Reports 20 (2024) 101734

c 30 o 30 c 30
(3] [ [
B 5 CTL 3 B 5 HU & g HUR
25 P L S
és 2 P Q% 2 .. ‘_% Qi 22 ~
o) o , n e M) -
52 18 - 229 1 I T 22 18 B _<_§/
58 I SE 3 £5 LSRR S S
S 1| $---nge- S 1 | &t 2% 1
g g g
T 10 £ 10 T 1
71 72 Z3 24 5 Z1 72 3 24 5 20 721 722 713 74 15
Zones Zones Zones
<~ TM B—> <~ T™M B—> <« ™™ B—>
- 0,25 0,25 0,25
s 02 £ 02 £ 02
= , £ , e , =
2 ik o Y e ;%;;; a 8- ol
= -- g _ . A
é’ > 015 | ® i ® 83 0,15 83 0,15 P 4
(3 5 ot a < 0,1 o 3 0,1
3 9 o o
® ® 005 CTL % + 0,05 HU % & 0,05 HUR
c c c
Q o o
8 0 8 0 ] g
& 21 2 3 4 5 8 21 2 B 4 IS5 8 20 721 72 3 4 5
Zones Zones Zones
<« TM B—> <~ TM B—> <~ ™™ B—>

Fig. 6. Phosphate-to-Collagen ratio (A, B, C) and Carbonate-to-Phosphate ratio (D, E, F) according to ATE zone in CTL (A, D), HU (B, E), and HUR (C, F) conditions.
TM: Tidemark. B: Bone. Orange square [ll: significantly different from Z5 (p < 0.05).

modulus of about 13 GPa, and an average hardness of 0.6 GPa on
trabecular bone in mice, comparable to our average elastic modulus of
12.88 GPa (+1,70) and average hardness of 0.465 GPa (+0,11) on
healthy subchondral bone. Like these two studies, we performed our
microindentation tests on resin-embedded samples previously fixed with
paraformaldehyde. This sample-processing method has its limitations,
leading to overestimation of the elastic modulus by about 15 % and of
tissue hardness by 10 % (Zysset, 2009). In addition, we used the Oliver
and Pharr (1992) method to estimate the material micromechanical
parameters, which meant considering the CFc as an isotropic material,
whereas an enthesis is anisotropic and has viscous properties. Never-
theless, this embedding technique and this calculation method are
widely validated for mineralized tissues such as bone (Zysset, 2009).

Mineralization is known to have an impact on the micromechanical
properties of biological tissue (Farlay et al., 2022; Gupta et al., 2005;
Roseren et al., 2022; Zysset, 2009). Both elastic modulus and hardness
depend on the degree of mineralization of the tissue (Farlay et al., 2022;
Gupta et al., 2005; Roseren et al., 2022; Zysset, 2009). Another factor
determining bone elastic modulus and hardness is crystallinity corre-
sponding to the size and organization of apatite crystals (Farlay et al.,
2022). Crystallinity depends in part on substitutions that occur in the
crystal. Carbonate substitutions change the lattice of bone crystals,
decreasing both the crystallinity and the size of crystals but increasing
their solubility (Madupalli et al., 2017). Thus, we performed a Raman
spectroscopy experiment to investigate the mineral-to-matrix ratio and
the carbonation ratio along the mineralized part of the ATE.

We found that the carbonate-to-phosphate ratio representing the
proportion of carbonate-substituted phosphate apatites was homoge-
nous in the CFc of the ATE and did not differ from subchondral bone
values. There was an average carbonate-to-phosphate ratio of 0.173
(£0.006) along the calcified part of enthesis, consistent with the find-
ings of Deymier et al. (2020) and Schwartz et al. (2013) assessing the
carbonate-to-phosphate ratio respectively on the calcaneus and on the
supraspinatus developing enthesis in mice by Raman spectroscopy.
Since the carbonate-to-phosphate ratio did not differ according to zone
of measurement, we can reject the hypothesis that the gradient of the
micromechanical properties we observed along the longitudinal axis of
the ATE is related to carbonate-substituted phosphate apatites.

Analysis of the Raman spectra revealed that, unlike the carbonate-to-
phosphate ratio, the phosphate-to-collagen ratio representing the

proportion of mineral within the extracellular matrix increased by >70
% from the tidemark to the subchondral bone. Statistically, however,
probably due to a low number of samples and high standard deviations,
only one zone of the CFc (Z2) differed significantly from the bone. It has
long been established that fibrocartilaginous entheses are mineralized
progressively between the mineralization front and the subchondral
bone. A gradient in mineralization was demonstrated at the supra-
spinatus enthesis by Wopenka et al. (2008) and Genin et al. (2009) in
mature rats and by Schwartz et al. (2013) in developing mice, using
Raman spectroscopy. Deymier et al. (2017) also described a gradient in
calcium content at this same enthesis in mature mice, using X-ray energy
dispersive spectroscopy. However, very recently, using quantitative
backscattered electron imaging, Tits et al. (2023) did not detect any
gradient in mineral content at the rat Achilles tendon enthesis. In
addition, using nanoindentation, the latter study reported no gradient in
material properties within CFc except for a very small region of about
15 pm in width at the mineralization front. These observations are
somewhat at odds with our results. The way in which measurement
locations were determined cannot explain the divergences between the
two studies' findings. Indeed, when we plotted our data as a function of
the shortest distance from the tidemark according to the Tits et al.
(2023) study, the gradient we observed by plotting our data by zone,
was also present. The spatial organization of the osteochondral interface
could rather explain the two studies' differing observations. Tits et al.
(2023) reported isolated bone “islands” fully encircled by mFC several
tens of micrometers away from the interface. This would support the
hypothesis that the interdigitations between calcified fibrocartilage and
subchondral bone in the rat Achilles tendon enthesis are not all oriented
along the main axis of force transmission. We have never observed these
islands in calcified fibrocartilage of the mouse Achilles tendon enthesis.
Thus, in contrast to the rat, the interdigitations between mineralized
fibrocartilage and subchondral bone appear to be less complex and
oriented along the main axis of force transmission.

In our study, we observed that the changes in phosphate-to-collagen
ratio along the mineralized part of the enthesis were correlated with
changes in elastic modulus and hardness along the longitudinal axis of
the ATE. Although we did not perform indentation and Raman spec-
troscopy on the same animals, we hypothesize with reasonable confi-
dence that the gradient in mechanical properties we demonstrated
through microindentation is in part explained by the observed
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mineralization gradient in the healthy ATE. This assumption is consis-
tent with a recent study that found, on cortical and trabecular bone, a
positive correlation between elastic modulus, hardness, and phosphate-
to-collagen ratio using indentation and Raman techniques (Farlay et al.,
2022). However, other factors could also explain the ATE micro-
mechanical properties we observed. In mineralized tissues, it has been
suggested and/or demonstrated that elastic modulus and hardness
depend on the maturity and orientation of apatite crystals, as well as on
the composition, maturity, and organization of collagen fibers, and
lastly on the non-collagenous matrix such as proteoglycans (Farlay et al.,
2022; Zysset, 2009; Gupta et al., 2005; Hao et al., 2022). These pa-
rameters were not investigated in the present study. Future studies
should focus on their potential influence on the mechanical properties
gradient of the tendon enthesis.

Our second objective was to investigate the impact of a chronic
variation in mechanical load applied to the ATE. A few studies have
addressed the mechanical response of entheses to unloading at the
macroscale (Matsumoto et al., 2003; Deymier et al., 2019; Deymier
et al., 2020; Abraham et al., n.d.; Golman et al., 2021), but none at the
microscale. Our study shows that a 14-day unloading period induced by
hindlimb suspension, commonly used to simulate weightlessness in ro-
dents, did not affect the gradient of micromechanical properties along
the longitudinal axis of the mineralized part of the ATE. These results are
consistent with our recent investigation (Camy et al., 2022) of the
structural remodeling of the ATE, using the same animal model. In the
latter study, CFc appeared to be very little affected by 14 days of
unloading, with no change observed in fibrocartilage surface area, coll II
expression, or collagen fiber organization, nor any sign of resorption at
the osteochondral interface. The present Raman spectroscopy experi-
ment provides additional evidence of a limited biological response to a
short period of simulated microgravity, with neither the phosphate-to-
collagen ratio nor the carbonate-to-phosphate ratio of HU animals
differing from those of CTL animals. Taken together, our two studies
demonstrate that, in contrast to the significant structural remodeling of
the enthesis described for uncalcified fibrocartilage (Jarvinen et al.,
1999; Camy et al., 2022), a short period of mechanical unloading does
not alter the micromechanical properties of the CFc of the ATE. Any
biological changes in the CFc are therefore minor. Similar findings were
reported in real microgravity conditions for the supraspinatus tendon
enthesis (Deymier et al., 2020). Thus, it appears that the amplitude and
duration of unloading need to be greater to induce CFc remodeling.
Indeed, three weeks of botox-induced supraspinatus muscle paralysis
impaired the mineral content of the developing and mature supra-
spinatus enthesis (Schwartz et al., 2013; Deymier et al., 2019).

As the subchondral bone is considered an integral part of the
enthesis, we also assessed its hardness and elastic modulus. The values
obtained for the HU animals did not differ from those of the CTL ani-
mals. Nor was there any difference between the two groups regarding
phosphate-to-collagen and carbonate-to-phosphate ratios. The adverse
effects of the microgravity environment on weight-bearing bones are
widely documented (Bloomfield et al., 2016; Lang et al., 2017; Vico and
Hargens, 2018). Although simulated and real microgravity conditions
lead to losses in bone mass and bone mineral density (Roffino et al.,
2021), bone density changes seem to occur after spaceflight longer than
28 days (Stavnichuk et al., 2020). For example, Deymier et al. (2020)
reported no effect on the calcaneus phosphate-to-collagen ratio after 15
days of spaceflight. Our results are in line with this observation. Simi-
larly, Gerbaix et al. (2017) showed that the mineral characteristics of the
mouse femur (BMD, crystallinity index, mineralization index, mineral
maturity, and carbonation) were preserved during a 1-month space-
flight. However, contrary to our results, these latter authors found a
decrease in both elastic modulus and hardness. The longer duration of
the flight, together with the constraints of the real microgravity envi-
ronment, could explain this difference.

Finally, we investigated the effects of 6 days of reloading after HU on
the CFc of the enthesis and on the subchondral bone. Our results show
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that the CFc of the HUR ATE tended to lose its gradient of micro-
mechanical properties along the longitudinal axis of the enthesis. Unlike
the CTL and HU animals, the HUR animals showed no significant dif-
ferences in elastic modulus among the four zones within the CFc. The
HUR group's loss of elastic modulus gradient was due to a decreased
value near the CFc-bone interface, where the elastic modulus was sta-
tistically lower than CTL samples. We observed the same trend with
hardness, which was homogeneous in the CFc regardless of the zone
assessed. This observation is not surprising, since it has been demon-
strated that elastic modulus and hardness are linearly correlated (Evans
et al., 1990).

Impairment of the micromechanical properties of the HUR enthesis
appeared to be independent of carbonate-to-phosphate ratios, with
similar values obtained regardless of experimental condition. We spec-
ulate that the standardization of micromechanical properties within the
enthesis CFc could stem from homogenization of the degree of miner-
alization. Unfortunately, we cannot validate this hypothesis with cer-
tainty, since our Raman spectroscopy yielded few statistically significant
differences. The degree of mineralization appeared to be altered in the
zone close to the osteochondral interface (Z4), suggesting decreased
mineralization compared to the CTL and HU groups. Since no resorption
activity was found at the osteochondral interface of the ATE under the
same experimental conditions (Camy et al., 2022), the trend towards
reduced mineralization could stem from an increase in mineral degra-
dation unrelated to chondroclastic activity. An impaired mineralization
process in this highly mineralized zone could also account for the
decrease. The mineralization process is known to be modified with a
return to normal mechanical stress. A progression of the mineralization
front towards the tendon has been reported in the ATE in response to 6
days of reloading (Camy et al., 2022). The present work characterized
this newly-mineralized part of the CFc (Z0), where we found highly
variable hardness. While Z0's average hardness did not differ from that
of the subchondral bone, its hardness values were above those of all the
other CFc zones. Since hardness is highly dependent on mineral char-
acteristics, the observed variability may reflect either different degrees
of crystallinity and varying mineral properties (Wittig et al., 2019;
Griinewald et al., 2023) or a different distribution of mineral fraction
(intra vs extrafibrillar) (Griinewald et al., 2020; Macias-Sanchez et al.,
2022) rather than distinct changes in the degree of mineralization. Here,
70 did not show differences in degree of mineralization and carbonation
from the other CFc zones. It could be argued that the stimulation of the
mineralization process during reloading occurs exclusively in Z0. The
study of Kannus et al. (1996), which explored the expression of osteo-
calcin in the rat proximal patellar enthesis in response to reloading,
supports this hypothesis. These authors reported increased osteocalcin
expression throughout the CFc in reloaded rats, suggesting that the
mineralization process may be initiated throughout the CFc. However,
the process might be negatively impacted locally near the osteochondral
interface, which would explain a leveling of both degrees of minerali-
zation and micromechanical properties. Proteoglycans, macromolecules
of the non-collagenous matrix known to have a rapid turnover (Cook
et al., 2016), could play a role in the early changes we observed 6 days
after reloading. On bone, SLRPs negatively regulate the maturity and
growth of apatite crystals (Farlay et al., 2022; Hao et al., 2022; Wad-
dington et al., 2003). Interestingly, it has been demonstrated that the
expression of decorin, which belongs to the SLRP family, is not uniform
within entheseal fibrocartilage. In healthy entheses, it is very strongly
expressed both near the osteochondral junction and in the uncalcified
ficrocartilage (Waggett et al., 1998), probably to prevent progression of
ossification fronts at the tidemark and at the osteochondral junction.
Thus, a change in decorin distribution in the CFc entailing excessive
overexpression at the osteochondral junction could lead to defective
mineralization. We could not investigate the proteoglycans by Raman
spectroscopy because proteoglycans spectra are complex and their
signal partly overlaps with other tissue components (Ellis et al., 2009;
Bergholt et al., 2019). Furthermore, we were using toluidine blue stain



C. Camy et al.

to determine the location of the indents, and this dye did not allow us to
distinguish the different types of proteoglycans. Mineralization along
the CFc is not the only parameter that determines the micromechanical
properties of the enthesis; the collagenous matrix also influences the
micromechanical properties of mineralized tissues (Farlay et al., 2022;
Hao et al., 2022). Collagen type, orientation, and maturation have an
impact on both their elastic modulus and their hardness (Farlay et al.,
2022; Gupta et al., 2005; Roseren et al., 2022; Zysset, 2009). Further
work is needed to clarify whether these factors are indeed responsible
for the mechanical response along the longitudinal axis of the ATE at the
microscale.

It is commonly recognized in the literature that fibrocartilaginous
entheses have a gradient of mechanical properties along the longitudinal
axis of force transmission that prevent injury by dissipating mechanical
stress at the interface (Schwartz et al., 2012; Smith et al., 2012). Our
study demonstrates that this gradient exists locally, in the mineralized
part of the Achilles enthesis. It also shows that, contrary to a short period
of unloading, an early return to normal mechanical load can cause a loss
of this micromechanical properties gradient. Given its presumed func-
tion, the loss of gradient shown in the mineralized portion of the
reloaded enthesis could have impaired the tensile resistance of the
interface. However, we previously showed, under the same experi-
mental conditions, that the ATE's ability to withstand tensile stress was
not adversely impacted by reloading (Camy et al., 2022). It should be
remembered that, due to methodological limitations, we could only
characterize the gradient in the mineralized part of the enthesis. Thus,
the adverse effects of the return to normal load on the CFc mineral
gradient may have been offset by the increase in both proteoglycan
content and degree of collagen fiber crimp, helping perhaps to dissipate
the mechanical stress. Confirming this hypothesis will require further
research, including the development of a method of characterizing the
enthesis' local micromechanical properties in the non-calcified
fibrocartilage.

In addition to the distribution of the micromechanical properties
along the longitudinal axis (zone effect), we were also interested in the
distribution of these properties along the antero-posterior axis (region
effect). In humans, it has been demonstrated that the deep and the su-
perficial regions of a “healthy” Achilles tendon insertion in its tendinous
part do not undergo the same strains during dorsiflexion movements
(Lyman et al., 2004; Chimenti et al., 2016). This difference in strains
may reflect local variation in the tissue's mechanical properties. But it
could also reflect local variation in the stress applied to the tissue, as
suggested by McGonagle et al. (2008). These authors hypothesized that
force transmission occurred mainly on the superficial part of the enthesis
(McGonagle et al., 2008), leading us to explore whether there was a non-
homogeneous distribution of mechanical properties in the CFc along the
antero-posterior axis. Our results show no difference in hardness be-
tween superficial and deep regions in the CFc but a difference in elastic
modulus. Elastic moduli were statistically lower in the superficial region
of the CFc than in the deep region, regardless of condition. The differ-
ence we found was comparatively modest and, since this difference was
not found within each group, it cannot confidently be concluded that it
has a biological significance. In an analogous study in mice, elevated
strain magnitudes were observed both in the superficial and the deep
(closest to the bone) regions of the Achilles tendon insertion (Mora et al.,
2022). In addition, the fact that neither unloading nor reloading had any
effect on the distribution of hardness and elastic modulus along the
antero-posterior axis of the enthesis, consistent with Mora et al. (2022),
actually supports the idea that, contrary to humans, force transmission
at the mouse enthesis is uniform at all depths of the ATE.

5. Conclusion
This characterization of the micromechanical properties of the ATE

and its response to chronic changes in mechanical load provides valu-
able data not only for tissue bioengineering, but also for musculoskeletal
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clinical studies and microgravity studies focusing on long-term space
travel by astronauts. The ATE, like the rotator cuff tendon enthesis and
the patellar tendon enthesis, is a common site of injuries (Derwin et al.,
2018; Loukopoulou et al., 2022). Tendon rupture may occur at the
tendon-to-bone insertion of a healthy tendon after acute trauma, or be
due to a defective tendon weakened by an enthesopathy (Derwin et al.,
2018). Complete tendon rupture at the bone-tendon interface requires
surgical reattachment of the soft tendon directly to the hard bone. Un-
fortunately, healing occurs through the formation of disorganized scar
tissue rather than in an ordered fibrocartilaginous transition, reducing
the mechanical properties of the surgically-treated enthesis compared to
the native interface (Derwin et al., 2018; Loukopoulou et al., 2022; Lei
etal., 2021). This results in poor clinical outcomes and high failure rates
(Tits and Ruffoni, 2021; Lei et al., 2021), which highlights the need for
effective strategies for regenerating injured entheses. However, limited
understanding of tissue boundaries, gradients, and structural relation-
ships is hampering the development of novel therapeutic strategies for
enthesis regeneration and reducing their direct clinical applicability
(Loukopoulou et al., 2022). In this context, our study contributes to a
better understanding of the enthesis structure, a prerequisite for the
biomimetic strategies that are needed to achieve functional enthesis
repair.
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