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Abstract

A demanding task of the musculoskeletal system is the attachment of tendon to bone at entheses. This
region often presents a thin layer of fibrocartilage (FC), mineralized close to the bone and
unmineralized close to the tendon. Mineralized FC deserves increased attention, owing to its crucial
anchoring task and involvement in enthesis pathologies. Here, we analyzed mineralized FC and
subchondral bone at the Achilles tendon-bone insertion of rats. This location features enthesis FC
anchoring tendon to bone and sustaining tensile loads, and periosteal FC facilitating bone-tendon
sliding with accompanying compressive and shear forces. Using a correlative multimodal investigation,
we evaluated potential specificities in mineral content, fiber organization and mechanical properties
of enthesis and periosteal FC. Both tissues had a lower degree of mineralization than subchondral
bone, yet used the available mineral very efficiently: for the same local mineral content, they had
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higher stiffness and hardness than bone. We found that enthesis FC was characterized by highly aligned
mineralized collagen fibers even far away from the attachment region, whereas periosteal FC had a
rich variety of fiber arrangements. Except for an initial steep spatial gradient between unmineralized
and mineralized FC, local mechanical properties were surprisingly uniform inside enthesis FC while a
modulation in stiffness, independent from mineral content, was observed in periosteal FC. We
interpreted these different structure-property relationships as a demonstration of the high versatility
of FC, providing high strength at the insertion (to resist tensile loading) and a gradual compliance at
the periosteal surface (to resist contact stresses).

Statement of significance

Mineralized fibrocartilage (FC) at entheses facilitates the integration of tendon in bone, two strongly
dissimilar tissues. We focus on the structure-function relationships of two types of mineralized FC,
enthesis and periosteal, which have clearly distinct mechanical demands. By investigating them with
multiple high-resolution methods in a correlative manner, we demonstrate differences in fiber
architecture and mechanical properties between the two tissues, indicative of their mechanical roles.
Our results are relevant both from a medical viewpoint, targeting a clinically relevant location, as well
as from a material science perspective, identifying FC as high-performance versatile composite.

1. Introduction

Cartilage is a highly versatile tissue essential to the functioning of the musculoskeletal system. Articular
(hyaline) cartilage and fibrocartilage (FC) are two types of cartilage present in mammals, which share
the same constituents but in different proportions and arrangements depending on the anatomical
location and mechanical function [1]. Cartilage is found at mechanically challenging locations to cope
with tasks that bone alone cannot solve. The ends of the bones that articulates in a joint, for example,
are covered by a layer of unmineralized articular cartilage, followed by a thin region of mineralized
cartilage, and then subchondral bone. Thanks to a sophisticated interplay between extracellular matrix
and water, combined with consecutive layers of varying collagen orientation, the millimeter-thick
unmineralized articular cartilage provides lubrication and resistance to contact stresses [2]. At the
same time, with only a few hundreds of micrometers in thickness, mineralized cartilage must ensure a
proper anchoring between cartilage and bone [3]. Similarly, at the insertion of tendons and ligaments
into bone, particularly when the insertion angle changes considerably during joint movement, FC is
present [4]. This integrative tissue is also found at meniscal attachment to bone [5-7]. In analogy with
articular cartilage, FC comes in two forms: unmineralized FC (uFC) close to tendon/ligament and
mineralized FC (mFC) close to bone. Like bone and tendon, FC is a highly fibrous tissue but composed
of a mixture of collagen type Il and Il (rather than collagen type I) and proteoglycans [8,9]. In mFC, the
fibrous matrix gets reinforced by mineral crystals and anchors to bone [10]. Knowing that bimaterial
attachments are at risk of stress localization [11], the interface between uFC and mFC is considered
the weakest link in the force transmission from tendon to bone, and it has received considerable
attention. A fine tuning of composition and hierarchical organization across the interface provides
enthesis with high mechanical efficiency, allowing the transmission of large forces for many years
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[9,12-15]. mFC away from the interface and even the underlying (subchondral) bone have been
investigated less. This is unfortunate as these regions may also be the cause of attachment failure,
especially following a (high) monotonic loading event [16] or when the physiological loading conditions
are altered [17]. Furthermore, studies on articular cartilage have underlined key structure-property
relationships contributing to anchoring cartilage to bone [3,18-20].

In this work, we exploited high-resolution material characterization methods to detect the effect of
mechanical loading on the structure and mechanical properties of mFC at the micrometer length scale.
Specifically, we analyzed the Achilles tendon-calcaneus bone enthesis in rats, one of the most used
animal model to investigate enthesis diseases [21,22] and the musculoskeletal system in general,
especially tendons [23,24], given its similarities with humans. Two types of FC can be found there, each
with different mechanical loading conditions: enthesis FC anchors tendon to bone, therefore sustains
predominantly tensile loads, whereas periosteal FC facilitates tendon sliding and bone-tendon contact
with accompanying compressive and shear forces. In a previous work, we highlighted a strong
anisotropy of the microstructural porosity (fibrochondrocyte lacunae and channel network) within
enthesis mFC (E-mFC), with pores strongly oriented towards the tendon insertion [25]. Here, we
combine nanoindentation with quantitative backscattered electron imaging (gBEl) and second
harmonic generation (SHG) imaging on the exact same locations. As biological tissues have locally
varying composition and microstructural organization, which are particularly pronounced at the
connection between tendon and bone, our approach is to spatially correlate mechanical properties
with mineral content and matrix organization. We assume this is a necessary step to elucidate the
structure-property relationship of such a heterogeneous multi-tissue region. On the top of this, we
also consider both longitudinal and transverse directions to address the inherent anisotropy of the
tissue.

2. Materials and methods

2.1. SAMPLE PREPARATION

Achilles tendon-calcaneus bone samples (n = 3) were extracted from the posterior legs of three 3-
month-old male Sprague-Dawley rats (weight of 402 + 31.2 g) and stored in 70% ethanol. Animals were
available at the Liége University Hospital in the framework of an organ donation program (ethical
approval: ULg-IACUC-21-2340). Samples were prepared to expose representative cross-sections of the
tendon-bone insertion. Following dehydration and embedding in polymethyl methacrylate (PMMA),
samples were cut along the sagittal plane with a diamond saw (Buehler Isomet 1000), using the
calcaneal tuberosity as a visual guidance for sample positioning (Fig. S1). Sample surface was ground
with sand-paper until the tendon-bone insertion at the calcaneal tuberosity was spotted. A final
polishing step using a diamond suspension (grain size down to 1 um, Logitech PM5) completed the
sample preparation. After performing qBEI, SHG imaging and biomechanical analysis on the sagittal
sections, two samples were cut along the transverse plane and polished, such that two-mutually
perpendicular cross-sections could be characterized for each sample.
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2.2. QUANTITATIVE BACKSCATTERED ELECTRON IMAGING

To quantify the mineral content, gBEI [26] was performed on carbon-coated samples (n = 3) with a
Field Emission Scanning Electron Microscope (FESEM, Supra40, Zeiss) [27]. The measurements were
performed at 20 kV with a working distance of 10 mm and a scan speed of 90 s per frame [27]. Images
were acquired at a magnification of 130x, yielding a nominal isotropic pixel size of 0.88 um, and
considering a 1024 x 768 pixel window. By stitching together adjacent measurements recorded with a
5% spatial overlap, the entire sample surface was characterized. The intensity of the electrons
backscattered from a thin (i.e., about 1-2 pum in thickness) surface layer is mainly determined by the
local calcium concentration [26]. To allow a quantitative assessment of calcium content, the FESEM
was calibrated with carbon and aluminum standards according to a previously established procedure
[26]. The gray values of the reference materials were set to 25 and 225, respectively. These settings
led to gray values of 25 for osteoid (0 wt% Ca) and 255 for pure hydroxyapatite (39.86 wt% Ca). This
allowed to translate the gray level (GL) images into spatial maps of the mineral content expressed as
calcium weight percentage via [26]:

Ca [wt%] = -4.332 + 0.1733 x GL (1)

Before further quantification, the following pre-processing steps were performed with the software
CTAn (v1.19.4.0, Skyscan). First, bone and mFC were manually segmented following the interface
between the two tissues (see black dashed line in Fig. 1). To minimize boundary effects [28], a 1 pixel
erosion operator was applied. Signals from the embedding resin and non-mineralized tissues were
removed by setting a minimum threshold for the mineral content (5.2 wt%). Individual unconnected
pixels were also discarded. The mineralization maps highlighted the presence of several highly
mineralized regions, especially in the trabecular compartment (Fig. S3). In a previous work, we have
shown that these are cartilaginous inclusions of high mineral content [25], which have been also
observed in rat cortical bone [29,30]. The highly mineralized islands were discarded from the present
analysis by setting an upper threshold of 29.5 wt% (determined by visual inspection). The
mineralization maps were then summarized into mineralization density frequency distributions and
normalized to unit area. The following five parameters were introduced to characterize the resulting
histograms [28]: Camean (average Ca concentration), Capeak (Most frequent Ca concentration), Cawidtn
(full width at half maximum), Cajew and Canigh. The last two parameters describe the amount of low
and high mineralized regions, corresponding to areas mineralized below the 5th percentile and above
the 95th percentile of a reference distribution. Here, the histogram of subchondral bone adjacent to
mFC was taken as reference, with Cajow = 22 and Canigh = 27 Wt%. These values were then used to
compute the area below Cajow and above Canigh on mFC distributions.
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Fig. 1. (a) Mineralization pattern from quantitative backscattered electron imaging (qBEI) and (d) corresponding fiber
organization from second harmonic generation (SHG) imaging. Magnified views of qBEI data at (b) periosteal and
(c) enthesis regions. Black dashed lines indicate the interface between mineralized fibrocartilage (mFC) and bone
used to segment the different regions. Black closed lines (ellipse shaped) denote bone regions fully encircled by mFC,
and arrows emphasize long cracks entering E-mFC. Magnified views of SHG images highlighting the specificities of
(e) periosteal and (f) enthesis locations. The yellow dashed line represents the interface between mFC and bone,
detected by superimposing SHG and qBEI images.

2.3. SECOND HARMONIC IMAGING

To visualize the arrangement of collagen fibrils, SHG imaging [31,32] was used and we considered the
polished samples which clearly showed the tuberosity in the gBElI maps (n = 2). In this nonlinear light
scattering process, a strong SHG signal is usually generated by regions with densely packed collagen
fibrils, preferentially arranged parallel to the imaging plane. Conversely, if collagen fibrils are oriented
out of the image plane, no signal should be detected [33-35]. In between these two scenarios,
intermediate intensities are measured depending on several factors including collagen charge density
and out-of-plane orientation. Second harmonic imaging was performed using a SP8 confocal
microscope (Leica Microsystems, Wetzlar, Germany) with a 40x oil immersion objective (HC PL APO 40
x /1.30 OIL) without using the pinhole, corresponding to a nominal isotropic pixel size of 379 nm. A
Mai-Tai high performance Ti:Sa Laser (Spectra-Physics, Milpitas, CA, USA) operating in pulse mode at
a wavelength of 910 nm was used, and the backward direction signal was detected at 450—460 nm.
Several windows of 1024 x 1024 pixels were analyzed and stitched together such that exactly the same
regions were characterized by both gBEI and SHG.

2.4. NANOINDENTATION AND DATA PROCESSING

The polished PMMA-embedded samples showing the tuberosity (n = 2) were mechanically
characterized by nanoindentation (Triboindenter Tl 950, Bruker, US) to measure indentation modulus
and hardness. The nanoindenter was equipped with a Berkovich diamond probe (50 nm tip radius) and
a displacement controlled trapezoidal load function was used (8-20-8 s), with a maximum
displacement of 500 nm. The average surface roughness of the mineralized tissues, measured by
scanning 20 um x 20 um regions with the tip of the nanoindenter at 2 uN contact force, was 15.5 £ 6.7
nm. The indentation depth was well above the recommended threshold of 10 times the surface
roughness [36,37].
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Due to inelastic deformation, the lateral spacing between indents should be at least three times the
contact radius [19], or 4.2 um in our setting. A spacing of 6 um was chosen here and several indentation
grids (for a total of about 3000 indents) were performed on regions across the bone-mFC interface,
selected on both enthesis and periosteal areas with the help of the qBEI maps (Fig. S4). The probe
contact area was calibrated with fused quartz and the obtained load-depth curves were analyzed with
the Oliver-Pharr method [38], to extract indentation hardness (H) and reduced modulus (Er). The
nanoindentation grids were then super-imposed on the gBElI maps through a manual registration
procedure. This allowed to classify indents as belonging to mFC or bone, as well as to discard indents
falling within cracks or holes (Fig. S4). When performing nanoindentation we tried to avoid the highly
mineralized cartilaginous inclusions; nevertheless, the superimposition of the nanoindentation grids
with the gBEI images revealed that some indents (less than 1%) were placed inside the cartilaginous
regions, which are known to be 10 — 25% stiffer than surrounding bone [30] and hence they were
discarded from the analysis. To correlate the mineral content with the local mechanical properties (Er
and H), the calcium concentration was averaged over a 4 x 4 pixel region centered around each indent.
This size can be considered representative of the elastic field probed by the indent at 500 um depth
[19]. To assess the spatial evolution of the mechanical properties when entering the mineralized
tissues, the shortest distance (Euclidean) of each indent from the mineralized surface was computed
(Fig. S4). In soft tissues, especially close to the interface with mineralized tissues, only a limited number
of indents could be considered due to higher roughness. As for the mineral content, histograms of
reduced modulus and hardness were calculated and characterized by similar parameters. Low and high
values for elastic modulus and hardness were calculated considering the corresponding distributions
of subchondral bone (i.e., E, ow = 17.5 and E;, nigh = 25.4 GPa; Hiow = 0.55 and Hhigh 0.79 GPa) and were
used for calculating areas below these limits on the mFC distributions.

2.5. STATISTICAL METHODS

We used statistical analysis for two purposes: to compare the mean mineralization needed to reach
specific tissue modulus and hardness values (Fig. 3b and S8d) as well as to compare properties between
sagittal and transverse sections (Fig. 6). We applied a two-sample Student’s t-test with normality
checked by a Kolmogorov-Smirnov test and homoscedasticity by a two-sample F-test. If one of those
criteria was not met, a Mann-Whitney U test was employed. P-values smaller than 0.05 were
considered significant. Mechanical properties-mineral content relationships were evaluated with a
two-parameter exponential model and nonlinear regression was used to determine the values of the
parameters. The statistical analysis was performed in Matlab (statistics toolbox) [39] and SigmaPlot
(nonlinear regressions).
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3. Results

3.1. QUALITATIVE OBSERVATIONS ON MINERAL CONTENT AND FIBER
ORGANIZATION

Before entering into the quantification of tissue properties, a qualitative observation of the gBEI
images already highlights several features of the mineralization pattern. The layer of mFC at both
periosteal and insertion sites is often demarcated from bone by a thin, very irregular and highly
mineralized interphase which, in analogy with the interphase bordering osteons, is named cement line
(dashed black line in Fig. 1b, c). Some regions of bone containing osteocyte lacunae appear as fully
encircled by mFC even several tens of micrometers away from the interface (highlighted by closed lines
Fig. 1c and Fig. S6a). These isolated bone “islands” in 2D sections are possibly interconnected in 3D
and linked to the rest of the bone, allowing access to nutrients. Therefore, the connection between
mFC and bone should be highly interdigitated. As qBEI provides only 2D information, the visualization
of the complex interdigitations in 3D could be obtained using synchrotron radiation computed
tomography. At the insertion site, the mFC layer is thicker and shows bigger interdigitations than at
the periosteal side (also shown for the other samples in Fig. S5). The interface between uFC and mFC
is also fairly rough, but at a smaller length scale, with interface roughness dominated by arrested
fibrochondrocytes and by the irregular mineralization front. Overall, mFC exhibits high porosity at the
micrometer length scale due to numerous fibrochondrocyte lacunae, in agreement with a previous
investigation [25]. In some locations, former tidemarks, indicating previous interfaces between uFC
and mFC [18,40], are detectable (see arrows in Fig. S6b).

SHG images provide qualitative insights into fiber organization. Similar to mineralization, an overall
heterogeneity is observed (Fig. 1d and S7). At the insertion and especially towards the inferior side of
the tuberosity (Fig. 1f), the SHG signal is very strong and rather uniform, suggesting highly aligned (in-
plane) collagen fibers, connecting almost continuously the Achilles tendon with the plantar fascia,
attaching on the opposite side of the tuberosity. In contrast, periosteal mFC (P-mFC, Fig. 1e) shows a
more heterogeneous SHG signal with fibers appearing interwoven and following a tortuous path
around the many pores present there, somewhat resembling tree roots. At the interface between mFC
and bone (highlighted by the dashed yellow line in Fig. 1e, f), a continuous fiber arrangement is
observed at the insertion site (Fig. 1f). Conversely, at the periosteal region, fibers of mFC tend to reach
the interface at an almost right angle, whereas (some) fibers from the bone side are oriented parallel
to the interface and follow the cement line (Fig. 1e). Overall, the SHG signal in bone is markedly
different from mFC: thick regions of lamellar bone are recognizable, whereas other areas show a more
diffuse signal (Fig. S3), indicating less ordered endochondral bone.

3.2. QUANTITATIVE GLOBAL ASSESSMENT OF MINERAL CONTENT AND
BIOMECHANICAL PROPERTIES

Quantitative global assessment of mineral content, reduced modulus and hardness are introduced
here through the analysis of box-plots and frequency distributions, computed within three different
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regions of interest: E-mFC, P-mFC and subchondral bone (Fig. 2, S2 and corresponding parameters in
Tables S1, S2). Considering the different spatial resolutions of qBEI and nIND, for a “fair” comparison
between mineralization and mechanical properties distributions, histograms of calcium content (Fig.
2) were based on average values around indents (distributions from the entire regions can be found in
Fig. S2). All distributions were peak-shaped and, at least for the calcium content, this is a direct
consequence of the interplay between bone mineralization and remodeling [41]. Of high interest is
that both E-mFC and P-mFC have mineralization distributions shifted towards lower mineral content
with respect to subchondral bone (Fig. 2a), reflected in a decrease in Camean 0f ~10% for both mFC. In
agreement with a lower mineral content, the frequency distribution of reduced modulus (Fig. 2b) and
hardness (Fig. 2c) are also shifted towards lower values, indicating that E-mFC and P-mFC are less stiff
and hard than subchondral bone, with higher differences observed in reduced modulus (decrease in
Er mean Of ~20% and in Huyean of ~8% for both types of mFC). While mineralization distributions of E-
mFC and P-mFC are very similar, some differences are present in the distributions of the mechanical
properties: the frequency distribution of reduced modulus of E-mFC is characterized by a higher and
narrower peak with respect to P-mFC.
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Fig. 2. Frequency distributions and box plot representations of (a) calcium content, (b) reduced modulus and (c) hardness
according to tissue type and location. Distributions shown as smoothed splines considering all indentation points on
sagittal sections. Boxes range from the 25% to the 75% percentiles, and the vertical line represents the mean value.
Whiskers extend to one interquartile away from the box.

3.3. RELATIONSHIP BETWEEN MINERAL CONTENT AND MECHANICAL
PROPERTIES

The degree of mineralization is associated with mechanical properties in Fig. 3. Despite the increased
scatter, calcium content is an important variable in explaining the variations in tissue modulus (Fig. 3a)
and in hardness (Fig. S8c), as confirmed by the two-parameter exponential fit (Table S$3). In Fig. 3b the
reduced modulus was binned in the range 14-24 GPa (bin width of 2 GPa), and the corresponding
average calcium required to reach each specific elastic modulus was computed. Statistical comparisons
of calcium content within each bin reveals that subchondral bone requires a slightly higher mineral
content than mFC to reach a specific stiffness level (a similar behavior is observed for hardness, Fig.
S8d). No difference is present when comparing the two FCs. This is a central finding on the
composition-mechanical property relations of the analyzed tissues. Our results can be further
interpreted considering a staggered model for mineral packing in an organic matrix as proposed by
Jager and Fratzl [42] (see Supplementary Material), and previously used also to investigate mineralized
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cartilage [18,43]. The model provides a functional relationship between tissue elastic modulus and
mineral content (expressed as mineral volume fraction), allowing to explore the role of different
parameters, such the aspect ratio of mineral crystals (p in Fig. 3a). The model indicates that
subchondral bone and mFC, although having different mineral content and organic matrix, lie on
similar contour lines.
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Fig. 3. (a) Experimental modulus-mineral volume fraction relations (all indents are pooled) and comparison with
predictions of a staggered model (contour lines) as a function of the mineral platelets aspect ratio p [18,42]. The
schematic represents the staggered model, where an applied external stress induces shear stresses which are transferred
from the gray organic matrix to the white mineral platelets. (b) Averaged calcium content values for mFC and bone
providing reduced moduli ranging from 14 to 24 GPa. * P <0.01, *P <0.05.

3.4. MINERALIZATION GRADIENTS ACROSS THE UNMINERALIZED-
MINERALIZED INTERFACE

To characterize the local gradients in mineral content across the unmineralized-mineralized interface,
the high resolution of qBEI images (i.e. ~0.88 um pixel size) was exploited. The spatial variation of
calcium content measured along several probed lines perpendicular to the interface was fitted with a
sigmoid function (Table S4). Based on the fitting function, the transition width was defined as the
difference between 0.5% and 99.5% height.

As illustrated in Fig. 4, the interface between unmineralized and mineralized tissues in both FCs
exhibits a gradual increase in mineralization, occurring over a ~14 um width transition region. In
comparison, when entering bone from resin (avoiding regions of low mineral content, probably
indicating active modeling site), a much steeper gradient is found, i.e. transition width of ~7 pm.
Moreover, the plateau values of the sigmoid away from the interface are very similar in the two FCs
(21.3 wt% and 21.4 wt% at enthesis and periosteal regions) and are about 18% lower than in bone
(25.3 wt%).

université
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Fig. 4. Spatial evolution of calcium content when entering mineralized tissues from unmineralized regions. (a) Transition from enthesis
unmineralized FC (E-uFC) to enthesis mFC (E-mFC). (b) Transition from resin to bone (no FC is present here). (c) Transition from periosteal
unmineralized FC (P-uFC) to periosteal mFC (P-mFC). Data shown as average (thick line) and standard deviation interval (shaded areas) over
10 profile lines per region, with the sigmoid fit (dashed line) and corresponding transition width.

3. 5. SPATIAL ANALYSIS OF MINERAL CONTENT, FIBER ORGANIZATION AND
MECHANICAL PROPERTIES

To gain further insight into the structure-function relationship of mFC, compositional (qBEIl) and
mechanical (nanoindentation) data were plotted as a function of the distance from uFC, spanning the
entire thickness of the mFC layer and reaching subchondral bone (Fig. 5 and S8a, b). We first present
some representative indentation lines, which are interpreted with the help of gBEl and SHG maps of
the very same locations (Fig. 5a-d). At the insertion (Fig. 53, b), the probed regions typically show a
strong and uniform SHG signal: in this case, the reduced modulus follows calcium content very closely
and, within E-mFC, a flat profile of both Ca and Er is observed. Conversely, at P-mFC (Fig. 5c, d) the
SHG is highly heterogeneous, highlighting a complex interwoven fiber arrangement. Although mineral
content profiles are rather flat, an unexpected gradual increase in elastic modulus spanning the entire
P-mFC region is detected. By pooling all individual measurements (approximately 3000 indents),
despite the rather large scatter, one main and evident feature is the practically constant mineral
content and modulus profiles within E-mFC (Fig. 5e, f), which differ from the gradual increase in
reduced modulus observed at the periosteal region (Fig. 5g, h). A linear regression of the Er-distance
relationship in P-mFC highlights a slope of about 60 MPa/um. A qualitative similar trend is observed
for hardness (Fig. S8a, b). The irregular mFC-bone interface has an impact on these plots, as points
from bone and mFC have some overlapping, especially at the enthesis, where long “fingers” of bone
enter mFC.
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Fig. 5. Spatial modulation of mineral content, fiber organization and mechanical properties. SHG signal, region-matching qBElI maps and
representative line scans of calcium content (Ca) and reduced modulus (Er ), measured along the dotted line shown on gBEI maps at (a, b) E-
mFC and (c, d) P-mFC. Evolution of Ca and Er for all measured points as a function of the distance from the interface between uFC and mFC.
Locally weighted scatter plot smoothing (LOWESS) lines help to visualize the trends (smoothing factor of 0.8).

3.6. ORTHOGONAL SECTION AND THREE-DIMENSIONAL IMPLICATIONS OF
STRUCTURAL ANISOTROPY

An orthogonal section (perpendicular to the already analyzed sagittal planes) was exploited to
investigate material anisotropy at the enthesis. To a first approximation, in sagittal sections,
mineralized collagen fibers lie parallel to the analyzed surface meaning that nanoindentation is
performed along the transverse axis of the fibers. The opposite is true for the orthogonal section,
which exposes fibers roughly perpendicular to the analyzed surface, thus being tested along their
longitudinal axis. As illustrated in Fig. 6, E-mFC has a highly heterogeneous and location-specific
mineralization pattern, with higher mineral content observed in the central regions anchoring the
tendon (visible in the sagittal section) in comparison to the periphery of the attachment (visible in the
transverse section). The corresponding frequency distributions of mineral content are reported and
quantified in Fig. $9. SHG images reveal how a strong signal in the sagittal section, indicating highly
aligned fibers, becomes a very weak signal in the adjacent transverse plane, confirming that the fibers
are now oriented perpendicular to the imaging section. Several indents (n = 21) placed inside mFC on
virtually the same locations but belonging to the two orthogonal planes highlight the anisotropic
biomechanical character of mFC at the enthesis: higher modulus (10.7%, p < 0.01) and hardness (6.3%,
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p =0.04) are measured when indenting in the transverse plane (i.e. more aligned with the mineralized
collagen fibers) with respect to the longitudinal plane. Conversely, an opposing trend (decrease of
~5%, p =0.11) is detected in the mineral content around the indents between the two planes.

4. Discussion

Combining multiple high-resolution techniques at the same locations, we investigated the mineralized
region of two types of fibrocartilage that are contiguous but fulfill different tasks and the underlying
subchondral bone. We found that mFC is globally less mineralized and, consequently, less stiff and
hard than subchondral bone. Despite these differences, mFC uses mineral reinforcements in a very
efficient manner: it needs a smaller fraction of calcium than subchondral bone to reach the same local
tissue stiffness and hardness. We uncovered differences between E- and P-mFC in fiber arrangements
and in the spatial variation of mechanical properties. We found that local mechanical properties are
strikingly uniform across E-mFC (which shows highly aligned fibers) while an additional stiffness
gradient, independent from the flat profile of the mineral content, is observed within P-mFC (where
fiber organization is very heterogeneous).

Considering mineral content, a similar trend (i.e. mFC less mineralized than bone) was reported at the
tendon insertions of the greater trochanter in 6—8 months old rats [40]. At the same location, larger
animals (sheep, 3-5 years old) and humans (59-64 years old) seem to have an opposite behavior [40].
Moving to calcified articular cartilage, a higher mineralization level than in bone was measured at
human patellae [18] and femoral heads [44]. Conversely, at femoral heads of smaller animals (i.e., 6
months old rabbit) no significant difference was found [19]. In mineralized tissues, the measured
degree of mineralization depends on several factors including the extracellular matrix [3,18], the
presence of nanochannels [45], the mineralization kinetic (i.e. the speed of increase in mineral content)
[41,46], the turnover rate (i.e. the remodeling speed of the tissue) [47] and the modality of
ion/precursor transport to the mineralizing sites [48—50]. An explanation of the higher calcium content
of calcified cartilage may be the larger extrafibrillar space occupied by water in unmineralized cartilage,
which is then replaced by mineral in calcified cartilage [51]. However, this does not clarify our findings.
Unlike larger mammals, small animals have a relatively long skeletal maturation: growth in rats is often
not completed before 35 weeks of age [52]. At the end of post-natal development, the enthesis is
considered as a matured tissue [53]. Yet, during growth, portions of the tendon are replaced by
unmineralized cartilage, the latter getting mineralized (as evident from the former tidemarks, Fig. S6b)
and older calcified cartilage is (at least partially) remodeled into subchondral bone [54]. This may
explain the lower degree of mineralization of cartilage found in growing rodents.

Analyzing Ca-Er relationship (Fig. 3) allowed two main conclusions. First, using a staggered model for
mineral packing in an organic matrix [42] provided a good fit to the mineralization-modulus relation,
with both FCs and subchondral bone lying on similar contour lines. This indicates that the aspect ratio
of mineral platelets is comparable in both tissues. Second, subchondral bone shows a higher mineral
content than mFC to reach a specific stiffness level. This is in contrast with previous results on human
(articular) calcified cartilage by Gupta and colleagues [18]. The authors considered the organic matrix
(type ll collagen in cartilage and type | in bone) as a possible reason for different mechanical properties,
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perhaps due to changes in the mineral-collagen packing. Recently, more evidence is supporting the
active role of the collagen matrix in introducing pre-stresses in mineralized tissue. Such pre-stresses
depend on specifics of the collagen matrix and crucially influence the mechanical tissue properties
[55,56]. Mineral collagen packing in FC may be different than in articular cartilage owing to a different
mixture of collagen type Il and Ill [8,9].

Fiber architecture is a key player for the mechanical efficiency of enthesis. Previous studies have
focused on fiber arrangement, particularly when approaching the enthesis from the soft-tissue side
[6,9,16,57-60]. Data from Achilles tendon insertions indicate that tendon fibers branch into much
thinner interface fibers, spread out and enter FC [9,58]. Within FC, fibers seem to be less aligned than
in tendons [61] and ligaments [62]. Characterizations of fiber deformation (considering Achilles tendon
and rotator cuff insertions) suggest that different groups of fibers are loaded depending on the angle
of remote force application [9,16,63], allowing the enthesis to resist substantial and continuous
changes regarding the direction of the tendon force. Several previous works have considered the soft
and fibrous side of the enthesis (featuring tendon and uFC) [6,9,58,60]. Here, we complemented
current knowledge by following fibers inside mFC and subchondral bone, considering two mutually
orthogonal planes. For that purpose, we used sample preparation and measurement techniques which
are appropriate for the characterization of mineralized tissues but which are much less useful in
characterizing the unmineralized counterparts. A central finding for the interpretation of our result is
a very strong SHG signal within enthesis FC (Fig. 1 and S7), likely indicating a high alignment of
mineralized collagen fibers. Investigation of the transverse direction confirms fiber anisotropy, with a
weak SHG signal as expected when fibers are perpendicular to the imaging plane (Fig. 6). Fiber
arrangement has a pivotal impact on the local mechanical behavior. Firstly, structural anisotropy is
directly reflected into mechanical anisotropy with a higher modulus obtained when indenting along
the fibers (transverse plane) than perpendicular to them (sagittal plane). This is further emphasized by
the slight decrease in mineral content in the transverse plane, suggesting that the difference in tissue
modulus between the two directions cannot be due to variations in mineral content. Mechanical
anisotropy is a well-known feature of osteonal and lamellar bone; here we show that even mineralized
fibrocartilage at the enthesis is anisotropic, with a similar degree of anisotropy of those tissues [64—
66]. Additionally, spatial variations of tissue modulus (and hardness) mirrored very closely the behavior
of calcium content: except for a steep gradient across the interface between unmineralized and
mineralized tissues, mineral content, elastic modulus and hardness had a remarkably constant profile
(Fig. 5). At odds with this behavior is the overall increase of elastic modulus inside P-mFC, not
accompanied by variations in mineral content (Fig. 5). Fiber architecture is probably responsible for
this discrepancy: P-mFC has fibers spreading out, branching, intertwining and showing curved paths
going around pores (Fig. 1). Despite these dissimilarities, the two FCs have a comparable behavior
across the transition between unmineralized and mineralized tissues. Using high-resolution (sub-
micrometer) qBEI, we observed a steep gradient in mineral content occurring within less than 14 pum
(Fig. 4), with no differences between enthesis and periosteal regions. Localized compositional
gradients are well-known features of enthesis. Depending on anatomical location and measuring
techniques, the width of the unmineralized-to-mineralized transition zone ranges from about 10 to
100 um [10,12,53,67-70]. Experimental and computational works have linked compositional to
mechanical gradients [71-74]. Although restricted to an extremely small region, the mechanical
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modulations should help solve stress and strain incompatibilities between soft and hard tissues
[11,75], enhancing failure resistance at the insertion site [16,69]. Assuming that the interfacial material
gradient is devoted to reducing stress concentration, the question arises whether the distinct spatial
profiles observed in the two mFC may reflect different functional requirements of the two locations.
To answer this question, we used a simple 2D model of staggered mineral crystals glued together by
an elastoplastic protein matrix (details in Supplementary Material), the “tunability” in stiffness,
strength and energy absorption as a function of mineral volume fraction can be estimated (Fig. S10).
Increasing mineralization of collagen fibers enhances stiffness and strength but decreases energy
absorption. Overall, our finding suggests that E-mFC needs to be strong along the prevalent pulling
direction of the tendon. To a first approximation, a strong material should have highly aligned fibers
and should not include components with low mineral content (and low strength) as they may dominate
the overall failure strength (assuming a serial arrangement with the applied load [76]). This may explain
the flat profile observed at E-mFC. Such high strength may, however, come at the expenses of
toughness. Although we did not perform a fracture study, long parallel cracks likely resulting from
sample preparation, were mainly observed inside E-mFC rather than in P-mFC (Fig. 1c), further
suggesting that the high anisotropy is probably aiming at enhancing tensile strength rather than
toughness. P-mFC is a way more heterogeneous material, showing an intricate fiber organization and
a gradual increase in tissue modulus. While material heterogeneity may favor damage resistance [77],
the elastic modulus gradient should allow to resist compressive loading of the tendon (pressing against
the bone during joint rotation) in a progressive manner, to avoid potentially high stresses which may
harm both tissues.

Concerning limitations, it should be noted that tissues were tested dehydrated, although we are aware
that hydration has a large impact on the local mechanical properties [78,79]. Indenting dehydrated
bones typically lead to an overestimation of reduced modulus and hardness [18]. Sample dehydration
may also impact collagen packing and organization; this effect should be stronger in tendon and
unmineralized FC then in mineralized tissues where water is (at least partially) replaced by mineral.
However, to perform a correlative analysis, we had to follow preparation protocols enabling different
techniques on the same samples. Being mainly interested in relative differences between mineralized
tissues and locations, we would expect dehydration to have a comparable impact on those tissues. Our
mechanical analysis was restricted to reduced modulus and hardness. The required lateral spacing
between indents imposes a constraint on the spatial resolution of nanoindentation, which is much
lower than the sub-micrometer resolution of gBEl and SHG. In principle, a substantial increase in the
lateral resolution of the mechanical characterization could be obtained using modulus mapping [80]
or with contact resonance force microscopy [19]. Considering SHG, we did not attempt a quantification
of the SHG signal as this would require additional assumptions on fiber packing and phase matching
[33,81]. Moreover, these quantities cannot be easily decoupled from fiber orientation. One additional
challenge is the presence of a complex hierarchical porosity, hampering the definition of
representative subregions with constant dimensions. In view of the striking differences of fiber
arrangement between enthesis and periosteal regions, we judged that a qualitative analysis of SHG
images was sufficient for our investigation. Finally, it should be considered that our sample size was
limited due to the time-consuming analysis performed. Indeed, our research strategy, common to
many studies focusing on micro- and nanoscopic material properties [3,18,19,45,82], was to perform
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a thorough characterization of a limited number of samples, rather than testing more samples to a
lesser extent. Despite the shortcomings of this choice, all measured compositional, structural and
mechanical quantities were consistent in all samples and locations analyzed. In a previous work, we
characterized the microstructure of bone and mFC with micro-CT considering a larger number of
animals (n = 7) and of the same strain and age. All samples had a striking similar microstructural
porosity suggesting a reduced biological variability of the chosen animal model and anatomical
location. Limiting the number of animals (compatible with the study aims) is also in line with the global
effort to reduce animal usage in experimental research. The present multimodal approach can be used
to investigate medically relevant scenarios, considering for example the impact on mFC of over or
unloading [83], inflammation mimicking enthesopathies, or aging. These studies comparing different

groups would need a larger number of samples, which can be calculated based on power analysis and
effect size.
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Fig. 6. Mineralization, fiber organization and material properties measured on E-mFC considering two mutually orthogonal planes. Sagittal
and transverse (a) qBEI maps and (b) SHG images. Box plots showing (c) calcium content (Ca), (d) reduced modulus (Er ) and (e) hardness (H)
for a set of indentation points (n = 21) selected on adjacent locations within E-mFC on both planes. Boxes range from the 25th to the 75th
percentiles. Points positioned more than one interquartile length away from the boxes were considered outliers and plotted individually (+).
Whiskers extend to the most extreme data point which is not an outlier. Thick lines represent the mean value. ** P <0.01, * P < 0.05.
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5. Conclusions

The combination of nanoindentation, qBElI and SHG imaging provided powerful insights into the
structure and functioning of FC. We highlighted that E-mFC and P-mFC are mechanically efficient
tissues attaining their stiffness and hardness by using less mineral than bone would require. The two
FCs had different fibers organization and spatial modulation of mechanical properties. Spatially
constant tissue modulus and hardness, combined with highly aligned collagen fibers were observed at
enthesis FC, mirroring the previously detected microstructural anisotropy. We hypothesize that such
construction strategy enhances strength at the tendon insertion. Our work demonstrates the
adaptability, versatility and efficiency of FC in helping bone to cope with challenging mechanical tasks.
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Supplementary materials

SUPPLEMENTARY FIGURES
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Figure S1. Schematic of the sagittal and transverse planes on a representative sample, and corresponding investigation techniques: qBEI
(quantitative backscattered electron imaging), nIND (nanoindentation), SHG (second harmonic generation). The picture of the tendon-bone
construct was taken during a typical sample extraction procedure.
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Figure S2. (a) qBEI maps and regions of interest used to measure the mineral content of the entire enthesis mineralized fibrocartilage (E-
mFC), periosteal mFC (P-mFC) and subchondral bone regions, on a representative sample. (b) Frequency distributions of calcium content,
obtained by pooling together data from both samples.
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Figure S3. Illustration of a cartilaginous inclusion in bone probably formed during endochondral ossification and not removed by remodeling
[1,2]. The high mineral content is clearly visible in qBEI as indicated with a black arrow (a) and it is reflected into a blurry SHG signal (b), likely
indicating less ordered endochondral bone.
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Figure S4. Overview of several nanoindentation grids on a representative sample at the periosteal (a) and enthesis (b) region. Close-up on
typical scanning grids at the periosteal (c) and enthesis (d) region, showing the rejected indents in red and the accepted ones in green, as
well as the resulting contour extraction of the interface between unmineralized fibrocartilage (uFC) and mFC for distance-to-surface
measurement.
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Figure S5. Full gBEI overviews (a and b) and close-up on the regions of interest including enthesis and periosteal locations for the measured
samples not shown in the main manuscript. As in one sample (bottom row) the tuberosity could not be clearly spotted and, consequently,
both mFC layers were very thin, the sample was not considered for further quantitative analysis.



Published in : Acta Biomaterialia (2023), vol. 166, pp. 409-418
DOI: 10.1016/j.actbio.2023.04.018
Status : Postprint (Author’s version)

¢ LIEGE

université

5 2 e “
i
pm / e, "
ek I
SN TGS LT
e »
i A :

¢ u"" &4 &'
: SEHN A
(\//"7 & ':"0 - /(

24 i «'5/':':; \

Figure S6. Characteristic features on qBEI images. (a) Bone island (contoured in black, and indicated by the black arrow) within periosteal FC.

(b) Former tidemarks (black arrows) within periosteal FC.
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Assuming a staggered composite model with elastic-brittle mineral crystals glued together by a ductile
elasto-plastic protein matrix, the elastic modulus E¢ as a function of the mineral volume fraction @ is
given by [42]:

E
Ec=¢ —+(1- d)E, @
1-b 4 E
K=1+ TEG—'\: (2)

With the Young’s modulus of hydroxyapatite E,, = 100 GPa, the shear modulus of the organic protein
matrix G, =y E,, where y = 0.4, and the Young’s modulus of the organic protein matrix E, = 5 GPa. It
should be noted that the modulus of the hydrated proteinaceous collagen matrix should be around 1-
2 GPa. The value used here, which is based on the (few) indentations points placed into unmineralized
fibrocartilage, is representative for a PMMA—collagen composite as the tissues were dehydrated and
then infiltrated by PMMA. The mineral platelets aspect ratio p was allowed to vary from 10 to 20.

To connect calcium content with mineral volume fraction, one can use the following relationships [82]:

HA
¢ = 5 (3)
HA +(1-HA)< HA)
porg
HA = 2.5066 Caneqn 4)

With hydroxyapatite density p,, =3.18 g cm and organic matrix density p__ = 1.47 gcm?,

org

The model further assumes that beyond a critical shear stress r; the matrix flows plastically. In in the
staggered arrangement the stress on the mineral particles o,,, and the shear stress inside the protein
matrix T, are linked by:

Ty = —Onm (5)

Therefore, if t; is smaller than the fracture stress of the brittle mineral cfn (according to Eq. 5), the
matrix will flow before the mineral crystals can break. Here, we assumed af,=100 MPa and 1,=G,n),
with n‘F’,=0.8% being the critical yield shear strain at which the protein matrix starts plastic flow (likely
due to breaking of ionic bonds [82]). Strength is measured as the maximum stress reached by the

staggered protein-mineral composite at the end of the elastic region right before plastic flow,
according to:
kp .

T
CZEm p

ol =Eec=Eg,=E

(6)

Toughness is estimated at the area under the overall stress-strain curve of the composite. Once the
matrix starts to flow, the stress in the staggered composite does not increase but the strain does, till
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the matrix reaches its fracture shear strain n{, = 8%. The maximum strain on the composite at the end
of the plastic flow of the protein matrix is given by:

21-¢ kp 21-¢
max _ - f_ LT f
€& = Emt d) r]p = 2Em Tp+ 0 d) r]p

()

SUPPLEMENTARY TABLES
Table S1

Global properties of bone compared with the two mFC types (periosteal and insertional), for
both samples pooled together (data for each separate sample provided within the brackets).

Parameter Bone A (-1 Periosteal mFC A (I-1li) Insertional mFC A (-1f)
(Region I} (Region I} (Region i)

Mineralization properties (based on 4 x 4 pixel average around the indent location)

24.41 -11.63% 21.57 +1.3% 21.85 -10.49%
Caimean [Wt %]
[24.73 24.26] [22.06 21.49] [21.03 22.41]
24.36 -9.24% 22.11 -0.9% 21.91 -10.06%
Capear [wt %]
[24.47 24.27] [22.2 22.06] [21.71 22.29]
2.53 +28.46% 3.25 -6.15% 3.05 +20.55%
Cavigen [wt %2]
[2.62 2.5] [2.56 3.48] [2.56 3.48]
5 +920% 51.45 -1.9% 50.47 +909.4%
Caow [%6]
[40.26 53.48] [66.76 39.21]
5 -91.6% 042 +319.05% 1,76 -64.8%
Carign [%]
[1.17 0.43] [1.71.8]

Mechanical properties

E (GPa] 21.13 -18.88% 17.14 -1.52% 16.88 -20.17%
T, mean a

[22.05 20.31] [17.61 17.06] [16.53 17.09]

21.49 -19.08%  17.39 -0.86% 17.24 -19.78%
Er. pes [GPa]

[21.59 19.53] [17.03 17.58] [16.17 16.96]

5.22 -2548%  3.86 -31.61% 264 -49.42%
Er, wiaen [GPa]

[4.27 47] [4.22 3.81] [2.76 2.66]
e (%] 5 +847% 52.35 +27.98% a7 +1240%

iow L [47.75 53.13] [71.3 63.63]
-96.8% 0.16 -100% -100%
Er hign [%6] 5 0
[0.20.32]

Hardness properties

HoeniGPa] 056 -7.58% (.61 -1.64% 0.6 -9.09%
men [0.68 0.64] [0.59 0.61] [0.59 0.62]
-4.671% -4,84% - %
oo (GP2] 0.65 0.62 0.59 9.23%
[0.67 0.61] [0.6 0.63] [0.58 0.59]
0.17 +5.88% (.18 -2222% 014 -17.65%
Huidrn [GPa]
[0.16 0.17] [0.13 0.18] [0.13 0.14]
How ] s +346.8% 2234 +3.45% 2311 +362.2%
ot [26.69 21.49] [25.84 20.04]
-554% 223 +80.27% 402 -19.6%
Hrign [76] 5

[1.43 2.54] [1.82 5.78]
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Table S2

Mineralization properties of bone compared with the periosteal and insertional mFC type (based on
entire tissue region), for both samples pooled together (data for each separate sample provided
within the brackets).

Parameter Bone A (- Periosteal mFC A (-1} Insertional A (-1}
(Region [} (Region If) mFC
(Region M)
25.26 -9.2% 22.94 -4.2% 21.97 -13%
Camean [wit %]
[25.5 25.12] [23.27 22.68] [21.5 22.45]
25.15 -6.9% 23.41 -1.1% 23.15 -7.9%
Capeak ["l"'.lrt %]
[25.26 25.12] [23.58 23.32] [23.03 23.29]
368 +44.3% 2.31 +6.4% 5.65 +53.5%
Cavidm [wi 6]
[4.06 3.39] [5.39 5.22] [6 5.31]
+6224% 36,12 +35.5% 4893 +878.6%
caluw [%] 5
[31.93 39.38] [55.24 42.39]
-42.8% 2.86 -11.5%  2.53 -49.4%
Carigh [%] 5
[3.91 2.04] [2.15 2.92]
Table S3

Parameters of the exponential function fitting the relationship between calcium content and

mechanical properties (Ca=a e ¥ or Ca=a ™) for both samples pooled together, and corresponding
t-values.

Parameter Ca-Er Ca-H Ca-E; Ca-H Ca-E; Ca-H

in E-mFC in E-mFC in P-mFC in P-mFC in bone in bone

a [wi %] 10.68 0.38 6.42 0.25 10.69 0.27

t-value for a [-] 32.94 20.66 21.98 21.34 19.26 18.88

b [GPa™] 0.02 0.02 0.04 0.04 0.03 0.04

t-value for b [-] 15.3 9.8 22.04 19.12 13.18 6.7
Table sS4

Parameters of the sigmoid function fitting the non-mineralized to mineralized tissue transition

. a
Ca (dist) = Cag + ol

samples pooled together.

and TW =dist( Ca = 0.995*a+ Ca, ) - dist( Ca = 0.005*a+ Cag ) for both
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Parameter E-uFC — E-mFC Resin — Bone P-uFC — P-mFC
o [wit %] 19.15 25.26 21.15
B [um'1] 0.792 1.55 0.78
disto [um] 1.912 1.54 0.45
Cap [wit %] 2.1 0.03 0.26
TW [pm] 13.45 6.84 13.63
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