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Abstract

The tendon-to-bone attachment (enthesis) is a complex hierarchical tissue that connects stiff bone to
compliant tendon. The attachment site at the micrometer scale exhibits gradients in mineral content and
collagen orientation, which likely act to minimize stress concentrations. The physiological
micromechanics of the attachment thus define resultant performance, but difficulties in sample
preparation and mechanical testing at this scale have restricted understanding of structure-mechanical
function. Here, microscale beams from entheses of wild type mice and mice with mineral defects were
prepared using cryo-focused ion beam milling and pulled to failure using a modified atomic force
microscopy system. Micromechanical behavior of tendon-to-bone structures, including elastic modulus,
strength, resilience, and toughness, were obtained. Results demonstrated considerably higher
mechanical performance at the micrometer length scale compared to the millimeter tissue length scale,
describing enthesis material properties without the influence of higher order structural effects such as
defects. Micromechanical investigation revealed a decrease in strength in entheses with mineral defects.
To further examine structure-mechanical function relationships, local deformation behaviour along the
tendon-to-bone attachment was determined using local image correlation. A high compliance zone near
the mineralized gradient of the attachment was clearly identified and highlighted the lack of correlation
between mineral distribution and strain on the low-mineral end of the attachment. This compliant
region is proposed to act as an energy absorbing component, limiting catastrophic failure within the
tendon-to-bone attachment through higher local deformation. This understanding of tendon-to-bone
micromechanics demonstrates the critical role of micrometer scale features in the mechanics of the
tissue.
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1 Introduction

The enthesis is a specialized tissue at the tendon-to-bone interface that connects two mechanically
dissimilar materials: tendon, a compliant proteinaceous material with high toughness, and bone, a hard
mineralized tissue with a significantly higher modulus. Dissimilar interfaces such as the tendon-to-bone
attachment are prone to stress concentrations that increase failure risk. When two materials with
differing mechanical properties and a sharp interface are exposed to external applied loads, they will
exhibit non-uniform deformation. The mismatch in the deformation between the two phases will cause a
stress singularity to arise locally increasing the risk of crack propagation and failure. Certain materials,
such as metals, can use plasticity to minimize stress concentrations; however, the unique properties of
biological tissues make then especially prone to interfacial singularities[1]. To alleviate these stress
concentrations and allow for effective stress transfer, the healthy enthesis exhibits a complex
hierarchical structure across multiple length scales. At the tissue level, tendons attach to bone with a
splayed morphology and a large attachment area to minimize stress at the interface [2, 3]. At a lower
micrometer scale, the tissue is graded in composition and organization, with gradients in mineral
content, collagen orientation, and protein type across the interface [4-7]. The presence of a toughening
compliant zone between the tendon and bone has been predicted at this scale, but never clearly
measured experimentally [5]. At the nanometer scale, the mineral organization relative to the collagen,



whether intrafibrillar or extrafibrillar, varies along the interface, theoretically shifting the load-sharing
mechanism among the components [8]. Compositional and structural features of the tendon-to-bone
attachment at the micrometer scale are relatively well understood, but corresponding mechanics,
especially in physiologically relevant tension loading, is lacking.

Modelling efforts have suggested that the gradient structures at the tendon-to-bone attachment result
in unique mechanical behaviors, such as the presence of a region of increased compliance near the
interfacial region [5]. However, due to the difficulty in preparing small, mechanically testable, samples of
the attachment containing both mineralized and unmineralized tissue, information on the attachment
mechanics at the micrometer scale during physiologically relevant loading conditions have been
impossible to obtain. Recently developed techniques using sample preparation via cryo-focused ion
beam (FIB) and mechanical testing using a custom atomic force microscopy (AFM) system provide a
unique opportunity to prepare and test micrometer-scale biological samples. Such a technique has been
used previously to examine homogeneous mineralized tissues such as bones and teeth [9, 10] and
compliant materials such as polymers [11]. The current study represents the first time that this
technique has been used on a heterogeneous biological tissue to examine deformation at the
micrometer length scale. The goal is to obtain information about the micrometer-scale contributions to
attachment deformation during loading. Specifically, the objective is to determine how the micrometer
gradient structure at the attachment site participates in dissipation of applied forces and stress
concentrations in healthy and pathological tissues. This understanding will create a foundation of
knowledge for creating graded scaffolds on the micrometer scale for future treatment and repair of
attachment sites [12-16].

2 Methods

2.1 Animals

The use of animals and procedures for this study were approved by the animal studies committee at
Washington University (Protocol Number: 20100091). Female CD-1 wild type (WT) mice (Charles River
lab. Int., Inc.) 14 - 18 weeks of age were used as healthy controls. Animals with mineral defects at the
enthesis were used as a comparison group (KO group); specifically, hedgehog (Hh) signaling was deleted
in scleraxis expressing cells [17-19] and samples were prepared from 8 week old mice. Hh signaling has

fl/fl mice

been shown to play a role in attachment site development and maturation [19]. The ScxCre;Smo
exhibit conditional knockout of smoothened, a molecule required for Hh responsiveness, at the tendon-
to-bone attachment. These mice exhibited impaired enthesis mineralization and compromised tissue-

level mechanics [19]. Three WT mice and three KO mice were used in the current study.

2.2 Preparation of micrometer-scale enthesis beams

Right and left supraspinatus tendon-humeral head complexes were dissected from each animal
immediately after sacrifice. Care was taken to maintain the integrity of the supraspinatus tendon-to-



humeral head attachment site. This complex, which includes the tendon enthesis, was mounted in
Optimal Cutting Temperature (OCT) compound and frozen at -80 °C. The OCT-embedded samples were
cut into 20 um thick sections and deposited onto Laser Capture Microscopy (LCM) tape (Fig. 1A). Slides
were maintained at -80 °C after sectioning. The frozen sections were then thawed and imaged under an
optical microscope to identify the tendon-to-bone attachment. Beams were cut using the LCM laser to
ensure that the long axis of the beams was parallel to the collagen fibrils and spanned the mineralized
and unmineralized fibrocartilage (Fig. 1B). This preparation resulted in beams with dimensions of 150 -
200 um in length and ~30 um in width. In order to facilitate access to the beams for subsequent FIB
cutting, a relatively large hole (>1.5 mm) was cut around the beams to allow manipulation of the
tendon-to-bone attachment section. Two to four beams spanning the mineralized and unmineralized
fibrocartilage for each tendon-to-bone attachment section were prepared, depending on the dimension
and quality of the section (Fig. 1B). Samples were subsequently refrozen at -80 °C. The beams prepared
using LCM were noted as being irregular in width, as shown in Fig. 1B, and thus required further FIB
preparation to produce regular beam structures. Regular beam structures were deemed necessary to
avoid localized stress concentrations produced at irregular sample edges.

FIB fabrication of tendon enthesis beam samples was performed under cryogenic conditions using the
FIB-SEM dual-beam system (Quanta 3D, FEI Company, USA/EU). Sample beams were mounted onto the
sample stage of the FIB-SEM with a 60° pre-tilt using OCT solution such that the beams extended beyond
the edge of the pre-tilt stage and perpendicular to the direction of the tilt. The cryo-stage with sample
was then brought to cryo-temperatures by dipping into liquid nitrogen slush. The cryo-stage was
continuously rotated in the slush for 2 minutes to reduce the stage temperature to -130 °C. The sample
was then inserted into the pre-chamber of the FIB-SEM and brought to -90 °C to allow ice sublimation
from the surface of the sample. Argon was then pumped into the chamber and a thin layer of
platinum/gold was deposited on the sample through plasma sputtering to limit charging effects. Once
coated, the sample was further inserted into the main cryo-chamber for FIB processing.

Regular beam structures were prepared by FIB by first positioning the sample such that the top surface
of the LCM-fabricated beams was perpendicular to the direction of the ion beam. In this orientation, the
left and right sides of the beam could be removed with the ion beam at a voltage of 16 kV and current of
3 nA for initial milling (Fig. 1C-D). A lower voltage (16 kV) was applied here compared with the voltage
(30 kV) applied for previous work preparing bone in order to minimize potential FIB damage to this
softer tissue sample [10]. The width of the beam was subsequently reduced to ~4 um by the action of
the FIB removing sample volume (Fig. 1D). The sample was subsequently removed from the cryo-
chamber and the stage rotated 90°. The sample was then reinserted into the cryo-chamber and ice
sublimated, as described above. Deposition of platinum/gold coating onto the sample was avoided in
this second configuration such that the final sample would not contain any metal deposits. The side
surface of the beam was positioned perpendicular to the direction of FIB to remove the top and bottom
parts of the beam. This step was carried out in the same manner as described when dealing with the left
and right sides except that the beam was given a dumbbell shape. During this process, the LCM tape
(attached to the bottom of the beam) and the platinum/gold coating were removed. After this step, the
gauge section of the beam had a resultant square cross-section of ~4 x 4 um?® with wider sections at



either end to facilitate gripping (Fig. 1E). The samples were then removed from the SEM chamber for
AFM mechanical testing. A cross-sectional area of ~16 pm? was selected such that the samples could be
loaded to failure at the loads attainable in the AFM system (10 mN) while maintaining the integrity of the
attachment structure.

2.3 Compositional study using X-ray energy dispersive spectroscopy

X-ray energy dispersive spectroscopy (EDS) microanalysis within an SEM (Inspect SEM, FEI Company,
EU/USA) was used to investigate the proportion of the mineralized and unmineralized tissue in each FIB-
fabricated tendon enthesis beam. EDS measurements were made at eleven equally spaced points along
the length of each beam in order to determine the calcium content along the beam (Fig. 2). Interaction
volume depths calculated using [20] indicate that the interaction depths are larger than the beam
thickness and that as a result the EDS measurements provide accurate average values of the beam
composition as a function of position while maintaining the beam integrity.

2.4 AFM tensile testing

Mechanical testing of the tendon enthesis beams was conducted using AFM. Samples taken from the FIB
preparation were rehydrated using the same methodology applied to bone samples in previous work [9].
Briefly, the FIB-sectioned beam samples were placed in a water vapor environment to replace any
hydration lost during the beam milling process. After hydration, the sample complex was attached with
carbon tape to the sample stage of an in situ AFM system situated within the FIB-SEM, as described
previously [21, 22]. The sample was attached such that the FIB-fabricated beams extended beyond the
edge of the sample stage in order to perform tensile tests. A high-vacuum compatible electron beam-
cured adhesive, SEMGLU (Kleindiek Nanotechnik GmbH, Germany), was used to attach the free end of
the beam to the AFM tip in order to perform the tensile test. A small bead of SEMGLU was mounted on
the tip of a thin wire placed besides and parallel to the beam. A FIB-flattened AFM tip with spring
constant of 40 N-m™ was placed 30 pm ahead of the initial position so that the AFM tip could retract
backwards for tensile testing once attached firmly to the sample. The sample stage was then moved
towards the AFM tip such that the apex of the tip contacted and picked up a relatively small volume of
glue. The stage was then moved to bring the free end of the FIB-fabricated beam into contact with the
glue on the AFM tip. All the steps were performed under an electron current of 93 pA to prevent the
glue from hardening. The electron beam was then focused onto the glue drop under a high electron
current of 1.5 nA for approximately 10 minutes to ensure solidification and a strong bond between the
tip and the beam. In this way, the FIB-fabricated tendon enthesis beam was firmly attached to the AFM
tip prior to the AFM tensile test (Fig. 2). Uniaxial tensile testing to failure of the samples was then
performed by retracting the AFM tip in a quasi-static manner at a loading rate of 0.1 um-s" while
imaging using the secondary electron detection mode of the SEM.

2.5 Modelling the mechanical behaviour of the composite beam

A model was developed to describe the mechanical behavior of the tendon enthesis beams. The model
aimed to account for the variability in the composition of the beams and describe the average modulus



of an idealized beam with varying amounts of mineralized, graded, and unmineralized tissue (Fig. 3). A
force, F, was applied to the end of a beam (length L, cross-sectional area A) at an angle 0. The angle for
each beam was determined from images of the mechanical tests nominally taken in the plane including
the length and thickness of the beam (xy-plane). The angle O in the xy-plane is expected to be the
maximum off-axis angle due to difficulty in manually adjusting the beams in this direction and therefore
represent the bulk contribution to off-axis loading. The axis, x, was defined along the length of the
beam, with a value of 0 at the free end. The beam was composed of three sections: mineralized, graded,
and unmineralized, with lengths of a, b, and c, respectively (note that a + b + ¢ = L). The corresponding
moduli of these sections were defined as Ey, Eg, and Ey, respectively. The value of Eg was determined as
a linear interpolation between the mineralized and unmineralized moduli. The average modulus, E, can
then be determined by satisfying the boundary and continuity conditions to be:

E = FL [cos?26  sin26L*
T A A2 91,2

(1)

as shown in Appendix A.

2.6 Local Strain Analysis

Experimental determination of the deformation field within tendon-to-bone attachments is instructive in
relating mechanical behavior to composition. Local strains along the length of the specimen were
calculated by considering the prepared beams as a one-dimensional manifold in two-dimensional space.
Five locations along the length of each specimen were chosen based on identification of distinct features
that were tracked using an image registration algorithm. For each successive frame, the regions were
tracked using a Newton-Raphson-like method that computes pixel displacements [23]. The manifold was
broken into individual segments bounded by a tracked region on either side for 1-dimensional strain
calculations. Segment lengths were calculated by the Euclidian distance formula using pixel
displacements of the tracked regions. Lagrangian strains were determined by comparing the lengths of
the segments at the start of the test to the length of the segment at each successive frame, resulting in a
single measure of Lagrangian strain for each segment at each frame. Aberrations and distortions caused
by the SEM were determined to minimally affect the image at the energy, magnification, and raster rate
used here and were therefore ignored.

2.7 Statistics

For all outcomes, the values from multiple beams prepared from a particular mouse were averaged for
each mouse: WT1, WT2, WT3, KO1, KO2, KO3. Values reported for the WT and KO mice are averages of
the values measured for each mouse. The reported errors are the standard deviations measured
between the mice, not the individual beams. Student’s t-tests were performed (independent samples
with equal variance) to compare WT to KO. Significance was defined as p < 0.05.



3 Results

3.1 Sample preparation

A total of 11 tendon enthesis beams were successfully prepared and tested, consisting of 7 samples from
3 KO mice and 4 samples from 3 WT mice. The beam lengths spanned from 41 to 99 um, with an average
of 64.8 + 6.4 um (Fig. 4A). The difference in the length of the beams was not significantly different when
comparing WT and KO samples. The cross-sectional area of the beams ranged from 7.2 to 45.2 um?, with
an average of 23.5 + 10.1 um®. Beam cross-sectional areas were not significantly different between WT
and KO samples.

One goal when preparing beams was to obtain equivalent lengths of unmineralized, graded, and
mineralized regions in each beam. However, due to variations in the samples themselves and difficulties
in preparing the beams, the relative amounts of each tissue type varied from sample to sample (Fig. 4B).
The average gradient length in the beams was 27.9 + 8.5 um, representing 43.9 + 8.3 % of the total beam
length. The gradient length did not differ significantly between groups. Similarly, the amount of
unmineralized tissue did not vary between WT and KO samples. However, the KO samples exhibited
shorter lengths of mineralized tissue than for the WT samples, as expected based on previous results
[19].

3.2 Micromechanical Testing

Figure 5A shows the stress-strain curves for all eleven tensile tests. The average strength of the samples
was 45.7 + 3.4 and 34.0 £ 5.1 MPa for the WT and KO, respectively (Fig. 5B). The strength of the WT
samples was significantly higher than that of the KO samples. Visual inspection of videos of the samples
during loading indicates that none of the samples failed at the grip sites. All failures occurred between
30 and 98% of the length of the beam, as measured from the mineralized end of the beam, and with
mean and median values around 70% of the length. The average beam moduli determined from the
slopes of the stress-strain curves in the elastic regimes were 3.1 £ 0.9 and 2.0 £ 1.2 GPa for the WT and
KO samples, respectively (Fig. 5C). The moduli were not statistically different between the WT and KO
samples (p=0.24), although the comparison was likely underpowered based on the small sample size.
Beam stress-strain behavior beyond the elastic regime varied, as indicated in Figure 5. Specifically, some
samples displayed large plastic deformations up to 9% (e.g., WT3-1 and KO3-1) while other beams
displayed linear elastic behavior with brittle failure (e.g., KO2-2 and WT2-2). The average strain at failure
was 4.3 £3.3and 4.7 £ 3.7 % for WT and KO, respectively (Fig 5D). The average toughness and resilience
for the WT samples were 148.8 £ 150 and 49.1 £ 12 MPa. The KO sample had toughness and resilience
values of 117.1 + 115 and 99.5 + 131.0 MPa, which were not significantly different from those measured
for the WT (Fig 5E).



3.3 Modelling

A beam model was developed to determine the relationship between the measured effective moduli
and beam compositions, as measured by EDS (Fig. 3 and Appendix A). The model assumed that each
beam was a three phase composite (mineralized, gradient, and unmineralized) in series undergoing
tensile loading at an angle determined from the experimental images. The moduli for each phase were
calculated using a simplex direct search optimization method [24] such that the error between the
model and the experimental overall beam modulus was minimized for all samples. This optimization
resulted in a modulus of the mineralized region equal to 15.7 GPa and modulus of the unmineralized
region equal to 0.66 GPa. Using the optimized phase moduli, the model was able to predict the beam
modulus with an error of 14.6 % (Fig. 6). The average errors between the calculated and experimental
moduli were equal to 9.9 £ 8.5% and 17.7 + 8.6% for the WT and KO groups, respectively. The relative
accuracy of the model suggests that the assumed variations in beam composition account for the
variations in the experimentally observed effective moduli.

3.4 Local Strains

Local strains were measured for 9 out of the 11 beams that were imaged in situ with the SEM during
loading. Of these 9 samples, 4 beams (3 WT and 1 KO) exhibited measurable local strains above 7%.
Notably, the position of maximum strain was not located in the unmineralized region, but rather
consistently appeared in between the mineralized and unmineralized regions in the area associated with
the mineral gradient (Fig. 7). Monitoring the exact determination of high compliance locations along the
tendon-to-bone gradient was limited by the relatively low spatial resolution of the local strain analysis.
However, all samples clearly displayed a high-strain region associated with the transition from
mineralized to unmineralized (Fig. 7).

4 Discussion

The tendon-to-bone attachment is a hierarchical tissue exhibiting spatially varying composition and
structure across multiple length scales [3, 25, 26]. Variations at the nanometer, micrometer, and
millimeter scale all contribute to the overall tissue mechanics [25, 27]. Examining the mechanics of
tissues across multiple length scales is critical for elucidating structure-function relationships that lead to
an effective attachment between tendon and bone. Previous research has examined tissue mechanics
for the tendon enthesis under uniaxial loading [7, 19, 28-33]. Although a few of these studies used visual
markers and image correlation techniques in attempts to identify micrometer-scale local strains during
tissue loading [29, 32, 34, 35], no tensile mechanical tests to determine material performance have been
directly performed at the micrometer scale. Indentation studies that have examined soft-to-hard tissue
attachment sites, which probe the micrometer scale, measured the mechanical properties in the
direction perpendicular to the physiological loading direction [36-38]. Useful relative information can be
gathered from these experiments; however, the high level of anisotropy in these tissues limits the ability
of these studies to obtain physiologically relevant values. The study presented here is the first to
successfully conduct tensile micromechanical testing of tendon enthesis. Using LCM and cryo-FIB,
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supraspinatus-humeral head complexes were cut into micrometer-sized beams, allowing for micrometer-
scale mechanical testing. A better understanding of how local micrometer scale mineral variations lead
to changes in mechanical behavior will allow for improved biomaterial design for enhanced tendon-to-
bone repair.

The micrometer-sized beams of the tendon-to-bone attachment tissue employed in this study represent
the first manufactured specimens of inhomogeneous biological tissue containing both mineralized and
unmineralized tissue. The FIB-based technique has been used extensively in the field of nano- and micro-
machining in the semiconductor industry, primarily working with silicon and germanium [39]. More
recently, such techniques have been used to machine samples of homogeneous biological samples such
as bone and limpet teeth to determine their micrometer-scale mechanical properties [9, 10]. In the
current study, cryo-FIB allowed for the machining of hydrated and inhomogeneous tendon-to-bone
attachment samples into micrometer-sized beams while maintaining the overall tissue’s native structure
and hydration level (Fig. 1). Since FIB is an inherently destructive process, there was concern that the
remaining tissue was damaged during preparation. However, studies on soft materials have shown that
FIB damage is localized and has limited effects on the mechanics and composition of the machined
material [11]. In addition, a relatively low voltage was employed in the current study to minimize
damage to the tissue during preparation. Therefore, this technique was considered to be ideal for the
manufacture of hydrated, mechanically unaltered, beams of the attachment site with a controlled
geometry at the micrometer scale.

Local strain analyses of the micromechanical tests indicated that local mechanical properties do not
correlate directly to mineral content, but that the beams exhibited a region of high deformation near the
mineral gradient. Consideration of the change in mineral content as the only contributor to tissue
modulus would provide an expected highest modulus in the mineralized region, a decrease in the graded
region, and the lowest in the unmineralized region [40]. However, a number of studies have suggested a
region of increased deformation within the enthesis compared to the fully unmineralized regions [7, 41].
The local strain measurements made on the beams in this study using deformable image correlation
confirm the presence of a compliant zone in the graded region (Fig. 7). Observation of this high
deformation region at the micrometer scale indicates that the increased compliance is not controlled
solely by macro-level features. Although collagen fiber orientation and protein composition were not
measured in the current study, the results indirectly support previous theories that the local increase in
deformation is caused by changes in collagen orientation or protein composition rather than changes in
mineral content [5, 7]. Increased applied load and deformation will lead to collagen recruitment and
realignment via affine deformation. This inelastic deformation is only reached at high physiological loads
where the activation energy is exceeded and the deformation becomes localized to this region. This
explains why the region of high deformation often only appears at higher applied loads as in WT3-1 and
KO3-1. Variations in the initiation of the high deformation zone may be due to challenges in cutting the
beams exactly along the collagen fiber direction. Small off-axis loading of the collagen fibrils may lead to
shifts in when localized deformation is activated. The increase in local deformation at the gradient region
potentially facilitates energy absorption during loading by dissipating applied stresses within this area of
high compliance. Thus, the tissue can avoid failure to maintain function and overall integrity.



The toughness and resilience of the enthesis beams measured using uniaxial loading with a modified
AFM system were significantly higher than those found for mechanical testing at the millimeter (i.e.
tissue) scale. The beam toughness was approximately 20-fold larger than that reported for the whole
tissue [19]. Similarly, the beams also exhibited a 20-fold increase in resilience. In both cases, the beam
properties exhibited no difference between the WT and KO samples. The increase in toughness and
resilience in the beams compared to the entire enthesis complex supports the idea that the region of
increased deformation participates in increased sample toughness. Larger samples may contain
structures the increase the failure risk by decreasing the tissue toughness. However, at the micrometer
scale the toughness is enhanced due to the deformation zone and, thus, decreasing the failure risk.

The beam moduli were also dramatically higher than moduli measured for the entire supraspinatus
tendon-to-humerus complex [28]. This difference in modulus is expected to be due to scaling effects and
the elimination of measurement artefacts such as geometry and tissue interference, which may
artificially decrease the stiffness of whole-complex mechanical test. Scaling effects have been shown for
many materials, where a decrease in size results in an increase in modulus due to increases in residual
strain, surface tension, interfacial effects, or loss of deformation mechanisms such as grain boundary
movement [42]. The change in modulus seen here may also be due to factors such as decreased
interfibrillar sliding or surface tension effects caused by the decrease in specimen size. Furthermore, the
strength of the beams was twice the strength measured in the whole tissue mechanical tests [19, 28],
consistent with the higher modulus values recorded. This outcome is likely due to a decrease in the
number of flaws that would result from smaller specimens, resulting in fewer sites for crack initiation
and propagation, as seen in other materials [43, 44]. These results suggest that at the micromechanics of
the tendon-to-bone attachment exhibit high modulus and strength.

Analysis of the stress-strain plots indicated few statistically significant differences in the mechanical
properties of the WT and KO. This suggests that the previously reported enthesis mineralization defects
[19] did not dramatically affect the mechanics of the enthesis at the micrometer scale, with the
exception of a decrease in strength. This is in contrast to whole tissue mechanics in these mice, which
showed significant decreases in most mechanical properties compared to WT mice [19]. Changes in the
amount of mineralized fibrocartilage at a higher hierarchical scale is therefore expected to be
responsible for the compromised mechanical properties at the tissue level in the KO mice [19], as the
material properties at the micrometer scale were relatively unaltered (Fig. 5). However, the sample sizes
used in the current study were small compared to the potential effect size of the differences between
groups, raising the possibility of an underpowered comparison and a type Il statistical error.

A beam bending model was developed to predict the effective structural modulus of the bone-to-tendon
beam samples using the variations in mineral content along the beam. Previous work has established
the significance of mineral content on the elastic modulus of tissues [40, 45-49]. Therefore, mineral
content changes along the beam were considered for estimating the modulus. A predicted modulus was
calculated for each beam using the relative local levels of mineral, as determined by EDS, the angle of
loading determined from the in situ imaging and optimized values for the modulus of the mineralized
and unmineralized phase (based on literature values [24, 45, 46, 50-53]). The model successfully
predicted the moduli of the beams, suggesting that the observed variations in mineral composition were
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indeed responsible for the experimentally measured moduli (Fig. 6). The predictive success of the model
suggests that, in the elastic regime, the tendon-to-bone attachment can be described as a functionally
graded multi-phase composite in series. The optimized values of 15 and 0.66 GPa for the mineralized and
unmineralized sections are in agreement with the literature [45, 46, 52]. The consistency of these values
implies that the mineral defects in the KO samples had only minor effects on the microscale mechanics.
However, this does not preclude the possibility that larger scale structural changes may be responsible
for the mechanical changes reported at the macroscale [19].

5 Conclusions

The tendon enthesis is a complex hierarchical tissue. Although the attachment site exhibits unique
compositional and structural features at the micrometer scale, mechanical tests have never been
performed at this scale due to difficulty in preparing and testing small samples. Micrometer-scale beams
of the tendon enthesis were prepared and tested under uniaxial tension to failure using LCM, cryo-FIB,
SEM and a modified AFM system. The samples exhibited elastic moduli and strengths that were
dramatically higher than those measured in testing performed on the entire humerus-supraspinatus
complex. These mechanical properties are expected to be a result of scaling effects that eliminate certain
deformation modes. Beam moduli were found to be dependent on local composition using a beam
bending model that incorporated spatial variations in beam composition. Image correlation analysis of
local strains indicated the presence of a compliant region near the mineral gradient. This region, whose
existence had been previously proposed [7, 41], must be caused by micrometer-scale structures such as
changes in collagen orientation rather than mineral content or macroscale features. Importantly, by
increasing local deformation at the interface between the dissimilar materials, the tissue is able to
absorb greater amounts of energy without failing, thus maintaining its integrity.
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Appendix A

To model misalignment between the specimen and loading apparatus, we studied a straight, prismatic
Euler-Bernoulli beam of length L, cross-sectional area A, and second moment of the cross-sectional area
l,,. The force F was applied in the loading apparatus (XY) reference frame, which was rotated an angle 4
from the beam (xy) reference frame (Fig. 3), so that the force applied at the end is:

F = —F[ = —Fcos#i — Fsin6j (1)
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where I and j are unit vectors in the xy coordinate frame, and [ is a unit vector in the X-direction. The
goal is to estimate the average modulus of elasticity of the beam from the relationship between the load
F and the measured displacement of the free end.

The displacement vector ¥ is the sum of the displacement vectors v, of the unmineralized region, v; of
the graded region, and v,, of the unmineralized region:

As is obvious from Fig. 3, the vertical and horizontal components of the force are:

Fy, = Fsin(6) (3)
Fy = Fcos(0) (4)

This force will cause a displacement of the loaded end that is denoted by v; in the horizontal direction
and v, in the vertical direction. The total displacement, 4, is equal to

A=\, ¥, (5)

The beam is composed of three sections: mineralized, graded, and unmineralized, with lengths a, b, and
¢, respectively (where a + b + ¢ = L). The corresponding moduli of these sections are Ey, Eg, and Ey
respectively. We assume that the value of Eg is a linear interpolation between the mineralized and

unmineralized moduli such that:
Em—Ey

Ec=Ey+ (x—0) (6)

The displacement in the horizontal direction v, is the sum of the displacements in the unmineralized, vy,
graded, vg, and mineralized, vy, sections of the beam, i.e.,

171=UU+UG+UM (7)

The horizontal displacements in the unmineralized and mineralized sections are

_Fuc _ oc
Vo= e T, (8)
oa
UM = o (9)

The horizontal displacement in the graded region can be found as

Vg = fcb+c o/(Ey + 250 (x — 0)) dx (10)

b
| Em (11)

~ Em-Ey Ey

[4¢
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The total horizontal displacement can be found by substituting Egs. (8), (9) and (11) into Eq 7:

n—+— (12) or

_Fcos(@)[c ]
1= a4 gy "Ey " Ey-Ey  Ey

(13)

The vertical displacement of the beam is found below accounting for the boundary conditions and the
continuity conditions between the three regions of the beam. In the following, the displacement within
the unmineralized region is defined as y;, the displacement in the graded region is defined as y,, and the
displacement in the mineralized region is defined as ys;. The total vertical displacement of the beam at
the free end of the beam, where x=0 is

vy =y1(x =0) (14)

The solution must satisfy the following boundary and continuity conditions:

yi(x =¢) =y,(x =¢) (15)
yix=c)=y;(x=c) (16)
v,(x=b+c)=y;(x=b+c) (17)
y2(x =b+c)=y3(b+c) (18)
y3(x =L1L)=0 (19)
y3(x=1L)=0 (20)

The vertical displacements in the unmineralized and mineralized sections are found integrating the
bending equations:

EUIZZyi” = FVx, i = 1,3 (21)
F[/x3

yl = 6Eylyy + klx + kz (22)
F 3

V3 = 6E‘;w)clzz + k5x + k6 (23)

The bending equation for the graded tissue is more complicated involving a variable coefficient:

[EU + @ (x — c)] ly) = Fyx (24)
" Fy X
v = i (25)
ZZ E x -
()T
Em_, Em_,
letp = (E"b )and t =1—2Y—csothat
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Fy xdx

Y2 = g, ) pert (26)
I Fy 1
Y2 =g (p_Z) [px + t — tin(px + t)] + k5 (27)
F 1 z ¢ t
Vs EU‘I/ZZ (p_Z) [% - %ln(px + t)] + ksx + ky (28)
The vertical displacement can be calculated by solving for k;:
v, =y(x =0) =k, (29)

where k; is found from the system of algebraic equations 15 through 20 with respect to the constants of
integration k; through ke. The total displacement can then be calculated by inserting Egs. 29 and 13 into
Eq. 5.

The average modulus of an equivalent homogeneous beam, E, is now available assuming that this beam
experiences the same total displacement under the applied force as the actual beam. The total
horizontal and vertical displacements in such equivalent beam are

__ Fcos(8)L

vy =—0 (30)
__ Fsin(9)L®
2= gL, (31)
The total displacement is therefore
FL |cos?28  sinZ2@L*
A= A az T oL’ (32)
Solving for the average modulus:
FL |cos?6  sin2@L*
E=3{"# 91,,* (33)

The resultant average modulus of each beam can be determined by inserting the total displacement
from Egs. 5, 13 and 29 into Eq. 33.
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Figure Captions

Figure 1: Murine tendon-to-bone attachment sites were cut and milled to beams measuring
approximately 60 um long and 4.5 by 4.5 um in diameter. (A) Dissected supraspinatus-to-humeral head
complexes were fresh frozen and sectioned into 20-30 um thick slices. (B) LCM was used to cut large
beams, ~250 um by 50 um by 20-30 um, in the fibrocartilaginous region of the attachment where there
is a gradient in mineralization. (C-E) The LCM cut beams were further milled down to the final small
beams via cryo-FIB.

Figure 2: Micrometer scale beams of attachment tissue exhibiting a gradient in mineral content were
attached to a modified AFM system. The mineralized end of the beam was attached to a motorized
stage. The unmineralized end of the beam was attached to a blunted AFM tip with electron beam
radiation-cured glue. The AFM tip was then retracted to apply a tensile load on the beam to failure.

Figure 3: A beam bending model was developed to determine the effect of changes in composition on
the beam modulus. The beam was modelled as a three phase composite in series. The modulus of the
gradient region is defined as a linear extrapolation between the mineralized and unmineralized regions
(Eg(x)). Values for the mineralized (Ey) and unmineralized (Ey) moduli were optimized to minimize error
between the calculated and experimental beam moduli.

Figure 4: The length and composition of the beams varied between beams. (A) Plot of calcium content as
a function of position along the beams, with zero set as the center of the gradient region. The length of
the beams ranged from 41 to 99 um. (B) The length of the mineralized, unmineralized, and graded
regions were determined from the plot in A and are shown normalized to beam length. Dark shades
represent mineralized, medium shades represent graded, and light shades represent unmineralized.
These variations in the amount of each phase between beams are expected to have mechanical
consequences.

Figure 5: (A) Stress vs. strain curves for the 11 micromechanical tests. There was no apparent difference
between the WT and KO samples in terms of curve shape. Plots of strength (B), elastic modulus (C),
failure strain (D) and toughness and resilience (E) are shown for the WT and KO beams. Strength was
significantly decreased with in KO samples compared to WT samples. There was no significant change in
modulus, toughness, resilience, or failure strain between the WT and KO samples.

Figure 6: Comparison of the experimental and modelled moduli for each beam. The error was small for
all beams, with an average of 13.4%. The errors were not significantly different for the WT and KO
beams, suggesting that the mineral defect had little effect on the micromechanics of the tissue.

Figure 7: Plots of local strain vs. position at multiple stresses (legend) for all of the samples for which
local strains were measured. Dotted lines represent the calcium content as a function of position for
each sample. The highest strain levels were not localized to the region closest to the tendon but instead
within the beam near the gradient region. This indicates the presence of a region of high deformation
within the enthesis.
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Figure 1: Murine tendon-to-bone attachment sites were cut and milled to beams measuring approximately 60
pum long and 4.5 by 4.5 p in diameter. (A) Dissected supraspinatus-to-humeral head complexes were fresh
frozen and sectioned into 20-30 um thick slices. (B) LCM was used to cut large beams, ~250 um by 50um by 20-
30 um, in the fibrocartilaginous region of the attachment where there is a gradient in mineralization. (C-E) The
LCM cut beams were further milled down to the final small beams via cryo-FIB.
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Figure 2: Micrometer scale beams of attachment tissue exhibiting a gradient in mineral content were attached
to a modified AFM system. The mineralized end of the beam was attached to a motorized stage. The
unmineralized end of the beam was attached to a blunted AFM tip with electron beam radiation cured glue. The
AFM tip was then retracted to apply a tensile load on the beam to failure.



A
A\ 4
A
\ 4
A
\ 4

u

i E

NN
L
S

\ EG=EU+(EM—EU)/b (x-c)

Figure 3: A beam bending model was developed to determine the effect of changes in composition on the beam
modulus. The beam was modelled as a three phase composite in series. The modulus of the gradient region is
defined as a linear extrapolation between the mineralized and unmineralized regions. Values for the mineralized
(Em) and unmineralized (Ey) moduli were optimized to minimize error between the calculated and experimental
beam moduli.
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Figure 4: The length and composition of the beams, whether WT or KO, varied between beams. (A) Plot of
calcium content as a function of position along the beams with zero set as the center of the gradient region. The
length of the beams ranged from 41 to 99 um. (B) The length of the mineralized, unmineralized, and graded
regions were determined from the plot in A and are shown here normalized to beam length. Dark shades are
mineralized, medium shades are graded, and the light shades are unmineralized. These variations in the amount
of each phase between beams have mechanical consequences.
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Figure 5: A. Stress vs. strain curves for the 11 micromechanical tests. There is no significant difference between
the WT and KO samples in terms of loading curve shape. Plots of elastic modulus (B), strength (C), toughness and
resilience (D) and failure strain (E) for the WT and KO beams. There is no significant change in modulus,
toughness, resilience, or failure strain between the WT and KO samples. Strength is decreased with Hh down
regulation.
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with an average of 13.4%. The errors are not significantly different for the WT and KO beams suggesting that
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Figure 7: Plots of local strain vs. position at multiple stresses (legend) for all of the samples for which local
strains were measured. Dotted lines represent the calcium content as a function of position for each samples.
The highest strain levels are not localized in the region closest to the tendon but instead within the beam near
the gradient region. This indicates the presence of a region of high deformation within the enthesis.



