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Soft tissues such as ligaments and tendons integrate with bone
through a fibrocartilaginous interface divided into noncalcified
and calcified regions. This junction between distinct tissue types is
frequently injured and not reestablished after surgical repair. Its
regeneration is also limited by a lack of understanding of the
structure–function relationship inherent at this complex interface.
Therefore, focusing on the insertion site between the anterior
cruciate ligament (ACL) and bone, the objectives of this study are:
(i ) to determine interface compressive mechanical properties, (ii )
to characterize interface mineral presence and distribution, and
(iii ) to evaluate insertion site-dependent changes in mechanical
properties and matrix mineral content. Interface mechanical prop-
erties were determined by coupling microcompression with opti-
mized digital image correlation analysis, whereas mineral presence
and distribution were characterized by energy dispersive x-ray
analysis and backscattered scanning electron microscopy. Both
region- and insertion-dependent changes in mechanical properties
were found, with the calcified interface region exhibiting signifi-
cantly greater compressive mechanical properties than the non-
calcified region. Mineral presence was only detectable within the
calcified interface and bone regions, and its distribution corre-
sponds to region-dependent mechanical inhomogeneity. Addition-
ally, the compressive mechanical properties of the tibial insertion
were greater than those of the femoral. The interface structure–
function relationship elucidated in this study provides critical
insight for interface regeneration and the formation of complex
tissue systems.

anterior cruciate ligament � calcium phosphate � fibrocartilage �
insertion site � compression

Functional integration between soft and hard tissues is essential
for musculoskeletal motion. Many soft tissues, such as the

anterior cruciate ligament (ACL), insert into subchondral bone
through a multitissue interface, which enables the soft and hard
tissues to function in unison, and in turn facilitates physiological
loading and joint motion. The ACL is the major intra-articular
ligament of the knee, and it connects the femur and tibia through
two insertion sites with characteristic spatial variations in cell type
and matrix composition (1–8). It has long been postulated that
controlled matrix heterogeneity inherent at the ligament-to-bone
interface serves to minimize the formation of stress concentrations,
and to enable the transfer of complex loads between soft tissue and
bone (2, 9). The insertion site is prone to injury, however, and
mechanical fixation of current reconstruction grafts fails to pre-
serve or reestablish the anatomic ligament-to-bone enthesis. Ab-
sence of this critical interface compromises graft stability and
long-term clinical outcome (10–13); thus, its regeneration will be
essential for functional graft-to-bone integration and ultimately
biological graft fixation.

A critical step in any regeneration or tissue engineering effort is
the determination of the material properties of the tissue to be
replaced. Similarly for the soft tissue-to-bone interface, developing

an understanding of its structure–function relationship is a prereq-
uisite for interface regeneration. It has been reported that direct
ligament-to-bone insertion sites are anatomically divided into four
distinct yet continuous tissue regions, with region-specific cell type
and matrix composition (1–8). The first region is the ligament
proper that contains fibroblasts within a matrix rich in collagens I
and III. Directly adjacent to the ligament is the fibrocartilage
interface that is further divided into noncalcified and calcified
regions. The nonmineralized fibrocartilage (NFC) is composed of
fibrochondrocytes in a matrix of collagens I and II, whereas
hypertrophic chondrocytes within a collagen X matrix are found in
the mineralized fibrocartilage (MFC) region. The MFC then con-
nects directly to subchondral bone. This region-dependent matrix
heterogeneity is postulated to permit a gradual increase in stiffness
across the interface regions, thereby minimizing stress concentra-
tions and allowing for effective load transfer from ligament to bone
(14, 15). Partition of the fibrocartilage interface into nonmineral-
ized and mineralized regions is anticipated to have a functional
significance, as increases in matrix mineral content have been
associated with higher mechanical properties in connective tissues
(16–18).

Although the biochemical composition of the ACL-to-bone
insertion has been characterized, its mechanical properties are not
known. Thus, the structure–function relationship at this critical
junction is poorly understood. The interface has been understudied,
because experimental determination of insertion site properties by
classical mechanical testing methods is particularly challenging,
largely due to the structural complexity and relatively small scale of
the interface, which averages from 100 �m to 1 mm in length
depending on species and age (1, 8, 14). Current knowledge of
interface mechanical properties has thus been derived largely from
theoretical predictions (15). Finite-element analysis of the medial
collateral ligament (MCL) loaded in tension predicted that the
largest principal tensile stresses are located within the ligament
midsubstance, whereas the greatest principal compressive stresses
occur near the distal edge of the MCL-to-bone insertion (15).
Additionally, several early studies have reported that insertion site
deformation can vary significantly from that of the ligament sub-
stance (9, 14, 19, 20). Taken collectively, these results suggest that
interface matrix organization and composition allow for a mechan-
ical response which differs from that of the soft tissue or bone.
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To circumvent the experimental challenges associated with in-
terface characterization by conventional methods, we recently used
ultrasound elastography to map the displacement and strain dis-
tribution at the ACL-to-bone interface (21). Elastography analyses
revealed that displacement under applied tension across the inser-
tion is region-dependent, with the highest deformation found
within the ACL, then decreasing in magnitude from the interface
to bone. In addition, both tensile and compressive strains were
detected at the insertion site. Building on these promising results,
the goal of this study is to determine the compressive mechanical
properties of the ACL-to-bone interface and to characterize region-
dependent changes across the insertion site. Moreover, to elucidate
the interface structure–function relationship and decipher the
contribution of specific matrix constituents to any observed changes
in mechanical properties, the mineral presence and distribution
across the interface regions will be evaluated. To determine inter-
face mechanical properties, uniaxial microcompression testing is
combined with video-microscopy and optimized Digital Image
Correlation (DIC) analysis (22–24). This method has been used to
evaluate the mechanical anisotropy of articular cartilage, and
two-dimensional deformation fields are determined with high
accuracy (22, 23). By tracking the location and displacement of
texture patterns, optimized DIC can directly deduce surface defor-
mation with subpixel accuracy (23). It is particularly useful for
interface characterization, because relatively small tissue regions
can be evaluated at significantly higher resolutions than conven-
tional methods with traditional surface markers.

Therefore, by using functional imaging as well as classical ma-
terial characterization methods, this study has three objectives: (i)
to determine the compressive mechanical properties of the non-
mineralized and mineralized region of the fibrocartilage interface,
(ii) to characterize the mineral presence and distribution at the
interface, and (iii) to compare the mechanical properties and matrix
content of the tibial and femoral insertion sites. Displacement,
stress–strain profiles, and Young’s moduli of the interface regions
will be determined under uniaxial unconfined compression. Addi-
tionally, backscattered scanning electron microscopy (bSEM) com-
bined with energy dispersive x-ray analysis (EDAX) will be used to
determine the elemental composition of the fibrocartilage inter-
face. Both region- and insertion-dependent changes in compressive
mechanical properties and matrix mineral content are anticipated.
It is expected that findings of this study will provide insight into
interface structure–function relationship, as well as identify the
critical biomimetic design parameters for interface regeneration
and the formation of integrated tissue systems.

Results
Region-Dependent Interface Mechanical Properties. Significant
changes in mechanical properties were observed across the differ-

ent regions of the ACL-to-bone insertion. As shown in Fig. 1A,
uniaxial unconfined compression resulted in nonlinear axial defor-
mation across the interface, specifically from the nonmineralized
fibrocartilage (NFC) to the mineralized fibrocartilage (MFC), and
then to the bone region. Additionally, the NFC exhibited greater
deformation than the MFC region at all applied strains. At 5% and
10% nominal strain, deformation occurred mostly in the NFC.
When the applied nominal strain was increased to 15% and 20%,
deformation became more evident in the MFC. It is noted that
within each of the interface regions, the deformation was nearly
linear, especially at 10% strain or higher [supporting information
(SI) Table S1], indicating good contact between the sample and
platens.

To represent the true strain experienced by the tissue regions, the
DIC resultant strain instead of the nominal strain is plotted in Figs.
1–3. Similar to the displacement profile, the resultant strain at the
interface was also region-dependent. As seen in Fig. 1 B and C, the
NFC experienced greater resultant strain than the MFC region for
both the femoral and tibial samples at all applied nominal strains.
When 10% nominal strain was applied to the femoral insertion, the
NFC deformed by 9.7% whereas the resultant strain found in the
MFC region was only 2.0%. A similar region-dependent strain
profile was observed for the tibial insertion, with the resultant DIC
strain decreasing from 12.8% to 6.3% progressing from the NFC to
MFC region, and averaging 25.7% across the entire fibrocartilage
interface.

To determine the equilibrium mechanical properties of the
interface regions, the resultant compressive strains were plotted
against the corresponding measured stresses and interpolated by
using a Matlab cubic spline algorithm. As shown in Fig. 2, the axial
stress was significantly greater for the MFC than for the NFC region
at 10% strain, regardless of the insertion site from which the sample
originated. Furthermore, apparent Young’s modulus (EY) was
found to be significantly greater for the calcified than for the
noncalcified interface region (Fig. 2 C and D). Specifically, the
modulus for the femoral MFC was 87% greater at 5% strain and
66% greater at 10% strain than the femoral NFC at the respective
resultant strains. Similarly, compared with the tibial NFC, the
modulus for the tibial MFC was determined to be 76% greater at
5% strain, and 43% greater at 10% strain.

Insertion Site-Dependent Mechanical Properties. Differences in the
tibial and femoral insertion mechanical properties were also found
in this study. Initial analysis of the mechanical properties of the
full-thickness fibrocartilage (FC) region revealed that axial stress
did not vary significantly between the femoral and tibial insertion
sites (data not shown). However, further analysis revealed that the
stresses observed at both the NFC (Fig. 3A) and MFC (Fig. 3B)
interface regions were consistently greater for the tibial than the

Fig. 1. Region-dependent strain response under uniaxial unconfined compression. (A) Representative displacement profile of the insertion site under
microcompression. Nonlinear displacement was found, decreasing in magnitude from nonmineralized (NFC) to mineralized fibrocartilage (MFC) and to bone.
Axial compressive strain for the femoral (B) and tibial insertion regions (C). The strain experienced by the NFC is consistently higher than the MFC, and this
difference was significant for the femoral insertion at 15% and 20% strain (*, P � 0.05).

7948 � www.pnas.org�cgi�doi�10.1073�pnas.0712150105 Moffat et al.

http://www.pnas.org/cgi/data/0712150105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0712150105/DCSupplemental/Supplemental_PDF#nameddest=ST2


femoral insertion site, with a significantly higher axial stress found
for the tibial MFC at 10% resultant strain (P � 0.05).

Additionally, insertion-dependent differences in apparent
Young’s modulus (EY) were observed (Fig. 3C). Although no
significant change in EY was found for the femoral and tibial
full-thickness fibrocartilage (data not shown), further analysis of EY
for the NFC and MFC regions revealed that the tibial NFC and
MFC regions exhibited a greater EY, on average, when compared
with their femoral counterparts at both 5% and 10% resultant
compressive strain. It was found that at 5% strain, the equilibrium
modulus of the tibial NFC region was 73% greater than that of
the femoral NFC. Similarly, the EY of the tibial MFC was consis-
tently greater than the femoral MFC at 5% and 10% applied strain
(Fig. 3C).

Region-Dependent Mineral Presence and Distribution. The bright
areas in the bSEM image correspond to elements with higher
atomic number, such as calcium (Ca) and phosphorous (P). Mineral
presence was detected only in the MFC and bone regions. As seen
in Fig. 4, the MFC region is a relatively thin area composed of a
densely mineralized matrix, whereas the bone region consists of a
mineralized porous matrix. The junction between the NFC and
MFC was characterized by ‘‘fingers’’ of mineralized matrix sur-
rounding the hypertrophic chondrocyte lacunae. As confirmed by
von Kossa (Fig. 4A), backscattered images of the insertion (Fig. 4B)

revealed a sharp transition in mineral content between the NFC and
MFC.

Calcium phosphate presence and region-dependent changes
across the interface were also characterized by energy dispersive
x-ray analysis (EDAX). The representative elemental composition
profiles at each interface region of the tibial and femoral insertion
sites are shown in Fig. 4C (Ca, P, S; see arrows). The Ca and P peaks
associated with mineral presence were only detectable in the MFC
and bone regions. As expected, the highest peak intensities for Ca
and P were found in the bone region, and diminished thereafter in
the MFC region. Additionally, sulfur (S), which is likely associated
with sulfated proteoglycans and protein presence, was detected in
all interface regions examined (Fig. 4C). The highest S peak
intensity was found in the NFC region, and it decreased thereafter
from the MFC to the bone region. Mineral distribution across the
insertion was further characterized with EDAX line scan analysis.
As shown in Fig. 5, Ca and P were only present in the MFC and bone
regions, and more importantly, corresponding Ca and P elemental
profiles were observed within each of the mineral containing
regions.

Insertion Site-Dependent Matrix Composition. At both insertion sites,
mineral presence was only detected in the MFC and bone regions
(Fig. 5), with no observable difference in mineral distribution found
between these interfaces.

Fig. 2. Region-dependent mechanical properties at
the insertion site. Equilibrium axial stress (n � 3) (A and
B) and apparent Young’s modulus (n � 3) (C and D) of
the nonmineralized (NFC) and mineralized fibrocarti-
lage (MFC) regions at 5% and 10% resultant strain.
Note the significantly higher axial stress as well as the
significantly greater apparent Young’s modulus found
for the MFC region (*, P � 0.05).

Fig. 3. Insertion site-dependent mechanical heterogeneity. Equilibrium axial stress of nonmineralized (NFC) (A) and mineralized fibrocartilage (MFC) (B) regions
(n � 3; *, P � 0.05). Significantly higher axial stress was found for the tibial compared with the femoral insertion at 10% resultant strain. (C) Incremental apparent
Young’s modulus (n � 3) of the femoral and tibial NFC and MFC regions at 10% resultant compressive strain.
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Discussion
The objectives of this study are to characterize the compressive
mechanical properties as well as mineral distribution at the tibial
and femoral ACL-to-bone insertion sites. Both region-dependent
mechanical inhomogeneity and mineral distribution are observed at
the interface. Calcium phosphate presence is only detectable within
the mineralized fibrocartilage and bone regions, and a sharp
transition, instead of a gradient of mineral distribution, is observed
progressing from the nonmineralized to the mineralized interface
regions. Furthermore, the interface regions of the tibial insertion
site exhibit greater compressive mechanical properties compared to
their femoral counterparts.

The region-dependent mechanical properties observed at the
ACL-to-bone interface are highly significant when considering the
functionality of the insertion site. Under applied compression, a
gradual decrease in insertion site strain is found progressing from
the nonmineralized fibrocartilage to mineralized fibrocartilage, and
then to the bone region, accompanied by a corresponding increase
in apparent Young’s modulus across the interface. This mechanical
inhomogeneity serves to minimize the formation of stress concen-

trations and promote gradual load transfer from the soft (i.e.,
ligament) to hard (i.e., bone) tissue. A similar mechanical response
has been reported for other stratified connective tissues such as
articular cartilage (22–25) and growth plate cartilage (18), which
also exhibit region-dependent inhomogeneity. Schinagl et al. (24)
isolated osteochondral constructs from adult bovine knee, and
found that under uniaxial confined compression, the strain de-
creased from the articular surface to the subchondral bone. The
equilibrium aggregate modulus of the deep layer was also signifi-
cantly higher than that of the superficial cartilage layer. By using
unconfined compression and optimized DIC analysis, Wang et al.
(23) evaluated depth-dependent inhomogeneity of articular carti-
lage from carpometacarpal joints of immature calves, and reported
a higher equilibrium modulus for the deep layer compared with the
superficial cartilage layers.

The apparent Young’s modulus of the insertion fibrocartilage
reported in the present study is similar in magnitude to that of
articular cartilage tested under similar conditions (23). Wang et al.
(8) reported an equilibrium modulus of 0.23 � 0.10 MPa for the
superficial layer and 1.51 � 0.72 MPa for the deep layer of articular
cartilage. The Young’s moduli of the nonmineralized and miner-
alized fibrocartilage regions are within range of those of articular
cartilage. Similarity between the insertion fibrocartilage and artic-
ular cartilage may not be surprising, especially in immature animal
models. Wang et al. (8) conducted an age-dependent characteriza-
tion of the biochemical composition of the ACL-to-bone insertion,
and reported that the morphology, collagen type, and proteoglycan
distribution of the immature bovine fibrocartilage insertion resem-
bled that of the hyaline cartilage of the same age. As the interface
matures, however, penetration of the fibrocartilage matrix with
nonmineralized and mineralized collagen fibers is expected to alter
the mechanical response of the interface regions. These age-
dependent changes in structural organization are likely in response
to postnatal physiological loading, and their effect on the insertion
mechanical properties will be examined in future studies.

Both region-dependent changes in mechanical properties and
mineral distribution are observed in this study, which suggests an
inherent structure–function relationship at the ACL-to-bone inter-
face. Similarly, the mechanical response of hyaline cartilage has
been related to matrix mineral content in both mineralized and
osteoarthritic cartilage (16–18). Ferguson et al. (17) reported a
positive correlation between indentation modulus and hardness
with mineral content in calcified articular cartilage. In this study, the
observed increase in compressive modulus and axial stress from the
nonmineralized to mineralized fibrocartilage is likely associated
with the onset of mineral presence in the calcified fibrocartilage
region (Fig. 6). Linear regression analysis revealed a strongly
positive correlation between material properties and mineral con-
tent, with a correlation coefficient (R) of 0.8835 for Young’s
modulus vs. calcium intensity, and an R value of 0.8677 for modulus
vs. phosphorous peak intensity. In the absence of mineral, increases
in proteoglycan and matrix water content have been associated with
higher equilibrium modulus from the surface to the deep layer of

Fig. 4. Mineral presence and distribution at the ACL-to-bone insertion. (A) von
Kossa (20�) (Scale bar, 100 �m.) (B) Backscattered SEM micrographs (500�) for
the femoral insertion site. (Scale bar, 100 �m.) Note that mineral presence is only
detectable in the mineralized fibrocartilage (MFC) and bone regions. (C) Repre-
sentative EDAX spectra of nonmineralized fibrocartilage (NFC), mineralized fi-
brocartilage (MFC), and bone regions of the femoral insertion. The calcium (Ca)
and phosphorous (P) peaks (arrows) are only detectable in MFC and bone.

Fig. 5. Distribution of calcium (Ca) and phosphorous
(P) across the insertion. EDAX line scan analysis of the
femoral insertion (red, phosphorous; green, calcium;
500�). Calcium and phosphorous peaks are only iden-
tified within the mineralized fibrocartilage (MFC) and
bone regions, with corresponding Ca–P profiles, which
signifies the presence of calcium phosphate.
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articular cartilage (24). Elemental analysis of the interface regions
reveals an increase in sulfur peak intensity as calcium and phos-
phorous peak intensities decreased, suggesting a diminishing role
for proteoglycans in the mineralized fibrocartilage region. There-
fore, the region-dependent changes in compressive mechanical
properties observed in this study may be attributed to mineral
presence and distribution at the mineralized fibrocartilage region.
It is likely that through particulate strengthening, the mineral phase
can decrease deformation and augment matrix stiffness across the
interface regions.

In addition to region-dependent variations in tissue mechanical
properties and matrix composition, differences in mechanical prop-
erties are identified between the tibial and femoral insertion sites.
The apparent Young’s modulus of the tibial insertion site is
significantly higher than that of the femoral insertion, and this trend
is consistently observed for the two interface fibrocartilage (NFC
and MFC) regions. Site-dependent variations in mechanical prop-
erties within the knee joint have also been reported for articular
cartilage (26, 27). Treppo et al. (27) found that the equilibrium
modulus of cartilage was significantly higher for the anterior
femoral condyle when compared with the anterior tibial plateau,
and this difference was attributed to changes in proteoglycan
content between the two regions. Because no difference in mineral
distribution is detected between the tibial and femoral insertion
sites, other matrix constituents may be responsible for the observed
site-dependent differences in the current study. However, when
total sulfated proteoglycan and collagen content between the two
insertion sites were compared, no significant difference was ob-
served (data not shown).

Based on these observations, it is likely that factors other than
matrix content, that is, matrix distribution or organization, may be
responsible for the difference between tibial and femoral ACL
insertion site mechanical properties. Thomopoulos et al. (28)
reported that collagen fiber orientation at the supraspinatus ten-
don-to-bone insertion may be related to variations in region-
dependent mechanical properties. Additionally, Wang et al. (8)
found that, although the femoral and tibial ligament-to-bone in-
sertion sites were histologically similar, the organization of collagen
fibers differed between these two interfaces. In this study, similar
observations were made when collagen distribution at the two
insertion sites was compared (data not shown). Specifically, al-
though no significant difference was found in the angle of fiber
insertion, collagen fibers penetrated deeper into the fibrocartilage
region and appeared to assume greater organization at the tibial
insertion. This apparent difference in collagen fiber organization
may contribute to the insertion site-dependent changes identified in
this study.

In addition to augmenting the current understanding of the soft
tissue-to-bone insertion, elucidating the interface structure–

function relationship is important for identifying biomimetic design
parameters for interface regeneration. Furthermore, these values
will serve as benchmark criteria for judging the success of the
interface tissue engineering effort. Based on the findings of this
study, it is anticipated that interface regeneration will require a
multiphased scaffold that supports the establishment of distinct yet
continuous tissue regions observed at the native interface (29, 30).
Moreover, it will be critical to recapitulate, in stratified scaffold
design, the aforementioned region-dependent changes in interface
mechanical properties. In this study, the observed increase in elastic
modulus progressing from the noncalcified to the calcified fibro-
cartilage region is attributed to the introduction of a calcium
phosphate phase in the mineralized region. Therefore, from a
biomimetic standpoint, one strategy for engineering controlled
mechanical inhomogeneity on the interface scaffold is to exercise
spatial control over the distribution and concentration of calcium
phosphate on each scaffold phase.

The findings of this study also have broad appeal in efforts to
engineer complex tissues or organ systems (31). The field of tissue
engineering has in the past largely focused on formulating and
validating a consistent experimental methodology for ex vivo re-
generation of tissues such as bone, ligament, or tendon. Building on
these successes and to enable clinical translation of tissue engi-
neered grafts, the emphasis has now shifted from tissue formation
to tissue function (32). A significant challenge in functional tissue
engineering resides in how to integrate tissue engineered grafts with
each other as well as with the host environment. With its focus on
bridging distinct tissue types, interface tissue engineering would
thus be instrumental for ex vivo development and in vivo translation
of integrated musculoskeletal tissue systems with biomimetic com-
plexity and functionality.

Future studies will focus on further elucidating interface struc-
ture–function relationships, by extending the current analysis to
both adult and diseased models. This study used the immature
model as ACL injuries occur largely in patients ranging from 15 to
25 years of age (33, 34), many of whom are still skeletally immature.
Additionally, the compressive mechanical properties of the inter-
face are evaluated here as fibrocartilaginous tissues are found
largely in regions subjected to compression. Future work will extend
the analysis of insertion site structure–function relationships to
evaluation of the tensile and shear properties of the interface. These
material properties can be determined by building on our ultra-
sound elastography analysis of the interface (21) as well as by using
other functional imaging modalities such as magnetic resonance
elastography (MRE) (35–38).

In summary, a multidisciplinary approach combining classical
material characterization as well as state-of-the-art functional im-
aging methods was used in this study to evaluate the structure–
function relationship of the ligament-to-bone interface. Both re-
gion- and insertion-dependent mechanical responses are observed
across the insertion site. Moreover, regional matrix heterogeneity
corresponds to greater compressive stress and equilibrium modulus
at the calcified interface region. The increase in compressive
mechanical properties from the noncalcified to the calcified fibro-
cartilage regions is attributed to mineral presence in the mineralized
fibrocartilage region. These findings provide new insight into the
structure–function relationship at this critical interface, and are
highly significant for the regeneration of the soft tissue-to-bone
interface and the future development of complex tissues or organ
systems.

Materials and Methods
Sample Isolation. Insertion samples were isolated from immature bovine tib-
iofemoral joints (n � 3) obtained from a local abattoir. In brief, the patellar
tendon was removed after the retraction of skin and s.c. fascia, and an incision
was made into the joint capsule to expose the femoral condyle and tibial plateau.
Both the femoral and tibial insertions were then identified and excised. Trans-
verse cuts at 7 mm apart were made through the insertion samples, thereby

Fig. 6. Structure–function relationship at the ACL-to-bone insertion. Pro-
gressing from the nonmineralized fibrocartilage (NFC) region to the miner-
alized fibrocartilage (MFC) region, an abrupt and significant increase in
mineral (Ca and P) is observed that corresponds to a significant increase in
incremental apparent Young’s modulus (*, P � 0.05; femoral insertion).
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isolating rectangular specimens (Fig. S1A) containing regions of ligament (L),
fibrocartilage (FC), and bone (B). All samples were stored at �20°C in PBS (PBS,
Sigma-Aldrich). Before testing, the samples were cryo-sectioned (Leitz), and the
lengthofeachspecimen(TableS2)wasdeterminedopticallybyusingacalibrated
4� objective with a resolution of 1.66 �m per pixel. Sample width and height
were measured and its cross-sectional area was calculated.

Microcompression Mechanical Testing. The samples were tested in uniaxial
unconfined compression by using a custom loading device (22). To enhance
surface texture, the samples were stained with a nuclear dye (Hoechst 33258, 10
�l/ml, Sigma-Aldrich; Fig. S1B). For microcompression, the sample immersed in
PBS was positioned between two impermeable platens. The device was aligned
on the motorized stage of an Olympus IX80 microscope, with the platens per-
pendicular to the moving axis of the stage. Uniaxial unconfined compression was
applied by using a micrometer (1-�m resolution; MRO Industrial Supplies), and
the equilibrium load was recorded by a load transducer (250 g, Sensotec). After
the initial nominal 10% tare strain, which defined the reference configuration,
additional uniaxial strain was applied at 5% increments at 1 �m/s relative to the
unloaded sample length. The specimen was allowed to relax for 15 min before
applying the next 5% strain increment. At equilibrium, an image of the sample
with enhanced texture was acquired with a digital camera and the load was
recorded. Deformation was incrementally applied until the sample had been
compressed by 20%.

Region-Dependent Mechanical Properties. Incremental strain analysis was per-
formed across the sample by using an optimized DIC algorithm (22, 23). In brief,
after epifluorescence microscopy was used to image cell nuclei in the sample (Fig.
7B), DIC analysis, which optimally matches the texture of small regions of interest
between the pre- and postcompression images, was performed. Comparison
between these images allowed for quantification of the displacement field, and
resultant strains were then determined from the spatial gradient of this displace-
ment field within the two fibrocartilage interface regions (Table 1). The equilib-
rium normal stress was calculated based on the measured load and original
cross-sectionalarea.Acubic splineMatlab interpolationalgorithmwasappliedto
the resultant axial strain and equilibrium stress data to evaluate stress at incre-
ments of 5% strain, referred to here as the resultant compressive strain and axial

stress. The apparent incremental Young’s modulus (EY) was determined from the
slope of linear region of the axial stress vs. the resultant strain curve for the
noncalcified and calcified interface regions.

Region-Dependent Mineral Presence and Distribution. Elemental composition
and mineral distribution across the ACL-to-bone interface were determined by
using scanning electron microscopy (SEM, FEI Quanta 600) coupled with energy
dispersive x-ray analysis (EDAX, Phoenix Pro). In brief, the insertion samples (n �
3) were first fixed in 100% ethyl alcohol for 24 h, after which transverse cuts were
madetoobtainsamplescontainingregionsof ligament,fibrocartilage,andbone.
After sputter-coating with palladium, the samples were imaged in both second-
ary and backscattered modes. In addition, EDAX was performed at 20 kV, and
spectra were collected at the ligament, nonmineralized fibrocartilage (NFC),
mineralized fibrocartilage (MFC), and bone regions. Points of analysis (n � 3 per
region) were randomly chosen within each interface region. After background
subtraction by a system standard, Ca and P peak intensity at the NFC and MFC
regions were normalized to the corresponding peaks for bone. Line scan analysis
was performed to characterize elemental distribution across the interface with
EDAXspectracollectedat0.25-�mincrements,yielding�490datapoints foreach
sample (n � 3). Mineral distribution at the insertion (n � 2) was also assessed by
von Kossa stain following published methods (8).

Statistical Analysis. Resultsarepresented inmean� standarddeviation,withn�
number of samples. A two-way ANOVA was performed, followed by a Tukey HSD
post hoc test for all pairwise comparisons, and significance was attained at P �
0.05. The effect of percent strain, tissue region (NFC, MFC), or insertion site (tibial,
femoral) on axial stress and Young’s modulus were determined. Additionally,
regression analysis of the correlation between apparent Young’s modulus and
peak intensities for Ca and P were determined across the interface regions (NFC
and MFC). Statistical analyses were performed with JMPIN (4.0.4, SAS Institute).
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