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Decoding the mechanical characteristics of
the human anterior cruciate ligament
entheses through graduated mineralization
interfaces

A list of authors and their affiliations appears at the end of the paper

The anterior cruciate ligament is anchored to the femur and tibia via specia-
lized interfaces known as entheses. These play a critical role in ligament
homeostasis and joint stability by transferring forces, varying in magnitude
and direction between structurally and functionally dissimilar tissues. How-
ever, the precise structural and mechanical characteristics underlying the
femoral and tibial entheses and their intricate interplay remain elusive. In this
study, two thin-graduated mineralization regions in the femoral enthesis
(~21μm) and tibial enthesis (~14μm) are identified, both exhibiting distinct
biomolecular compositions and mineral assembly patterns. Notably, the
femoral enthesis interface exhibits progressively maturing hydroxyapatites,
whereas the mineral at the tibial enthesis interface region transitions from
amorphous calcium phosphate to hydroxyapatites with increasing crystal-
linity. Proteomics results reveal that Matrix Gla protein uniquely enriched at
the tibial enthesis interface, may stabilize amorphous calcium phosphate,
while C-type lectin domain containing 11 A, enriched at the femoral enthesis
interface, could facilitate the interface mineralization. Moreover, the finite
element analysis indicates that the femoral enthesis model exhibited higher
resistance to shearing, whereas the tibial enthesismodel contributes to tensile
resistance, suggesting that thediscrepancy inbiomolecular expression and the
correspondingmineral assembly heterogeneities collectively contribute to the
superiormechanical properties of both the femoral enthesis and tibial enthesis
models. These findings provide novel perspectives on the structure-function
relationships of anterior cruciate ligament entheses, paving the way for
improved management of anterior cruciate ligament injury and regeneration.

The enthesis as a critical component facilitating force transduction
between ligament/tendon and bone, is a complex structure adapted
for elimination of stress concentrators1,2. The anterior cruciate liga-
ment (ACL) serves as a mechanical stabilizer within the knee joint,
linking the femur to the tibia via the ACL femoral and tibial entheses3.

Despite the prevalence of ACL injuries4, ligament ruptures occur more
frequently than enthesis failures5. The limited capacity for natural ACL
often necessitates surgical intervention. However, the intricate
reconstruction of the ACL-bone interface presents challenges, affect-
ing the graft’s durability and knee function over time6,7. Despite the
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potential risk of stress concentration and subsequent fracture at the
interface between soft and hard materials8, the femoral and tibial
entheses demonstrate significant adaptability in response to com-
bined tension, shear, and torsional forces, with the femoral enthesis
experiencing considerably more shear stress than the tibial enthesis2,9.
This resilience can be attributed to the multi-scale toughening
mechanism of extracellular matrix (ECM) present in natural
materials10–13. Thus, analyzing the interplay between organic and
inorganic structural components at the ACL-bone interface offers
valuable insights into its mechanical conduction mechanisms.

Recent studies have extensively focused on the structural com-
ponents of the ECM at the tendon/ligament-bone interface11,14–19. This
interface exhibits complex transitions from tendon/ligament to
fibrocartilage and subsequently to subchondral bone20,21. The fibro-
cartilage zone is further divided into nonmineralized fibrocartilage
(NFC) and mineralized fibrocartilage (MFC) regions22. The gradual
increment in mineral contents across the gradient mineralized struc-
ture is crucial, as it results in a substantial increase in tissue modulus
without inducing stress concentration13,23–26. Despite the utilization of
various micro-nano analytical techniques to investigate the nanoscale
structure and composition of bone, ligament, and tendon27–30, knowl-
edge of the multi-scale structure assembly of the graduated miner-
alized interface is limited31,32. Consequently, further research is
required to elucidate the multiscale composition and assembly of the

graduated mineral, as well as the precise biomolecular composition
and stiffness transition of the interface tissue. These findings will lay
the groundwork for designing soft-to-hard interfaces and determining
parameters for current ACL-bone regeneration and repair
techniques33,34.

In this study,we employedmultiple advanced techniques (Fig. S1),
including scanning electron microscopy (SEM), high-angle annular
dark field scanning transmission electron microscopy (HAADF-STEM),
focused ion beam-SEM (FIB-SEM), Raman spectroscopy, high-
resolution transmission electron microscopy (HRTEM), selective
electron diffraction (SAED), energy loss spectroscopy (EELS), nanoin-
dentation, and liquid chromatography-tandem mass spectrometry
(LC-MS/MS), to examine the location-specific graduated mineral
composition and assembly, and mechanical transitions of the femoral
enthesis and tibial enthesis in human knee joints.

Results
Structural transition of the femoral enthesis and tibial enthesis
interfaces
Healthy human ACL femoral enthesis and tibial enthesis tissues were
collected (Figs. 1A and S2A) and identified via histological staining
(Figs. 1C and S2B). High-resolution micro-CT and SEM were then
employed to examine the microstructures and visualize the macro-
scale interlocking structures of interfacial tissues. Remarkably, the
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Fig. 1 | Structural transition of FE and TE Interfaces. A Schematic and magnetic
resonance imaging illustration of the human knee showing the femur-ACL-tibia
complex. B Reconstructed 3D volumetric representation of the structures includ-
ing ligament, ACL-bone interface and subchondral bone tissues (left panel), after
threshold-based segmentation with unmineralized ligament digitally removed
(right). Themicrographswere colored in postprocessing by Amira 2020.C Safranin
O/Fast Green (SO) staining images showing histological features of different sam-
ples (FE and TE).DDDC-SEMmicrographs of FE and TE interface tissues presenting
gradual mineral distributions with distinct morphologies. The micrographs were
colored in post-processing by combining images obtained from backscatter elec-
tron and secondary detectors (red: mineral, green: organic extracellular matrix;
original images and processing details are provided in Fig. S4). E SEM images and
the corresponding EDX line scan (Ca and P) (down) identifying the FE and TE
interface (n = 7/group fromthe samedonor). Data are presentedasmean ± SD. (F) A
schematic diagram of the interface shape between NFC andMFC in (D) (top panel).

The thickness of the two mineralized interfaces quantified by EDX line scan in (D)
(bottom panel, n = 12 from 4 donors/group). Each biological replicate is color-
coded (orange, green, purple, and yellow), and the technical replicate values were
separately pooled for each biological replicate and the mean calculated for each
pool; those four means were then used to calculate the average (horizontal bar),
standard deviation of the mean (error bars), and P value. Scale bar: (B) 30μm; (C)
200μm; (D) 5 μm. *P < 0.05, F (F (3, 12) = 43.215, P <0.0001; femoral crest versus
femoral trough, P =0.001; tibial crest versus tibial trough, P =0.001; femoral crest
versus tibial crest, P <0.0001; femoral trough versus tibial trough, P <0.0001;
femoral trough versus tibial crest, P =0.937), One-way ANOVA with Tukey’s post
hoc test. Abbreviations, ACL, anterior cruciate ligament; FE, ACL-femoral enthesis;
TE, ACL-tibial enthesis; L, ligament; NFC, nonmineralized fibrocartilage; MFC,
mineralized fibrocartilage. SB, subchondral bone. Source data are provided as a
Source Data file.
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interfaces in both femoral enthesis and tibial enthesis samples dis-
played a complex morphological landscape spanning the critical
interface regions, rather than a simple planar structure. This finding is
consistent with observations of the supraspinatus tendon-to-bone
insertion in mice, suggesting that the interface roughness may con-
tribute to increased toughness at the ligament-to-bone insertion site
(Figs. 1B, S3 and movie S1)2,35–37. Density-dependent color SEM (DDC-
SEM) depicted the mineralization alterations at the interface, between
NFC regions (green) and highlymineralized regions (red) (Figs. 1D, and
S4)12,38. Moreover, the specific partially mineralized regions of the
femoral enthesis and tibial enthesis interfaces were identified by
employing energy dispersive X-ray (EDX) line scanning and surface
scanning with the femoral side exhibiting a wider graduated miner-
alization interface compared to the tibial side (Figs. 1E, F, and S5). The
exponential increment curve of Ca and P content in the femoral
enthesis interface region yielded a thin region measuring
21.11 ± 2.59μmand 14.56 ± 3.19μmin thewavecrest and trough region,
respectively. In contrast, the tibial enthesis interface region showed
thinner regions measuring 13.84± 3.41μm and 6.77 ± 1.70μm in the

crest and trough regions, respectively. The results demonstrated a
seamless transition from NFC to highly mineralized regions at both
interfaces38, implying the intricate structural adaptations that facilitate
efficient force transmission and dissipation at the entheses.

Mechanical performance of the femoral enthesis and tibial
enthesis interfaces
Interestingly, the rough mineralized interface at the ligament-to-bone
insertion site has been shown to contribute to enhanced toughness,
with the thickness of the interface playing a critical role in determining
mechanical properties35,39. To gain a comprehensive understanding of
themechanical performanceof the femoral enthesis and tibial enthesis
interfaces, we conducted a thorough evaluation using nanoindenta-
tion tests40,41. As a result, a substantial increase in tissue modulus at
both interfaces were observed. The tissue modulus of the femoral
enthesis sample increased from 40± 5MPa to 760 ± 40MPa over
a ~20μm thickness interface, whereas the tibial enthesis sample
increased exponentially from 27 ± 5MPa to 1262 ± 218MPa over a
~10μm thickness interface (Figs. 2A–C, and S6). The modulus change
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Fig. 2 | Correlating the localmechanical responseofFEandTE.ASchematic view
of nanoindentation test for FE and TE. B Average elastic modulus of FE and TE
tissues as a function of distance from ligament. Data are presented as mean ± SD,
n = 5/group from the samedonor.C Elasticmodulusmaps of the rectangular area in
(A) (resolution: 1μm in x-axis and 2μm in y-axis).D Schematic diagram showing the
test of nanomechanical response interface regions from the lessmineralized region
(zone-i) to the intermediate mineralized region (zone-ii), and to the highly miner-
alized region (zone-iii) using AFM (0.16 × 0.16μm step). E Consecutive AFM stiff-
ness maps of selected regions in D (zone-i, ii and iii) at interface tissues for both

samples. F Corresponding stiffness distributions across calcified cartilage
tissues for different samples. G Stress distribution under the tension condition
(strain = 7%) in different directions (0°, 30°, 60°, and 90°) for FE and TE models,
obtained from FEA. H The max von Mises stress on FE and TE models under
different tension conditions (strain= 3%, 5%, and 7%) indifferent directions (0°, 30°,
60°, and 90°). The FE model exhibits enhanced shear resistance (0o), while the TE
model demonstrates greater tensile resistance (90o). Scale bar in (E): 1μm.
Abbreviations, L, ligament; B, bone; FE, ACL-femoral enthesis; TE, ACL-tibial
enthesis. Source data are provided as a Source Data file.
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of both interfaces can be fit with an exponential function, which could
produce an efficient mechanical transfer without causing damage12.
Comparing the nanoindentation results of femoral enthesis and TE, we
found a statistically significant decrease in the modulus of zone-i and
an increase in the modulus of zone-iii in tibial enthesis samples
(Fig. S7A). Furthermore, the energy dissipation, calculated from the
area enclosed by the loading-unloading curves of the nanoindentation
test (Fig. S7B)42, was significantly higher in zone-i of the tibial enthesis
sample compared to the femoral enthesis sample (Fig. S7C), suggest-
ing that the observed increase in tissuemodulus is not solely a function
of structural changes but also closely related to alterations in mineral
content across the interface regions43. Although the elastic modulus
for subchondral bone was found to be lower than previous studies,
likely due to the medium stiffness of the probe used to accommodate
soft-hard interface tissues, the data obtained from femoral enthesis
and tibial enthesis interfaces under the same condition offered valu-
able insights into their distinct mechanical characteristics18,43. To fur-
ther explore the nanoscale mechanical properties, atomic force
microscopy (AFM) was employed to examine the low (i), medium (ii),
and highly mineralized (iii) regions of femoral enthesis and tibial
enthesis samples (Fig. 2D–F)44. As anticipated, the distribution of tissue
stiffness in zone-i of the femoral enthesis samples exhibited greater
variation than that of the corresponding regions in the tibial enthesis
samples. Notably, themediummineralized region (zone-ii) of the tibial
enthesis sample displayed a distinctive stiffness peak of 1.82 GPa,
which can be ascribed to the narrower mineralization gradient region
in tibial enthesis and the inclusion of zone-iii within the scanned area.
These distinct stiffness distributions in each mineralized zone were
consistent with the microstructures depicted in Fig. 1.

It is important to note that the microscopical and macroscopical
structures of the entheses differ based on their anatomical location to
fulfill their specific functional demands45,46. Previous studies have
reported significant differences in the angle of attachment to the
femur and tibia, with the femoral attachment angle being considerably
more acute than the tibial attachment angle, resulting in the femoral
enthesis being subjected to considerably more shear stress2,9,36. Addi-
tionally, finite element analysis (FEA) was utilized to further validate
the mechanical superiority of both models based on factors compris-
ing insertion depth, structure, and mechanical gradient alteration in
femoral enthesis and tibial enthesis47. The femoral enthesis model
exhibited enhanced shear resistance,whereas the tibial enthesismodel
manifested greater tensile resistance. Specifically, the maximum force
value of femoral enthesis was lower than that of tibial enthesis in the
force direction of 0°, whereas the maximum force value of femoral
enthesis exceeded that of tibial enthesis in the force direction of 90°
(Figs. 2G, H, and movie S2).

Multiscale mineral polymorphs transformations at the femoral
enthesis and tibial enthesis interfaces
Spatial gradients in mineral distribution have been shown to play
unique roles in mitigating stress concentration during joint
movement25,48. This prompted us to analyze the multiscale mineral
transformations at the interfaces of femoral enthesis and tibial enthesis
using HAADF-STEM and FIB-SEM (Figs. 3 and S8). Noteworthily, both
femoral enthesis and tibial enthesis samples exhibited distinct grad-
uated areas of mineralization, with the femoral enthesis presenting
substantially denser mineralization (Fig. 3), corroborated by SEM, EDX-
line scan, and TEM images (Figs. 1D, E, and S8). HAADF-STEM and FIB-
SEM images of the femoral enthesis sample uncovered three distinct
mineral morphologies: loosely fibrous particles and well-defined parti-
cles that expandedand fused intoplatelets, ultimately forming compact
aggregates. In contrast, the tibial enthesis sample exhibited three typi-
cal mineral forms at the interface: sparsely distributed small ellipsoids
thatprogressively fused intoabulk structure, resulting indensepacking
(Figs. 3B–D, and S8). In the mineralization front region (zones-i and ii),

themineral in the femoral enthesis sample had a larger aspect ratio and
denser distribution, whilst those in the tibial enthesis sample had an
aspect ratio closer to 1 (Fig. 3E–G). Several studies have documented
that the incorporation of micro- or nano-particles can effectively
improve the stiffness or Young’s modulus49,50. It is worthwhile to high-
light that experimental and atomic simulation studies have evinced that
the elastic properties of nanoscale materials are dependent on their
size51–53. The graduated distribution of mineral aggregates at the inter-
face facilitates the adhesionof dissimilar tissues33, and themineral in the
femoral enthesis sample with larger aspect ratios may exhibit an
increase in tensile adhesive energy54, thereby effectively anchoring the
ACL to the femur under multidirectional stresses.

Compositional analyzes of mineral at the femoral enthesis and
tibial enthesis interfaces
In addition to the gradient structures, the grading of local components
serves as another central material motif of the interface tissue25. The
diverse mineral morphologies observed in femoral enthesis and tibial
enthesis interfaces necessitated a comprehensive compositional ana-
lysis. Herein, a high-resolution examination of mineral composition
and spatial distribution at both the microscale and nanoscale was
conducted. Raman spectroscopy was employed to assess the organic
and mineral phase at the femoral enthesis and tibial enthesis inter-
faces, which revealed the presence of amide III, glycosaminoglycans
(GAGs), lipids, and amide I peaks in the organic vibrational range
(Fig. S9)55,56. In the mineral range, carbonated HAps with PO4

3- v1
symmetric stretching at 960 cm−1 and a weak planar vibration of CO3

2-

v1 peak at 1071 cm−1 were identified in both femoral enthesis and tibial
enthesis interfaces (Fig. 4A)57,58. More importantly, a contralateral
stretch at 957 cm−1 was detected in the mineral located in the front
region of the tibial enthesis interface (Fig. 4A), indicative of the
coexistence of HAp precursors and HAps, as further validated by sti-
mulated Raman scattering (SRS) microscopy. SRS spectra exhibited a
peak at 950 cm-1, corresponding to amorphous calcium phosphate
(ACP) in the initial region of the tibial enthesis interface. SRS imaging
depicted the distribution of ACP and HAps at the tibial enthesis
interface, whereas no ACP was observed at the femoral enthesis
interface, which was further validated by cryo-TEM (Fig. 4B, S10, and
S11)57–59. The configuration and position of PO4

3− at 960 cm−1 and CO3
2−

band at 1071 cm−1 provided significant insights into mineral crystal-
linity, component proportions, and ionic substitutions. Composition
maps of HAp and matrix were generated to elucidate their spatial
distribution across both interfaces, giving a gradual increase in HAps
content and alternate carbonate content, with wider regions of grad-
uated MFC at the femoral enthesis interface compared to the tibial
enthesis interface (Fig. S12A and B). Conversely, a reverse trend was
observed in the CO3

2−/PO4
3− ratio (Fig. S12C). Further analysis of the

interface divided it into four distinct regions (Fig. S8), involved a
meticulous elemental analysis of mineral in each region (Fig. S13). Our
findings implied a significant increment in calcium, phosphorus, and
oxygen content, accompanied by a decrease in carbon content, sig-
nifying an enhanced level of mineralization60.

Overall, the results of this study exposed a depth-dependent
distribution of carbonate-substitutedHAp at both the femoral enthesis
and tibial enthesis interfaces, with a wider interface observed in
femoral enthesis samples compared to tibial enthesis samples, as well
as a transformationofACP toHAp in tibial enthesis samples.While ACP
is not known to exist in bone, it is an essential component of tooth
enamel, playing a pivotal role in enhancing the enamel’s protective
qualities by regulating its solubility, increasing hardness, and
improving acid resistance13,61. The presence of ACP confers increased
crack resistance59, potentially explain the higher structural integrity of
TE. These findings underscore micro-scale spatial gradations in
mineral composition and crystallinity at the femoral enthesis and tibial
enthesis interfaces.
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calculated for eachpool; those threemeanswere thenused to calculate the average
(horizontal bar), standard deviation of themean (error bars), and P value. Scale bar
in (A): 2μm; (D): 1μm; (B,C, E, F): 200 nm. *P < 0.05, G (P <0.0001), unpaired two-
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enthesis. Source data are provided as a Source Data file.
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Crystallographic features and chemical analysis of mineral
polymorphs at the femoral enthesis and tibial enthesis
interfaces
The patterns of mineral assembly at the nanoscale at the femoral
enthesis and tibial enthesis interfaces were analyzed using HRTEM and
SAED techniques (Fig. 5A). HRTEM images distinctly exhibited an
increase in the crystallinity of particles present at both femoral enthesis
and tibial enthesis interfaces (i–iv). In the femoral enthesis samples, the
crystallization area initially appeared as an elongated 10nm strip with
poor crystalline diffraction, eventually fusing. Conversely, the tibial
enthesis samples showed a transition from amorphous, spherical parti-
cles with the amorphous scatter of diffuse rings (ACP) to particles
approximately 10 nm long ((201) and (211) plane) and finally to highly
mineralized polycrystalline particles ((002), (102), (201) and (211) plane)
(Fig. 5A). Mineral crystals in the femoral enthesis samples were larger,
had a higher aspect ratio, and displayed greater crystallinity, compared
to those in the tibial enthesis samples. Thesefindings conjointly unveiled
the nanoscale heterogeneity in the assembly modes of HAp at the
femoral enthesis and tibial enthesis interfaces, whichmay enhance force
transmission by effectively dissipating energy at the interface10.

EELS was applied to elucidate the nanoscale chemical environ-
ment of various minerals at both femoral enthesis and tibial enthesis
interfaces (Figs. 5B, C, and SI Table 1). The analysis determined varia-
tions in the content of P (L2,3 edges), C (K edges), Ca (L2,3 edges), N (K
edge), and O (K edges) in each particle, consistent with the results of
EDX (Figs. S13 and S14). Bone carbonate content plays a pivotal role in
regulating HAp formation, assembly mode, and morphology62. It is
worthwhile emphasizing that the C (K-edge) spectra of all particles in
the femoral enthesis sample exhibited four characteristic peaks,
whereas in the tibial enthesis sample, carbonyl (peak F) chiefly
appeared in particles i-ii, while particles iii-iv exhibited a higher
intensity of carbonate (peak G). EELSmaps illustrating the localization
of the N, O, and Ca signals are delineated in Figs. 5C and S14. The
nitrogen signal was found to be co-localized with the mineral or ori-
ginate from diffuse “cloudy” structures surrounding themineral, likely

representing the organic ECM component. The coexistence of nitro-
gen and carbonyl peaks within the granules may be attributed to the
presence of proteins during the early stage of mineralization63.

Biomolecular Composition of femoral enthesis and tibial
enthesis Interfaces
In addition to the transformation ofmicro/nanostructures andmineral
heterogeneity at the nanoscale, the distinctive structural and func-
tional characteristics of the femoral enthesis and tibial enthesis inter-
faces are also defined by variations in biomolecules from a molecular
standpoint. Thus, LC-MS/MS was employed to identify proteins
abundant at the interface (Figs. 6, and S15). The results demonstrated
that 59 proteins and four proteins were abundantly expressed in
femoral enthesis compared with the ligament and bone, respectively
(Fig. 6B, C). On the other hand, 11 proteins and 19 proteins were highly
expressed in the tibial enthesis of tibial samples compared to the
ligament and bone, respectively (Fig. 6D, E). Taken together, our
findings indicate that the protein expression patterns of femoral
enthesis are more analogous to those of bone tissues, and those of
tibial enthesis tissues are more akin to those of ligament tissues.
Nonetheless, these results may have been impacted by incomplete
extraction owing to the ultra-thin nature of the interface tissue,
potentially compromising protein identification.

In accordancewithprior investigations, ourfindings corroborated
the elevated expression of collagen type II in both interfaces11,64. Apart
from fibril-forming collagens, a substantial presence of alpha-1 type
XVI collagen, a member of the fibril-associated collagens with inter-
rupted triple helices (FACIT) subfamily, was observed in both interface
regions. The non-collagenous domains of FACIT collagens introduce
kinks in the macromolecular structure, potentially contributing to the
unique mechanical properties of the entheses65. Moreover, proteins
like biglycan (BGN), decorin (DCN), and cartilage oligomeric matrix
protein (COMP) were abundant in both interface tissues, facilitating
collagen fiber assembly. Additionally, the identification of small
leucine-rich repeat proteoglycans (SLRP), including chondroadherin
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(CHAD), fibromodulin (FMOD), and lumican (LUM), in both interface
tissues highlighted their crucial role in regulating fiber sliding and thus
influencing viscoelastic properties66,67.

Interestingly, our analysis revealed that the expression of C-type
lectin domain containing 11 A (CLEC11A) and Solute carrier family 25
member 12 (SLC25A12) was significantly upregulated in the femoral
enthesis of femoral samples compared to that of ligament tissue
(Figs. 6B and S16). Oppositely, the expression of Matrix Gla protein
(MGP) and Sushi repeat containing protein X-linked (SRPX) was sig-
nificantly upregulated in the tibial enthesis of tibial samples relative to
the ligament tissue (Figs. 6D and S16). These observations were in
agreement with immunofluorescence staining (Fig. 6F). Previous studies
have inferred that CLEC11A may play a decisive role in promoting
osteogenesis by stimulating the differentiation of mesenchymal stem
cells into mature osteoblasts68, while MGP may serve as a regulatory
protein involved in ACP stabilization and HAp crystallization at the

interface69, potentially accounting for the lower crystallinity observed in
tibial enthesis samples compared to femoral enthesis samples. SLC25A12
and SRPX have been implicated in regulating the conversion of stress to
strain inmuscle tissues70–74. The significant presence of these proteins at
the interfaces of femoral enthesis and tibial enthesis suggested that their
potential role in the mechanical responses observed at the junctions.
However, an in-depth understanding of the local distribution of these
molecules and their molecular interactions with the surrounding col-
lagen matrix and mineral remains to be explored. Further studies,
employing gene knockout mouse models could provide valuable
insights into the fundamental influence of these substances on the bio-
mechanical aspects of the ligament-bone interface.

Discussion
The intricate biological characteristics of the enthesis have captured
the interest of orthopaedics and tissue engineers for many years75.

Fig. 5 | Crystallographic features and chemical analyzes of the FE and TE
interfaces. A Corresponding HRTEM and SAED images, collected from zone i-iv in
Fig. S8, showing differences in mineral assemblies and their crystallinities of
mineral particles at the FE and TE samples. B EELS spectra, acquired at the phos-
phorus L2,3 edge, carbon K edge, calcium L2,3 edge, nitrogen K edge and oxygen K
edge, showing differences in the nanoscale chemical environment of mineral par-
ticles (i-iv) in (C). C HHADF-STEM images and corresponding composition maps,

collected at the calcium L2,3 edge, nitrogen K edge and oxygen K edge, illustrating
the spatial distributionof these elementswithin themineral particles fromdifferent
zones (i-iv) in Fig. S8. (red: nitrogen K edge, green: oxygen K edge, blue: calcium
L2,3; The original images and processing details are provided in Fig. S14). Scale bar
in (A, HRTEM images): 10 nm; (A, SAED): 5 1 /nm; (C): 10 nm. Abbreviations, FE, ACL-
femoral enthesis; TE, ACL-tibial enthesis. Source data are provided as a Source
Data file.
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Despite extensive investigations into femoral enthesis and tibial
enthesis18,36,76,77, the multi-scale structure assembly of the graduated
mineralized interface remains unknown. A recent study using amurine
model demonstrated the development of a mineral gradient at the
supraspinatus tendon-to-bone insertion shortly after birth, with an
increase in the carbonate content of the apatitemineral at the enthesis
over time23. Our results revealed the nanoscale spatial gradient of the
structural composition alteration of HAps and organic components in
the femoral enthesis and tibial enthesis interface tissues, playing a
significant role in energy dissipation78.

Four potentialmechanisms of energy dissipationmay be involved
for mineralized fibers at soft-hard interface of ACL enthesis, including
elastic stretching, molecular slippage, mineral/collagen sliding and
crystal dissociation42,79. Under tensile loading, interfibrillar and par-
tially intrafibrillar spherical mineral particles may slide with collagen
fibres to dissipate energy, thereby reducing stress concentration and
cushioning the impact78. Intriguingly, the unstable ACP minerals are
found at the tibial enthesis interface, which should be more likely to
undergo translocation with molecular bond breaking between ACP-
biomolecules under tensile loads80, potentially resulting in greater
energy dissipation in zone-i within the tibial enthesis sample as com-
pared to the femoral enthesis sample. Moreover, proteoglycans, situ-
ated on or between collagen fibrils at the ACL enthesis, may exert
osmotic pressure to counterbalance compression81. Lubricated mole-
cules including lipids and leucine-rich GAGs abundant in interfacial
tissues played a key role in regulating fiber sliding65, thus possibly
facilitating the shear resistance of femoral enthesis. And with deeper
insertion depth, the femoral enthesis interface wasmore favorable for
shear forces transfer than the tibial enthesis interface39. These dis-
coveries indicate that the graduated mineralization identified at
femoral enthesis and tibial enthesis serves to minimize stress con-
centrations and enable load transfer between soft tissue and bone,
thereby promoting the secure attachment of mechanically dissimilar

tissues16. In particular, the development of mature HAps with a fibrous
arrangement may enhance the ability of the femoral enthesis to resist
shearing forces, while the conversion fromACP tomaturing HApsmay
confer tensile resistance to the tibial enthesis (Figs. 2–6).

It is well-established that mechanical loading plays a role in
enthesis development and affects the crystallinity within the MFC
region of the enthesis82,83. Thus, variations in mineral content and
crystallinity between femoral enthesis and tibial enthesis may indicate
inherent differences in the loads experienced by these tissue regions.
Besides, the observedmineralization ismediated by a complex cellular
process involving the releaseofmineralizationprecursorsor inhibitors
from tenocytes and hypertrophic chondrocytes84,85. Further investi-
gations are needed to observe the mineral with nanoscale spatial
gradients and collagens in situ to understand their interactions and
effect on mechanics. Additionally, the concurrent research is needed
to investigate the cellular process and mechanical stimuli responsible
formaintaining the nanoscale gradient patterns of calciumphosphate.
Collectively, this study sheds light on the future design of bioinspired
soft-hard interface materials, and tissue engineering approaches that
recapitulate the unique properties of the native enthesis, ultimately
improving patient outcomes in orthopaedic surgery and sports
medicine.

This study investigated, for the first time, the intricate structural
and mechanical characteristics of the femoral enthesis and tibial
enthesis of the human ACL. The femoral enthesis exhibited a higher
resistance to shear forces, while the tibial enthesis contributedmore to
tensile resistance. The graduated mineralization, ranging from ACP to
HAp with varying crystallinity, along with the protein expression pro-
files, collectively contributed to the unique mechanical properties of
these interfaces (Fig. 7). These insights into the structure-function
relationships at the ACL entheses provide valuable information for the
development of advanced strategies for ACL reconstruction and
repair.
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Methods
Sample preparation
Specimens of the human healthy ACL-femur and ACL-tibia interface
were obtained from surgical discards following amputation proce-
dures with the approval from the Ethics Committee of the Second
Affiliated Hospital of Zhejiang University School of Medicine
(2022LSYD0923) and written informed consent was obtained from
each donor. The specimens were obtained from 3 males and 1 female
(34–39 years of age, 1 non-manual and 3manualworkers) with ACL and
without degenerative changes from macroscopic view or knee X-ray.
The ACL femoral and tibial attachments were carefully collected after
the removal of excess bone and ligaments, which contained ligament,
fibrocartilage, and subchondral bone. The tissue was cut into small
pieces and later washed with sterile PBS before being stored at -80°C
without any further handling or examination. After collection, the
samples were cryo-cut into 3 parts with the blade perpendicular to the
plane where the footprint was located, one for macroscopically Micro-
CT imaging and mechanical test, one for histology (including SO
staining and IF staining), and the other for microscopic evaluation
(SEM, Cryo-TEM, Raman spectroscopy, HRTEM, SAED, et al.) and
proteomics (Fig. S1). All these samples were serial cryo-sectioned to
maintain their original structures and compositions.

Micro-CT
To evaluate themicroarchitectureofmineralized fibrocartilage,micro-
CT (Bruker, Skyscan 1272) was employed. The frozen samples were
sliced into approximately 3mm cubes and then serially fixed in 4%
paraformaldehyde and immersed in 70% ethanol. Scans were per-
formed with a pixel size of 3μm. Amira (Thermo Fisher Scientific,
Amira 2020) was employed for the purpose of 3D visualization.

Histology
Samples of Normal femoral enthesis and tibial enthesis were fixed in a
4% paraformaldehyde solution for 48 h. Subsequently, decalcification
was carried out utilizing a 10% EDTA-2Na (w/v) solution over a duration
of 4 weeks. Afterwards, both specimens were dehydrated and then

embedded in paraffin. To identify the ligament-bone interface, mea-
suring 7μm in thickness were created for Hematoxylin-eosin (HE) and
Safranin O (SO) staining.

SEM and EDX analyzes
Fresh femoral enthesis and tibial enthesis samples were thawed at
ambient temperature, then immersed in a solution containing 2.5%
glutaraldehyde, followed by rinsing with a PBS solution. Subsequently,
the specimens were cryo-sectioned into slices that were 30μm thick
along the longitudinal orientation of the interfaces. After cryo-sec-
tioning, the slices were washed with DI water to eliminate the OCT,
followed by a series of ethanol solutions (20%, 30%, 40%, 50%, 70%,
80%, 90%, 95%, 100%, and 100% (v/v)) for 20minutes each to facilitate
dehydration, and finally left to dry in the air. The samples underwent
gold-sputtering andwere imaged (ZeissG300). In order to examine the
microstructure of MFC, secondary electrons were collected using a
5 kV accelerating voltage. Acquiring the DDC-SEM images involved the
utilization of a 10 kV acceleration voltage. The equipment was equip-
ped with an SE2 detector and a backscatter electron detector that
captured secondary electrons and backscattered electrons, respec-
tively. Bothmodeswere used to capture the same area, resulting in the
acquisition ofDDC-SEM images. The green channelwas assigned to the
in-lens images, while the red channel was assigned to the backscatter
images using Image J. Afterward, the two images were concatenated.
Additionally, EDX spectra were obtained in the identical areas utilizing
both line and mapping modes to conduct further analysis on the ele-
mental compositions.

FIB-SEM
Specimen preparation: Using a scalpel, small slices of femoral enthesis
and tibial enthesis samples were carefully dissected, which contained
the regions between nonmineralized to mineralized regions at the
ligament-bone interface. Next, the specimens were preserved in a
solution of 2.5%glutaraldehyde inPBS for the entire night, then stained
with a PBS solution containing 2% osmium tetroxide for a duration of
2 h. Following multiple rinses with PBS solution, the specimens

Fig. 7 | Schematic diagram showing the specific graduated mineralization interfaces at the ACL femoral and tibial entheses of human knee joints. Two thin-
graduated mineralization regions with distinct biomolecular compositions and mineral assembly patterns to adapt to their respective mechanical functions at the ACL
femoral and tibial entheses.
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underwent dehydration using a sequence of acetone concentrations
(30%, 50%, 70%, 90%, 100%, and 100%)with each step lasting one hour,
except for the 70% concentration which lasted overnight. Ultimately,
the specimens were embedded in spur resin. To reveal longitudinal
sections of the ligament-bone interfaces, all embedded samples were
grounded and then polished using a diamond suspension to enhance
surface smoothness for the following FIB-SEM serial imaging.

Data collection: The Leica EM trimmer was used to carefully trim
resin blocks until the black tissue surface in the block became visible.
In order to visualize the region of interest, a scanning electron
microscope (Thermo Fisher, Teneo VS) equipped with an ultra-
microtome within its specimen chamber was employed. This enabled
us to precisely trim the resin blocks and simultaneously capture the
electronmicroscopic image of the sample. Once the region of interest
was identified, imaging was conducted utilizing dual-beam scanning
electron microscopy (Thermo Fisher, FIB Helios G3 UC). The data-
gathering process was conducted using the serial surface view mode,
with a slice thickness of 6 nm at 30 keV and 0.43 nA current. After-
wards, every consecutive facial image was captured in backscatter
mode (BSE) utilizing an ICD detector, with a 2 kV acceleration voltage
and a current of 0.2 nA. The resolution of the image store was set to
3072 × 2048 pixels, with a dwell time of 15μs and a pixel size
of 4.25 nm.

Segmentation and processing of images: Image stacks were
aligned and then denoised with the anisotropic diffusion function in
Amira 2020 (Thermo Fisher). The threshold-based segmentation and
volume rendering were performed, and label analysis tools were
employed to measure the aspect ratios of mineral tesselles.

TEM, EDX, HAADF-STEM, EELS and SAED analyzes
The samples were immersed in a 2.5% glutaraldehyde solution for 24 h,
rinsedwith a PBS solution, treatedwith 1%OsO4 stain, dehydrated, and
subsequently enclosed in a spur resin. Afterwards, the samples were
sliced into thin sections using a Lerca EM UC7 ultratome with a
thickness of 100 nm. These sections were then positioned onto copper
grids with a mesh size of 200 and analyzed using a Super-X EDX
detector-equipped aberration-corrected scanning transmission elec-
tron microscope (FEI Titan G2 80–200 microscope). The examination
was conducted at a voltage of 200 kV. Regions of interest were
examined using HAADF-STEM, TEM-EDX, and SAED patterns. Images
of EELS spectra were collected in the range of 100–600 eV to investi-
gate the characteristic edges of the elements of interest (P, C, Ca,N, O).
Principal component analysis was applied to calibrate, normalize,
subtract background, and process each spectrum. Prior to conducting
each experiment, the electron probe of themicroscope was calibrated
with a DCOR plus spherical aberration corrector by utilizing a gold
standard sample. The HAADF-STEM image, SAED, and EELS analysis
were conducted using Gatan Digital Micrograph software.

Raman spectroscopy and SRS microscopy
Raman spectroscopy with a confocal Raman microscope (LabRAMHR
Evolution, Horiba Co., Ltd.) equipped with a 532 nm laser was utilized
to measure the chemical components across femoral enthesis and
tibial enthesis samples. An EMCCD detector with a spectral resolution
of approximately 1 cm−1 was utilized to collect spectra within the range
of 200 to 1900 cm-1. For the point mode, the spectra were acquired
with a 5 s dwell time. In the case of Ramanmapping, a continuous scan
was conducted with a spatial resolution of approximately 1μm and a
dwell time ranging from 0.1–0.5 s. There was no observed deteriora-
tion of the sample when using this parameter.

SRS was performed to detect and visualize the ACP and HAps
across femoral enthesis and tibial enthesis samples using aMultimodal
Nonlinear Optical Microscopy System (UltraView, Zhendian (Suzhou)
Medical Technology Co., Ltd). A hyperspectral scan step size of
0.5 cm−1 was used to collect spectra within the range of

920 ~ 1002 cm−1. For imaging, 400 × 400 pixels (0.52μm/pixel) are
acquired with a 30μs dwell time. The least absolute shrinkage and
selection operator (LASSO) method was utilized for spectroscopic
fingerprint SRS imaging86. Each image represents substances of dif-
ferent spectra.

Processing high-pressure freezing (HPF) samples and cryo-TEM
In order to observe the mineral transformations of femoral enthesis
and tibial enthesis interfaces in situ, cryo-TEM imaging was per-
formed on a FEI Talos F200C under low dosemode at an accelerating
voltage of 200 kV. The cryo-sectioned samples were dipped into
external cryoprotectant (1-hexadecene) and carefully loaded into HPF
sample carriers (0.2mm depth, 16770141 Type A, Leica). The lid
(16770142 Type B, Leica) was dipped in 1-hexadecene and placed on
top of the sample carrier. And the samples were frozen using a HPF
device (Leica EM ICE) and freeze substituted in EM AFS2 (Leica).
A mixture of 0.5% glutaraldehyde, 1.5% H2O and 100% acetone were
used for freeze substitution. The AFS temperature progression
began at −108 °C for 1 h, followed by warming to −90 °C at a rate of
9 °C/h, maintaining −90 °C for 60 h, warming to −60 °C at a rate
of 2 °C/h, maintaining −60 °C for 20h, warming to −30 °C at a rate of
2 °C/h, maintaining −30 °C for 15 h, and finally warming to 0 °C at a
rate of 10 °C/h. At this point, the samples were removed from the
specimen carriers (at room temperature) and subsequently embed-
ded in Epon resin. Then sample blocks were sliced into 100 nm
thickness using Leica EM UC7 ultramicrotome cryo-chamber main-
taining the specimens under −150 °C and cryo-TEM imaging was
conducted (Table S2).

Proteomics
Sample preparation: Cryo-sectioning was used to prepare ligament,
interfaceandsubchondralbone tissues fromfemoral enthesis and tibial
enthesis samples of three donors. It should be mentioned that the dif-
ference between interface, ligament and subchondral bonewasmostly
larger than our results, as the interface samples were not completely
differentiated from ligament and subchondral bonedue to the absence
of labelling. In the tube, a total of six types of tissue were gathered and
then sliced into small fragments. After rinsing with PBS, the tissue
samples were scraped off the slides and transferred into 0.6ml cen-
trifuge tubes. Subsequently, 20μl of enzyme digestion buffer (0.1M
ammoniumbicarbonate)wasadded toeach tube.Themixturewas then
heatedat95°C for 10minutes, followedby theadditionof 1μl of trypsin
(1μg/μl). After shaking andmixing, the sampleswere incubated at 37°C
overnight ( > 12 h). Next, they were subjected to centrifugation at
14000g for 15minutesand the resultant supernatantwasgathered.The
supernatant was then desalted and utilized for peptide concentration
determination using a Nanodrop spectrophotometer.

LC-MS/MS analysis: The peptides were dissolved in the liquid
chromatography mobile phase A (0.1% (v/v) aqueous solution of for-
mic acid) and subsequently separated utilizing an UltiMate 3000
nanoLC ultra-high performance liquid chromatography apparatus.
The self-filling column used in chromatography had dimensions of
25 cm length and 100μm inner diameter, packed with C18 material of
1.9μm. The first mobile phase, referred to as A, consisted of an aqu-
eous solution containing 0.1% formic acid. The second mobile phase,
referred to as B, consisted of an aqueous solution containing 0.1%
formic acid and 98% acetonitrile. Liquid phase gradient settings:
0–3min, 3% ~ 10% B; 3–40min, 10% ~ 24% B; 40–52min, 24% ~ 38% B;
52–56min, 38% ~ 80% B; 56–60min, 80% B. The rate of flow was kept
constant at 450 nL/min.

After being separated by the UHPLC system, the peptides
underwent ionization in the NSI ion source and were subsequently
analyzedusing theOrbitrapExploris 480mass spectrometer.A voltage
of 2.0 kV was applied to the ion source, and the high-resolution Orbi-
trap was utilized to detect and analyze both the peptide parent ions
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and their secondary fragments. The initial range for mass spectro-
metry scanning was established as 400−1200m/z with a scan resolu-
tion of 60,000. Additionally, the Orbitrap scan resolution was set at
15,000. The data acquisition mode employed a data-dependent scan-
ning (DDA) program with a cycle time of 1 s. To fragment the HCD
collision cell, a fragmentation energy of 27% was utilized. In order to
enhance the efficient utilization of the mass spectrum, the automatic
gain control (AGC) was adjusted to 100%, the signal threshold was
established at 50,000 ions/s, the maximum injection time was limited
to 22ms, and a dynamic exclusion time of 30 s was implemented for
the tandemmass spectrometry scan to prevent redundant scans of the
parent ions. FAIMS Pro’s compensation voltage was adjusted to −45 V.

Database search: MaxQuant (v1.6.15.0) was utilized to search the
data obtained from secondary mass spectrometry. The database was
searched using UniProt Human (20387 sequences). To calculate the
false positive rate (FDR) caused by random matching, the inverse
library was included. Additionally, the common contamination library
was added to eliminate the impact of contaminated proteins on the
identification results. The enzyme cut mode was set to Trypsin/P, with
a maximum of 2 missed cut sites. The mass error tolerance for the
primaryparent ionwas set to 20ppm for the First search and 5ppm for
the Main search. The mass error tolerance for the secondary fragment
ion was set to 0.02Da. Fixed modification was assigned to cysteine
alkylation, while oxidation of methionine and acetylation of protein
N-terminal were considered as variable modifications. The FDR for
protein identification and peptide-spectrum match (PSM) identifica-
tion was established at 1%.

Proteomics data analysis: The DEP R package was used to identify
the proteins that showed differential expression87, using PSMs infor-
mation as input. The data underwent log2-transformation and was
normalized using the normalize Between Arrays function. Next, the
lmFit function was employed to establish a linear model for every
protein. For every protein, the moderated t-statistic of eBayes was
computed, and the p-values were adjusted for multiple testing using
the positive FDR through the contrasts fit and eBayes functions. Pro-
teins exhibiting differential expression were characterized by a fold
change greater than 2 and an adjusted p value below 0.05.

Immunofluorescent staining
Immunofluorescent analysis was performed to verify protemoics results
according to a standardmethod. Sections with a thickness of 7μm thick
were initially thawed at ambient temperature and rinsed with a PBS
solution having a pH of 7.2. Following an overnight thermal antigen
retrieval process utilizing a sodium citrate solution (10mM) at 65 °C, the
sampleswere treatedwith5% (wt/v) bovine serumalbumin (BSA, Sangon
Biotech, China) at ambient temperature for 60minutes. Next, the
femoral enthesis samples were subjected to incubation with various
primary antibodies, including SLC25A12 antibody (1:50, 67467-1-Ig, Pro-
teintech) and CLEC11A antibody (1:100, 55019-1-AP, Proteintech). In the
same way, the tibial enthesis samples were left to incubate overnight at
4 °C with various primary antibodies, including MGP antibody (1:400,
60055-1-Ig, Proteintech) and SRPX antibody (1 200, 11845-1-AP, Pro-
teintech). Following PBS Tween (0.01% Tween) wash, the samples were
left to incubated at room temperature for 90minutes with the corre-
sponding secondary antibodies (diluted 1:200 in PBS): Alexa Fluor® 488
Goat anti-Rabbit IgG Antibody (Product #A-11008, Invitrogen) and
Donkeyanti-Mouse IgGSecondaryAntibody,AlexaFluor 546®conjugate
(Product #A10036, Invitrogen). Following the rinsing process with PBS
solution, the samples were mounted using a fluorescent mounting
medium in order to facilitate imaging with a Zeiss 880 laser confocal
microscope. Image J was used to analyze the obtained images.

Nanoindentation
Fresh femoral enthesis and tibial enthesis samples were dissected into
small pieces about 200μm-thick along the longitudinal direction of

the interfaces and immersed in a PBS solution for further measure-
ment. Nano-indentation tests were performed using a nano-indenter
(PIUMA, Optics 11, AmsterdamNetherlands) to investigate indentation
behavior. The soft cantilever (radius: 50 μm, stiffness: 178N/m) was
utilized to measure the elastic modulus of tissues at an indentation
depth of 3000nm. A nanoindentation test matrix (step: x and y-
2 × 2μm) was conducted on the samples to analyze the modulus
transition of the ACL-femoral and ACL-tibial interfaces. In order to
replicate the physiological conditions, all measurements were con-
ducted in a PBS solution.

AFM
To characterize the nanomechanical attributes of femoral enthesis and
tibial enthesis samples, AFM was utilized for conducting Force-
Displacement (FD) measurements. The Cypher ES AFM (Oxford
Instruments Asylum Research, United States) along with Si cantilevers
(AC160TS-R3, Olympus, Japan) were employed. With a back angle α of
35°, the spring constant was 26N/m and the tip radius measured 7 nm.
Data was collected for a 40 × 40 array of FD measurements in three
distinct regions within a 5 × 5μm2 area for both femoral enthesis and
tibial enthesis cryo-cut samples. The approach speed of the tip was
3μm/s until a force of 6 μN was attained, after which the tip was
retracted at the identical speed. To fit Young’s modulus, the FD data
were analyzed assuming a Hertz model with a tapered end.

FEA
To investigate the role of the spatial arrangement of the modulus and
insertion depth at the femoral enthesis and tibial enthesis interfaces,
we built a finite element model to investigate their advantages
(Fig. S17). Geometricmodeling: In the part of Abaqus, the stereomodel
was established according to the dimensions shown below (Fig. S17A).
Partition the computational grid: Both parts of the model adopted a
hexahedral and tetrahedral mixed mesh, dominated by hexahedrons
for mesh partitioning (Fig. S17B). Define material properties: The
ligament part was defined as hyperelastic anisotropic structures using
the Holzapfel-Gasser-Ogden material model with C10: 1.95, D:
0.00683, K1: 22.627, K2: 471.255, κ: 0.004888. The material properties
of the transition zone were defined based on the data curve obtained
from nanoindentation experiments; that was, different material
properties were assigned to the corresponding elements according to
the different central positions of the grid cells (the average coordinate
value of the surrounding nodes). The material properties of individual
elements were isotropic elastic bodies with a Poisson’s ratio of 0.3 and
Young’s modulus varying in the range of 40–760MPa for femoral
enthesis and 27 to 1261MPa for TE, depending on their locations. Build
the assembly and set up interactions: The two parts were assembled
according to their relative position, and the interfaces were bonded.
Define the boundary conditions: The surface close to subchondral
bone was set as the fixed end (Encastre) (Fig. S17C). Apply load: Dis-
placement loads of 0, 30, 60, and 90 degrees were applied to the
ligament end (the same percentage, strain = total displacement divi-
ded by model original length = 3%, 5%, and 7%) and submitted for
calculation (Fig. S17D).

Statistics and reproducibility
The investigators were blinded to group allocation during data col-
lection and analysis. For each figure, unless otherwise indicated,
results were replicated in at least three biological replicates. The data
were presented as the mean ± SD. Differences between the values
were evaluated using a one-way ANOVA analysis with Tukey’s post
hoc test to make pairwise comparisons between multiple groups and
a two-tailed Student’s t-test when only two groups were being com-
pared using SPSS software (I BM SPSS Statistics forWindows, Version
22.0). A significance level of less than 0.05 was deemed statistically
significant.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study
are available within the article and its Supplementary Information files.
The raw LC-MS/MS data have been deposited to the iProX database
(http://www.iprox.org) with the iProX accession: IPX0009424000.
Source data are provided with this paper.

Code availability
Code for proteomic analysis is available at https://github.com/
arnesmits/DEP87.
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