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Abstract

The calcified tissues of vertebrates are essentially represented by bone, cartilage, dentin and
calcified tendons. In all these tissues a major hallmark of mineralization is the deposition
of the inorganic phase on a pre-existing collagen template, but evident differences exist
among these materials and the molecular details of the process are still incompletely
understood. In this study, the ultrastructural aspects of the mineral phase of these tissues
were investigated by means of high-resolution scanning electron microscopy (HR-SEM)
after low-temperature thermal deproteination, a technique allowing a direct, unrestricted
visualization of the mineral component. Each tissue showed distinctive features. In most
cases, calcification proceeds in a discontinuous way through the formation of clumps or
clusters of mineralized tissue; in all cases, except cartilage, the mineral phase shows an
evident relationship with the layout and/or the D-period of the collagen fibrils. Our results
highlight the peculiar aspect of the mineralization process in the cartilage with respect to
the other tissues, all of them containing collagen type I instead of type II, and suggest that
a different molecular mechanism may be at work. It is still unclear whether and how this
may be related to the content, exclusive of cartilage, of collagen type II. The identification
of the tissue-specific features exhibited by cartilage versus those shared by all the other
three tissues, although from different species, requires further research on physiological
calcification.

Keywords: calcification; collagen; cartilage; dentin; calcifying tendon; SEM

1. Introduction
Biomineralization is a complex process which involves several tissues in many ways.

In vertebrates, physiological mineralization is essentially confined to connective tissues—
the only notable exceptions being the otoconia in the inner ear, the teeth enamel and the
eggshell of birds. Most studies have been carried out on bone, which is indisputably
the most important calcified tissue from both the quantitative and functional viewpoints.
Other important calcified connective tissues are the dentin, cartilage and calcifying tendons
of birds. In all these tissues, the process includes inorganic infiltration of a pre-existing
collagenous scaffold.

Despite the progress made by recent research, several molecular details of mineral-
ization are still incompletely understood [1]. There is now some evidence that mineral
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precipitation occurs spontaneously when the relevant inorganic ions (Ca and P) are avail-
able and inhibitors are not present [2–4], but several factors (and their interaction) can
control the inception and the extent of the mineralization. The outcome of the process can
be very different in different tissues.

Some decades ago, the diverse aspects observed led to the recognition that collagen
fibrils and matrix vesicles, released by osteoblasts, chondroblasts, odontoblasts or tenocytes,
may both serve as independent nucleation centers for mineral deposition, but with very
different features [5]. Matrix vesicles are released into the interfibrillar spaces as small,
membrane-bound vesicles adhering to collagen fibrils by means of specific annexins. Sev-
eral ion channels and enzymes are attached to their membrane including ectonucleotide
pyrophosphatase/phosphodiesterase 1 (ENPP1), tissue nonspecific alkaline phosphatase
(TNAP), calcium channel proteins (Anx), and phosphate transporters (Pit1). Exogenous
inorganic ions are transferred by Annexin V and Pit1 in the vesicle interior, where they form
mineral particles that eventually burst the membrane and grow in the interfibrillar space
into fractal-like, micron-sized globular particles [5,6]. Similar extrafibrillar mineral deposits
have also been observed in pathological calcifications [7–9], with the substantial differences
that here the ECM is involved only secondarily, with cell debris being the primary struc-
tures involved in early mineralization [10]. Cell debris may result from various types of
programmed cell death including apoptosis, necroptosis, pyroptosis, and ferroptosis as
reported for vascular calcification [11], or a further type of an uncoded pro-calcific cell death
associated with intracytoplasmic release of acidic lipid material. This and its by-products
can act as calcium salt nucleators, as reported for aortic valve interstitial cells stimulated
with pro-calcific media in vitro [12] as well as in actual calcific aortic valve stenosis [13].

On the other hand, mineralization can also occur in the absence of matrix vesicles
by enzymatic removal in the extracellular space of several tissue-specific inhibitors such
as pyrophosphate (PPi), osteopontin (OPN), osteoprotegerin, secreted phosphoprotein 1
(SPP1), Gla proteins (BGLAP and MGP), and α2-HS glycoprotein (AHSG) [3,14]. Under
these conditions, tiny needle-shaped mineral particles appear simultaneously on a large
number of individual unrelated collagen fibrils. Electron microscopic tomography studies
demonstrated beyond any doubt that the first deposition of calcium salts takes place at
specific sites within the gap zone of collagen fibrils, in both bone [15–17] and calcifying
tendons [18–20]. Subsequently, as the particles grow in number and length, the collagen
fibrils swell, lose their individuality and merge [21] as the process extends to the interfibril-
lar space [17,22]. More recent high-resolution 3D imaging studies showed that, on a larger
scale, the collagen-driven mineralization proceeds by the formation of individual clusters
of mineralization, or tesselles, at least in bone [23–25] and tendon [23].

While these findings undoubtedly question the exclusive role once ascribed to the
matrix vesicles in the mineralization process, they did not rule out their involvement and
they still are actively studied [26–33]. Globular bodies reminiscent of those produced by
matrix vesicles have been recently observed in the costal cartilage [34], in the articular
cartilage [35] and the growth plate [36,37]. These data seem to suggest that, although bone
and cartilage form an integrated functional unit [38,39], a different form of mineralization
is at work in cartilage with respect to bone and possibly to dentin and calcifying tendons.

Not all morphological techniques are suitable for ultrastructural research on miner-
alized tissues. Light microscopy, like other techniques such as confocal laser scanning,
second harmonic generation or Fourier transform infrared, does not have adequate lateral
resolution for true ultrastructural research. Transmission electron microscopy (TEM) has
adequate resolution but still requires prior decalcification; and, like all sectional techniques,
can only represent the boundary between soft and mineralized matrix, which is intrinsically
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two or three dimensional, as a single line. Micro-computed tomography can provide really
three-dimensional data but its lateral resolution is still limited.

The present research was carried out by means of high-resolution scanning electron
microscopy (HR-SEM) in order to image the ultrastructure of the mineral phase of these
four tissues. The mineralization process may not be the same in them all, and a better
understanding of the morphology of the mineral crystals would help determine the process
by which they form in different contexts.

2. Materials and Methods
Samples of articular cartilage and of its subchondral bone were obtained at the abattoir

from the femoral head of two 1-year-old steers, and samples were taken of mineralized
cartilage and compact bone from the subchondral plate. Similarly, samples of calcifying
gastrocnemius tendon were obtained at the abattoir from three adult turkeys. Two hu-
man permanent teeth were extracted for orthodontic reasons from healthy individuals
of either sex. All the specimens were immediately dissected, debrided from the sur-
rounding tissues, reduced if necessary and fixed overnight in Karnovsky fixative in 0.1 M
Na-cacodylate buffer.

All specimens were frozen in solidifying butane at −138 ◦C, fractured under liquid
nitrogen at −196 ◦C in order to obtain clean, uncontaminated surfaces and subsequently
dehydrated with graded ethanol and hexamethyldisilazane. The specimens were then
thermally treated at 350 ◦C for 24 h, a process able to completely remove the soft matrix
while not affecting the mineral phase [40].

All samples were then mounted on appropriate stubs with colloidal silver, sputter-
coated with gold-palladium and observed with a Zeiss Gemini 360 FEG-SEM (Carl Zeiss,
Oberkochen, Germany). In total, over 300 pictures were taken of the four tissues. All
images were acquired in digital form as uncompressed TIFF files of 2048 × 1536 pixels with
no further processing.

3. Results
At the temperature used in this study, the thermal treatment removes all the soft

matrix, leaving behind only the mineral phase, which forms a sort of undisturbed cast of
the mineralized fibrils. This technique has been shown not to affect the size, shape and
layout of the original fibrils while allowing an unobstructed visualization of the mineral.
In the following text, the term “collagen fibrils” will be used for brevity to designate
these casts.

All the tissues studied exhibited a specific, peculiar morphology.
Bone was perhaps the most difficult tissue to image at high resolution because its

matrix is very compact and only its natural surfaces, such as the interior of the osteocyte
lacunae, allow a clear visualization of individual fibrils that otherwise appear essentially
fused together (Figure 1).

The mineralization process often proceeds unevenly with the formation of spindle-
shaped clumps of calcifying fibrils, easily recognizable once the interposed soft matrix
has been vaporized by the thermal treatment (Figure 2). The mineral particles appear to
infiltrate the collagen fibrils, where they maintain the shape and the course of the fibrils
and often show an evident relation with the D-period (Figure 3).
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The dentin is rather reminiscent of bone: its fibrils are somewhat thinner but again, 
individual fibrils remain visible only on the mineralization front (Figure 4) once the soft 
predentin has been removed by the thermal treatment. Their average diameter, measured 
on 100 fibrils from five micrographs taken at 100,000×, is just 73.6 ± 12.0 nm. With the 
deposition of further dentin the mineral deposition increases and the same fibrils fuse to 
form a compact mass where individual fibrils are no longer recognizable. At higher mag-
nification, the mineral phase appears made of tiny particles encrusting the surface of the 
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Figure 3. A higher magnification of bone shows multiform plate-like mineral particles. Their close
relationship with the collagen D-period is now more evident.

The dentin is rather reminiscent of bone: its fibrils are somewhat thinner but again,
individual fibrils remain visible only on the mineralization front (Figure 4) once the soft
predentin has been removed by the thermal treatment. Their average diameter, measured
on 100 fibrils from five micrographs taken at 100,000×, is just 73.6 ± 12.0 nm. With the
deposition of further dentin the mineral deposition increases and the same fibrils fuse
to form a compact mass where individual fibrils are no longer recognizable. At higher
magnification, the mineral phase appears made of tiny particles encrusting the surface of
the collagen fibrils (Figure 5).
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The calcifying tendons of birds represent the most accessible of the tissues studied 
thanks to the ordered, parallel layout of their collagen fibrils. Here, too, calcification seems 
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Figure 5. A higher magnification of dentin fibrils, covered by tiny mineral platelets. The fibrils
are too slender to show their D-period in these conditions, while some fibrils reveal the course of
their subunits.

The calcifying tendons of birds represent the most accessible of the tissues studied
thanks to the ordered, parallel layout of their collagen fibrils. Here, too, calcification
seems to progress with the formation of spindle-shaped clusters of mineralization fibrils
reminiscent of those of bone (Figure 6). At higher magnification, the mineral phase takes the
form of large, flattened plates whose relationship with the collagen D-period is indubitable
(Figure 7).
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Figure 7. At higher magnification, the mineral phase of the turkey tendon. The mineral plaquettes
are rather uneven in shape but their regular 67 nm axial periodicity is clearly evident.

The mineralization front of the articular cartilage has been usually seen with histolog-
ical techniques of radial sections, where it is just visible as an undulating dark line. The
thermal treatment of our specimens removed the soft cartilage and exposed the actual
mineralization front, making it completely accessible with scanning electron microscopy.
Here, the mineralization process takes place by the formation of spheroidal, fractal-like
particles (Figure 8), particularly evident where the mineralization is incomplete: either
near the mineralization front or, vice versa, deep within the tissue where electrolytes and
metabolites must move slowly across the surrounding hard tissues. With the progression of
the process these spheroids just become larger until they fuse together into a compact mass.
At higher magnification (Figure 9), these spheroids appear made of randomly oriented
tiny plaquettes with neither evident order nor orientation. This is the only tissue where no
visible alignment was detected within the calcified matrix and where no visible relationship
was found between the mineral phase and the layout or the D-period of collagen fibrils.
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4. Discussion
In both bone and tendon, the onset of mineralization takes place with the formation of

ellipsoidal clumps consistent with recent literature data [23–25]. It must be noted that the
elongated shape of these particles corresponds to the parallel array of the collagen fibrils;
it can be hypothesized that if this anisotropy did not exist, the particles would also be
isotropic, i.e., spheroidal. The formation of these spheroid/ellipsoids seems to be consistent
with a process driven by matrix vesicles but could also be explained by a focal stenciling
process of “inhibition of inhibitors” [3]. In both tissues and at both low (10.000×) and high
(100.000×) magnification, the mineral particles always show an evident relationship with
the collagen fibril D-banding, with the same regular axial periodicity. This is particularly
noticeable in the calcified turkey tendon (see Figure 7): the mineral particles are somewhat
irregular in shape but their axial spacing can be easily measures by averaging it along
several successive periods.

The mineralized fibrils of dentin, which can be only visualized at the predentin/dentin
boundary, show a more subtle transformation. Again, individual fibrils are no longer
recognizable on the underlying, fully mineralized matrix, so it seems safe to assume that
in this tissue, too, the mineral deposition takes place inside the fibrils, like in tendon [18],
bone [19] and dental cementum [41], as well as upon them. The fibrils themselves appear
very thin and uniform in diameter, quite different from the plurimodal diameter distribution
characterizing tendons. Because of such small size, the collagen D-banding is not visible
as it is in the larger fibrils of other tissues. Here, the absence of recognizable ellipsoids
suggests a more uniform mineralization process, and points toward an “inhibition of
inhibitors” process rather than one driven by matrix vesicles, but the topic is far from being
settled [42,43].

By contrast, the cartilage seems to represent a case in itself in that the mineralization
here seems totally unrelated to the collagen fibrils. The process takes place through the
formation of fractal-like, isotropic spheroids which show no relationship at all with the
soft surrounding matrix. Of course these spheroids, while growing, must necessarily come
in contact with the surrounding collagen fibrils, but these latter remain not involved in
the process since no mineralized fibrils were ever detected in the calcified cartilage. In
fact, the mineral clumps may remain spheroidal exactly because they bear no relationship
with the collagen fibrils, at variance with those of bone and tendon. Observation at high
magnification confirms they being made of thin, flat plaquettes randomly oriented. This
mineralization pattern is consistent with that described by Christoffersen and Landis [5] as
an alternative to the more common collagen-related mineralization found in most tissues.

It is an obvious temptation to connect this difference of mineralization patterns to
the different collagen types present in these tissues. It must be noted, however, that no
direct cause-effect exists to support this dependence. It has been hypothesized that mineral
nucleation within the gap zone of type I collagen fibrils is facilitated by a clustering of highly
polar residues [44], but the amino acid sequence (and therefore the polarity distribution) is
highly conserved in the helix domains of fibrillar collagens. The differences at the molecular
level between collagen types I and II have been the subject of extensive studies [45,46] but
no conclusive data have been shown to support this hypothesis.

Nonetheless, two important findings could be (i) that the biomolecule Poly(ADP-
ribose) (PAR) can act as a nucleator of calcium phosphate apatite crystals forming amor-
phous calcium-rich spheres which show high affinity for the heterotrimeric collagen fibrils
type I at the level of the intraperiod hole zone [47], and (ii) that such an interaction seems
to occurs at level of distinct binding sites located in register with the intraperiod sub-bands
“a” [48], i.e., where C-terminal telopeptides lie, as dictated by the molecular D-period
molecular packing. In addition, putative amino acid motifs acting as binding sites for PAR
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were identified, consisting of coupled arginine and tyrosine residues. It is noteworthy that
the C-terminal telopeptides of collagen type II, besides being longer than their counterparts
in collagen type I, do not contain any arginine-tyrosine amino acid motifs [46]. Thus, it
might be speculated that such differences play a role in the different calcification processes
in type II collagen fibrils versus type I.

Moreover, it cannot be excluded that the shorter gap zone characterizing type II
collagen fibrils due to the bulkier terminal N- and C-telopeptides may represent a cause
or a co-cause, as well as a different distribution of crosslinks and/or a stronger linkage of
the fibril-bound proteoglycans, whose persistence might inhibit the mineral deposition. In
addition, collagen fibrils type II interact at their surface with the fibril-associated collagen
with an interrupted triple helix (FACIT) type IX, which is located along the fibrils in
an antiparallel orientation and with its glycosaminoglycan chain sticking out from the
fibril surface.

On the other hand, it cannot be ignored that type I collagen fibrils could also have a
similar interaction with another member of the FACIT collagen family, type XII, which was
found to be nearly homologous to type IX [49]. Thus, none of these factors, even combined,
seems to represent structural features justifying the complete absence of mineralized type
II collagen fibrils.

In conclusion, the present results reveal the existence of distinct mineralization patterns
occurring in four different hard tissues with subtle differences between bone, dentin and
mineralized tendon, whereas marked peculiarities are exhibited by mineralized cartilage.
Due to the complexity of the various macromolecular components involved, including
two genetically distinct fibrillar collagens, type I versus type II, and their still not well-
established interactions with associated macromolecules, further studies are required to
clarify the mutually exclusive mineral deposition patterns, as clearly indicated by the
present three-dimensional ultrastructural study. If we consider the distribution of these
tissues, their clinical relevance and, especially in the case of bone and cartilage, that these
tissues must continuously transform and adapt to the changing physiological demands they
face throughout life, a better understanding of their biomineralization processes certainly
seems a worthy objective.

5. Conclusions
In bone and turkey tendon, calcification begins with the diffuse formation of ellipsoidal

clumps, or tesselles, of mineralized collagen fibrils, which, as the process proceeds, swell
and merge into a more compact tissue. In tendon and, to a lesser extent, bone, the mineral
phase layout shows a clear correspondence with the 67 nm axial period of collagen.

Dentin is made of mineralized fibrils thinner and more uniform than in the locomotory
apparatus; they do not form tesselles and their mineral component is represented by tiny
particles rather than plaquettes. Possibly due to the small diameter of the dentinal fibrils,
their axial period does not remain visible.

Cartilage, by contrast, never shows mineralized fibrils at all. Its mineral phase is
represented by fractal-like, micron-sized isotropic mineral aggregates that grow in the
interfibrillar space where they eventually merge. The mineralization process appears to
take place by a different mechanism with no involvement of the collagen component. It is
still unclear to which extent this may be related to the cartilage composition of collagen
type II rather than type I, or to other causes.
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9. Duer, M.J.; Friscić, T.; Proudfoot, D.; Reid, D.G.; Schoppet, M.; Shanahan, C.M.; Skepper, J.N.; Wise, E.R. Mineral surface in

calcified plaque is like that of bone: Further evidence for regulated mineralization. Arterioscler. Thromb. Vasc. Biol. 2008, 28,
2030–2034. [CrossRef]

10. Kim, K.M. Apoptosis and Calcification. Scanning Microsc. 1995, 9, 1137–1175.
11. Li, M.; Wang, Z.W.; Fang, L.J.; Cheng, S.Q.; Wang, X.; Liu, N.F. Programmed cell death in atherosclerosis and vascular calcification.

Cell Death Dis. 2022, 13, 467. [CrossRef]
12. Bonetti, A.; Marchini, M.; Ortolani, F. Ectopic mineralization in heart valves: New insights from in vivo and in vitro procalcific

models and promising perspectives on noncalcifiable bioengineered valves. J. Thorac. Dis. 2019, 11, 2126–2143. [CrossRef]
[PubMed]

13. Bonetti, A.; Contin, M.; Marchini, M.; Ortolani, F. Ultrastructural and Immunohistochemical Detection of Hydroxyapatite
Nucleating Role by rRNA and Nuclear Chromatin Derivatives in Aortic Valve Calcification: In Vitro and In Vivo Pro-Calcific
Animal Models and Actual Calcific Disease in Humans. Int. J. Mol. Sci. 2023, 24, 2667. [CrossRef] [PubMed]

14. Kawasaki, K.; Buchanan, A.V.; Weiss, K.M. Biomineralization in Humans: Making the Hard Choices in Life. Annu. Rev. Genet.
2009, 43, 119–142. [CrossRef] [PubMed]

15. Landis, W.J. Mineral characterization in calcifying tissues: Atomic, molecular and macromolecular perspectives. Connect. Tissue
Res. 1996, 34, 239–246. [CrossRef]

16. Reznikov, N.; Bilton, M.; Lari, L.; Stevens, M.M.; Kröger, R. Fractal-like hierarchical organization of bone begins at the nanoscale.
Science 2018, 360, 507. [CrossRef]

17. Xu, Y.F.; Nudelman, F.; Eren, E.D.; Wirix, M.J.M.; Cantaert, B.; Nijhuis, W.H.; Hermida-Merino, D.; Portale, G.; Bomans, P.H.H.;
Ottmann, C.; et al. Intermolecular channels direct crystal orientation in mineralized collagen. Nat. Commun. 2020, 11, 5068.
[CrossRef]

18. Landis, W.J.; Song, M.J.; Leith, A.; McEwen, L.; McEwen, B.F. Mineral and organic matrix interaction in normally calcifying
tendon visualized in three dimensions by high-voltage electron microscopic tomography and graphic image reconstruction. J.
Struct. Biol. 1993, 110, 39–54. [CrossRef]

19. Siperko, L.M.; Landis, W.J. Aspects of mineral structure in normally calcifying avian tendon. J. Struct. Biol. 2001, 135, 313–320.
[CrossRef]

https://doi.org/10.1016/j.jsb.2017.11.008
https://www.ncbi.nlm.nih.gov/pubmed/29175364
https://doi.org/10.1002/adfm.201203760
https://doi.org/10.1016/j.bone.2020.115447
https://www.ncbi.nlm.nih.gov/pubmed/32454257
https://doi.org/10.1002/adma.202004418
https://doi.org/10.1002/ar.1092300402
https://doi.org/10.1016/0169-6009(92)90743-W
https://doi.org/10.1007/s003920200015
https://doi.org/10.1097/01.bor.0000209431.59226.46
https://doi.org/10.1161/ATVBAHA.108.172387
https://doi.org/10.1038/s41419-022-04923-5
https://doi.org/10.21037/jtd.2019.04.78
https://www.ncbi.nlm.nih.gov/pubmed/31285908
https://doi.org/10.3390/ijms24032667
https://www.ncbi.nlm.nih.gov/pubmed/36768988
https://doi.org/10.1146/annurev-genet-102108-134242
https://www.ncbi.nlm.nih.gov/pubmed/19659443
https://doi.org/10.3109/03008209609005267
https://doi.org/10.1126/science.aao2189
https://doi.org/10.1038/s41467-020-18846-2
https://doi.org/10.1006/jsbi.1993.1003
https://doi.org/10.1006/jsbi.2001.4414


Biomolecules 2025, 15, 932 12 of 13

20. Landis, W.J.; Silver, F.H. The structure and function of normally mineralizing avian tendons. Comp. Biochem. Physiol. A Mol. Integr.
Physiol. 2002, 133, 1135–1157. [CrossRef]

21. Landis, W.J.; Hodgens, K.J.; Arena, J.; Song, M.J.; McEwen, B.F. Structural relations between collagen and mineral in bone as
determined by high voltage electron microscopic tomography. Micros. Res. Tech. 1996, 33, 192–202. [CrossRef]

22. Sorokina, L.; Shahbazian-Yassar, R.; Shokhufar, T. Collagen biomineralization: Pathways, mechanisms and thermodynamics.
Emergent Mater. 2021, 4, 1025–1224. [CrossRef]

23. Buss, D.J.; Rechav, K.; Reznikov, N.; McKee, M.D. Mineral tessellation in mouse enthesis fibrocartilage, Achilles tendon, and Hyp
calcifying enthesopathy: A shared 3D mineralization pattern. Bone 2023, 174, 116818. [CrossRef] [PubMed]

24. McKee, M.D.; Buss, D.J.; Reznikov, N. Mineral tessellation in bone and the stenciling principle for extracellular matrix mineraliza-
tion. J. Struct. Biol. 2022, 214, 107823. [CrossRef]

25. Micheletti, C.; Hurley, A.; Gourrier, A.; Palmquist, A.; Tang, T.; Shah, F.A.; Grandfield, K. Bone mineral organization at the
mesoscale: A review of mineral ellipsoids in bone and at bone interfaces. Acta Biomater. 2022, 142, 1–13. [CrossRef]

26. Kirsch, T.; Nah, H.-D.; Shapiro, I.M.; Pacifici, M. Regulated Production of Mineralization-competent Matrix Vesicles in Hyper-
trophic Chondrocytes. J. Cell Biol. 1997, 137, 1149–1160. [CrossRef]

27. Kirsch, T.; Claassen, H. Matrix vesicles mediate mineralization of human thyroid cartilage. Calcif. Tissue Int. 2000, 66, 292–297.
[CrossRef]

28. Azoidis, I.; Cox, S.C.; Davies, O.G. The role of extracellular vesicles in biomineralisation: Current perspective and application in
regenerative medicine. Tissue Eng. 2018, 9, 2041731418810130. [CrossRef]

29. Yi, G.; Ma, Y.; Chen, Y.; Yang, X.; Yang, B.; Tian, W. A review of the functions of matrix vesicles in periodontal tissues. Stem Cells
Dev. 2021, 30, 165–176. [CrossRef]

30. Boyan, B.D.; Asmussen, N.C.; Lin, Z.; Schwartz, Z. The Role of Matrix-Bound Extracellular Vesicles in the Regulation of
Endochondral Bone Formation. Cells 2022, 11, 1619. [CrossRef]

31. Iwayama, T.; Bhongsatiern, P.; Takedachi, M.; Murakami, S. Matrix Vesicle–Mediated Mineralization and Potential Applications.
J. Dent. Res. 2022, 101, 1554–1562. [CrossRef] [PubMed]

32. Hasegawa, T.; Hongo, H.; Yamamoto, T.; Abe, M.; Yoshino, H.; Haraguchi-Kitakamae, M.; Ishizu, H.; Shimizu, T.; Iwasaki, N.;
Amizuka, N. Matrix Vesicle-Mediated Mineralization and Osteocytic Regulation of Bone Mineralization. Int. J. Mol. Sci. 2022, 23,
9941. [CrossRef] [PubMed]

33. Veschi, E.A.; Bolean, M.; da Silva Andrilli, L.H.; Gobbi Sebinelli, H.; Strzelecka-Kiliszek, A.; Bandorowicz-Pikula, J.; Pikula, S.;
Granjon, T.; Mebarek, S.; Magne, D.; et al. Mineralization Profile of Annexin A6-Harbouring Proteoliposomes: Shedding Light on
the Role of Annexin A6 on Matrix Vesicle-Mediated Mineralization. Int. J. Mol. Sci. 2022, 23, 8945. [CrossRef] [PubMed]

34. Jaroszewicz, J.; Bazarnik, P.; Osiecka-Iwan, A.; Hyc, A.; Choinska, E.; Chlanda, A.; Swieszkowski, W.; Moskalewski, S. From
Matrix Vesicles to Miniature Rocks: Evolution of Calcium Deposits in Calf Costochondral Junctions. Cartilage 2021, 13, 326S–335S.
[CrossRef] [PubMed]

35. Zecca, P.A.; Reguzzoni, M.; Protasoni, M.; Raspanti, M. The chondro-osseous junction of articular cartilage. Tissue Cell 2023, 80,
101993. [CrossRef]

36. Jaroszewicz, J.; Kosowska, A.; Hutmacher, D.; Swieszkowski, W.; Moskalewski, S. Insight into characteristic features of cartilage
growth plate as a physiological template for bone formation. J. Biomed. Mater. Res. A 2016, 104, 357–366. [CrossRef]

37. Zecca, P.A.; Reguzzoni, M.; Borgese, M.; Protasoni, M.; Filibian, M.; Raspanti, M. Investigating the Interfaces of the Epiphyseal
Plate: An Integrated Approach of Histochemistry, Microtomography and SEM. J. Anat. 2023, 243, 870–877. [CrossRef]

38. Lories, R.J.; Luyten, F.P. The bone-cartilage unit in osteoarthritis. Nat. Rev. Rheumatol. 2011, 7, 43–49. [CrossRef]
39. Zhou, X.; Cao, H.; Yuan, Y.; Wu, W. Biochemical Signals Mediate the Crosstalk between Cartilage and Bone in Osteoarthritis.

BioMed Res. Int. 2020, 6, 5720360. [CrossRef]
40. Raspanti, M.; Guizzardi, S.; De Pasquale, V.; Martini, D.; Ruggeri, A. Ultrastructure of heat-deproteinated compact bone.

Biomaterials 1994, 15, 433–437. [CrossRef]
41. Raspanti, M.; Cesari, C.; De Pasquale, V.; Ottani, V.; Strocchi, R.; Zucchelli, G.; Ruggeri, A. A histological and electron-microscopic

study of the architecture and ultrastructure of human periodontal tissues. Arch. Oral. Biol. 2000, 45, 185–192. [CrossRef] [PubMed]
42. Ritchie, H. The functional significance of dentin sialoprotein-phosphophoryn and dentin sialoprotein (Review). Int. J. Oral. Sci.

2018, 10, 31. [CrossRef] [PubMed]
43. Anada, R.; Satoshi Hara, E.; Nagaoka, N.; Okada, M.; Kamioka, H.; Matsumoto, T. Important roles of odontoblast membrane

phospholipids in early dentin mineralization. J. Mater. Chem. B 2023, 11, 657–666. [CrossRef]
44. Silver, F.H.; Landis, W.J. Deposition of apatite in mineralizing vertebrate extracellular matrices: A model of possible nucleation

sites on type I collagen. Connect. Tissue Res. 2011, 52, 242–254. [CrossRef] [PubMed]
45. Ortolani, F.; Giordano, M.; Marchini, M. A model for type II collagen fibrils. Distinctive D-band patterns in native and reconstituted

fibrils compared with sequence data for helix and telopeptide domains. Biopolymers 2000, 54, 448–463. [CrossRef]

https://doi.org/10.1016/S1095-6433(02)00248-9
https://doi.org/10.1002/(SICI)1097-0029(19960201)33:2%3C192::AID-JEMT9%3E3.0.CO;2-V
https://doi.org/10.1007/s42247-021-00226-1
https://doi.org/10.1016/j.bone.2023.116818
https://www.ncbi.nlm.nih.gov/pubmed/37295663
https://doi.org/10.1016/j.jsb.2021.107823
https://doi.org/10.1016/j.actbio.2022.02.024
https://doi.org/10.1083/jcb.137.5.1149
https://doi.org/10.1007/s002230010059
https://doi.org/10.1177/2041731418810130
https://doi.org/10.1089/scd.2020.0155
https://doi.org/10.3390/cells11101619
https://doi.org/10.1177/00220345221103145
https://www.ncbi.nlm.nih.gov/pubmed/35722955
https://doi.org/10.3390/ijms23179941
https://www.ncbi.nlm.nih.gov/pubmed/36077336
https://doi.org/10.3390/ijms23168945
https://www.ncbi.nlm.nih.gov/pubmed/36012211
https://doi.org/10.1177/1947603520941225
https://www.ncbi.nlm.nih.gov/pubmed/32672056
https://doi.org/10.1016/j.tice.2022.101993
https://doi.org/10.1002/jbm.a.35575
https://doi.org/10.1111/joa.13924
https://doi.org/10.1038/nrrheum.2010.197
https://doi.org/10.1155/2020/5720360
https://doi.org/10.1016/0142-9612(94)90222-4
https://doi.org/10.1016/S0003-9969(99)00145-4
https://www.ncbi.nlm.nih.gov/pubmed/10761871
https://doi.org/10.1038/s41368-018-0035-9
https://www.ncbi.nlm.nih.gov/pubmed/30393383
https://doi.org/10.1039/D2TB02351B
https://doi.org/10.3109/03008207.2010.551567
https://www.ncbi.nlm.nih.gov/pubmed/21405976
https://doi.org/10.1002/1097-0282(200011)54:6%3C448::AID-BIP80%3E3.0.CO;2-Q


Biomolecules 2025, 15, 932 13 of 13

46. Antipova, O.; Orgel, J.P.R.O. In Situ D-periodic Molecular Structure of Type II Collagen. J. Biol. Chem. 2010, 285, 7087–7096.
[CrossRef]

47. Müller, K.H.; Hayward, R.; Rajan, R.; Whitehead, M.; Cobb, A.M.; Ahmad, S.; Sun, M.; Goldberga, I.; Li, R.; Bashtanova, U.; et al.
Poly(ADP-Ribose) Links the DNA Damage Response and Biomineralization. Cell Rep. 2019, 27, 3124–3138. [CrossRef]

48. Zecca, M.A.; Greer, H.F.; Duer, M.J. Poly(ADP-ribose) binding sites on collagen I fibrils for nucleating intrafibrillar bone mineral.
bioRxiv 2024. [CrossRef]

49. Gordon, M.K.; Gerecke, D.R.; Dublet, B.; van der Rest, M.; Olsen, B. Type XII Collagen: A Large Multidomain Molecule With
Partial Homology to Type IX Collagen. J. Biol. Chem. 1989, 264, 19772–19778. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1074/jbc.M109.060400
https://doi.org/10.1016/j.celrep.2019.05.038
https://doi.org/10.1101/2024.07.02.600619
https://doi.org/10.1016/S0021-9258(19)47179-2

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

