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1. ABSTRACT 
 
This review attempts to summarize the findings made 
available by the literature on the mineralization of bone. 
The types of bone, their structures and compositions, the 
nature and organization of organic and inorganic matter, 
the organic-inorganic relationships, and the mineralization 
mechanism itself, are the main topics of the present review. 
As in other hard tissues, bone mineralization occurs in, and 
is conditioned by, the components of the organic matrix. 
Collagen fibrils have long been considered the factor that is 
able to induce the deposition of apatite crystallites through  

 
 
 
a process of heterogeneous nucleation. Interfibrillar non-
collagenous proteins are now considered to be co-factors 
that permit crystallite deposition. The main components of 
these proteins are reviewed. It is hypothesized that two 
independent types of mineral are present in bone, one 
contained in the collagen fibrils and corresponding to the 
granular, electron-dense bands, and the other contained in 
the interfibrillar spaces and corresponding to needle- 
and filament-like crystals. The deposition mechanism of 
these mineral structures remains elusive. The formation 
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of the crystallites through an epitaxial mechanism is 
discussed. 
 
2. INTRODUCTION 
 
Biomineralization is the process through which living 
organisms produce specific hard tissues that are 
indispensable to movements and support (bones), eating 
(teeth), protection, defense and offense (shells, scales, 
scutes, spines, carapaces), holding (eggs) and other 
functions, not the last important being the metabolism of 
calcium, phosphate and other electrolytes. The term 
‘biomineralization’ derives from the fact that tissue hardness is 
achieved through the deposition of various mineral ions in the 
context of organic substrates. According to Mann (1), 40 
different minerals have been identified in living organisms so 
far; of these, calcium, silicon, iron, barium, strontium are the 
most representative. The term biocalcification, or calcification, 
is considered to be synonymous with biomineralization by 
many (discussed by Bonucci, 2) and this alternative use is 
certainly appropriate in the case of bone, because its inorganic 
constituent is a carbonated hydroxyapatite, whose predominant 
component is calcium. For this reason and for simplification, 
the terms calcification and mineralization will be considered 
equivalent in the pages that follow. 
 

Probably because it is the main calcified tissue in 
vertebrates, many of the studies on the biomineralization 
process have been carried out on bone, despite the fact that, at 
first sight, it is not an ideal tissue for that type of studies, not 
only because its hardness and compactness make it difficult to 
handle (a disadvantage common to all calcified tissues), but 
also because the term ‘bone’ refers to distinct types of tissues 
(woven-fibered, parallel-fibered, lamellar), each of which has 
its own structure, composition and osteogenic mechanisms 
(3,4). Moreover, different types of bone may show different 
degrees of calcification, as exemplified by a comparison 
between primary (Figure 1A) and secondary bone (Figure 1B): 
the former calcifies to a maximum as soon as it is laid down, 
whereas the latter, after a sudden deposition of about 70% of 
the mineral substance, proceeds slowly in reaching the final 
100% degree of calcification (5). On the other hand, this 
diversity, which may be expressed in adjacent areas of the 
same skeletal segment, could be advantageous, because it 
allows a direct comparison between small structural and 
compositional differences. Researches on bone tissue 
mineralization cannot, therefore, neglect a preliminary 
analysis of the type it pertains to and of its degree of 
calcification.  

 
Bone calcification is strictly dependent on two 

parameters: the function of bone cells, and the properties of 
the bone matrix. The latter could not exist without the 
activity of the former, which, in their turn, are influenced 
by feedback stimuli deriving from the latter. Although the 
cells and matrix constitute a unique, integral system on 
which the properties of the tissue closely depend, this 
chapter does not take the cells into account because its 
chief focus is local calcification mechanisms, which depend 
mainly on the bone matrix and its components. 
 
 

3. TYPES OF BONE 
 

It is well known that the vertebrate skeleton 
comprises compact bone and trabecular bone (otherwise 
called spongy, or cancellous bone). The trabecular bone 
consists of a network of laminar and polygonal structures 
called trabeculae, which enclose bone marrow spaces; 
compact bone has a solid, dense organization. Generally 
speaking, spongy bone is the type of bone mainly found in 
the core of the short and flat bones, as well as in the 
epiphyseal ossification centers; compact bone is the type 
that constitutes the diaphyses of the long bones and the 
cortical shell of the short and flat bones. The two types 
differ not only in their structural organization (known as 
‘bone connectivity’), but also in the amount of bone 
marrow, degree of cellular functions and metabolic activity 
(higher in the former), and their mechanical properties 
(stronger in the latter).  
 

Actually, differences in the typology of bone 
tissues are chiefly due to their connectivity, which reflects 
the diversity in their microscopic architecture consequent 
on the variable amount, percentage and organization of 
their organic constituents (6,7). On this basis, the following 
bone types can be distinguished: woven, or woven-fibered, 
also called immature, or embryonic, or primary; parallel-
fibered; lamellar, secondary, mature, or osteonic. 

 
Woven-fibered bone is chiefly characterized by 

the particular structure of its matrix, where coarse, 
irregularly arranged bundles of collagen fibrils 
predominate. That is why bone that is woven-fibered 
appears almost black (isotropic) under the polarization 
microscope. It is also called immature, embryonic or 
primary bone, because it is the first to appear during 
skeletal development. It is actually a component of the 
adult skeleton, too, and is formed in all reparative 
osteogenic processes. Moreover, primary bone may also 
have a parallel-fibered organization. In woven bone, the 
collagen fibrils form an irregular, relatively loose network 
whose interfibrillar spaces contain non-collagenous 
proteins, in amounts that, even if variable, exceed those in 
other types of bone. The medullary bone, that is, the 
trabecular bone that forms in the diaphyseal canal of the 
long bones of pigeons and other birds in preparation for egg 
deposition, is an example of spongy bone in which the 
amount of non-collagenous proteins is extremely high 
(8,9). 

 
 Parallel-fibered bone is distinguished by 
its bundles of collagen fibrils. These, although 
they show reciprocal interlacements, 
fundamentally run almost parallel to each other 
and, for this reason, are anisotropic (bright) under 
the polarization microscope. It is mainly found in 
the compact bone of the primary inner and outer 
circumferential systems (Figure 1A) and in some 
primary osteons, but also occurs in secondary 
osteons. The content of non-collagenous proteins is 
lower than that in woven bone. 
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Figure 1. A.  Microradiograph of parallel-fibered bone: the mineralization is uniform and at its maximum; note, however, that 
the interstitial bone (arrowheads) is a little more mineralized than the parallel-fibered bone. x 35 B. Microradiograph of 
secondary osteonic bone: the arrowhead points to an osteon that is still at an initial phase of formation and is much less 
mineralized than the other, completely formed osteons. x 35 C. Cross section of a manually isolated secondary osteon (lamellar 
bone) seen under the light (above) and the polarizing (below) microscope: note the alternation of dark and bright lamellae. x 450. 
D. Collagen fibrils of the osteoid border clearly showing their periodic pattern. Note that they are loosely arranged (compare with 
1E). The arrowheads point to unmineralized matrix vesicles. Part of an osteoblast on left. Uranyl acetate and lead citrate, x 
66,000. E. Compact bone, decalcified and stained with phosphotungstic acid. The collagen fibrils are fused side-by-side in 
parallel (compare with 1D). x 90,000. F. Medullary bone of pigeons: the irregularly arranged trabeculae of medullary, spongy 
bone are always more deeply stained that the permanent, compact bone (c), showing that it contains a highest concentration of 
acidic molecules. Left: hematoxylin-eosin; center: PAS-colloidal iron; right: Alcian blue, pH 3.5; x 120. 
 
 Lamellar bone is characterized by collagen 
fibrils organized into laminar structures called 
lamellae, each lamellar unit comprising collagen 
fibrils showing the same preferential orientation 
(Figure 1C). The lamellar bone is also called secondary 
bone, because it replaces most of the primary bone during 
bone remodeling, or mature bone, because it constitutes 
most of the adult skeleton, or osteonic bone, because it is 
mainly found in the osteons. These are cylindrically shaped 
structures whose major axis consists of a vascular canal 
(Haversian canal) of various diameters. Osteons can, in 

fact, be viewed as the end-products of the repair of the 
osteoclast resorption lacunae; the diameter of their canal, 
initially identical with that of the lacunae, decreases as they 
are centripetally rebuilt. 
 Osteon structure depends on the way the collagen 
fibrils are arranged in the lamellae; these, in their turn, are 
arranged around the Haversian canals. In this connection, 
three main types of osteons can be detected when their 
cross-section is examined under the polarization 
microscope (10): completely anisotropic (uniformly bright) 
osteons, which are considered to have most of their 
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collagen fibrils running transversally in poorly outlined 
lamellae; completely isotropic (black) osteons, which are 
considered to have most of the collagen fibrils 
longitudinally oriented in poorly outlined lamellae; and 
osteons – the most frequent – which show an alternation of 
bright and black lamellae under the polarizing microscope 
and are considered to have collagen fibrils whose course in 
one lamella is more or less perpendicular to the course in 
the neighboring lamellae (Figure 1C). The mechanical 
properties of osteons closely depend on their lamellar 
organization (11) which, however, is still partly 
controversial (discussed by Bonucci, 7). On the basis of 
scanning electron microscope studies, it has, in fact, been 
reported that their lamellar appearance is due to the 
alternation of two types of lamellae, one collagen-rich and 
dense, another collagen-poor and loose, all having an 
interwoven arrangement of their fibers (12,13). On the 
basis of polarizing light microscopy, synchrotron X-ray 
diffraction, and confocal microscopy studies on isolated 
lamellae, both the bright and dark lamellae showed axial 
unidirectional collagen bundles and two overlapping 
oblique bundles (14). In reality, bone types differ not only 
in their micro-architecture, but also in the structure and 
composition of their organic matrix and in their degree of 
calcification. 
 
4. THE ORGANIC MATRIX OF BONE 
 

The organic matrix of all types of bone consists 
of collagen fibrils and non-collagenous proteins, with small 
amounts of phospholipids and traces of serum proteins. 
Generally speaking, it can be stated that, with few 
exceptions concerning non-collagenous proteins, the matrix 
composition is always the same in the various types of 
bone, the only differences being quantitative rather than 
qualitative (reviewed by Bonucci, 2). The percentages 
reported by McLean and Urist (15) for the collagen and 
non-collagenous proteins of compact bone (about 90% and 
10%, respectively) are susceptible to considerable 
variations, especially as far as the latter are concerned. 
 
4.1. Collagen fibrils 

The collagen fibrils in bone mainly consist of 
type I collagen, which is a member of the wide collagen 
superfamily. It is represented by fibrils about 7,8 nm in 
diameter showing a characteristic periodic banding (D = 
68-70 nm) under the transmission electron microscope 
(Figure 1D). Although its ultrastructural pattern changes 
with the treatments applied for its visualization (16), the 
periodic banding reflects the way the collagen molecules 
and the reacting groups of their amino acid are arranged in 
the fibrils (17).   
 
 The collagen molecules are rod-like structures 
280-300 nm in length and 1.5 nm in diameter, which derive 
from the aggregation of three polypeptide chains into a left-
handed helical configuration, a process that requires the 
cleavage of their N- and C-propeptide domains by specific 
procollagen proteinases (for the synthesis, molecular 
assembly, secretion and aggregation of collagen molecules 
into fibrils, see Veis, 18). The vertebrate amino acidic 
chains have the characteristic triplets gly-x-y, in which gly 

is glycine, and x and y are often proline and 
hydroxyproline. The sequence in one polypeptide chain 
may be similar to that in the other two chains 
(homotrimeric units) or may be different (heterotrimeric 
units). The molecules of the type I collagen consist of two 
equal chains, called α1(I), and one different chain, called 
α2(I).  
 
 The mechanisms through which the collagen 
molecules assemble into fibrils, and the way they give rise 
to the characteristic periodic banding of 68-70 nm, are still 
uncertain. According to the bidimensional model of Hodge 
and Petruska (19), a spontaneous alignment of collagen 
molecules occurs in such a way as to give rise to a quarter-
staggered overlap array. The molecules have a length 
equivalent to 4.4 times the D-period; they are considered to 
be divided into 5 consecutive segments (numbered from 1 
to 5) in the N to C direction, 4 of which (1, 2, 3, 4) are 1-D 
in length, whereas the 5th, corresponding to the C-terminal 
telopeptide, is only 0.4 D long. The molecules aggregate in 
parallel array, in such a way that the minimum cross-
section of a microfibril contains 5 of them; their side-by-
side interaction, however, does not occur in an end-to-end 
way, because they are mutually displaced along their axial 
plane. This induces the alternation along the native 
collagen fibrils between zones where all 5 molecules 
overlap (‘dense’ zones), and zones where the 5th segment 
gives rise to a minor molecular density (only 4 molecules 
overlap) and induces the formation of  ‘gap’ or ‘hole zones’ 
0.6 D long. Intra- and inter-molecular cross links give these 
fibrils their high degree of stability and insolubility. 
 
 The model suggested by Hodge and Petruska is 
not easily adaptable to a three-dimensional fibrillar 
structure; this explains why several different assemblages 
have been suggested (discussed by Bonucci, 2), either 
based on a side-by-side aggregation of microfibrils, with 
their overlap and gap zones in register, or without the 
intervention of microfibrils, or even supposing that a liquid 
crystalline order takes place before the telopeptide cleavage 
induces the deposition of insoluble fibrils.  
 
 The internal organization of the fibrils plays an 
important role in the process of mineralization, because on 
one hand it may induce the initial nucleation of the 
inorganic substance and, on the other, it should provide the 
spaces in which the inorganic crystals are held (see below, 
p. 00). According to Schiffmann et al. (20), the length of 
the overlap zones and hole zones is 25-30 nm and 40-45 
nm, respectively, and the diameter of a hole is equal to that 
of a collagen molecule, that is, according to Glimcher and 
Krane (21), about 1.5 nm. The intermolecular spaces are 
variable to some extent (22); the collagen equatorial 
reflections obtained by Bonar et al. (23) using X-ray and 
neutron diffraction analysis gave values of 1.24 and 1.53 
nm in the wet state and 1.16 and 1.12 nm in the dry state, 
for the mineralized and demineralized ox compact bone, 
respectively. Atomic force microscopy and Fourier analysis 
of rat calcaneal collagen have given a value of 1.43 nm for 
the molecular diameter and 2.21 nm for the intermolecular 
distance (24). According to Katz and Li (25), the average 
intermolecular gap, either of bone or of dentin fibrils, is 0.6 
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nm, approximately twice that of either tail or achilles 
tendon (about 0.3 nm), and the intermolecular distance in 
the former is about 1.9 nm. In reconstituted collagen fibrils, 
Katz and Li (26) have calculated – assuming that the 
molecules are assembled in a quasi-hexagonal 
configuration – that, for 1 g of collagen, intrafibrillar 
spaces include 0.13 ml/g which pertain to the helical 
groove of the molecules, 1.01 ml/g which are interstitial, 
0.66 ml/g due to pores, and 0.48 ml/g due to holes. 
Moreover, these Authors, as well as Weiner and Traub 
(27), have stressed the possibility that, as a consequence of 
the in register aggregation of the microfibrils, the lateral, 
parallel alignment of the ‘gaps’ can give rise to channels 
(‘grooves’) throughout the fibrils.  
 
 Measurements of intra- or inter-fibrillar spaces in 
the calcified collagen fibrils of bone meet with several 
difficulties. First, only indirect evaluations are possible, 
because the mineral masks the collagen structure and prevents 
a direct examination of the collagen fibrils; on the other hand, 
the removal of inorganic substance by decalcification induces 
severe changes in the collagen ultrastructure and organization 
(2,28). Second, the mineralization itself may induce changes in 
the fibril organization. This is exemplified by the low density 
and loose arrangement of the uncalcified collagen fibrils in the 
osteoid tissue (29 and Figure 1D), which fuse side by side, in 
parallel, as the degree of calcification increases and attain to 
the greatest compactness where calcification is complete (30 
and Figure 1E). The solubility of the collagen matrix 
decreases, in fact, as the degree of mineralization increases, so 
that it becomes insoluble under conditions that readily 
solubilize soft tissue collagen (31). In this connection, the 
compactness of the collagen fibrils is not the same in all types 
of bone: it is the highest in compact bone, but is low in woven 
bone, where the amount of interfibrillar non-collagenous 
proteins is consequently high (32), reaching the lowest degree 
in special types of bone, like the medullary bone of birds 
(9,33). 
                                                                                                                                                                         
4.2. Non-collagenous proteins 

The denomination of these proteins as non-
collagenous is quite generic and means only that they are 
distinct from the collagen component, although the two 
moieties may be linked so closely that they are inseparable 
even under highly dissociative solvent conditions (34). Even if 
they represent a minor and quantitatively variable proportion 
of the organic components of the calcified matrices, they play a 
major role in inducing and regulating the mineralization 
process. This is indirectly indicated by the close link that exists 
between them and the inorganic substance – a link which 
allows them to stay intact in fossil bones for thousands of years 
and implies that they can be extracted from the calcified matrix 
only after decalcification. Just because of the primary role they 
may play in the induction and regulation of the 
biomineralization process, the non-collagenous proteins are 
treated and discussed in practically all chapters of this volume, 
including one that is specifically dedicated to the topic. For this 
reason, only the non-collagenous proteins that are supposed to 
be more directly involved in bone mineralization are 
considered in the following pages. They include well-defined 
molecules whose function in bone, although not always 

definitively clarified, appears to have a fundamental role in the 
induction and regulation of the calcification process.  
 
4.2.1. Proteoglycans  

This name refers to long-known components of 
the bone matrix (35) whose specific functions are still 
being investigated. They are found in the extracellular 
matrix of soft and hard tissues, as well as in the cellular 
membrane and organelles. Their name derives from the fact 
that, with the exception of hyaluronan, their molecule 
consists of a proteic core to which glycosaminoglycan 
(GAG) chains are covalently linked. The GAG chains are 
linear polymers of disaccharide units (for reviews see 36-
38) that may be sulfated, and correspond to chondroitin 
sulfate (sulfated hexosamine-hexuronic acid), keratan 
sulfate (sulfated hexosamine-galactose), heparin and 
heparan sulfate (sulfated hexosamine-sulfated hexuronic 
acid), or may be non-sulfated, as in hyaluronan (glucuronic 
acid-N-acetyl glucosamine).  
 
 The amounts of proteoglycans change with bone 
types: the highest occur in bone types with the lowest 
compactness of the organic matrix and degree of 
aggregation of collagen fibrils. This is particularly 
evident in the medullary bone of birds, whose matrix 
contains much higher quantities of acid proteoglycans 
(8,39), and is consequently much more deeply stained 
by Alcian blue and colloidal iron methods (9), than the 
cortical bone (Figure 1F). In addition, amounts of 
proteoglycans appear to decrease with, and to be 
roughly inversely related to the degree of, matrix 
calcification. This behaviour, which can have significant 
implications in the mechanism of calcification (see 
below, p. 00), now seems to be neglected, although it 
was repeatedly emphasized in the past. It has been 
documented in isolated osteons at different degrees of 
calcification: the hexosamine concentration was 0.61% 
of dry weight in the uncalcified osteoid tissue, only to 
fall to 0.31% in low calcified osteons and 0.28% in 
osteons at the highest degree of calcification (40). The 
total amount and the molecular size of 
glycosaminoglycans fell with increasing bone 
calcification (41), and Prince et al. (42) showed that 
about 45% of proteoglycans were removed during bone 
calcification. Using histochemical methods, Baylink et 
al. (43) showed that the osteoid tissue, but not the 
mature calcified matrix, stained with Alcian blue or 
Toluidine blue for acid proteoglycans, and that at the 
calcification front the sulfate concentration dropped as 
that of calcium increased. Takagi et al. (44) obtained 
similar results using the high-iron diamine-
thiocarbohydrazide-silver proteinate method. Using 
ultrastructural histochemical methods, Hoshi et al. (45) 
showed that cuprolinic blue-stainable proteoglycan 
granules were abundant in the osteoid tissue of 
embryonic rat calvaria with their size falling as 
calcification proceeded. Nefussi et al. (46) observed 
dense filamentous reticular patches stained by cuprolinic 
blue between the collagen fibrils of the calcified matrix. 
Bonucci and Silvestrini (47) found chondroitin-4-sulfate 
at the periphery, but not in the calcified inner portion, of 
the areas of early calcification (i.e., the calcification
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nodules) that give rise to the calcification front. Nakamura 
et al. (48) found that keratan sulfate proteoglycans could be 
detected in calcification nodules of the membranous 
ossification in rat calvaria and that their immunoreaction 
was stronger at their periphery than in their calcified central 
zone. Ultrastructural changes in proteoglycans during the 
calcification process have been documented several times 
(44,49-53). 
 

The variable structure of the GAG chains and the 
numerous combinations of core proteins with which they 
may be covalently linked explain why the proteoglycans, 
for long considered practically inert molecules only 
contributing to structural integrity, osmotic pressure and the 
degree of hydration of the intercellular matrix, now prove 
to have a variety of biological functions (reviewed by 
54,55). On the basis of their molecular characteristics, size 
and location, they have been classified as belonging to 
three main groups: small leucine-rich proteoglycans, 
modular proteoglycans and cell-surface proteoglycans (55). 
Members of the first two groups have been found in the 
bone matrix and may play a role in its calcification. 

 
4.2.1.1. Small leucine-rich proteoglycans 

The small leucine-rich proteoglycans (SLRPs) 
are small molecules marked out by their proteic core which 
displays leucine-rich repeats, N-terminal cysteine clusters 
and at least one GAG chain. They can be divided into five 
classes (56). All five are “matricellular proteins”, that is, 
extracellular proteins that are able to modulate cell-matrix 
interactions and cell functions (57,58). All are members of 
a signaling cascade and can modulate a number of 
biological processes (59); some of them, which are briefly 
considered below, have a recognized function in regulating 
bone structure and mineralization.  
 
4.2.1.1.1. Decorin 

Decorin (class I) is the most representative SLRP 
in tendons (36) and bones (60). It consists of a leucine-rich 
core protein and one chondroitin or dermatan sulfate chain. 
It is associated with almost all types of collagen and in 
tendons it is localized near the d and e bands of the fibrils 
(61). Its main role is that of assembling collagen fibrils 
(62,63), as confirmed by observations that rats with 
disruption of the decorin gene had abnormal collagen 
structure and, consequently, fragility of the skin (64,65), 
and that in cultures of MC3T3-E1 cells expressing higher 
(sense) or lower (antisense) levels of decorin the collagen 
fibrils were thinner and thicker, respectively, than in 
controls (60). In addition, stable osteoblastic cell clones 
expressing high and low levels of decorin induced delay or 
acceleration, respectively, in the onset of mineralization 
(60,66), suggesting a decorin inhibitory effect. In line with 
this possibility, Hoshi et al. (30) have shown that decorin is 
abundantly localized near the collagen fibrils of the osteoid 
border and that, with the onset of calcification, these fuse 
side by side, forming fibrils measuring as much as 400 nm 
in thickness, or even more; at the same time, decorin, 
which was detected by means of ultrastructural 
immunohistochemistry, decreases around these fibrils. 
Decorin has also been detected in human heterotopic bone 
(67,68).  

4.2.1.1.2. Biglycan 
 Biglycan is another representative of class I of 
the SLRP family. It consists of a leucine-rich core protein 
and two chondroitin or dermatan sulfate chains, and is 
highly expressed both in the extracellular bone matrix and 
at the cell surface (69). Mice with biglycan deficiency 
develop collagen fibril abnormalities (65), have delayed 
osteogenesis after marrow ablation (70), and develop an 
age-related osteoporosis-like phenotype (71,72). According 
to studies by Chen et al. (73) and Parisuthiman et al. (74), 
biglycan modulates osteoblast differentiation and its 
deficiency affects BMP-4 signal transduction, reducing the 
Cbfa1 transcription factor and the osteoblast differentiation. 
Biglycan-deficient female mice, however, do not develop 
osteopenia after ovariectomy, suggesting that biglycan may 
have a dual role in bone, modulating both its formation and 
resorption (75).  
 
4.2.1.1.3. Asporin 
 Asporin is another member of class I of the SLRP 
family; in its case there is no glycosaminoglycan 
attachment site. It competes with decorin in binding to 
collagen and its polyaspartate domain binds calcium while 
contributing to the regulation of collagen mineralization 
(76).  
 
4.2.1.1.4. Fibromodulin 
 Fibromodulin and lumican (class II) are widely 
distributed in connective tissues and both play a role in 
collagen fibrillogenesis. Fibromodulin is expressed by 
osteoblasts during fetal membranous ossification (77); 
lumican is secreted in vitro by differentiating and mature 
osteoblasts only, and becomes a major component of the 
bone matrix (78). Fibromodulin- and lumican-null mice 
have reduced tendon stiffness and osteoarthritis (79).   
 
4.2.1.1.5. Osteoadherin  

Osteoadherin, a class II, keratan sulfate SLRP, 
isolated from bovine and rat bone, binds to hydroxyapatite 
crystals and shows the same localization as that of bone 
sialoprotein at the calcification front (80). Moreover, it can 
enhance osteoblast differentiation and the degree of in vitro 
mineralization (81).  
 
4.2.1.2. Modular proteoglycans 

The group of modular proteoglycans, also called 
lecticans, gathers together large, heterogeneous, often 
highly glycosylated molecules, which can be divided into 
two subgroups: the hyalectans, whose N-terminal domain 
binds hyaluronan (hyaluronic acid; HA), and the non-
hyalectans (55). Hyalectans include aggrecan, versican, 
neurocan and brevican; the non-HA-binding lecticans 
comprise several molecules, one of which, perlecan, has 
been found in cartilage and other connective tissues.  
 
4.2.1.2.1. Hyaluronan 
 Hyaluronan differs from other proteoglycans 
because its GAG chains are not linked to a core protein; 
moreover, it is not sulfated, with its repeating disaccharide 
units consisting of N-acetylglucosamine and glucuronic 
acid. Hyaluronan can bind a number of molecules, giving 
rise to hyalectans, which include aggrecan, versican, 
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neurocan and brevican. Aggrecan appears to be the most 
interesting of the group, especially because of its 
abundance in cartilage. It consists of many GAG chains 
that are covalently linked to a core protein and mainly 
comprise chondroitin sulfate and a smaller amount of 
keratan sulfate. In the extracellular space, aggrecan exists 
exclusively as macromolecular aggregates composed of 
hyaluronan molecules, stabilized by a link protein, which 
bind together a number of aggrecan molecules (reviewed 
by 82,83). While its role in cartilage, especially its 
contribution in regulating the cartilage mechanical 
properties, is relatively well known (reviewed by 37), its 
function in bone is less clear. It has been detected in normal 
and in ectopic bone, its amounts falling as bone matures 
(68). The antibody (Mab)5D5, which recognizes the core 
proteins of large proteoglycans such as versican and 
brevican, gives a positive immunohistochemical reaction in 
the calcification nodules (84); during immunostaining these 
had been decalcified on the grids, where they appeared as 
structures with an electron-dense periphery surrounding 
fine filamentous and granular material.                                                                                                  
 
4.2.2. Glycoproteins  

This denomination refers to acidic molecules rich 
in glutamic, aspartic and sialic acids and mostly containing 
o-phosphoserine and o-phosphothreonine, so they are also 
known as phosphoproteins, most of which are covalently 
bound to collagen (85). Histochemically (PAS method), 
they are detectable in the osteoid tissue and at the 
calcification front (86,87), as also shown by 
immunohistochemistry (88). Bone glycoproteins comprise 
osteonectin, bone sialoprotein, osteopontin, dentin matrix 
protein 1, matrix extracellular phosphoglycoprotein and 
acidic glycoprotein-75. With the exception of osteonectin 
and acidic glycoprotein-75, these glycoproteins are grouped 
under the acronym SIBLING, which derives from Small 
Integrin-Binding Ligand, N-linked Glycoprotein, a family 
of genetically related proteins clustered on human 
chromosome 4 (89,90). Another glycoprotein – α2-
Heremans-Schmid glycoprotein, or α2 HS glycoprotein, 
AHSG, fetuin-A – is synthesized in the liver and 
accumulates in the bone matrix (91). 
 
4.2.2.1. Osteonectin 
 Osteonectin (ON), which is homologous with 
BM-40 protein and with SPARC (Secreted Protein, Acid 
and Rich in Cysteine), is a glycoprotein that can bind to 
both collagen fibrils and hydroxyapatite (92). It is not, 
however, a component of bone tissue alone: it is, in fact, 
expressed by all uncalcified connective tissues and by a 
number of soft tissues (93,94). Moreover, its concentration 
in bone matrix is variable, with higher levels recorded in 
adult human trabecular bone than in lamellar bone (95) and 
appears to be inversely correlated with the degree of 
calcification (96). In agreement with this observation, 
Bianco et al. (97) reported strong ON immunoreactivity in 
uncalcified osteoid tissue; Nefussi et al. (98) found in cell 
culture a uniform ON distribution through the osteoid tissue 
and the calcified matrix. Romberg et al. (99) observed the 
inhibition of crystal growth by ON in vitro and Hunter et 
al. (100) found a lack of ON nucleating properties even at 
concentrations of up to 100 µg/ml. In osteonectin-null 

mice, the mineral contents and the degree of crystallinity 
(crystal size and perfection) were higher than in the age-
matched wildtype controls, while collagen maturity was 
greater in both the cortical and trabecular bone (101). The 
role of osteonectin in bone remains uncertain: it is a 
“matricellular protein” and, as such, has a general 
multifactorial function with particular reference to the 
regulation of calcium-mediated processes (102), cell-matrix 
interactions (103), hydroxyapatite binding sites (104) and 
regulation of bone remodeling (105). 
 
4.2.2.2. Bone sialoprotein 
 Bone sialoprotein (BSP) is another matricellular 
protein. It belongs to the SIBLING family and is a 
glycosylated, sulfated, phosphorylated, sialic acid-rich 
protein that can binds both hydroxyapatite and cell-surface 
integrins through the Arg-Gly-Asp motif (for review see 
106). It is expressed by differentiated osteoblastic cells 
(107) and is immunohistochemically detectable in their 
Golgi and post-Golgi secretory structures (108); its mRNA 
has been found in mature osteoblasts, not in their 
precursors (109). 
 
 BSP is mainly localized in the bone matrix, 
including cement lines and “laminae limitantes” (110). Its 
expression, however, extends to osteoclasts, fetal 
epiphyseal cartilage cells and trophoblastic cells of the 
placenta (111), ameloblasts (112), and osteotropic cancers, 
especially those that develop microcalcifications (113). Its 
amounts change with the type of bone (3) and with the 
degree of matrix calcification (96). Anyway, it seems to 
play an important role in bone mineralization, not only 
because of its close relationship with the collagen fibers 
(114), but also because it is prominently localized in the 
early aggregates of crystals (‘calcification nodules’) at the 
calcification front (98,115), as well as in their matrix. 
Moreover, the overexpression of BSP heightens osteoblast-
related gene expression as well as calcium incorporation 
and nodule formation by osteoblast cultures (116). These 
findings, and the proven capacity of nucleating 
hydroxyapatite (100,117), suggest that BSP, with the co-
operation of collagen fibrils (114), plays a primary role in 
the early stages of calcification. Bone sialoprotein knockout 
mice show impaired bone growth and defective 
mineralization, with a reduction in bone formation (118) 
and the delayed repair of cortical defects (119,120). BSP 
overexpression in mice leads to osteopenia and mild 
dwarfism, as a consequence of the enhancement of 
osteoclastic resorption, and to a shrinking of the osteoblast 
population (121). 
 
4.2.2.3. Osteopontin 
 Osteopontin (OPN) has many points of contact 
with bone sialoprotein: it is a glycosylated, phosphorylated, 
sulfated sialoprotein and contains the Arg-Gly-Asp motif 
and the polyacidic amino acid sequence which allow it to 
bind to hydroxyapatite and cells. Although OPN is a 
component of the calcified bone matrix, it is mainly found 
at the bone surfaces facing single cells, especially 
osteoclasts; moreover, it shares with the bone sialoprotein a 
location at the calcification nodules (for review see 122). 
On the other hand, it is expressed in a variety of hard and 
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soft tissues and, unlike BSP, it inhibits hydroxyapatite 
nucleation and crystal formation (100,123,124). Mice poor 
in osteopontin have a normal bone structure, but display an 
altered osteoclast formation in vitro (125) and, after 
ovariectomy, show a fall in bone volume lower than in 
controls (126). It is now clear that OPN, besides its 
adhesive properties and role in the inhibition of the 
calcification process, has other functions. It is mainly a 
cytokine that is involved in tissue inflammation and repair 
and, besides regulating bone resorption and bone 
calcification, is active in diverse biological processes, such 
as wound healing, angiogenesis, immunological reactions, 
tumorigenesis and atherosclerosis (reviews in 96,127-131).  
 
4.2.2.4. Dentin matrix protein 1 

Dentin matrix protein 1 (DMP1) was originally 
identified from a rat incisor DNA library and was 
considered to be specific to dentin. Actually, it has been 
detected in bone, where it is mainly expressed by 
osteocytes, its expression being intensified by mechanical 
loading (132,133). Besides this, DMP1 is expressed in non-
calcifying tissues (134). It is an acidic, highly 
phosphorylated protein whose molecule is cleaved into 
three distinct segments: the N-terminal and the C-terminal 
fragments (135), which are localized in different 
compartments, the former occurring as a proteoglycan, the 
latter being highly phosphorylated (136), with both acting 
as promoters of mineralization, plus a third 
chondroitinsulfate-linked N-terminal fragment (DMP1-
PG), which is an inhibitor. These three work together in 
controlling the mineralization process (137). DMP1 can 
nucleate hydroxyapatite in vitro when immobilized on type 
I collagen fibrils (138,139) and is considered a key 
regulator of matrix mineralization (140); its mRNA is 
expressed in coincidence with the start of mineral 
deposition (141). According to Tartaix et al. (142), DMP1 
in its native form inhibits mineralization, whereas it 
initiates the process when it is cleaved or 
dephosphorylated.  DMP1deficiency results in 
hypomineralized matrix (143); it induces defective 
osteocyte maturation and heightened fibroblast growth 
factor 23 (FGF23) expression (144), leading to autosomal-
recessive hypophosphatemic rickets in humans (135).  

 
4.2.2.5. Matrix extracellular phosphoglycoprotein 
 Matrix extracellular phosphoglycoprotein 
(MEPE; also called osteoblast/osteocyte factor 45, OF45, 
or Osteoregulin) is expressed by osteoblasts in association 
with mineralization (145); in normal human bone, however, 
it is mainly expressed by osteocytes (146). It is a member 
of the phosphatonin group, a class of phosphate-regulating 
factors. Its intraperitoneal injection induces dose-dependent 
hyperphosphaturia and hypophosphatemia in mice (147). 
MEPE is markedly expressed in cells of the tumors that 
cause hypophosphatemic osteomalacia as well as in 
osteoblasts in X-linked hypophosphatemic rickets (reviews 
in 148,149). The phosphorylated intact protein is a 
promoter of the mineralization process (150); a MEPE-
derived, 23-amino-acid peptide (dentonin), promotes stem 
cell proliferation in dental pulp (151,152). Specific binding 
of MEPE to PHEX (phosphate-regulating gene with 
homologies to endopeptidases on the X chromosome) 

regulates the degradation of MEPE and the release of small 
peptides (ASARM-peptides; acidic serine-aspartate-rich 
MEPE-associated motif) that play a role in phosphate 
regulation and inhibit mineralization (minhibins; 153) by 
binding to hydroxyapatite, an inhibition that is regulated by 
PHEX cleavage of ASARM (154). Because of these 
properties, MEPE has been considered a bone-renal 
hormone (155). 
 
4.2.2.6. Acidic glycoprotein-75 
 Acidic glycoprotein-75 (BAG-75) is a sialic acid-
rich phosphoglycoprotein that has limited structural 
homology to osteopontin and is found in bone matrix in 75 
and/or 50 kDa forms (115). It is expressed very early 
during intramembranous ossification, when it is found, 
together with BSP, in microfibrillar complexes in vitro and 
in vivo that have the potential to sequester phosphate ions 
(156) and to become mineralized (157,158). The 
mineralization of these complexes seems to be dependent 
on the cleavage of BAG-75 and BSP by an AEBSF-
sensitive (AEBSF: 4-(2-
aminoethyl)benzenesulfonylfluoride HCl), osteoblast-
derived serine protease (159). 
 
4.2.2.7. α2-HS glycoprotein /Fetuin 
 α2-HS glycoprotein /Fetuin (AHSG) is also 
known as α2-Heremans-Schmid glycoprotein. It is a 
protein synthesized in the liver and secondarily 
accumulated in bone, to a point such that it comes to be a 
major non-collagenous component of mineralized bone 
matrix in mammals. It inhibits the transforming growth 
factors/bone morphogenetic proteins and, together with 
matrix Gla protein, gives rise to calcium-phosphate 
complexes that prevent calcium and phosphate deposition 
in soft tissues (160). This effect appears to be obtained 
through the formation of “calciprotein particles”, that is, 
soluble, colloidal spheres, 30-150 nm in diameter, which 
contain AHSG, calcium and phosphate, and are initially 
amorphous and soluble, only to become progressively more 
crystalline and, finally, insoluble (161). The inhibition of 
calcification by AHSG is confirmed by in vitro studies 
(162) and by the occurrence of diffuse calcifications in 
various soft tissues and organs of AHSG-deficient mice fed 
on a mineral and vitamin D-rich diet (163). 
 
4.2.2.8. Alkaline phosphatase 

Alkaline phosphatase can be added at the end of 
this chapter, because this enzyme is a Ca-binding 
glycoprotein (164) and is present not only on the cell 
membrane and in matrix vesicles, but also in the 
mineralizing matrices of cartilage and bone (165). Its tissue 
non-specific isoenzyme, or tissue non-specific alkaline 
phosphatase (TNSALP), is certainly critical for the 
occurrence of a normal mineralization process, as shown by 
the skeletal defects that develop in congenital 
hypophosphatasia and in TNSALP knockout mice. In both 
cases, in fact, rickets- and osteomalacia-like changes 
develop, characterized in bone by excessive amounts of 
osteoid tissue (166). In spite of the severe defects of matrix 
mineralization, the formation of inorganic crystals in matrix 
vesicles is not impaired; rather than a primary calcification 
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defect, the lack of alkaline phosphatase appears to induce a 
retarded propagation of crystals from the calcified matrix 
vesicles into the surrounding matrix (167). These and other 
findings have led to the suggestion that TNSALP activity 
could induce the removal of inhibitors of the calcification 
process, more specifically of the matrix inorganic 
pyrophosphate, which can be removed through its 
hydrolysis (168) and by modulation of the expression of the 
plasma cell membrane glycoprotein-1 (PC-1) that is needed 
for its synthesis (169). The Ca-binding properties of the 
alkaline phosphatase molecule might have a basic role in 
the mineralization process, besides that connected with its 
enzymatic activity: hypothetically, the link of calcium ions 
to its molecule might promote the formation of organic-
inorganic hybrids that, as discussed below (p. 000), might 
represent the first step of crystal formation.  

4.2.3. Gla-proteins 
These proteins are named after the observation 

that the vitamin K-dependent, Ca2+-binding, γ-
carboxyglutamic acid (Gla) amino acid is a constituent of 
their molecule. They include bone Gla-protein and matrix 
Gla protein. 
 
4.2.3.1. Bone Gla-protein  

Bone Gla-protein (BGP), better known as 
osteocalcin (OC), is synthesized by the cells of the 
osteoblastic lineage (reviewed by 170,171). It is localized 
in bone cells and calcified bone matrix, its concentration 
proving to be higher in compact than in trabecular bone. It 
is not contained, or its concentration is very low, in 
uncalcified osteoid tissue (172,173), whereas it is localized 
in calcification nodules  (174), which, after decalcification, 
appear as filamentous ‘grey patches’ (175). Levels of 
circulating OC rise with bone turnover (as happens, for 
instance, in hyperparathyroidism; 176) and fall when 
osteoblastic activity falls (as after glucocorticoid 
administration; 177). The role of osteocalcin in bone 
formation and calcification is still, however, uncertain. In 
vitro studies have shown that calcium phosphate precipitation 
is delayed by OC in solution, and that this effect disappears if 
OC is immobilized on sepharose beads (178). Inhibition by 
warfarin of vitamin K, which functions as a cofactor in the 
carboxylation of glutamate residues, induced a fall in bone OC 
content, but did not cause significant bone changes in rats 
(179) and did not alter bone mineral density or the markers of 
bone turnover in monkeys (180). Warfarin administration in 
rats did, however, prevent the formation of calcification 
nodules in the osteoid tissue and resulted in the dispersion 
through it of crystalline particles (181). In warfarin-treated rats, 
ovariectomy induced a significant decrease in the diaphyseal 
bone mineral content, bone mineral density, cortical thickness, 
and maximum load, changes that were not observed in the 
control, ovariectomized animals (182). Impairment of the OC 
function due to incomplete carboxylation leads to a rise in 
the risk of osteoporosis development and vascular 
calcification (183); osteocalcin-deficient mice have 
increased bone formation, higher bone mass and 
improvement in the functional qualities of bone (184) but 
show reduced crystal size and perfection (185). In 
reviewing the topic, Krueger et al. (186) have emphasized 
the role of osteocalcin as a regulator of the mineralization 

process. Fukumoto and Martin (187) have expressed the 
concept that bone is an endocrine-like organ because its 
cells synthesize FGF23, which regulates phosphate 
excretion (see also 188), and osteocalcin, which acts on the 
β-cells of the pancreas to enhance insulin production.  

 
4.2.3.2. Matrix Gla-protein 
 Matrix Gla protein (MGP) shares many features 
with osteocalcin, but MGP and OC do not cross-react and 
they must be kept distinct (reviewed by Price, 170). 
Moreover, OC is only found in calcified tissues, while all 
soft tissues, not only the calcified ones, contain MPG. Its 
mechanism of action is not fully understood, but MPG is 
now considered an inhibitor of calcification. This 
conclusion is chiefly based on studies on vascular 
calcifications, especially those that develop in chronic 
uremia (189-192), and is confirmed by studies on MPG-
deficient mice, which show widespread vascular 
calcifications and die from aortic rupture (193-195). The 
possibility that MGP gives rise to the formation of a high 
molecular weight complex of calcium, phosphate and fetuin 
has been discussed above (p. 00).  
 

A vitamin K-dependent protein, named Gla-rich 
protein (GRP) because it contains 16 gamma-
carboxyglutamic acid (Gla) residues in its 74-residue 
sequence, has recently been described in sturgeons (196). 
GRP accumulates at sites of pathological calcifications 
(197). 

 
4.2.4. Lipids  

Lipids are intrinsic components of the bone 
matrix (198,199), from which they can only be completely 
extracted after removal of the inorganic substance (200). 
They are also found at the calcification front in 
calcification nodules, as shown histochemically by their 
staining after glutaraldehyde-malachite green fixation (201) 
and immunohistochemically by their reaction with the 
antibody MC22-33F, which is specific to 
phosphatidylcholine, sphingomyelin and 
dimethylphosphatidylethanolamine (202). Lipids are 
contained in matrix vesicles, too (203). A significant 
proportion of the lipids found in the calcified matrix, 
especially that of young bone, corresponds to calcium-
phospholipid-phosphate complexes (204). Vogel and 
Boyan-Salyers (205) and Dziak (206) have discussed the 
possible involvement of acidic lipids in calcification. Xu 
and Yu (207) have suggested that lipid particles distributed 
along collagen fibrils may mediate their calcification.  
 
4.2.5. Function of non-collagenous proteins 
 Although the importance of non-collagenous 
proteins in bone physiology is not debatable, and the 
specific function of each of them has achieved consensus 
on a general perspective, the effects that they play together 
on bone mineralization are poorly known and are open to 
further research. This openness depends on several factors. 
First, a number of different non-collagenous proteins have 
been found in the osteoid tissue and at the calcification 
front (88,98), as well as in isolated calcospherites (208). 
Their heterogeneity does not allow any earmarking of one 
or a group of them as directly responsible for inducing 



Bone mineralization 

109 

and/or regulating the mineralization process. On the other 
hand, although the location of a protein in the 
mineralization sites is a prerequisite to their being active in 
the mineralization process, it is obviously inadequate to 
conclude that they are involved in, or are promoters or 
inhibitors of, the mineral formation. Secondly, most of the 
information on the properties and activities of single non-
collagenous proteins has been obtained by means of in vitro 
research, when it is known that they change according to 
whether the proteins are free in solution or attached to a 
substrate. Thus, osteonectin, osteocalcin and dentin 
phosphoprotein in solution delay calcium phosphate 
precipitation, whereas this effect disappears when the proteins 
are immobilized on sepharose beads (178). Third, the action of 
the proteins on the induction of mineral formation changes 
with their concentration and this, in its turn, can change during 
the mineralization process. As already discussed, the 
concentration of acid proteoglycans, which changes with the 
bone type, falls during mineralization (40-45), and their 
quality, and, possibly conformation, change too (49-53). 
Removal of inhibitors can result from these processes, as 
exemplified by the PHEX cleavage of ASARM (154). 
Alternatively, the fall of protein concentration may be closely 
related to the necessity that they be processed to become active 
or to permit the activity of other molecules. Post-translational 
modifications, such as phosphorylation, glycosylation, and 
proteolytic processing, can themselves induce variations in the 
activity of specific molecules (150). Still another possibility, 
hypothesized by Bonucci (2,209,210), can be taken into 
account (discussed below, p. 000): the enzymatic proteolytic 
process could be a necessity indispensable to the 
transformation of the earliest inorganic structures into 
definitive apatite crystals. Ultrastructural studies on PEDS-
decalcified bone and cartilage sections have, in fact, shown 
that the early mineral particles are organic-inorganic hybrids 
whose organic component, which is visualized as crystal 
ghosts under the electron microscope, becomes less and less 
evident as the formation of the calcification nodules proceeds 
and the maturation of inorganic crystals goes forward, that is, 
as the crystal diffractograms turn from amorphous into 
crystalline (discussed by 2, 209). The disappearance of crystal 
ghosts has been interpreted as due to their enzymatic removal, 
a hypothesis that, on one hand, is supported by the 
demonstration that the cleavage of BSP and BAG-75 is 
associated with crystal nucleation and appears to be a 
permissive step for mineral progression (159), and on the other 
is in agreement with the loss of organic material that occurs 
during mineralization. Taking all these comments into account, 
two proteins appear to be chiefly involved in the early phase of 
the mineralization process: BSP and BAG-75. They, in fact, 
are co-localized, and seem to be the first to appear in the 
earliest calcification nodules  (108,158,208,211); they seem to 
be expressed before, or together with, the first mineral 
particles, and their proteolytic degradation appears to be a 
preliminary condition for the completion of the mineralization 
process (159). DMP1 has also been considered a key regulator 
in mineralized matrix formation (140); it is, however, 
expressed in a number of non-mineralized tissues (134). 
Interestingly, because the extracellular matrix of bone contains 
DMP1 fragments, the proteolysis of DMP1 has been supposed 
to play an important role during dentinogenesis and 
osteogenesis (212).  

5. THE INORGANIC PHASE OF BONE 
 

Most of the physiological functions of bone are 
due to the inorganic substance that permeates the 
components of the organic matrix. The hardness and 
strength of the tissue, its resistance to mechanical forces, 
and its protective effect on soft tissues all depend on the 
amount of inorganic substance whose abnormalities 
inevitably induce osteopathies of various types. An 
understanding of the properties of the inorganic substance 
and of the mechanism of its deposition are essential to a 
knowledge of the physiology and pathology of bone. 
 
5.1. Composition  

It was pioneering X-ray diffraction studies that 
led to a conception of the inorganic phase of compact bone 
as a polycrystalline hydroxyapatite (213), an inference later 
confirmed several times (reviewed by Posner, 214; 
Glimcher, 215): the bone mineral was considered to 
have the formula Ca5(PO4)3OH and to consist of a 
rhombic unit cell with an a-axis of 943 nm and a c-axis 
of 688 nm. Actually, besides calcium and phosphorus, 
the composition of bone apatite includes several other 
ions, above all carbonate, which accounts for about 5% 
of the weight of the bone ash (216). On the other hand, 
the Ca/P molar ratio is not that of natural 
hydroxyapatite (equal to 1.67) but ranges from 1.57 to 
1.71 (217) and changes with mineral “maturation”, 
increasing from 1.35 in early calcification nodules to 
1.60 in fully calcified areas according to Wergedal and 
Baylink (218), or from 1.60-1.70 to 1.81-1.97, 
respectively, according to Landis and Glimcher (219). 
Several constituent ions may be substituted in the crystal 
lattice of bone apatite by other elements (214) and the 
values of the a and c axes, as well as the a/c ratio, may 
change accordingly (220). 

 
In spite of a great number of investigations, the 

composition of the inorganic bone substance, although 
rather close to that of hydroxyapatite, is still an unresolved 
issue. The problem is further complicated by the possibility 
that the formation of hydroxyapatite is preceded by that of 
a precursor phase. In this connection, great attention has 
been addressed, in spite of the problem of great instability, 
to amorphous calcium phosphate in vertebrates (221) and 
amorphous calcium carbonate in lower organisms (222). 
Both have been found in vivo in areas of early 
mineralization, where they have been reported as 
amorphous or fine granular, electron-dense material 
(discussed by Bonucci, 2). Both are unstable and perhaps 
stabilized by specialized organic molecules (discussed 
below, p. 00).  

 
5.2. Organization  

A number of studies have been dedicated to 
determining the morphology, dimensions and organization of 
the inorganic substance in bone. These parameters are, in fact, 
not simply descriptive, but may well turn out to be 
fundamental to an understanding of the process that leads to 
their formation and to matrix calcification. The electron 
microscope examination of the inorganic substance in the fully 
mineralized areas of bone shows two distinct, although 



Bone mineralization 

110 

 
 

Figure 2. A. Detail of calcification front: the degree of calcification increases going from right to left, as isolated calcification 
nodules increase in size and coalesce. Arrowheads point to some uncalcified matrix vesicles, the arrow points to a matrix vesicles 
undergoing mineralization. Part of an osteoblast on right. Unstained, x 70,000. B. Detail of calcification front: degree of 
mineralization increasing from the lower right to the upper left corner. Note that the inorganic substance forms granular, electron-
dense bands, and strengthens the collagen periodic binding, only where the degree of mineralization is high and the calcification 
nodules have coalesced. The area with low mineralization only shows calcification islands (one shown at the upper left corner) 
and calcification nodules (one shown at the upper right corner). Unstained, x 90,000. C. Medullary bone of pigeons: the wide 
calcification front consists of  numbers of calcification nodules that increase in size and coalesce (right) as the degree of 
mineralization increases. Uranyl acetate and lead citrate, x 7,500. D. Detail of calcification nodules and uncalcified matrix 
vesicles at the calcification front, where a few uncalcified collagen fibrils are evident too. Uranyl acetate and lead citrate, x 
110,000. 

 
 
Studies that aim to establish how the inorganic 

substance in bone is organized and structured must take 
into consideration its appearance not only at sites where the 
calcification process has reached completion, but, above 
all, at those where it is only at an early or intermediate 
phases of development. The early deposition of inorganic 
substance occurs at the calcification front, that is, at the 
limit between the uncalcified collagen fibrils of the osteoid 
tissue and the calcified matrix (Figure 2A). The prevalent 
picture found under the electron microscope at this site 
corresponds to roundish or elongated aggregates of 
filament-like crystals that are called “calcification nodules” 
and “calcification islands”, respectively (Figs. 2A-D). The 
former are located in the interfibrillar spaces; they are of 
variable size; their constituent crystallites increase in 
numbers with the degree of calcification, so that they 
eventually coalesce. The calcification islands are elongated 
in shape, with their constituent crystallites often running 
parallel to the axis of the collagen fibrils, so that their 
formation seems to be related to the fibril surface. 

 
Besides calcification nodules and islands, 

roundish bodies, 25-250 nm in diameter and consisting of 
an amorphous, osmiophilic matrix surrounded by a 
membrane, are recognizable at the calcification front (Figs. 
2A, 2D). They correspond to matrix vesicles, and a 
description of them can be found in dedicated reviews 
(2,223-227), as well as in a chapter of this volume. Many of 

them can be found in the osteoid tissue and in the 
calcification front of bones that, like woven bone, have a 
loose collagen texture, whereas relatively few can be traced 
in compact bone. Many of them contain the earliest 
aggregates of filament-like crystals. As these increase in 
numbers, they fill the vesicles, disrupt the vesicle 
membrane and spread into the surrounding matrix, so 
forming calcification nodules. As a result, these 
predominate at the calcification front of bones that present 
a loose texture of collagen fibrils.  

 
Besides the filament-like crystals collected in 

calcification nodules and islands, the inorganic substance in 
bone gives rise to another characteristic electron 
microscope picture consisting of granular, electron-dense 
bands. These have a characteristic relationship with the 
collagen fibrils – they run transversally through adjacent, 
side-by-side aggregated collagen fibrils and seem to 
accentuate their periodic pattern (Figure 3A). Several 
Authors (for instance, 21, 219) have considered the 
electron-dense bands as the first step in the mineralization 
process of bone. In reality, they constitute an early event in 
that process, but are not recognizable in areas showing the 
onset of calcification, where the calcification nodules 
predominate: they become evident, and their relationships 
with collagen periodic banding become clear, a little later, 
as soon as the degree of calcification induces the earliest 
coalescence of the calcification nodules; here the collagen 
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Figure 3. A. Secondary bone, showing the typical granular, electron-dense bands that characterize the incompletely mineralized 
bone matrix. The arrows point to areas where the bands seem to have been disrupted and to have given rise to isolated platelets. 
Unstained, x 95,000. B. Secondary osteonic bone at an early degree of mineralization: the granular, electron-dense bands are 
evident (compare with fig13.jpg). Unstained, x 85,000. C. Secondary osteonic bone at a high degree of mineralization: the 
granular, electron-dense bands are masked by numerous filament-like crystallites. Compare with fig12.jpg. Unstained, x 80,000. 
D. Bone calcification front in a section treated with the PEDS method: aggregates of crystal ghosts have replaced the calcification 
nodules; the former are so similar to the latter that the section seems undecalcified. An osteoblast partly visible above. PEDS: 
Formic acid decalcification, uranyl acetate and lead citrate staining, x 30,000. E. Details of aggregates of crystal ghosts. PEDS: 
Formic acid decalcification, uranyl acetate and lead citrate staining, x 75,000. 

 
calcified osteons and can be recognized as having been 
almost completely obliterated when calcification nears 
completion (228 and Figs. 3B-C).  

 
From its onset to its completion, the calcification 

process seems to present the following sequence of events: 
first of all, matrix vesicles are produced by osteoblasts; 
secondly, calcification nodules develop in vesicles 
simultaneously with the formation of calcification islands, 
either in the vesicles and/or on the surface of collagen 
fibrils; nodules and islands then enlarge, lose their outline 
and coalesce; collagen fibrils aggregate with one another 
and electron-dense bands become apparent; the filament-
like crystals of calcification nodules and islands increase in 
number, gather in strips and take on the same orientation as 
the collagen fibrils through which they are scattered; at this 
point, the electron-dense bands become less and less 
obvious.  

 
These electron microscope observations, which 

point to the existence of two types of mineral structures in 
bone – filament-like crystals and electron-dense bands –, 
have been repeatedly confirmed using different methods of 
preparation (reviewed by 2). It cannot be neglected, though, 
that several reports support the view that bone crystals have 
a platelet-like shape and that the filament-like crystals are 
no more than platelets seen from one side. Even if this view 
has not been substantiated under the electron microscope, 
which shows that in well-preserved preparations the 
platelet-like figures are extremely rare with respect to the 

high numbers of filament-like structures, the platelet-like 
shape of the bone crystals has been supported by studies 
relying on ultracryomicrotomy (229) and by stereoscopic 
analysis using goniometers that make it feasible to examine 
single crystals from different angles (230-231). These, and 
other studies that support the same view (232-236), have 
been mostly carried out on crystals that had been isolated 
from bone by means of mechanical and chemical methods, 
all of which have the potential to induce changes in crystal 
shape and structure. It should be borne in mind that the 
bone crystals are nanostructures whose physical state can 
be easily altered, especially when they are removed from 
their biological environment. In reviewing the problem of 
crystal morphology, Bonucci (2) pointed out that in intact, 
well-preserved bone specimens the filament-like crystals 
and the electron-dense bands are recognizable under the 
electron microscope much more frequently than the 
platelet-like crystals, which are mostly restricted to 
damaged areas (Figure 3A) and to the margins of fractures. 
He also showed that the single bone crystallites dissociated 
by the activity of the osteoclasts, that is, by a physiological 
process, probably less dangerous than the physical or 
chemical in vitro methods, have a filament- and needle-like 
ultrastructural shape. Bonucci (2) suggested that the 
structures believed to be platelet-like crystals might be no 
more than fragments of the granular, electron-dense bands 
rather than true crystals. This suggestion is in agreement 
with the findings of a goniometric study carried out on 
whole bone by Lees et al. (237), who showed that most of 
the platelet-like crystals were intrafibrillar and that only a 



Bone mineralization 

112 

few of the interfibrillar filament-like crystals turned into a 
platelet-like configuration under the goniometer. It also 
agrees with the results of a study carried out by atomic 
force microscopy on crystals isolated by non-aqueous 
methods at a low temperature, which showed structures, 
named ‘mineralites’, that display poor stochiometry and a 
low degree of crystallinity due to their being only one or 
two unit cells thick, that is, with values (0.61±0.19 x 10±2 
x 12±2 nm in mature bovine bone and 2 x 6 x 9 nm in 
young post-natal bovine bone) too small to allow them to 
be classified as crystals, and such that they are able to fit 
into the ‘channels’ formed by laterally adjacent hole zones 
across the collagen fibrils (238,239). The truth is that the 
dimensions of the bone crystals can hardly even be 
measured (discussed by Bonucci, 2). The values reported in 
the literature, drawn from X-ray or electron diffractograms 
or from direct measurement under the electron microscope 
of whole vertebrate bone, are exceedingly variable and can 
only be taken as approximations. This is especially true of 
crystal length whose reported values range from a 
minimum of 17 nm to a maximum of over 350 nm.  

 
The doubts about the conformation of the bone 

inorganic nanoparticles extend to their crystalline 
organization. The first indication that inorganic substance 
in bone is polycrystalline came from early polarized light 
microscopy and X-ray diffraction studies; this has been 
followed up by a number of confirmations (reviewed by 
Posner, 214; Glimcher, 215). It therefore became habitual 
to designate the inorganic particles of bone as 
hydroxyapatite “crystals” or “crystallites”. With reference 
to developing bone salt, however, Arnott and Pautard (240) 
made the objection that it was usually referred to as a 
"crystal" without proof that any portion of it is specifically 
crystalline. Posner et al. (241), on the other hand, had 
shown that the bone crystals change in size and 
composition with age, a finding later confirmed by Burnell 
et al. (242). Landis and Glimcher (219), using electron 
microscopy and electron diffraction, found that, while the 
older regions of bone show diffractograms indicative of 
poorly crystalline hydroxyapatite, the early inorganic 
deposits do not provide any electron diffraction pattern of a 
specific calcium phosphate solid phase, a property that is 
only acquired with their maturation. Wheeler and Lewis 
(243) reported on the paracrystalline nature of bone apatite, 
and Arnold et al. (244), using energy-filtering transmission 
electron microscopy in the selected area electron diffraction 
mode, observed that primary crystallites have an apatite-
like structure but show crystal lattice distortions 
representing an intermediate state between amorphous and 
fully crystalline, that the early-formed crystallites have a 
paracrystalline character comparable to biopolymers, and 
that the lattice fluctuations of the crystallites decrease with 
maturation. These findings are fundamental in gaining an 
understanding of the mechanism of bone calcification, as 
reported below (p. 00).  

 
The amorphous or poorly crystalline organization 

of the early inorganic structures in bone could not be 
appreciated using X-ray diffraction, because this method of 
analysis can only be carried out on the bulk of the calcified 
matrix of relatively wide bone specimens, hence, 

predominantly on fully calcified bone. The small, 
comparatively rare areas of initial or incomplete 
calcification could only be appreciated after the electron 
microscope made it possible to examine different phases of 
the calcification process, from its beginning to its 
completion. It then became clear that, in agreement with 
the results reported above for the Ca/P ratio, bone mineral 
undergoes a process of transformation from an initial, non-
crystalline phase (characterized by electron diffractograms 
of amorphous type), through a poorly crystalline phase to a 
final, apatite-like, almost crystalline phase. It is obvious, 
therefore, that the terms “crystal” and “crystallite” are not 
fully adequate and cannot be taken as having the meaning 
they have in mineralogy. They have, however, been 
retained in the following pages from force of habit.  

 
An important problem concerns the relationships, 

if any, between the filament-like crystals and the electron-
dense bands and whether the former might grow from 
nuclei present in the latter. This possibility seems to be in 
line with observations on developing osteons: as reported 
above (p. 00), osteon calcification occurs in two stages: 
first a rapid phase of calcification, amounting to about 70% 
of the total, and then a second slower phase that leads 
calcification to completion. The amounts of filament-like 
crystals seem to increase during the slow phase, whereas 
those of the electron-dense bands seem to fall 
proportionally (228), as if the former derived from the 
latter. Actually, the same effect could be due to an 
independent increase in the numbers of filament-like 
crystals, which could progressively mask the electron-
dense bands. Moreover, the intrafibrillar formation of 
filament-like crystals finds an insurmountable obstacle in 
the fibril structure itself, as discussed below (p. 00). The 
available findings do not support the view that the filament-
like crystals might derive from nuclei of the electron-dense 
bands, and point to the existence in bone of two different 
and independent aggregation states of the inorganic 
substance, the first consisting of filament-like, 
predominantly interfibrillar crystals, the second of electron-
dense, predominantly intrafibrillar granular bands. The 
study of these organic-inorganic relationships could 
contribute a great deal to a full understanding of the 
mechanism of bone calcification. 
 
6. THE ORGANIC-INORGANIC RELATIONSHIP IN 
BONE 
 

The organic-inorganic relationships in bone can 
be studied using various methods Of these, the electron 
microscope ones might appear at first sight have unique 
advantages, because they should lead to a direct 
visualization of the inorganic and organic components, and 
of their ultrastructural relationships, in the intact bone 
matrix. The reality is more complex: the inorganic crystals 
are electron-dense and mask the organic components of the 
calcified matrix they are directly associated with, so that 
the organic-inorganic relationships are hard to detect, 
except for the granular, electron-dense bands that are 
clearly related to the collagen periodic banding. That is 
why the organic structures of the bone matrix can only be 
studied morphologically after decalcification of the tissue. 
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 As discussed in detail by Bonucci (2), the usual 
decalcification procedure, consisting in soaking the bone 
specimen in a decalcifying solution, causes not only the 
solubilization of the inorganic substance, but also of an 
unpredictable number of organic components. This can 
deeply change the ultrastructure of the matrix and is a cause 
of morphological artifacts: the collagen fibers are more or 
less dissociated, no, or very few, interfibrillar materials are 
recognizable, and the previously calcified areas appear to 
be almost empty. These artifacts can be avoided by using 
the Post-Embedding Decalcification and Staining (PEDS) 
method: the tissue is decalcified after it has been embedded 
in a resin that, without preventing the solubilization of the 
inorganic ions, immobilizes the organic molecules, so 
reducing their extraction to a minimum, and permitting 
their ‘staining’ with heavy metals (28,245). The discussion 
that follows on the organic-inorganic relationships in bone 
is mainly based on the results obtained using the PEDS 
method.  
 

As reported above, the inorganic substance in 
bone shows two prevalent patterns: filament-like crystals 
and electron-dense bands. These patterns persist during 
calcification, but their reciprocal frequency changes with 
the type of bone, the site in the bone matrix, and, above all, 
the phase of the calcification process and the degree of 
calcification. As a result, their relationship with the organic 
components of the matrix changes too. 

 
 The first filament-like crystals appear in bone 
with the formation of the calcification nodules and the 
calcification islands that together make up the calcification 
front in the osteoid tissue. Most of these crystal aggregates 
form in matrix vesicles and are, therefore, contained in 
interfibrillar spaces. If the decalcification procedure is 
carried out before embedding, they appear as empty 
interfibrillar spaces. By contrast, after implementing the 
PEDS method, they appear as aggregates of filament-like 
structures that have an ultrastructural morphology very 
similar to that of the untreated crystals, the main difference 
being that the latter are intrinsically electron-dense and can 
be seen under the electron microscope even if unstained, 
whereas the former have no electron-density and are visible 
under the electron microscope only after they have reacted 
with heavy metals (Figs. 3D-E). This explains why they 
have been called “crystal ghosts” (245; reviewed by 
2,209,210). Aggregates of crystal ghosts are easily 
recognizable in place of small calcification nodules and 
calcification islands. As these enlarge with the rising 
degree of calcification, their central, fully calcified zone, 
after applying the PEDS method, takes on a granular 
appearance and the crystal ghosts become poorly 
recognizable or not recognizable at all, although they can 
still be made out at the periphery of the aggregates as 
filament-, crystal-like structures protruding into the 
surrounding matrix.  
 

As reviewed by Bonucci (2,209,210), crystal 
ghosts are found not only in the calcification zones of bone, 
but also in those of cartilage, dentin, enamel and other 
vertebrate hard tissues. It might be thought that they are 
artifacts produced by the PEDS method. They can, 

however, be visualized under the electron microscope using 
other methods of preparation. An in situ method has been 
used by Prostak and Lees (246): they first selected and 
photographed under the electron microscope specific areas 
of calcification in bone and tendons, then decalcified the 
sections on the grids with a drop of 1N HCl, and lastly re-
photographed the selected areas after staining with vanadyl 
sulfate; they found a one to one correspondence between 
the inorganic crystals and their demineralized crystal 
"ghosts". Sections from epoxy resin- or 
glycolmethacrylate-embedded tissues can be treated with 
phosphotungstic acid (PTA) at very low pH, which at the 
same time decalcifies and stains, while revealing 
polysaccharides and glycoproteins (247-249). This method 
yields results very similar to those obtained with the 
PEDS method and give a first indication that the crystal 
ghosts have a glycidic component. Another method, 
based on the stabilization of acidic molecules with 
cationic dyes, consists in treating the bone tissue with 
cationic substances (250) and then decalcifying it before 
embedding in a resin (251). This system, which 
eliminates any possible artifacts that might be due to the 
embedding resin in the PEDS method, shows aggregates 
of organic crystal-like structures, reminiscent of crystal 
ghosts, in place of calcification nodules (209, 252 and 
Figure 4A; this figure refers to calcifying cartilage, in 
which the organic crystal-like structures and their 
relationships with the acid proteoglycans of the matrix 
are specially obvious). The stabilization of organic 
crystal-like structures by the treatment with cations is, 
by the way, an indication that they are acidic structures. 
All these results suggest that these crystal ghosts 
comprise acid proteoglycans, a view supported, under 
the light microscope, by the positive reaction of the 
areas of initial calcification with Alcian blue or colloidal 
iron at acidic pH and by the methylation-saponification 
reaction, and, under the electron microscope, by their 
staining with colloidal thorium dioxide, ruthenium red 
(Figure 4B) or cuprolinic blue and, to some extent, by their 
ultrastructural morphology, which shows a transition 
between crystal ghosts and the granular structures formed 
by collapsed proteoglycans (252 and Figure 4A).  

 
The granular, electron-dense bands represent the 

other ultrastructural picture that distinguishes calcification 
of the bone matrix. They are contained in the hole zones of 
the collagen fibrils; they become fewer and tend to 
disappear as calcification proceeds. These results, and those 
reported by Lees et al. (237), support the conclusion that 
in compact bone the inorganic substance shows two 
different ultrastructural patterns: first, filament-like 
crystals, which are formed in matrix vesicles, are 
initially collected in interfibrillar calcification nodules 
and calcification islands, are later located between, and 
more or less parallel to, the bundles of collagen fibrils, 
and are closely related to organic, crystal-like, acidic 
structures (crystal ghosts), so that they can be considered 
organic-inorganic hybrids; second, granular, electron-dense 
bands, contained in the collagen fibrils and located in their 
hole zones. These inorganic patterns appear to be mutually 
independent, as discussed in the following chapter.
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Figure 4. A. Section of calcifying epiphyseal cartilage fixed in the presence of acridine orange, decalcified with EDTA, and 
embedded in Araldite. The calcification nodules are replaced by roundish aggregates of filamentous structures that on one hand 
are similar to the crystal ghosts shown by the PEDS method, on the other are in contact with, and to some extent resemble, the 
granular structures which in the uncalcified matrix correspond to collapsed proteoglycans. X 160,000. B. Area of initial 
calcification in trabecular bone: the crystal ghosts are stained by ruthenium red, showing that they are acidic structures. PEDS, 
ruthenium red, x 60,000. C. Trabecular bone of chick embryo: the crystallites occupy the spaces between the collagen fibrils, 
which appear as empty (unmineralized) stripes. Unstained. x 90,000. D. Trabecular bone of chick embryo:  staining with uranyl 
acetate and lead citrate confirms that most of the crystals are contained between the collagen fibrils, which are almost 
unmineralized. x 105,000. E. Trabecular bone of chick embryo stained en bloc with aqueous, acidic phosphotungstic acid, which 
at the same time decalcifies and stains: the crystals are replaced by filament-like structures that are reminiscent of crystal ghosts 
and are located between collagen fibrils, some of which show lateral aggregation. x 60,000. F. Trabecular bone of chick embryo 
stained en bloc with alcoholic-phosphotungstic acid, which decalcifies and mainly stains proteins: the picture is similar to that 
shown in Figure  4E but the electron density is much greater; it is also similar to the picture shown in Figure  4C. x 78,000. G. 
Detail of an area of initial mineralization (arrows) showing cross sectioned collagen fibrils appearing as roundish empty spaces 
surrounded by mineral substance. An osteoblast partly visible above. Uranyl acetate and lead citrate, x 60,000. H. Area of initial 
mineralization: filament like crystals join, and run between, cross-sectioned, collagen fibrils some of which are electron-dense 
and appear to be calcified. Uranyl acetate and lead citrate, x 70,000. I. Compact bone decalcified and stained with acidic 
phosphotungstic acid (PEDS method): the cross-sectioned collagen fibrils are homogeneous and do not show any space where 
crystallites could be allocated (see also Figure  1E). x 120,000. 

 
7. THE MECHANISM(S) OF BONE 
CALCIFICATION 
 

Among the theories put forward to explain the 
mechanism of bone calcification, the one proposed by 
Glimcher (253) received almost universal consent. Chiefly 
on the basis of the close ultrastructural relationships 
between collagen periodic banding and the inorganic 
substance, which give rise to the “electron-dense bands” 
described above, Glimcher suggested that the mineral 
substance is contained in the hole zones of the fibrils, 
where atomic groups of the collagen molecules are 
arranged in such a way as to allow the heterogeneous 
nucleation of inorganic nuclei, and that the definitive 
crystals arise from these nuclei through the addition to 
them of further inorganic ions (reviewed by Glimcher and 
Krane, 21). This theory was supported not only by the 

ultrastructural finding that the granular, electron-dense 
bands are in relationship with the collagen period and are 
contained in the hole zones, but also by the observation that 
they represent a precocious phase of calcification, that they 
characterize the low degree of calcification of the bone 
matrix, and that they become less and less evident as the 
degree of calcification rises and numbers of filament-like 
crystals rise too. These concepts were widely accepted even 
though controversies developed around the idea that the 
electron-dense bands represent the very earliest phase of 
calcification and, above all, that inorganic nuclei pertaining 
to them can develop into crystals within the limited space 
of the hole zones without disrupting the molecular 
organization of fibrils.  
 

First, as discussed above (p. 000), the earliest 
phase of the calcification process in bone does not consist 
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in the formation of the electron-dense bands, which are not 
recognizable either in relationship to the loose, irregularly 
woven collagen fibrils of the osteoid border or at the 
calcification front. Only aggregates of filament-like crystals 
(calcification nodules and calcification islands) are found at 
these sites. The granular, electron-dense bands first appear 
some distance away, where the collagen fibrils begin to 
aggregate in parallel bundles (Figure 2B). Second, although 
the final size of the filament-like crystals is poorly known 
(see above), at least their length is long enough to span both 
the hole and the overlap zones of the fibrils (228,254); it 
follows that they are longer than the collagen holes, and 
their thickness must be greater than the intermolecular 
spacing of collagen molecules (see also Lees and Prostak, 
255). Consequently, if their development originated from 
nuclei belonging to the electron-dense bands, they would 
inevitably disrupt the walls of the holes within which they 
would have to grow and would break the fibril 
intermolecular links to reach their final dimensions. The 
solubility of the bone matrix would increase as a result, 
whereas it actually falls during calcification, to the point 
that bone collagen is essentially insoluble in reagents such 
as NaCl and acetic acid under conditions that solubilize the 
collagen from a wide variety of soft tissues (31).  

 
 To overcome these discrepancies, it has been 

suggested that the crystals might be accommodated, 
without disrupting the fibril structure, in pre-existing pores, 
channels and grooves resulting from the confluence of 
contiguous holes (23,26,27,256-258). In this case, however, 
the filament-like crystals should have a transversal course 
with respect to the fibrils axis, as the electron-dense bands 
have, whereas they prevalently appear to run parallel to 
them. The obvious conclusion seems to be that the 
filament-like crystals and the electron-dense bands develop 
separately and independently, and that their shape depends 
on the space in which they develop. There are no doubts, in 
any case, that a large proportion of crystals are located in 
the interfibrillar spaces (see also Lees et al., 237; Lees and 
Prostak, 255), although their percentage changes with the 
type of bone), being the highest in the medullary bone of 
birds, but very high in woven bone, too (32, and Figs. 4C-
F). Using acoustic microscopy, Pidaparti et al. (259) have 
calculated that about 75% of mineral crystals reside outside 
the collagen fibrils in osteons, a percentage perhaps 
excessive for a tissue in which the collagen fibrils are rather 
compact. Rough measurements carried out in areas like that 
shown in Figure 3B (calcification front of osteonic bone) 
give values of about 37% occupied by filament-like, 
interfibrillar crystals and 48% by electron-dense bands, 
being the rest still uncalcified; similar measurements in 
trabecular bone of chick embryo (like those shown in 
Figure 4E and Figure 4F) give values of about 65% 
occupied by filament-like crystals. The conclusion that 
these crystals are located between and on the collagen 
fibrils and are in relationship with non-collagenous material 
is supported not only by electron microscope findings 
showing that a lot of them are located in the interfibrillar 
spaces (Figs. 4C-D) and that these contain non-collagenous 
material that reacts strongly with alcoholic PTA (hence, it 
is proteic; Figure 4F) and corresponds to crystal ghosts 
stained by aqueous PTA (Figure 4E), but also by the 

observation that in areas of initial or incomplete 
calcification the inorganic substance is often located on the 
surface of still uncalcified collagen fibrils, so that these 
appear in cross-section as empty spaces outlined by 
electron-dense rings (Figure 4G), that filament-like 
crystals, which are clearly located in the interfibrillar space, 
sometimes join adjacent calcified and uncalcified collagen 
fibrils (Figure 4H), and that cross-sections of calcified 
collagen fibrils, decalcified and stained by acidic PTA, 
appear homogeneous and do not show the empty spaces 
where the removed crystals would have had be located 
(Figure 4I).  

 
The findings reported above strongly suggest that 

two different, not necessarily interdependent, mineral 
phases do exist in bone, one consisting of the filament-like 
crystals located in the interfibrillar spaces, the other 
consisting of the granular, electron-dense bands contained 
in the hole zones of the collagen fibrils. What remains to be 
understood is whether they have the same or different 
mechanism(s) of formation. 

 
If the filament-like crystals are located in the 

interfibrillar spaces, as they are, they must necessarily 
develop in relation to non-collagenous components of the 
matrix. Provided that suitable methods for identifying them 
are used (for instance, the PEDS method), these 
components can in fact be shown in areas of early 
calcification – i.e., calcification nodules and calcification 
islands – as filament- and crystal-like, acidic structures 
called “crystal ghosts” (245). The very close similarity 
between crystal ghosts and untreated crystals strongly 
suggests that the former may be templates for the formation 
of the latter. In this case the filament-like crystals would 
not develop through a process of heterogeneous nucleation 
but through an epitaxial mechanism that includes a 
chemical reaction between inorganic cations and acidic 
groups of templates. These would become to be more or 
less completely occluded by the inorganic ions, so leading 
to the formation of organic-inorganic hybrids (discussed by 
Bonucci, 2,209,210). The filament-like shape of the 
crystals would simply reflect the shape of their organic 
ghosts. This arrangement would explain why, as reported 
above (p. 000), the early inorganic deposits provide an 
amorphous electron diffraction pattern, have a 
paracrystalline character and show crystal lattice distortion.  

 
An inorganic-organic reaction might also be 

responsible for the formation of the electron-dense bands. 
As reported above, the mineral substance that goes to make 
up these bands is contained in the hole zones of the 
collagen fibrils; the bands themselves are an outcome of the 
alignment of the hole zones consequent on the parallel 
aggregation of the collagen fibrils. After decalcification 
according to the PEDS method, the treatment with aqueous 
phosphotungstic acids shows lightly stained bands of 
organic material that replace – while showing the same 
location and morphology as – the electron-dense bands 
seen in undecalcified sections (Figure 4E). It seems that the 
inorganic material that gives rise to the electron-dense 
bands simply reacts with, and repeats the ultrastructural 
pattern of, an organic material pre-existing in the collagen 
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holes. Veis (18) had already proposed a similar concept, 
suggesting that a fine filamentous organic material 
contained in the fibril compartments could react with, and 
could be occluded by, the inorganic material as this 
gradually fills the available space. The nature of this 
material is not known. As mentioned above, a number of 
phosphoproteins are covalently linked to, and are intrinsic 
components of, the collagen fibrils. It is noteworthy that 
reconstituted collagen fibrils did not induce mineral 
formation, whereas crystals were formed when acidic 
proteins (phosphoproteins) were added to the fibrils (260). 
Reconstituted collagen fibrils in the presence of poly-l-
aspartic acid induced the intrafibrillar deposition of ribbon-
shaped apatite crystals with their c-axis co-aligned with the 
fibril axis, closely resembling the bone mineralization 
pattern (261). Another point of interest is that decorin is 
localized near the d and e bands of the collagen fibrils and 
that its amount decreases with calcification. 

 
The organic-inorganic relationships in bone need 

to be better known to allow a complete understanding of 
how the early calcification process occurs. In particular, 
knowledge of the composition of the crystal ghosts is 
mandatory. They are acidic molecules and contain sulfate 
groups, as if they pertain to acid proteoglycans. The 
possible involvement of these molecules, either as 
promoters or as inhibitors of inorganic substance 
deposition, has long been suggested (262,263). Other acidic 
substances, however, are located in the early calcification 
nodules and calcification islands, first of all the bone 
sialoprotein which, as reported above (p. 000), in 
association with collagen, promotes apatite nucleation 
(114) and is a protein that is glycosylated, sulfated, 
phosphorylated and rich in sialic acid protein. The BAG-
75, a biomarker of the areas of initial calcification (264), is 
another sialic acid-rich phosphoglycoprotein. The role of 
the collagen-phosphoprotein complexes in inducing the 
calcification of bone and other hard tissues has been 
repeatedly emphasized (260,264-269). In this connection, it 
is remarkable that acidic amino acids and acidic proteins, if 
adsorbed or immobilized on matrix structures, become 
hydroxyapatite nucleation sites and regulate the crystal 
growth (270-273). The role of aspartic acid-rich proteins in 
inducing and regulating the biomineralization process in a 
number of calcifying tissues has been often reported (274-
280).  

 
The calcification process is not limited to the 

formation of the early organic-inorganic hybrids, 
improperly called crystals, but includes their ‘maturation’ 
into nanostructures having a definitely crystalline character 
(discussed by Bonucci, 2,209). As calcification increases, 
in fact, the amorphous diffractograms of the early mineral 
aggregates turn crystalline (219) and the lattice fluctuations 
disappear (244). The acquisition of a quasi-perfect 
hydroxyapatite reticulum seems to occur through the loss of 
components of the organic matrix, a process very well 
documented in enamel (see Nanci, 281), but also 
demonstrated in bone and other hard tissues, at least as far 
as acid proteoglycans are concerned (see above, p. 000). 
This loss, which probably has the dual aim of permitting 
further inorganic accretion and of creating space available 

to the growing crystals, is also documented under the 
electron microscope by the progressive disappearance of 
crystal ghosts in the central zones of the enlarging and 
coalescing calcification nodules (Bonucci, 2,209,210).  

 
8. CONCLUSIONS AND PERSPECTIVES 
 

The calcification of bone, as well as that of other 
hard tissues, is under the control and regulation of the 
organic matrix. This comprises two sets of components, 
one whose main function is that of support, and another 
that is directly engaged in the calcification process. The 
former can be identified in the collagen fibrils, whose 
arrangement not only distinguishes the various types of 
bone and their architecture, but is also responsible for their 
mechanical properties; the second is located in the 
interfibrillar spaces, but is also an interfibrillar component, 
and consists of various non-collagenous, mostly acidic 
molecules. In close relation to these matrix components, 
two ultrastructural patterns characterize the inorganic 
substance within bone: electron-dense bands and filament-
like crystals. The former are due to the deposition of 
inorganic substance in the holes of the collagen fibrils, so 
that their amount is directly proportional to the 
compactness of the fibrils; the latter are located in the 
interfibrillar spaces, give rise to calcification nodules and 
calcification islands at the calcification front, and develop 
in connection with non-collagenous molecules. Even if 
their structure, composition, organization and specific 
function in calcification are not yet fully understood, most 
of these molecules are acidic, which allows them to 
sequester calcium ions and play a template function, so 
leading to the epitaxial formation of structures that, 
improperly called crystals, are organic-inorganic hybrids 
whose filament-like shape repeats that of the template. 
These hybrids only acquire a quasi-perfect hydroxyapatite 
structure with a maturation process, which implies the 
almost complete removal of their organic constituent. The 
different phases of this process and its mechanism are 
among the most important topics to be faced by future 
investigations. Another urgent need is that of establishing 
whether the electron-dense bands and filament-like crystals 
are truly different structures formed through the same basic 
process, and if their shape and organization depend in the 
first case on those of the collagen holes in which they form, 
in the second case on those of the interfibrillar, filament-
like, non-collagenous molecules that behave as their 
templates.   
 

The concepts outlined above may need to be 
improved and corrected, but they do offer an explanation 
for the available findings and represent an attempt to 
identify a mineralization mechanism that may be valid for 
every hard tissue. Several pinnacles must probably still be 
climbed, but the summit does not seem too far away.  
 
9. ACKNOWLEDGEMENTS 
 

The Author is indebted to all his co-workers 
for their continuous support and technical assistance. 
The more personal studies have been supported by 
grants from the “La Sapienza” University of Rome, the 



Bone mineralization 

117 

Italian Ministry of Education and the Italian National 
Research Council. 

 
10. REFERENCES 
 
1. S. Mann: Molecular recognition in biomineralization. 
Nature 332, 119-124 (1988) 
 
2. E. Bonucci, Biological calcification – Normal and 
pathological processes in the early stages. Heidelberg, 
Springer (2007) 
 
3. J.P. Gorski: Is all bone the same? Distinctive 
distributions and properties of non-collagenous matrix 
proteins in lamellar vs. woven bone imply the existence of 
different underlying osteogenic mechanisms. Crit.Rev.Oral 
Biol.Med. 9, 201-223 (1998) 
 
4. T. van den Bos, D. Speijer, R.A. Bank, D. Brömme and 
V. Everts: Differences in matrix composition between 
calvaria and long bone in mice suggest differences in 
biomechanical properties and resorption: Special emphasis 
on collagen. Bone 43, 459-468 (2008) 
 
5. R. Amprino and A. Engström: Studies on X ray 
absorption and diffraction of bone tissue. Acta Anat. 15, 1-
22 (1952) 
 
6. G. Marotti: The structure of bone tissues and the cellular 
control of their deposition. It.J.Anat.Embryol. 101, 25-79 
(1996) 
 
7. E. Bonucci – Basic composition and structure of bone. 
In: Y.H. An and R.A. Draughn: Mechanical testing of bone 
and the bone-implant interface. Boca Raton: CRC Press, 
2000, pp 3-21 
 
8. J.K. Candlish and F.J. Holt: The proteoglycans of fowl 
cortical and medullary bone. Comp. Biochem. Physiol. 40B, 
283-293 (1971) 
 
9. E. Bonucci and G. Gherardi: Histochemical and electron 
microscope investigations on medullary bone. Cell Tissue 
Res. 163, 81-97 (1975) 
 
10. A. Ascenzi and E. Bonucci: The compressive properties 
of single osteons. Anat. Record 161, 377-392 (1968) 
 
11. M.G. Ascenzi, A. Benvenuti and A. Ascenzi: Single 
osteon micromechanical testing. In: Y.H. An and R.A. 
Draughn: Mechanical testing of bone and the bone-implant 
interface. Boca Raton, CRC Press, 2000, pp 271-290 
 
12. G. Marotti and M.A. Muglia: A scanning electron 
microscope study of human bony lamellae. Proposal for a 
new model of collagen lamellar organization. Arch. It. 
Anat. Embryol. 93, 163-175 (1988)  
 
13. G. Marotti - The original contribution of the scanning 
electron microscope to the knowledge of bone structure. In: 
E. Bonucci and P.M. Motta: Ultrastructure of skeletal 

tissues. Boston: Kluwer Academic Publishers, 1990, pp 19-
39  
 
14. M.G. Ascenzi, A. Ascenzi, A. Benvenuti, M. 
Burghammer, S. Panzavolta and A. Bigi: Structural 
differences between "dark" and "bright" isolated human 
osteonic lamellae. J. Struct. Biol. 141, 22-33 (2003) 
 
15. F.C. McLean and M.R. Urist – Bone, 3rd edn. Chicago, 
The University of Chicago Press, 1968 
 
16. M. Raspanti, A. Alessandrini, P. Gobbi and A. Ruggeri: 
Collagen fibril surface: TMAFM, FEG-SEM and freeze-
etching observations. Microsc. Res. Techn. 35, 87-93 
(1996) 
 
17. K. von den Mark, P. Wendt, F. Rexrodt and K. Kühn: 
Direct evidence for a correlation between amino acid 
sequence and cross striation pattern of collagen. FEBS Lett. 
11, 105-108 (1970) 
 
18. A. Veis: Mineralization in organic matrix frameworks. 
Rev. Mineral. Geochem. 54, 249-289 (2003) 
 
19. A.J. Hodge and J.A. Petruska – Recent studies with the 
electron microscope on ordered aggregates of the 
tropocollagen molecules. In: G.N. Ramachandran: Aspects 
of protein structure. London, Academic Press 1963, pp 
289-300 
 
20. A. Schiffmann, G.R. Martin and E.J. Miller – Matrices 
that calcify. In: H. Schraer: Biological calcification: 
cellular and molecular aspects. New York, Appleton-
Century-Crofts, 1970, pp 27-67 
 
21. M.J. Glimcher and S.M. Krane – The organization and 
structure of bone, and the mechanism of calcification. In: 
B.S. Gould: Biology of collagen. London, Academic Press, 
1968, pp 67-251 
 
22. H.J. Höhling, R.H. Barckhaus, E.-R. Krefting, J. 
Althoff and P. Quint – Collagen mineralization: aspects of 
the structural relationship between collagen and the apatitic 
crystallites. In: E. Bonucci and P.M. Motta: Ultrastructure 
of skeletal tissues. Boston, Kluwer Academic Publishers, 
1990, pp 41-62 
 
23. L.C. Bonar, S. Lees and H.A. Mook: Neutron 
diffraction studies of collagen in fully mineralized bone. J. 
Mol. Biol. 181, 265-270 (1985) 
 
24. V. Baranauskas, B.C. Vidal and N.A. Parizotto: 
Observation of geometric structure of collagen molecules 
by atomic force microscopy. Appl. Biochem. Biotechnol. 
69, 91-97 (1998) 
 
25. E.P. Katz and S.-T. Li: Structure and function of bone 
collagen fibrils. J. Mol. Biol. 80, 1-15 (1973) 
 
26. E.P. Katz and S.-T. Li: The intermolecular space of 
reconstituted collagen fibrils. J. Mol. Biol. 73, 351-369 
(1973) 



Bone mineralization 

118 

27. S. Weiner and W. Traub: Organization of 
hydroxyapatite crystals within collagen fibrils. Feder. Eur. 
Bioch. Soc. 206, 262-266 (1986) 
 
28. E. Bonucci and J. Reurink: The fine structure of 
decalcified cartilage and bone: a comparison between 
decalcification procedures performed before and after 
embedding. Calcif. Tiss. Res. 25,179-190 (1978) 
 
29. P. Bianco – Structure and mineralization of bone. In: E. 
Bonucci: Calcification in biological systems. Boca Raton, 
CRC Press, 1992, pp 243-268 
 
30. K. Hoshi, S. Kemmotsu, Y. Takeuchi, N.  Amizuka and 
H. Ozawa: The primary calcification in bones follows 
removal of decorin and fusion of collagen fibrils. J. Bone 
Miner. Res. 14, 273-280 (1999) 
 
31. M.J. Glimcher and E.P. Katz: The organization of 
collagen in bone: the role of noncovalent bonds in the 
relative insolubility of bone. J. Ultrastruct. Res. 12, 705-
729 (1965) 
 
32. E. Bonucci and G Silvestrini: Ultrastructure of the 
organic matrix of embryonic avian bone after en bloc 
reaction with various electron-dense 'stains'. Acta Anat. 
156,22-33 (1996) 
 
33. A. Ascenzi, C. François and D. Steve Bocciarelli: On 
the bone induced by estrogen in birds. J. Ultrastruct. Res. 
8,491-505 (1963) 
 
34. J. Curley-Joseph and A. Veis: The nature of covalent 
complexes of phosphoproteins with collagen in the bovine 
dentin matrix. J. Dent. Res. 58, 1625-1633 (1979) 
 
35. S. Kobayashi: Acid mucopolysaccharides in calcified 
tissues. Int. Rev. Cytol. 30, 257-371 (1971) 
 
36. J.H. Yoon and J. Halper: Tendon proteoglycans: 
biochemistry and function. J. Muscoloskel. Neuron. 
Interact. 5,22-34 (2005)  
 
37. P.J. Roughley: The structure and function of cartilage 
proteoglycans. Europ. Cells Mater. 12, 92-101 (2006) 
 
38. N.S. Gandhi and R.L. Mancera: The structure of 
glycosaminoglycans and their interactions with proteins. 
Chem.Biol.Drug Des. 72, 455-482 (2008) 
 
39. N. Stagni, B. de Bernard, G.F. Liut, F. Vittur and M. 
Zanetti: Ca2+-binding glycoprotein in avian bone induced 
by estrogen. Connect. Tissue Res.7, 121-125 (1980) 
 
40. M.C. Pugliarello, F. Vittur, B. de Bernard, E. Bonucci 
and A. Ascenzi: Chemical modifications in osteones during 
calcification. Calcif. Tissue Res. 5, 108-114 (1970) 
 
41. A. Engfeldt and A. Hjerpe: Glycosaminoglycans and 
proteoglycans of human bone tissue at different stages of 
mineralization. Acta Path. Microbiol. Scand. Sect. A 84, 
95-106 (1976) 

42. C.W. Prince, F. Rahemtulla and W.T. Butler: 
Metabolism of rat bone proteoglycans in vivo. Biochem. J. 
216, 589-596 (1983) 
 
43. D. Baylink, J. Wergedal and E. Thompson: Loss of 
proteinpolysaccharides at sites where bone mineralization 
is initiated. J. Histochem. Cytochem. 20, 279-292 (1972) 
 
44. M. Takagi, R.T. Parmley, Y. Toda and F.R. Denys: 
Ultrastructural cytochemistry of complex carbohydrates in 
osteoblasts, osteoid, and bone matrix. Calcif. Tissue Int. 35, 
309-319 (1983) 
 
45. K. Hoshi, S. Ejiri and H. Ozawa: Localizational alterations 
of calcium, phosphorus, and calcification-related organics such 
as proteoglycans and alkaline phosphatase during bone 
calcification. J. Bone Miner. Res. 16, 289-298 (2001) 
 
46. J.-R. Nefussi, D. Septier, P. Collin, M. Goldberg and N. 
Forest: A comparative ultrahistochemical study of 
glycosaminoglycans with cuprolinic blue in bone formed in 
vivo and in vitro. Calcif. Tissue Int. 44, 11-19 (1989) 
 
47. E. Bonucci and G Silvestrini: Immunohistochemical 
investigation on the presence of chondroitin sulfate in 
calcification nodules of epiphyseal cartilage. Eur. J. 
Histochem. 36, 407-422 (1992) 
 
48. H. Nakamura, A. Hirata, T. Tsuji and T. Yamamoto: 
Immunolocalization of keratan sulfate proteoglycan in rat 
calvaria. Arch. Histol. Cytol. 64, 109-118 (2001) 
 
49. A. Hirschman and D.D. Dziewiatkowski: Protein-
polysaccharide loss during endochondral ossification: 
immunochemical evidence. Science 154, 393-395 (1966) 
 
50. V.J. Matukas and G.A. Krikos: Evidence for changes in 
protein polysaccharide associated with the onset of 
calcification in cartilage. J. Cell Biol. 39, 43-48 (1968) 
 
51. M. Takagi, R.T. Parmley and F.R. Denys: Ultrastructural 
cytochemistry and immunocytochemistry of proteoglycans 
associated with epiphyseal cartilage calcification. J. 
Histochem. Cytochem. 31, 1089-1100 (1983) 
 
52. R.D. Campo and J.E. Romano: Changes in cartilage 
proteoglycans associated with calcification. Calcif. Tissue Int. 
39, 175-184 (1986) 
 
53. J.A. Buckwalter, L.C. Rosenberg and R. Ungar: Changes 
in proteoglycan aggregates during cartilage mineralization. 
Calcif. Tissue Int. 41, 228-236 (1987) 
 
54. C. Malavaki, S. Mizumoto, N. Karamanos and K 
Sugahara: Recent advances in the structural study of 
functional chondroitin sulfate and dermatan sulfate in 
health and disease. Connect.Tissue Res. 49, 133-139 (2008) 
 
55. L. Schaefer and R.M. Schaefer: Proteoglycans: from 
structural compounds to signaling molecules. Cell Tissue 
Res. 339, 237-246 (2010)  
 



Bone mineralization 

119 

56. L. Schaefer and R.V. Iozzo: Biological functions of the 
small leucine-rich proteoglycans: from genetics to signal 
transduction. J.Biol.Chem. 283, 21305-21309 (2008) 
 
57. A.L. Alford and K.D. Hankenson: Matricellular 
proteins: Extracellular modulators of bone development, 
remodeling, and regeneration. Bone 38, 749-757 (2006) 
 
58. P. Bornstein and E.H. Sage: Matricellular proteins: 
extracellular modulators of cell function. Curr. Opin. Cell. 
Biol. 14,608-616 (2009) 
 
59. R. Merline, R.M. Schaefer and L. Schaefer: The 
matricellular functions of small leucine-rich proteoglycans 
(SLRPs). J.Cell.Commun.Signal. 3, 323-335 (2009) 
 
60. Y. Mochida, D. Parisuthiman, S. Pornprasertsuk-
Damrongsri, P. Atsawasuwan, M. Sricholpech, A.  Boskey 
and M. Yamauchi: Decorin modulates collagen matrix 
assembly and mineralization. Matrix Biol.28, 44-52 (2008) 
 
61. G.A. Pringle and C.M. Dodd: Immunoelectron 
microscopic localization of the core protein of decorin near 
the d and e bands of tendon collagen fibrils by use of 
monoclonal antibodies. J. Histochem. Cytochem. 38, 1405-
1411 (1990) 
 
62. S. Iwasaki, Y. Hosaka, T. Iwasaki, K. Yamamoto, A. 
Nagayasu and H. Ueda: The modulation of collagen fibril 
assembly and its structure by decorin: an electron 
microscopic study. Arch. Histol. Cytol. 71, 37-44 (2008) 
 
63. J.P.R.O. Orgel, A. Eid, O. Antipova, J. Bella and J.E. 
Scott: Decorin core protein (Decoron) shape complements 
collagen fibril surface structure and mediates its binding. 
PLoS ONE 4, e7028 (2009) 
 
64. K.G. Danielson, H. Baribault, D.F. Holmes,H. Graham, 
K,E, Kadler and R.V. Iozzo: Targeted disruption of decorin 
leads to abnormal collagen fibril morphology and skin 
fragility. J. Cell Biol. 136, 729-743 (1997) 
 
65. Corsi, T. Xu, X.-D Chen, A. Boyde, J. Liang, M. 
Mankani, B. Sommer, R.V. Iozzo, J. Eichstetter, P.G. 
Robey, P. Bianco and M.F. Young: Phenotypic effects of 
biglycan deficiency are linked to collagen fibril 
abnormalities, are synergized by decorin deficiency, and 
mimic Ehlers-Danlos-like changes in bone and other 
connective tissues. J. Bone Miner. Res. 17, 1180-1189 
(2002) 
 
66. Y. Mochida, W.R. Duarte, H. Tanzawa, E.P. Paschalis 
and M. Yamauchi: Decorin modulates matrix 
mineralization in vitro. Biochem. Biophys. Res. Comm. 305, 
6-9 (2003) 
 
67. H. Bosse, Kresse, K. Schwarz and K.M. Müller: 
Immunohistochemical characterization of the small 
proteoglycans decorin and proteoglycan-100 in heterotopic 
ossification. Calcif. Tissue Int. 54,119-124, 1994 
 

68. V.M. Mania, A.G. Kallivokas, C. Malavaki, A.P. 
Asimakopoulou, J. Kanakis, A.D. Theocharis, G. 
Klironomos, G. Gatzounis, A. Mouzaki, E. 
Panagiotopoulos and N.K. Karamanos: A comparative 
biochemical analysis of glycosaminoglycans and 
proteoglycans in human orthotopic and heterotopic bone. 
IUBMB Life 61, 447-452 (2009) 
 
69. P. Bianco, L.W. Fisher, M.F. Young, J.D. Termine and 
P. Gehron Robey: Expression and localization of the two 
small proteoglycans biglycan and decorin in developing 
human skeletal and non-skeletal tissues. J. Histochem. 
Cytochem. 38, 1549-1563 (1990) 
 
70. X.-D. Chen, M.R. Allen, S. Bloomfield, T. Xu and M. 
Young: Biglycan-deficient mice have delayed osteogenesis 
after marrow ablation. Calcif. Tissue Int. 72, 577-582 
(2003) 
 
71. T. Xu, P. Bianco, L.W. Fisher, G. Longenecker, E. 
Smith, S. Goldstein, J. Bonadio, A. Boskey, A.-M. 
Heegaard, B. Sommer, K. Satomura, P. Dominguez, C. 
Zhao, A.B. Kulkarni, P. Gehron Robey and M.F. Young: 
Targeted disruption of the biglycan gene leads to an 
osteoporosis-like phenotype in mice. Nature Genet. 20,78-
82 (1998) 
 
72. M.F. Young,Y. Bi, L. Ameye and X.-D. Chen: 
Biglycan knockout mice: new models for musculoskeletal 
diseases. Glycoconj. J. 19, 257-262 (2002) 
 
73. X.-D. Chen, L.W. Fisher, P. Gehron Robey and M.F. 
Young: The small leucine-rich proteoglycan biglycan 
modulates BMP-4-induced osteoblast differentiation. 
FASEB J. 18, 948-958 (2004) 
 
74. D. Parisuthiman, Y. Mochida, W.R. Duarte and M. 
Yamauchi: Biglycan modulates osteoblast differentiation 
and matrix mineralization. J. Bone Miner. Res. 20, 1878-
1886 (2005) 
 
75. K.L. Nielsen, M.R. Allen, S.A. Bloomfield, T.L. 
Andersen, X.-D. Chen, H.S. Poulsen, M.F. Young and A.-
M. Heegaard: Biglycan deficiency interferes with 
ovariectomy-induced bone loss. J. Bone Miner. Res. 18, 
2152-2158 (2003) 
 
76. S. Kalamajski, A. Aspberg, K. Lindblom, D. Heinegård 
and A. Oldberg: Asporin competes with decorin for 
collagen binding, binds calcium and promotes osteoblast 
collagen mineralization. Biochem. J. 423, 53-59 (2009) 
 
77. F. Gori, E. Schipani and M.B. Demay: Fibromodulin is 
expressed by both chondrocytes and osteoblasts during 
fetal bone development. J. Cell. Biochem. 82,46-57 (2001) 
 
78. A. Raouf, B. Ganss, C. McMahon, C. Vary, P.J. 
Roughley and A. Seth: Lumican is a major proteoglycan 
component of the bone matrix. Matrix Biol. 21,361-367 
(2002) 
 



Bone mineralization 

120 

79. S. Chakravarti: Functions of lumican and 
fibromodulin: lessons from knockout mice. Glycoconj. 
J.19, 287-293 (2002) 
 
80. V.E. Ramstad, A. Franzen, D. Heinegård, M. 
Wendel and F.P. Reinholt: Ultrastructural distribution of 
osteoadherin in rat bone shows a pattern similar to that 
of bone sialoprotein. Calcif. Tissue Int. 72, 57-64 (2003) 
 
81. A.P. Rehn, R. Cerny,R.V. Sugars, N. Kaukua and M. 
Wendel: Osteoadherin is upregulated by mature 
osteoblasts and enhances their in vitro differentiation 
and mineralization. Calcif. Tissue Int. 82, 454-464 
(2008) 
 
82. W. Luo, C. Guo, J. Zheng, T.-L. Chen, P.Y. Wang, 
B.M. Vertel and M.L. Tanzer: Aggrecan from start to 
finish. J. Bone Miner. Metab. 18, 51-56 (2000) 
 
83. C. Kiani, L. Chen, Y.J. Wu, A.J. Yee and B.B. 
Yang: Structure and function of aggrecan. Cell Res. 12, 
19-32, 2002 
 
84. I. Lee, Y. Ono, A. Lee, K. Omiya, Y. Moriya and M. 
Takagi: Immunocytochemical localization and biochemical 
characterization of large proteoglycans in developing rat 
bone. J. Oral Sci.40, 77-87 (1998) 
 
85. L. Cohen-Solal, J.B. Lian, D. Tossiva and M.J. 
Glimcher: Identification of organic phosphorus 
covalently bound to collagen and non-collagenous 
proteins of chicken-bone matrix. Biochem. J. 177, 81-98 
(1979) 
 
86. L. Caretto: Contributo allo studio della matrice 
ossea neodeposta. Arch. Putti Chir. Org. Mov. 10, 211-
230 (1958) 
 
87. C.P. Leblond, P. Lacroix, R. Ponlot and A. Dhem: 
Les stades initiaux de l'ostéogenèse. Nouvelles données 
histochimique et autoradiographiques. Bull. Acad. Roy. 
Med.. Belgique 24, 421-443 (1959) 
 
88. S.P. Bruder, A.I. Caplan, Y. Gotoh, L.C. Gerstenfeld 
and M.J. Glimcher: Immunohistochemical localization 
of a ∼66 kD glycosylated phosphoprotein during 
development of the embryonic chick tibia. Calcif. Tissue 
Int. 48,429-437 (1991) 
 
89. L.W. Fisher and N.S. Fedarko: Six genes expressed 
in bones and teeth encode the current members of the 
SIBLING family of proteins. Connect. Tissue Res. 44 
(Suppl. 1), 33-40 (2003) 
 
90. L.W. Fisher, D.A. Torchia, B. Fohr,B., M.F. Young 
and N.S. Fedarko: Flexible structures of SIBLING 
proteins, bone sialoprotein, and osteopontin. Biochem. 
Biophys. Res. Commun. 280, 460-465 (2001) 
 
91. I.R. Dickson, A.R. Poole and A. Veis: Localization 
of plasma α2 HS glycoprotein in mineralizing human 
bone. Nature 256,430-432 (1975) 

92. J.D. Termine, H.K. Kleinman, S.W. Whitson, K.M. 
Conn, M.L. McGarvey and G.R. Martin: Osteonectin, a 
bone-specific protein linking mineral to collagen. Cell 26, 
99-105 (1981) 
 
93. P.W.K. Holland, S.J. Harper, J.H. McVaj and B.L.M. 
Hogan: In vivo expression of mRNA for the Ca++-binding 
protein SPARC (osteonectin) revealed by in situ 
hybridization. J. Cell Biol. 105, 473-482 (1987) 
 
94. H. Sage, R.B. Vernon, J. Decker, S. Funk and M.L. 
Iruela-Arispe: Distribution of the calcium-binding protein 
SPARC in tissues of embryonic and adult mice. J. 
Histochem. Cytochem. 37, 819-829 (1989) 
 
95. J.T. Ninomiya, R.P. Tracy, J.D. Calore, M.A.Gendreau, 
R.J. Kelm and K.G. Mann: Heterogeneity of human bone. 
J. Bone Miner. Res. 5, 933-938 (1990) 
 
96. K.L. Sodek, J.H. Tupy, J. Sodek and M.D. Grynpas: 
Relationships between bone protein and mineral in 
developing porcine long bone and calvaria. Bone 26, 189-
198 (2000) 
 
97. P. Bianco, G. Silvestrini,J.D. Termine and E. Bonucci: 
Immunohistochemical localization of osteonectin in 
developing human and calf bone using monoclonal 
antibodies. Calcif. Tissue Int. 43, 155-161 (1988) 
 
98. J.R. Nefussi, G. Brami, D. Modrowski, M. Oboeuf and 
N. Forest: Sequential expression of bone matrix proteins 
during rat calvaria osteoblast differentiation and bone 
nodule formation in vitro. J. Histochem. Cytochem. 45, 
493-503 (1997) 
 
99. R.W. Romberg, P.G. Werness, B.L. Riggs and K.G. 
Mann: Inhibition of hydroxyapatite crystal growth by bone-
specific and other calcium-binding proteins. Biochemistry 
25, 1176-1180 (1986) 
 
100. G.K. Hunter, P.V. Hauschka, A.R. Poole, L.C. 
Rosenberg and H.A. Goldberg: Nucleation and inhibition 
of hydroxyapatite formation by mineralized tissue proteins. 
Biochem. J. 317, 59-64 (1996) 
 
101. A.L. Boskey, D.J. Moore, M. Amling, E. Canalis and 
A.M. Delany: Infrared analysis of the mineral and matrix in 
bones of osteonectin-null mice and their wildtype controls. 
J. Bone Miner. Res. 18, 1005-1011 (2003) 
 
102. A.L. Boskey: Noncollagenous matrix proteins and 
their role in mineralization. Bone Miner. 6, 111-123 (1989) 
 
103. R.A. Brekken and E.H. Sage: SPARC, a matricellular 
protein: at the crossroads of cell-matrix communication. 
Matrix Biol. 19, 816-827 (2001) 
 
104. M.E. Bolander, M.F. Young, L.W. Fisher, Y. Yamada 
and J.D. Termine: Osteonectin cDNA sequence reveals 
potential binding regions for calcium and hydroxyapatite 
and shows homologies with both a basement membrane 
protein (SPARC) and a serine proteinase inhibitor 



Bone mineralization 

121 

(ovomucoid). Proc. Natl. Acad. Sci. USA 85, 2919-2923 
(1988) 
 
105. A.M. Delany and K.D. Hankenson: 
Thrombospondin-2 and SPARC/osteonectin are critical 
regulators of bone remodeling. J. Cell. Commun. Signal. 
3, 227-238 (2009) 
 
106. A. Ganns, R.H. Kim and J. Sodek: Bone 
sialoprotein. Crit. Rev. Oral Biol. Med. 10, 79-98 (1999) 
 
107. X.L. Zhu, B. Ganss, H.A. Goldberg and J Sodek: 
Synthesis and processing of bone sialoproteins during de 
novo bone formation in vitro. Biochem. Cell Biol. 
79,737-746 (2001) 
 
108. P. Bianco, M. Riminucci, G. Silvestrini, E.  
Bonucci, J.D. Termine, L.W. Fisher and P. Gehron-
Robey: Localization of bone sialoprotein (BSP) to Golgi 
and post-Golgi secretory structures in osteoblasts and to 
discrete sites in early bone matrix. J. Histochem. 
Cytochem. 41,193-203 (1993)  
 
109. P. Bianco, M. Riminucci, E. Bonucci, J.D. Termine 
and P. Gehron Robey: Bone sialoprotein (BSP) secretion 
and osteoblast differentiation: relationship to 
bromodeoxyuridine incorporation, alkaline phosphatase, 
and matrix deposition. J. Histochem. Cytochem. 41, 183-
191 (1993) 
 
110. A. Nanci: Content and distribution of 
noncollagenous matrix proteins in bone and cementum: 
relationship to speed of formation and collagen packing 
density. J. Struct. Biol. 126, 256-269 (1999) 
 
111. P. Bianco, L.W. Fisher, M.F. Young, J.D. Termine 
and P. Gehron Robey: Expression of bone sialoprotein 
(BSP) in developing human tissues. Calcif. Tissue Int. 
49, 421-426 (1991) 
 
112. J. Chen, K. Sasaguri, J. Sodek, T.B. Aufdemorte, 
H. Jiang and H.F. Thomas: Enamel epithelium expresses 
bone sialoprotein (BSP). Eur. J. Oral Sci. 106 (suppl. 
1), 331-336 (1998) 
 
113. A. Bellahcène, K. Bonjean, B. Fohr, N.S. Fedarko, 
F.A. Robey, M.F. Young, L.W. Fisher and V. 
Castronovo: Bone sialoprotein mediates human 
endothelial cell attachment and migration and promotes 
angiogenesis. Circ. Res. 86, 885-891 (2000) 
 
114. G.S. Baht, G.K. Hunter and H.A. Goldberg: Bone 
sialoprotein-collagen interaction promotes 
hydroxyapatite nucleation. Matrix Biol. 27, 600.608 
(2008) 
 
115. J.P. Gorski, D. Griffin, G. Dudley, C. Stanford, R. 
Thomas, C. Huang, E.L. Lai, B. Karr and M. Solursh: 
Bone acidic glycoprotein-75 is a major synthetic product 
of osteoblastic cells and localized as 75- and/or 50-kDa 
forms in mineralized phases of bone and growth plate 
and in serum. J. Biol. Chem. 265, 14956-14963 (1990) 

116. J.A. Gordon, C.E. Tye, A.V. Sampaio, T.M. 
Underhill, G.K. Hunter and H.A. Goldberg: Bone 
sialoprotein expression enhances osteoblast differentiation 
and matrix mineralization in vitro. Bone 41, 462-473 
(2007) 
 
117. G.K. Hunter and H.A. Goldberg: Nucleation of 
hydroxyapatite by bone sialoprotein. Proc. Natl. Acad. Sci. 
U.S.A. 90, 8562-8565 (1993) 
 
118. L. Malaval, N.M. Wade-Guéye, M. Boudiffa, J. Fei, 
R. Zirngibl, F. Chen, N. Laroche, J.-P. Roux, B. Burt-
Pichat, F. Duboeuf, G. Boivin, P. Jurdic, M.-H. Lafage-
Proust, J. Amédée, L. Vico, J. Rossant and J.E. Aubin: 
Bone sialoprotein plays a functional role in bone formation 
and osteoclastogenesis. J. Exp. Med. 205,1145-1153 (2008) 
 
119. L. Malaval, L. Monfoulet, T. Fabre, L. Pothuaud, R. 
Bareille, S. Miraux, E. Thiaudiere, G. Raffard, J.M. 
Franconi, M.-H. Lafage-Proust, J.E. Aubin, L. Vico and J. 
Amédée: Absence of bone sialoprotein (BSP) impairs 
cortical defect repair in mouse long bone. Bone 45, 853-
861 (2009) 
 
120. L. Monfoulet, L. Malaval, J.E. Aubin, S.R. Rittling, 
A.P. Gadeau, J.C. Fricain and O. Chassande: Bone 
sialoprotein, but not osteopontin, deficiency impairs the 
mineralization of regenerating bone during cortical defect 
healing. Bone 46, 447-452 (2010) 
 
121. P. Valverde, J. Zhang, A. Fix, J. Zhu, W. Ma, Q. Tu 
and J. Chen: Overexpression of bone sialoprotein leads to 
an uncoupling of bone formation and bone resorption in 
mice. J. Bone Miner. Res. 23, 1775-1788 (2008) 
 
122. M.D. McKee and A. Nanci: Osteopontin: an 
interfacial extracellular matrix protein in mineralized 
tissues. Connect.Tissue Res. 35, 197-205 (1996) 
 
123. A.L. Boskey: Osteopontin and related phosphorylated 
sialoproteins: effects on mineralization. Ann. N.Y. Acad. 
Sci. 760, 249-256 (1995) 
 
124. A.L. Boskey, L. Spevak, E. Paschalis, S.B. Doty and 
M.D. McKee: Osteopontin deficiency increases mineral 
content and mineral crystallinity in mouse bone. Calcif. 
Tissue Int. 71,145-154 (2002) 
 
125. S.R. Rittling, H.N. Matsumoto, M.D. McKee, A. 
Nanci, X.-R. An, K.E. Novick, A.J. Kowalski, M. Noda 
and D.T. Denhardt: Mice lacking osteopontin show normal 
development and bone structure but display altered 
osteoclast formation in vitro. J. Bone Miner. Res. 13, 1101-
1111 (1998) 
 
126. H. Yoshitake, S.R. Rittling, D.T. Denhardt and M. 
Noda: Osteopontin-deficient mice are resistant to 
ovariectomy-induced bone resorption. Proc. Natl. Acad. 
Sci. USA 96, 8156-8160 (1999) 
 
127. L.C. Gerstenfeld: Osteopontin in skeletal tissue 
homeostasis: an emerging picture of the autocrine/paracrine 



Bone mineralization 

122 

functions of the extracellular matrix. J. Bone Miner. Res. 
14, 850-855 (1999) 
 
128. A. O'Regan and J.S. Berman: Osteopontin: a key 
cytokine in cell-mediated and granulomatous inflammation. 
Int. J. Exp. Pathol. 81, 373-390 (2000) 
 
129. C.M. Giachelli, M.Y. Speer, X. Li, R.M. Rajachar and 
H. Yang: Regulation of vascular calcification. Roles of 
phosphate and osteopontin. Circ. Res. 96, 717-722 (2005) 
 
130. M. Scatena, L. Liaw and C.M. Giachelli: Osteopontin. 
A multifunctional molecule regulating chronic 
inflammation and vascular disease. 
Arterioscler.Thromb.Vasc.Biol. 27, 2302-2309 (2007) 
 
131. H.J. Cho, H.J. Cho and H.S. Kim: Osteopontin: a 
multifunctional protein at the crossroads of inflammation, 
atherosclerosis, and vascular calcification. Curr. 
Atheroscler. Rep. 11, 206-213 (2009) 
 
132. J. Gluhak-Heinrich, L. Ye, L.F. Bonewald, J.Q. Feng, 
M. MacDougall, S.E. Harris and D. Pavlin: Mechanical 
loading stimulates dentin matrix protein 1 (DMP1) 
expression in osteocytes in vivo. J. Bone Miner. Res. 18, 
807-817 (2003) 
 
133. W. Yang, Y. Lu, I. Kalajzic, D. Guo, M.A. Harris, J. 
Gluhak-Heinrich, S. Kotha, L.F. Bonewald, J.Q. Feng, 
D.W. Rowe, C.H. Turner, A.G. Robling and S.E. Harris: 
Dentin matrix protein 1 gene cis-regulation: use in 
osteocytes to characterize local responses to mechanical 
loading in vitro and in vivo. J. Biol. Chem. 280, 20680-
20690 (2005) 
 
134. M. Terasawa, R. Shimokawa, T. Terashima, K. Ohya 
and Y. Takagi: Expression of dentin matrix protein 1 
(DMP1) in nonmineralized tissues. J. Bone Miner. Metab. 
22, 430-438 (2004) 
 
135. A. Qin, R. D'Souza and J.Q. Feng: Dentin matrix 
protein 1 (DMP1): new and important roles for 
biomineralization and phosphate homeostasis. J. Dent. Res. 
86, 1134-1141 (2007) 
 
136. I. Maciejewska, C. Cowan, K. Svoboda, W.T. Butler, 
R. D'Souza and C. Qin: The NH2-terminal and COOH-
terminal fragments of dentin matrix protein 1 (DMP1) 
localize differently in the compartments of dentin and 
growth plate of bone. J. Histochem. Cytochem. 57, 155-166 
(2009) 
 
137. A. Gericke, C. Qin, Y. Sun, R. Redfern, Y. Fujimoto, 
H. Taleb, W.T. Butler and A.L. Boskey: Different forms of 
DMP1 play distinct roles in mineralization: J. Dent. Res., 
89, 355-359 (2010) 
 
138. G. He and A. George: Dentin matrix protein 1 
immobilized on type I collagen fibrils facilitates apatite 
deposition in vitro. J. Biol. Chem. 279, 11649-11656 
(2004) 
 

139. S. Gajjeraman, K. Narayanan, J. Hao and A. George: 
Matrix macromolecules in hard tissues control the 
nucleation and hierarchical assembly of hydroxyapatite. J. 
Biol. Chem. 282, 1193-1204 (2007) 
 
140. A. George, A. Ramachandran, M. Albazzaz and S. 
Raviandran: DMP1- a key regulator in mineralized matrix 
formation. J. Muscoloskel. Neuron. Interact. 7, 308 (2007) 
 
141. J. Hao, B. Zou, K. Narayanan and A. George: 
Differential expression patterns of the dentin matrix proteins 
during mineralized tissue formation. Bone 34, 921-932 (2004) 
 
142. P.H. Tartaix, M. Doulaverakis, A. George, L.W. Fisher, 
W.T. Butler, C. Qin, E. Salih, M. Tan, Y. Fujimoto, L. Spevak 
and A.L. Boskey: In vitro effects of dentin matrix protein-1 on 
hydroxyapatite formation provide insights into in vivo 
functions. J. Biol. Chem. 279, 18115-18120 (2004) 
 
143. Y. Ling, H.F. Rios, E.R. Myers, Y. Lu, J.Q. Feng and 
A.L. Boskey: DMP1 depletion decreases bone mineralization 
in vivo: an FTIR imaging analysis. J. Bone Miner. Res. 20, 
2169-2177 (2005) 
 
144. J.Q. Feng, L.M. Ward, S. Liu, Y. Lu, Y. Xie, B. Yuan, X. 
Yu, F. Rauch, S.T. Davis, S. Zhang, H. Rios, M.K. Drezner, 
L.D. Quarles, L.F. Bonewald and K.E. White: Loss of DMP1 
causes rickets and osteomalacia and identifies a role for 
osteocytes in mineral metabolism. Nat. Genet. 38, 1310-1315 
(2006) 
 
145. L. Argiro, M. Desbarats, F.H. Glorieux and B. Ecarot: 
Mepe, the gene encoding a tumor-secreted protein in 
oncogenic hypophosphatemic osteomalacia, is expressed in 
bone. Genomics 74, 342-351 (2001) 
 
146. A. Nampei, J. Hashimoto, K. Hayashida, H. Tsuboi, K. 
Shi, I. Tsuji, H. Miyashita, T. Yamada, N. Matsukawa, S. 
Matsumoto, T. Ogihara, T. Ochi and H. Yoshikawa: Matrix 
extracellular phosphoglycoprotein (MEPE) is highly expressed 
in osteocytes in human bone. J. Bone Miner. Metab. 22, 176-
184 (2004) 
 
147. P.S. Rowe, Y. Kumagai, G. Gutierrez, I.R. Garrett, R. 
Blacher, D. Rosen, J. Cundy, S. Navvab, D. Chen, M.K. 
Drezner, L.D. Quarles and G.R. Mundy: MEPE has the 
properties of an osteoblastic phosphatonin and minhibin 
Bone 34, 303-319 (2004) 
 
148. T.J. Berndt, S. Schiavi and R. Kumar: 
"Phosphatonins" and the regulation of phosphorus 
homeostasis. Am. J. Physiol. Renal Physiol. 289, F1170-
F1182 (2005) 
 
149. A. Shaikh, T. Berndt and R. Kumar: Regulation of 
phosphate homeostasis by the phosphatonins and other 
novel mediators. Pediatr. Nephrol. 23, 1203-1219 (2008) 
 
150. A.L. Boskey, P. Chiang, A. Fermanis, J. Brown, H. 
Taleb, V. David and P.S. Rowe: MEPE's diverse effects on 
mineralization. Calcif. Tissue Int. 86, 42-46 (2010) 
 



Bone mineralization 

123 

151. H. Liu, W. Li, C. Gao, Y. Kumagai, R.W. Blacher and 
P.K. DenBesten: Dentonin, a fragment of MEPE, enhanced 
dental pulp stem cell proliferation. J. Dent. Res. 83, 496-
499 (2004) 
 
152. N. Six, D. Septier, C. Chaussain-Miller, R. Blacher, P. 
DenBensten and M. Goldberg: Dentonin, a MEPE 
fragment, initiates pulp-healing response to injury. J. Dent. 
Res. 86, 780-785 (2007) 
 
153. A. Martin, V. David, J.S. Laurence, P.M. Schwarz, 
E.M. Lafer, A.M. Hedge and P.S. Rowe: Degradation of 
MEPE, DMP1, and release of SIBLING ASARM-peptides 
(minhibins): ASARM-peptide(s) are directly responsible 
for defective mineralization in HYP. Endocrinology 149, 
1757-1772 (2008) 
 
154. W.N. Addison, Y. Nakano, T. Loisel, P. Crine and 
M.D. McKee: MEPE-ASARM peptides control 
extracellular matrix mineralization by binding to 
hydroxyapatite: an inhibition regulated by PHEX cleavage 
of ASARM. J. Bone Miner. Res. 23, 1638-1649 (2008) 
 
155. V. David, A. Martin, A.M. Hedge and P.S. Rowe: 
Matrix extracellular phosphoglycoprotein (MEPE) is a new 
bone renal hormone and vascularization modulator. 
Endocrinology 150, 4012-4023 (2009) 
 
156. J.P. Gorski, E.A. Kremer, Y. Chen, S. Ryan, C. 
Fullenkamp, J. Delviscio, K. Jensen and M.D. McKee: 
Bone acidic glycoprotein-75 self-associates to form 
macromolecular complexes in vitro and in vivo with the 
potential to sequester phosphate ions. J. Cell. Biochem. 64, 
547-564 (1997) 
 
157. J.P. Gorski, A. Wang, D. Lovitch, D. Law, K. Powell 
and R.J. Midura: Extracellular bone acidic glycoprotein-75 
defines condensed mesenchyme regions to be mineralized 
and localizes with bone sialoprotein during 
intramembranous bone formation. J. Biol. Chem. 279, 
25455-25463 (2004) 
 
158. R.J. Midura, A. Wang, D. Lovitch, D. Law, K. Powell 
and J.P. Gorski: Bone acidic glycoprotein-75 delineates the 
extracellular sites of future bone sialoprotein accumulation 
and apatite nucleation in osteoblastic cultures. J. Biol. 
Chem. 279, 25464-25473 (2004) 
 
159. N.T. Huffman, J.A. Keightley, C. Chaoying, R.J. 
Midura, D. Lovitch, P.A. Veno, S.L. Dallas and J.P. 
Gorski: Association of specific proteolytic processing of 
bone sialoprotein and bone acidic glycoprotein-75 with 
mineralization within biomineralization foci. J. Biol. Chem. 
282, 26002-26013 (2007) 
 
160. P.A. Price, T.M. Nguyen and M.K. Williamson: 
Biochemical characterization of the serum fetuin-mineral 
complex. J. Biol. Chem. 278, 22153-22160 (2003) 
 
161. A. Heiss, A. DuChesne, B. Denecke, J. Grötzinger, K. 
Yamamoto, T. Renné and W. Jahnen-Dechent: Structural 
basis of calcification. Inhibition by α2-HS 

glycoprotein/fetuin-A.  Formation of colloidal calciprotein 
particles. J. Biol. Chem. 278, 13333-13341 (2003) 
 
162. T. Schinke, C. Amendt, A. Trindl, O. Poschke, W. 
Muller-Esterl and W. Jahnen-Dechent: The serum protein 
α2-HS glycoprotein/fetuin inhibits apatite formation in 
vitro and in mineralizing calvaria cells. A possible role in 
mineralization and calcium homeostasis. J. Biol. Chem. 
271, 20789-20796 (1996) 
 
163. C. Schäfer, A. Heiss, A. Schwarz, R. Westenfeld, M. 
Ketteler, J. Floege, W. Müller-Esterl, T. Schinke and W. 
Jahnen-Dechent: The serum protein α2-Heremans-Schmid 
glycoprotein/fetuin-A is a systematically acting inhibitor of 
ectopic calcification. J.Clin.Invest. 112, 357-366 (2003) 
 
164. B. de Bernard, P. Bianco, E. Bonucci, M. Costantini, 
G.C. Lunazzi, P. Martinuzzi, C. Modricky, L. Moro, E. 
Panfili, P. Pollesello, N. Stagni and F. Vittur: 
Biochemical and immunohistochemical evidence that in 
cartilage an alkaline phosphatase is a Ca2+-binding 
glycoprotein. J.Cell Biol. 103: 1615-1623 (1986)  
 
165. E. Bonucci, G. Silvestrini and P. Bianco: 
Extracellular alkaline phosphatase activity in 
mineralizing matrices of cartilage and bone: 
ultrastructural localization using a cerium-based 
method. Histochemistry 97, 323-327 (1992) 
 
166. K.N. Fedde, L. Blair, J. Silverstein, S.P. Coburn, 
L.M. Ryan, R.S. Weinstein, K. Waymire, S. Narisawa, 
J.L. Millan, G.R. MacGregor and M.P. Whyte: Alkaline 
phosphatase knock-out mice recapitulate the metabolic 
and skeletal defects of infantile hypophosphatasia. 
J.Bone Miner.Res. 14, 2015-2026 (1999) 
 
167. H.C. Anderson, H.H. Hsu, D.C. Morris, K.N. 
Fedde and M.P. Whyte: Matrix vesicles in osteomalacic 
hypophosphatasia bone contain apatite-like mineral 
crystals. Am.J.Pathol. 151, 1555-1561 (1997) 
 
168. R. Felix and H. Fleisch: Pyrophosphatase and 
ATPase of isolated cartilage matrix vesicles. 
Calcif.Tissue Res. 22, 1-7 (1976) 
 
169. K.A. Johnson, L. Hessle, S. Vaingankar, C. 
Wennberg, S. Mauro, S. Narisawa,J.W. Goding, K. 
Sano, J.L. Millan and R. Terkeltaub: Osteoblast tissue-
nonspecific alkaline phosphatase antagonizes and 
regulates PC-1. 
Am.J.Physiol.Regul.Integr.Comp.Physiol. 279, R1365-
R1377 (2000) 
 
170. P.A. Price: Gla-containing proteins of bone. 
Connect. Tissue Res. 21, 51-69 (1989) 
 
171. C.M. Gundberg: Biology, physiology, and clinical 
chemistry of osteocalcin. J. Clin. Ligand Assay 21, 128-
138 (1998) 
 
172. P. Bianco, Y. Hayashi, G. Silvestrini, J.D. Termine 
and E. Bonucci: Osteonectin and Gla-protein in calf 



Bone mineralization 

124 

bone: ultrastructural immunohistochemical localization 
using the protein A-gold method. Calcif. Tissue Int. 37, 
684-686 (1985) 
 
173. A.J. Camarda, W.T. Butler, R.D. Finkelman and A. 
Nanci: Immunocytochemical localization of gamma-
carboxyglutamic acid-containing proteins (osteocalcin) in 
rat bone and dentin. Calcif. Tissue Int. 40, 349-355 (1987) 
 
174. C.G. Groot, J.K. Danes, J. Blok, A. Hoogendijk and 
P.V. Hauschka: Light and electron microscopic 
demonstration of osteocalcin antigenicity in embryonic and 
adult rat bone. Bone 7, 379-385 (1986) 
 
175. M.D. McKee, M.J. Glimcher and A. Nanci: High-
resolution immunolocalization of osteopontin and 
osteocalcin in bone and cartilage during endochondral 
ossification in the chicken tibia. Anat. Record 234, 479-492 
(1992) 
 
176. P.D. Delmas, B. Demiaux, L. Malaval, M.C. Chapuy, 
C. Edouard and P.J. Meunier: Serum bone gamma 
carboxyglutamic acid-containing protein in primary 
hyperparathyroidism and in malignant hypercalcemia. 
Comparison with bone histomorphometry. J. Clin. Invest. 
77, 985-991 (1986) 
 
177. P. Chavassieux, P. Pastoureau, M.C. Chapuy, P.D. 
Delmas and P.J. Meunier: Glucocorticoid-induced 
inhibition of osteoblastic bone formation in ewes: a 
biochemical and histomorphometric study. Osteoporosis 
Int. 3, 97-102 (1993)  
 
178. Y. Doi, T. Horiguchi, S.-H. Kim, Y. Moriwaki, N. 
Wakamatsu, M. Adachi, H. Shigeta, S. Sasaki and H. 
Shimokawa: Immobilized DPP and other proteins modify 
OCP formation. Calcif. Tissue Int. 52, 139-145 (1993) 
 
179. P.A. Price and M.K. Williamson: Effects of warfarin 
on bone. Studies on the vitamin K-dependent protein of rat 
bone. J. Biol. Chem. 256, 12754-12759 (1981) 
 
180. N. Binkley, D. Krueger, J. Engelke and J. Suttie: 
Vitamin K deficiency from long-term warfarin 
anticoagulation does not alter skeletal status in male rhesus 
monkeys. J. Bone Miner. Res. 22, 695-700 (2007) 
 
181. N. Amizuka, M. Li, K. Hara, M. Kobayashi, P.H. de 
Freitas, S. Ubaidus, K. Oda and Y. Akiyama: Warfarin 
administration disrupts the assembly of mineralized 
nodules in the osteoid. J. Electron Microsc. (Tokyo) 58, 
55-65 (2009) 
 
182. K. Hara, M. Kobayashi and Y. Akiyama: Influence of 
bone osteocalcin levels on bone loss induced by 
ovariectomy in rats. J. Bone Miner. Metab. 25, 345-353 
(2007) 
 
183. E.C. Cranenburg, L.J. Schurgers and C. Vermeer: 
Vitamin K: the coagulation vitamin that became 
omnipotent. Thromb. Haemost. 98, 120-125 (2007) 
 

184. P. Ducy, C. Desbois, B. Boyce, G. Pinero, B. Story, C. 
Dunstan, E. Smith, J. Bonadio, S. Goldstein, C. Gundberg, 
A. Bradley and G. Karsenty: Increased bone formation in 
osteocalcin-deficient mice. Nature 382, 448-452 (1996) 
 
185. A.L. Boskey, S. Gadaleta, C. Gundberg, S.B. Doty, P. 
Ducy and G. Karsenty: Fourier transform infrared 
microspectroscopic analysis of bones of osteocalcin-
deficient mice provides insight into the function of 
osteocalcin. Bone 23, 187-196 (1998) 
 
186. T. Krueger, R. Westenfeld, L. Schurgers and V. 
Brandenburg: Coagulation meets calcification: the vitamin 
K system. Int. J. Artif. Org. 32, 67-74 (2009) 
 
187. S. Fukumoto and T.J. Martin: Bone as an endocrine 
organ. Trends Endocrinol. Metab. 20, 230-236 (2009) 
 
188. L.D. Quarles: Endocrine functions of bone in mineral 
metabolism regulation. J. Clin. Invest. 118, 3820-3828 
(2008) 
 
189. U. Derici and A.M. El Nahas: Vascular calcifications 
in uremia: old concepts and new insights. Semin. Dial. 19, 
60-68 (2006) 
 
190. S. Jono, A. Shioi, Y. Ikari and Y. Nishizawa: Vascular 
calcification in chronic kidney disease. J. Bone Miner. 
Metab. 24, 176-181 (2006) 
 
191. A. Proudfoot and C.M. Shanahan: Molecular 
mechanisms mediating vascular calcification: role of matrix 
Gla protein. Nephrology (Carlton) 11, 455-461 (2006) 
 
192. L.J. Schurgers, H.M. Spronk, J.N. Skepper, T.M. 
Hackeng, C.M. Shanahan, C. Vermeer, P.L. Weissberg and 
D. Proudfoot: Post-translational modifications regulate 
matrix Gla protein function: importance for inhibition of 
vascular smooth muscle cell calcification. J. Thromb. 
Haemost. 5, 2503-2511 (2007) 
 
193. G. Luo, P. Ducy, M.D. McKee, G.J. Pinero, E. Loyer, 
R.R. Behringer and G. Karsenty: Spontaneous calcification 
of arteries and cartilage in mice lacking GLA protein. 
Nature 386, 78-81 (1997) 
 
194. K. Boström: Insights into the mechanism of vascular 
calcification. Am. J. Cardiol. 88, 20E-22E (2001) 
 
195. S. El-Maadawy, M.T. Kaartinen, T. Schinke, M. 
Murshed, G. Karsenty and M.D. McKee: Cartilage 
formation and calcification in arteries of mice lacking 
matrix Gla protein. Connect. Tissue Res. 44 (suppl. 1), 272-
278(2003) 
 
196. C.S. Viegas, D.C. Simes, V. Laizé, M.K. Williamson, 
P.A. Price and M.L. Cancela: Gla-rich protein (GRP), a 
new vitamin K-dependent protein identified from sturgeon 
cartilage and highly conserved in vertebrates. J. Biol. 
Chem. 283, 36655-36664 (2008) 
 



Bone mineralization 

125 

197. C.S. Viegas, S. Cavaco, P.L. Neves, A. Ferreira, A. 
João, M.K. Williamson, P.A. Price, M.L.Cancela and D.C. 
Simes: Gla-rich protein is a novel vitamin K-dependent 
protein present in serum that accumulates at sites of 
pathological calcifications. Am. J. Pathol. 175, 2288-2298 
(2009) 
 
198. I.M. Shapiro: The association of phospholipids with 
anorganic bone. Calcif. Tissue Res. 5, 13-20 (1970) 
 
199. T.R. Dirksen and G.V. Marinetti: Lipids of bovine 
enamel and dentin and human bone. Calcif. Tissue Res. 6, 
1-10 (1970) 
 
200. I.M. Shapiro: The phospholipids of mineralized tissues  
I. Mammalian compact bone. Calcif. Tissue Res. 5,21-29 
(1970) 
 
201. E. Bonucci and G. Silvestrini: Ultrastructure of rat 
metaphyseal bone after glutaraldehyde-malachite green 
fixation. It. J. Miner. Electrol. Metab. 9, 15-20 (1995) 
 
202. E. Bonucci, G. Silvestrini and P. Mocetti: MC22-33F 
monoclonal antibody shows unmasked polar head groups 
of choline-containing phospholipids in cartilage and bone. 
Eur. J. Histochem. 41, 177-190 (1997)  
 
203. R.E, Wuthier: Lipids of matrix vesicles. Feder. Proc. 
35,117-121 (1976) 
 
204. A.L. Boskey and A.S. Posner: Extraction of calcium-
phospholipid-phosphate complex from bone. Calcif. Tissue 
Res. 19, 273-283 (1976) 
 
205. J.J. Vogel and B.D. Boyan-Salyers: Acidic lipids 
associated with the local mechanism of calcification. A 
review. Clin. Orthop. 118, 230-241 (1976) 
 
206. R. Dziak: Role of lipids in osteogenesis: cell signaling 
and matrix calcification. In: E. Bonucci: Calcification in 
biological systems. Boca Raton, CRC Press, 1992, pp. 59-
71 
 
207. S. Xu and J.J. Yu: Beneath the minerals, a layer of 
round lipid particles was identified to mediate collagen 
calcification in compact bone formation. Biophys. J. 91, 
4221-4229 (2006) 
 
208. R.J. Midura, A. Vasanji, X. Su, A. Wang, S.B. Midura 
and J.P. Gorski,J.P.: Calcospherulites isolated from the 
mineralization front of bone induce the mineralization of 
type I collagen. Bone 41, 1005-1016 (2007) 
 
209. E. Bonucci: Crystal ghosts and biological 
mineralization: fancy spectres in an old castle, or neglected 
structures worthy of belief? J.Bone Miner.Metab. 20, 249-
265 (2002) 
 
210. E. Bonucci: Calcification and silicification: a 
comparative survey of the early stages of biomineralization. 
J. Bone Miner. Metab. 27, 255-264 (2009) 
 

211. E. Riminucci, G. Silvestrini, E. Bonucci, L.W. Fisher, 
P. Gehron Robey and P. Bianco: The anatomy of bone 
sialoprotein immunoreactive sites in bone as revealed by 
combined ultrastructural histochemistry and 
immunohistochemistry. Calcif.Tissue Int. 57, 277-284, 
1995 
 
212. C. Qin, J.C. Brunn, R.G. Cook, R.S. Orkiszewski, J.P. 
Malone, A. Veis and W.T. Butler: Evidence for the 
proteolytic processing of dentin matrix protein 1. 
Identification and characterization of processed fragments 
and cleavage sites. J.Biol.Chem. 278, 34700-34708, 2004 
 
213. W.F. deJong: La substance minérale dans les os. Rec. 
Trav. Chim. 45, 445-448 (1926) 
 
214. A.S. Posner: Bone mineral and the mineralization 
process. In: W.A. Peck (ed.): Bone and mineral research, 
vol. 5. Amsterdam, Elsevier, 1987, pp 65-116   
 
215. M.J. Glimcher: The nature of the mineral component 
of bone and the mechanism of calcification. In: F.L. Coe 
and M.J. Favus: Disorders of bone and mineral metabolism. 
New York, Raven Press, 1992, pp 265-286 
 
216. E.D. Eanes and A.S. Posner: Structure and chemistry 
of bone mineral. In: H. Schraer: Biological calcification. 
New York, Appleton-Century-Crofts, 1970, pp 1-26 
 
217. H.Q. Woodard: The elementary composition of human 
cortical bone. Health Phys. 8, 513-517 (1962) 
 
218. J.E. Wergedal and D.J. Baylink: Electron microprobe 
measurements of bone mineralization rate in vivo. Am. J. 
Physiol. 226, 345-352 (1974) 
 
219. W.J. Landis and M.J. Glimcher: Electron diffraction 
and electron probe microanalysis of the mineral phase of 
bone tissue prepared by anhydrous techniques. J. 
Ultrastruct. Res. 63, 188-223 (1978) 
 
220. C.B. Smith and D.A. Smith: An X-ray diffraction 
investigation of age-related changes in the crystal structure 
of bone apatite. Calcif. Tissue Res. 22, 219-226 (1976) 
 
221. E.D. Eanes: Amorphous calcium phosphate. Monogr. 
Oral Sci. 18,130-147 (2001) 
 
222. S. Weiner, Y. Levi-Kalisman, S. Raz and L. Addadi: 
Biologically formed amorphous calcium carbonate. 
Connect. Tissue Res. 44 (suppl. 1), 214-218 (2003)  
 
223. R.E. Wuthier: A review of the primary mechanism of 
endochondral calcification with special emphasis on the 
role of cells, mitochondria and matrix vesicles. Clin. 
Orthop. 169, 219-242 (1982) 
 
224. J. Sela, Z. Schwartz, L.D. Swain and B.D. Boyan: The 
role of matrix vesicles in calcification. In: E. Bonucci: 
Calcification in biological systems. Boca Raton, CRC 
Press, 1992, pp73-105 
 



Bone mineralization 

126 

225. K. Hoshi, S. Ejiri and H. Ozawa: Ultrastructural, 
cytochemical, and biophysical aspects of mechanisms of 
bone matrix calcification. Acta Anat. Nipp. 75, 457-465 
(2000) 
 
226. H.C. Anderson, R. Garimella and S.E. Tague: The role 
of matrix vesicles in growth plate development and 
biomineralization. Front. Biosci. 10, 822-837 (2005)  
 
227. E.E. Golub: Role of matrix vesicles in 
biomineralization. Biochim. Biophys. Acta 1790, 1592-
1598 (2009) 
 
228. A. Ascenzi, E. Bonucci and D. Steve Bocciarelli: An 
electron microscope study of osteon calcification. J. 
Ultrastruct. Res. 12, 287-303 (1965) 
 
229. W.J. Landis, B.T. Hauschka, C.A. Rogerson and M.J. 
Glimcher: Electron microscopic observations of bone tissue 
prepared by ultracryomicrotomy. J. Ultrastruct. Res. 59, 
185-206 (1977) 
 
230. A. Johansen and H.F. Parks: Electron microscopic 
observations on the three dimensional morphology of 
apatite crystallites of human dentine and bone. J. Biophys. 
Biochem. Cytol. 7, 743-746 (1960) 
 
231. D.S. Bocciarelli: Morphology of crystallites in bone. 
Calcif. Tissue Res. 5, 261-269 (1970) 
 
232. A. Boothroyd: Observations on embryonic chick-bone 
crystals by high resolution transmission electron 
microscopy. Clin. Orthop. 106,290-310 (1975) 
 
233. S. Weiner and P.A. Price: Disaggregation of bone into 
crystals. Calcif. Tissue Int. 39, 365-375 (1986) 
 
234. A. Wachtel and S. Weiner: Small-angle X-ray 
scattering study of dispersed crystals from bone and 
tendon. J. Bone Miner. Res. 9, 1651-1655 (1994) 
 
235. V. Ziv and S.  Weiner: Bone crystal sizes: a 
comparison of transmission electron microscopic and X-ray 
diffraction line width broadening techniques. Connect. 
Tissue Res. 30, 165-175 (1994) 
 
236. X. Su, K. Sun, F.Z. Cui and W.J. Landis: Organization 
of apatite crystals in human woven bone. Bone 32, 150-162 
(2003) 
 
237. S. Lees, K.S. Prostak, V.K. Ingle and K. Kjoller: The 
loci of mineral in turkey leg tendon as seen by atomic force 
microscope and electron microscopy. Calcif. Tissue Int. 55, 
180-189 (1994) 
 
238. S.J. Eppell, W. Tong, J.L. Katz, L. Kuhn and M.J. 
Glimcher: Shape and size of isolated bone mineralites 
measured using atomic force microscopy. J. Orthop. Res. 
19, 1027-1034 (2001) 
 
239. W. Tong, M.J. Glimcher, J.L. Katz, L. Kuhn and S.J. 
Eppell: Size and shape of mineralites in young bovine bone 

measured by atomic force microscopy. Calcif. Tissue Int. 
72, 592-598 (2003) 
 
240. H.J. Arnott and F.G.E. Pautard: Osteoblast function 
and fine structure. Israel J. Med. Sci. 3, 657-670 (1967) 
 
241. A.S. Posner, R.A. Harper, S.A. Muller and J. Menczel: 
Age changes in the crystal chemistry of bone apatite. Ann. 
N. Y. Acad. Sci. 131, 737-742 (1965) 
 
242. J.M. Burnell, E.J. Teubner and A.G. Miller: Normal 
maturation changes in bone matrix, mineral, and crystal 
size in the rat. Calcif. Tissue Int. 31, 13-19 (1980) 
 
243. E.J. Wheeler and D. Lewis: An X-ray study of the 
paracrystalline nature of bone apatite. Calcif. Tissue Res. 
24, 243-248 (1977) 
 
244. S. Arnold, U. Plate, H.-P. Wiesmann, U. Straatmann, 
H. Kohl and H.-J. Höhling: Quantitative analyses of the 
biomineralization of different hard tissues. J. Microsc. 202, 
488-494 (2001) 
 
245. E. Bonucci: Fine structure of early cartilage 
calcification. J. Ultrastruct. Res. 20, 33-50 (1967) 
 
246. K.S. Prostak and S. Lees: Visualization of crystal-
matrix structure. In situ demineralization of mineralized 
turkey leg tendon and bone. Calcif. Tissue Int. 59, 474-479 
(1996)   
 
247. V. Marinozzi: Réaction de l'acide phosphotungstique 
avec la mucine et les glycoprotéines des plasmamembranes. 
J. Microscopie 6, 68A (1967) 
 
248. J.-E. Fléchon and D. Huneau: Validity of 
phosphotungstic acid staining of polysaccharide (glycogen) 
at very low pH on thin sections of glycolmethacrylate 
embedded material. J. Microsc. (Paris) 19, 207-212 (1974) 
 
249. P. Barsotti and V. Marinozzi: PTA staining of 
osmium-fixed, GMA-embedded tisues. J. Submicr. Cytol. 
12, 315-319 (1980)    
 
250. M. Takagi: Ultrastructural cytochemistry of cartilage 
proteoglycans and their relation to the calcification process. 
In: E. Bonucci and P.M. Motta: Ultrastructure of skeletal 
tissues. Boston, Kluwer Academic Publishers, 1990, pp 
111-127 
 
251. N. Shepard: Role of proteoglycans in calcification. In: 
E. Bonucci: Calcification in biological systems. Boca 
Raton, CRC Press, 1992, pp 41-58 
 
252. E. Bonucci, G. Silvestrini and R. Di Grezia: 
Histochemical properties of the "crystal ghosts" of 
calcifying epiphyseal cartilage. Connect. Tissue Res. 22, 
43-50 (1989) 
 
253. M.J. Glimcher: Molecular biology of mineralized 
tissues with particular reference to bone. Rev. Modern 
Phys. 31, 359-393 (1959) 



Bone mineralization 

127 

254. A.L. Arsenault: A comparative electron microscopic 
study of apatite crystals in collagen fibrils of rat bone, 
dentin and calcified turkey leg tendons. Bone and Mineral 
6, 165-177 (1989) 
 
255. S. Lees and K.S. Prostak: The locus of mineral 
crystallites in bone. Connect. Tissue Res. 18, 41-54 (1988) 
 
256. A.J. Hodge: Molecular models illustrating the possible 
distributions of 'holes' in simple systematically staggered 
arrays of type I collagen molecules in native-type fibrils. 
Connect. Tissue Res. 21, 137-147 (1989) 
 
257. J. Christoffersen and W.J. Landis: A contribution with 
review to the description of mineralization of bone and 
other calcified tissues in vivo. Anat. Record 230, 435-450 
(1991) 
 
258. W.J. Landis, K.J. Hodgens, J. Arena, M.J. Song and 
B.F. McEwen: Structural relations between collagen and 
mineral in bone as determined by high voltage electron 
microscopic tomography. Microsc. Res. Techn. 33, 192-202 
(1996) 
 
259. R.M.V. Pidaparti, A. Chandran, Y. Takano and C.H. 
Turner: Bone mineral lies mainly outside collagen fibrils: 
prediction of a composite model for osteonal bone. J. 
Biomechanics 29, 909-916 (1996) 
 
260. T. Saito, A.L. Arsenault, M. Yamauchi, Y. Kuboki 
and M.A. Crenshaw: Mineral induction by immobilized 
phosphoproteins. Bone 21, 305-311 (1997) 
 
261. A.S. Deshpande and E. Beniash: Bio-inspired 
synthesis of mineralized collagen fibrils. Cryst. Growth 
Des. 8,3084-3090 (2008) 
 
262. A.E. Sobel: Local factors in the mechanism of 
calcification. Ann. N. Y. Acad. Sci. 60, 713-731 (1955) 
 
263. N.C. Blumenthal, A.S. Posner, L.D. Silverman and 
L.C. Rosenberg: Effect of proteoglycans on in vitro 
hydroxyapatite formation. Calcif. Tissue Int. 27, 75-82 
(1979) 
 
264. J.P. Gorski: BAG-75, a biomarker for initial sites of 
mineral nucleation in primary bone. Europ.J.Histochem. 51 
(Suppl. 2), 2 (2007) 
 
265. W.T. Butler: Matrix macromolecules of bone and 
dentin. Collagen Rel. Res. 4, 297-307 (1984) 
 
266. M.J. Glimcher: Mechanism of calcification: role of 
collagen fibrils and collagen-phosphoprotein complexes in 
vitro and in vivo. Anat. Record 224, 139-153 (1989) 
 
267. A. Linde: Structure and calcification of dentin. In: E. 
Bonucci: Calcification in biological systems. Boca Raton, 
CRC Press, 1992, pp. 269-311 
 
268. A. Veis: Mineral-matrix interactions in bone and 
dentin. J. Bone Min.. Res. 8 (Suppl. 2), S493-497 (1993) 

269. A.L. Boskey, S.B. Doty, V. Kudryashov, P. Mayer-
Kuckuk, R. Roy and I. Binderman: Modulation of 
extracellular matrix protein phosphorylation alters 
mineralization in differentiating chick limb-bud 
mesenchymal cell micromass cultures. Bone 42, 1061-1071 
(2008) 
 
270. L. Addadi and S. Weiner: Interactions between acidic 
proteins and crystals: stereochemical requirements in 
biomineralization. Proc. Natl. Acad. Sci. USA 82, 4110-
4114 (1985) 
 
271. S. Weiner and L. Addadi: Acidic macromolecules of 
mineralized tissues: the controllers of crystal formation. 
Trends Biochem. Sci. 16, 252-256 (1991) 
 
272. S. Albeck, L. Addadi and S. Weiner: Regulation of 
calcite crystal morphology by intracrystalline acidic 
proteins and glycoproteins. Connect. Tissue Res. 35, 365-
370 (1996)  
 
273. T. Matsumoto, M. Okazaki, M. Inoue, J. Sasaki, Y. 
Hamada and J. Takahashi: Role of acidic amino acid for 
regulating hydroxyapatite crystal growth. Dent. Mater. J. 
25, 360-364 (2006) 
 
274. H. Tong, M. Wentao, L. Wang, P. Wan, J. Hu, J. and 
L. Cao: Control over the crystal phase, shape, size and 
aggregation of calcium carbonate via a L-aspartic acid 
inducing process. Biomaterials 25, 3923-3929 (2004)  
 
275. B.A. Gotliv, N. Kessler, J.L. Sumerel, D.E. Morse, N. 
Tuross, L. Addadi and S. Weiner: Asprich: a novel aspartic 
acid-rich protein family from the prismatic shell matrix of 
the bivalve Atrina rigida. Chembiochem. 6, 304-314 (2005) 
 
276. L. Addadi, D. Joester, F. Nudelman and S. Weiner: 
Mollusk shell formation: a source of new concepts for 
understanding biomineralization processes. Chem. Eur. J. 
12, 980-987 (2006) 
 
277. E. Boanini, P. Torricelli, M. Gazzano, R. Giardino and 
A. Bigi: Nanocomposites of hydroxyapatite with aspartic 
acid and glutamic acid and their interaction with osteoblast-
like cells. Biomaterials 27,4428-4433 (2006) 
 
278. Z. Zhu, H. Tong, T. Jiang, X. Shen,P. Wan and J. Hu: 
Studies on induction of L-aspartic acid modified chitosan to 
crystal growth of the calcium phosphate in supersaturated 
calcification solution by quartz crystal microbalance. 
Biosens. Bioelectron. 22,291-297 (2006) 
 
279. S. Weiner: Biomineralization: A structural 
perspective. J. Struct. Biol. 163, 229-234 (2008) 
 
280. M.A. Rahman and T. Oomori: In vitro regulation of 
CaCO(3) crystal growth by the highly acidic proteins of 
calcitic sclerites in soft coral, Sinularia Polydactyla. 
Connect. Tissue Res. 50, 285-293 (2010) 
 
281. A. Nanci: Ten Cate's oral histology: Development, 
structure, and function. St. Louis, Mosby, (2003) 



Bone mineralization 

128 

Abbreviations: AEBSF: 4-(2-
aminoethyl)benzenesulfonylfluoride HCl, AHSG: a2-
Heremans-Schmid Glycoprotein, Fetuin, ASARM: Acidic 
Serine-Aspartate-Rich MEPE-associated motif, BAG-75: 
Bone Acidic Glycoprotein-75, BGP: Bone Gla-Protein, 
BMP: Bone Morphogenetic Protein , BSP: Bone 
Sialoprotein, DMP1: Dentin Matrix Protein 1, FGF23: 
Fibroblast Growth Factor 23, GAG: Glycosaminoglycans, 
Gla: Carboxyglutamic acid, GRP: Gla-Rich Protein, HA: 
Hyaluronic Acid, MEPE: Matrix Extracellular 
Phosphoglycoprotein, MGP: Matrix Gla-Protein, OC: 
Osteocalcin, OF45: Osteoblast/osteocyte Factor 45, ON: 
Osteonectin, OPN: Osteopontin, PAS: Periodic Acid-
Schiff, PC-1: Plasma Cell membrane Glycoprotein-1, 
PEDS: Post-Embedding Decalcification and Staining, 
PHEX: Phosphate-regulating gene with Homologies to 
Endopeptidases on the X chromosome, PTA: 
Phosphotungstic Acid, SPARC: Secreted Protein, Acid and 
Rich in Cysteine, SIBLING: Small Integrin-Binding 
Ligand, N-linked Glycoprotein, SLRP: Small Leucine-Rich 
Proteoglycans, TNSALP: Tissue Non-Specific Alkaline 
Phosphatase 
 
Key Words: Bone; Bone Mineralization, Bone Matrix, 
Organic-Inorganic Relationships, Mineralization 
Mechanism, Review 
 
Send correspondence to: Ermanno Bonucci, Department 
of Experimental Medicine, La Sapienza University of 
Rome, Policlinico Umberto I, Viale Regina Elena 324, 
00161 Rome, Italy.  Tel: 064957685, Fax: 064957685, E-
mail: ermanno.bonucci@uniroma1.it 
 
http://www.bioscience.org/current/vol17.htm 
 
 


