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In the study of the size and shape of crystals composing the ground substance of mineralized tissues, data of roentgeno-
graphic analysis and transmission electron microscopy of nondecalcified material are usually used. The existing data show [1, 4,
12] that mature lamellar bone is characterized by the presence of many mineral particles in the form of tiny needles and rods,
arranged chiefly along the course of collagen bundles and fibers. They may reach 50 nm in length but their width does not
exceed 3-4 nm. Meanwhile, investigations [5, 9, 10] have shown the presence of lamellar crystals as well as needles in the matrix
of bones. They have been described as lamellar structures, sometimes hexagonal but varied in shape, measuring 32-36 nm. They
are arranged in the spaces between collagen fibrils. Some workers [8] consider that all crystal structures of the mineral phase of
bone are lamellar in shape, and that the discovery of needle-shaped crystals is an indication of deformation of the lammelae
during preparation of ultrathin sections [13]. Recently published work [14] indicates the existence of definite interconnections
between structures of the bone mineral in the composition of the matrix of mature lamellar bone. As a result it has been
suggested [11] that mutually intersecting networks of collagen fibers and mineral particles may be present in formed bone.
Investigations [2, 6, 7] have shown that treatment of specimens of bone with solutions of sodium hypochlorite can completely
remove the organic components of bone substance and can make the surface of the mineralization front accessible for study.
Under these circumstances the structure and chemical composition of the bone mineral are unchanged.

The aim of this investigation was to study the spatial organization of particles of the mineral phase of lamellar bone in
preparations obtained after removal of the organic part of the bony matrix.

EXPERIMENTAL METHOD

Specimens of compact substance from the human femoral diaphysis (age range 19-44 years) were studied. Cases of
diseases of the bones and joints were excluded. The organic components of the bone were removed with grade A sodium
hypochlorite (State standard 11086-76) by the method in [7]. Specimens of the mineral phase, after washing in distilled water and
dehydration in alcohols, were embedded in methacrylate. Unstained semithin sections were studied in polarized light on the "Nu"
instrument. Shear preparations of the mineral phase were obtained and their surface sprayed with copper and studied by
scanning clectron microscopy (SEM) on a "Philips SEM 515" instrument. Ultrathin sections were studied by transmission
electron microscopy (TEM). Freezing and shearing of specimens of the mineral phase also were carried out on a "BaF-400D"
instrument (Balzers), and the shear surface was sprayed with platinum/carbon; the resulting replicas were studied in an EM-420
electron microscope (Philips). To evaluate the strength properties of the mineral phase of the bone, the specimens, after removal
of organic matter, were tested on an "Instron 6022" apparatus by the method developed previously [3]. The strength of the
specimens was determined by testing their compression. The index of microhardness was determined on the PMT-3 instrument.
The mechanical characteristics of the mineral phase were studied under two conditions: immediately after removal of organic
matter and after drying of the specimens to constant weight at 105°C. At all stages of investigation similar native specimens of
bone and specimens decalcified in EDTA served as the control.

Department of Experimental Morphology, Research Laboratory of Biological Structures, Ministry of Health of the
USSR, Moscow. (Presented by Academician of the Academy of Medical Sciences of the USSR S. S. Debov.) Translated from
Byulleten’ Eksperimental’noi Biologii i Meditsiny, Vol. 109, No. 6, pp. 614-616, June, 1990. Original article submitted August 20,
1989.

824 0007-4888/90/0006-0824$12.50 ©1990 Plenum Publishing Corporation



Fig. 1. Principal structural components of bone matrix according to TEM data.
a) Collagen fibrils, decalcified preparation, b} crystals of bone mineral in inter-
fibrillary spaces (one arrow) and along course of single fibrils (two arrows);
undecalcified preparation. 95,000x.

EXPERIMENTAL RESULTS

The study of the control material revealed all the basic structural features of mature lamellar bone. In the decalcified
sections bundles of collagen fibers in the composition of individual bony lamellae could be distinguished clearly (Fig. 1a). They
had the characteristic cross-striation, and their diameter usually did not exceed 100 nm. In undecalcified preparations, numerous
mineral particles were detected in the composition of the matrix of the bone, and lay between bundles of collagen structures. In
ultrathin sections they had the appearance of elongated rods or needles, with a2 maximal length of 40-50 nm. Large rods usuaily
were located in the intervals between bundles of fibrils. Along the course of a single fibril small mineral particles of clongated
shape could be seen (Fig. 1b). The strength index, obtained during compression testing of the native bone specimens, was 158 +
2.3 MPa, and the microhardness was 372 + 3.4 MPa. For demineralized bone specimens, the compression strength was 11 = 1.3
MPa and the microhardness was close to zero.

The study of bone specimens after removal of the organic components of the matrix showed that in their configuration
they do not differ from the analogous native preparations. They were bright white in color. In semithin unstained sections groups
of mineral lamellae of different configuration, arranged in consecutive groups, with a maximal size of 20-25 gm and minimal of
5 um, were seen (Fig. 2a). On comparison with the corresponding control sections of bone, chains of these lamellae were found
to correspond to the position of collagen bundles. By light microscopy it is impossible to assess the mutual arrangement of these
mineral lamellae or the design of their contacts.

During analysis of the material by SEM, the extent of individual mineral lamellac and their configuration could be
clearly determined (Fig. 2b). As a rule these are rectangular structures with uneven edges. Their greatest length could reach 36
um, although quite often similar lamellae, not more than 10 #m in length, could be seen. In most cases the edges of the lamellae
were in close contact with one another and narrow spaces or irregularly shaped openings could be seen between individual
lamellae. No structures resembling rods or needles in their configuration could be found.
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Fig. 2. Structure of mineral phase after removal of organic components of bone. a) Mineral particles located
along course of collagen bundles. Unstained section, 360X; b) the same as in a, SEM, 900x; c) lamellar struc-
tures of bone mineral. TEM. 50,000%; d) Mineral lamellae on shear surface of bone after removal of organic
matter. Replica, TEM, 180,000x.

Electron-microscopic investigation of ultrathin sections of the mineral phase of the bone revealed thin translucent
mineral lamellae of complex configuration, not exceeding 100 nm in average size. They were arranged chaotically, without any
definite correlation with each other (Fig. 2c). The impression was created that they were splinters from large mineral formations.
In some cases groups of lamellae, lying side by side, and with their edges in contact, could be detected; outgrowths of one
lamellae, moreover, corresponded to depressions of the edge of the other. Typical prismatic or needle-shaped crystals of bone
mineral could not be detected.

The study of replicas taken from the shear surface of the mineral phase of bone revealed a distinct lamellar structure of
the bone mineral (Fig. 2d). Lamellar structures of the mineral phase were arranged in layers, in close contact with one another.
The lamellae had uneven contours, and in places where they were in contact, small spaces and pinholes could be seen. The
greatest size of the lamellae was 200 nm, although structures were seen whose long axis did not exceed 50 nm. The lamellar
structure of the bone mineral was clearly visible in regions in which the shear surface passed through structures of osteons, and
also on mineralized surfaces bounding the bony canals and walls of the bony lacunae. No mineral particles of needle shape were
 found.

The results of the mechanical tests on specimens of the mineral phase of bone showed that the strength index for
compression of these samples was 10.7 = 0.55 MPa, and their microhardness was 55 + 2.6 MPa. Preliminary drying of samples of
the mineral phase at a temperature of 105°C led to a considerable increase in the values of these parameters, which exceeded
the initial level by 7 and 6 times respectively.

Thus this investigation provides evidence for the view that the mineral phase of mature human bone consists mainly of
mineral structures in the form of lamellae. These particles are arranged in the matrix of the bone in close contact with one
another and not chaotically. As a result a group of lamellae occupying the spaces of the interfibrillary processes in the bone
matrix is formed. They can in general be identified also at the light-microscopic level, but during preparation of bone sections,
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only small fragments of them could be observed. Interaction between mineral lamellac most probably take place at the level of
the hydration layers of crystallites of the bone mineral. It can be tentatively suggested that the forces of this interaction are large
enough for the mineral phase, separated from organic matter, to preserve the configuration of the bone specimen and also
sufficiently high mechanical strength.
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