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Abstract

Scanning electron microscopy (SEM) was used to
study samples of lamellar bone at magnifications typical
for the published transmission electron micrographs, to
gain more insight into the three-dimensional ultrastruc-
ture of bone mineral. Untreated (whole bone) samples
allowed an assessment of the degree of mineralization.
Deproteinized samples revealed the ultrastructural form
and organization of bone apatite to be a function of the
extent to which collagen fibers were imbibed with min-
eral. Numerous parallel formations reminiscent of
troughs, gutters, or furrows, pierced and traversed the
mineralization front. These troughs showed varying di-
ameters identifiable with collagen fibers, and were sep-
arated from one another by an elaborate system of thin
platy septa and flakes. The troughs were interpreted as
impressions of dissolved collagen fibers and bundles.

Confluencing calcospherites were characterized
by rod-shaped and fusiform mineral aggregates with di-
ameters complying with collagen fibers and bundles.
Mature mineral showed no plates; it was characterized
by bundles of vermiform particles.

It is suggested that in newly deposited bone min-
eral, mineral aggregates incompletely encrust collagen
fibers and bundles, forming perifibrillar and interfibril-
lar plates and sheaths. During further mineralization
these aggregates appears to coalesce to a continuous
mineral phase.

Key Words: Bone apatite, crystal size, biomineraliza-
tion, calcospherites, scanning electron microscopy,
specimen preparation, deproteinization, hydrazine, sodi-
um hypochlorite, collagen.
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Introduction

The calcium phosphate minerals in dental enamel,
dentin and bone are taken to be composed of hydroxya-
patite. It is agreed that this in vivo apatite occurs solely
in form of crystallites generally less than a few tens of
nanometers. But there is no general consensus on the
habit or dimensions of the crystallites. This is parti-
cularly true of bone mineral, whose crystallites are de-
picted as much smaller than in dentin and tooth enamel.

The prevalent views are three-fold: (a) bone min-
eral is not made up of individual crystallites, but rather
a continuous ultraskeleton (Ascenzi and Chiazzoto,
1955; Turner and Jenkins, 1981); (b) bone mineral is
made up of discrete crystallites with a needle- or rod-
shaped habit; (¢) bone mineral is made up of crystallites
with a platy (tabular) form. There is a fourth discrepan-
cy: (d) the crystallite sizes as determined by transmis-
sion electron microscopy (TEM) tend to be larger than
those determined by X-ray diffraction.

On the basis of TEM, Robinson and Watson
(1952) and Robinson (1955) concluded that bone apatite
crystallites have a tabular form, mature crystallites
having average dimensions of 150.0 x 50.0 x 10.0 nm.
Ferndndez-Mordn and Engstrom (1957), on the other
hand, interpreted their TEM results to indicate a needle-
or rod-shaped crystallite habit. Apart from these rods
of dimensions 3.0-6.0 x 10.0 nm, they also described
crystallite flakes measuring 2.0-5.0 by 30.0-50.0 nm,
which they accounted for as lateral aggregations of the
rods. Bocciarelli (1970) found crystallites of 2.0-4.0
nm diameter and a length of a few tens of nm. This
author also observed platy crystallites (60.0-70.0 nm in
diameter), which she interpreted as evidence for the
presence of octacalcium phosphate in bone mineral.
Schwarz and Pahlke (1953) reported oval or spindle-
form particles with dimensions ranging from 15.0 to
130.0 nm.

X-ray diffraction investigations on bone material
have corroborated both the needle-like and the platy
habit of the apatite crystallites in bone, with the longest
dimension of the crystallites (corresponding to the ¢
axis) lying parallel to the axis of the collagen fibers
(Stiihler, 1938; Miinzberg, 1970).

Although TEM and X-ray diffraction have made
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a tremendous contribution to our understanding of min-
eralized tissues, we have to concede that both methods
have their inherent limitations, certainly in the quest to
understand the three-dimensional ultrastructure of the
brittle, dense and heterogeneous inorganic fraction of
bone. Even if artifacts like mineral shattering intro-
duced during ultramicrotomy could be corrected for, the
ultrathin sections mandatory for TEM investigation as
well as the transmission mode itself allow essentially
only a two-dimensional reproduction of structural
information.

The conclusiveness of data obtained from X-ray
diffraction studies is compromised when the samples
employed have to be calcinated and/or powdered before
they can be investigated. Powdering has been held re-
sponsible for fragmentation of apatite crystals, at least
in dental enamel (Daculsi er al., 1984)

It appeared desirable to investigate whether a
complementary application of SEM to the study of bone
mineral ultrastructure can be advocated. The proposal
seemed tenable because SEM has facilities suitable for
the morphological investigation of a heterogeneous ma-
terial like bone: it has a large depth of focus, is capable
of rendering adequate resolution at magnifications rou-
tinely used in TEM, and it allows the ultrastructural
study of bulky specimens without orientational diffi-
culties.

This study has used the SEM criteria established
by Boyde (1972) and Dempster ez al. (1979) to identify
the different surfaces in the remodelling process. How-
ever, a SEM with a field emission cathode has been
used to achieve magnification ranges comparable with
those published in TEM studies.

Materials and Methods

The bone samples used were obtained from
human maxilla and from femoral diaphyses of adult
alsatians.

Human bone

Thin bone chips (up to 4 mm in diameter) chisel-
led from the maxillary tuberosity region of a healthy
adult male during surgical removal of impacted upper
third molars were immediately suspended in pure, anhy-
drous hydrazine (Serva Feinbiochemica, Heidelberg,
Germany) and kept at 60°C for 24 hours. After the de-
proteinization, the samples were air-dried in a fume
cupboard, fixed onto aluminium stubs and examined in
a Hitachi S-800 either uncoated or after sputter coating
with 3.0-4.0 nm of gold.

Dog bone

After perfusion fixation with 2.5 % glutaraldehyde
in 0.1 M cacodylate buffered at 7.4 pH., the femora
were disarticulated and 3-4 mm thick discs cut from the
bone shaft using a hand saw. The samples were post-
fixed overnight at 4°C in the same fixative, rinsed
thoroughly in deionized water and prepared as whole
bone or deproteinized (anorganic) specimens.
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Whole bone

Following post-fixation and rinsing, the samples
were equilibrated in an ascending series of ethanol and
dried in a Balzers CPD 20 critical point dryer.

Anorganic samples

After post-fixation and rinsing of the samples,
they were deproteinized (for 12-18 hours) using 5% so-
dium hypochlorite (NaOCl) in 0.1 M cacodylate buffer-
ed at a pH of 7.4. The specimens were then dehydrated
and critical point dried as above.

Whole bone and anorganic specimens were then
fractured, mounted onto aluminium stubs, coated with
7.0 nm of gold and viewed in a thermoionic cathode
SEM (Cambridge Stereoscan) or coated with 3.0-4.0 nm
and viewed in a field emission cathode SEM (Hitachi S-
800). The low-voltage facility of the Hitachi S-800 was
used to investigate uncoated specimens. The Hitachi S-
800 was operating at working distances between 5 and 7
mm, emission current of 10 pA, an aperture of 30 um
and a vacuum of about 10”7 Torr. The probe current at
accelerating voltages between 20 and 30 kV was about
2x107 A.

Results

Whole bone

At the mineralization front, the calcospherites
were obscured by non-fibrillar organic material and
bridged by what appeared to be collagen fibers (Fig. 1),
comparable to those identified by Sela and Boyde
(1977).

The resting surfaces presented a morphology
seemingly indicative of the degree of mineralization
(Fig. 2). In less mineralized sites, individual collagen
fibers could be more easily distinguished, with the sug-
gestion of periodic cross striations characteristic of bone
collagen. In sites more densely infiltrated with mineral,
individual fibers as well as the cross striations were less
well marked. Fig. 2 also shows that the fibers and bun-
dles have a granular surface and that they sometimes
bulge and club along their lengths.

Deproteinized specimens

At low magnification, the samples showed a vari-
egation of mineralization fronts, resting and resorbing
surfaces (Fig. 3), with their typical SEM appearances at
slightly higher magnifications (Figs. 4, 5). When the
respective surface types were viewed at higher magnifi-
cations as routinely used in TEM, invariably, reproduc-
ible patterns emerged. In young anorganic bone, the
surface of calcospherites depicted formations reminis-
cent of grooves, troughs or gutters suggesting impres-
sions of the dissolved collagen fibers and bundles (Figs.
6-8). Bone mineral associated with loosely packed col-
lagen fibers showed individual gutters; on the other
hand, the mineral associated with collagen packed to-
gether in bundles had the appearance of one continuous
mass, on whose surface plates and flakes could be dis-
cerned (Fig. 7). The edges of the troughsand flakes
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Figure 1. Mineralization front in an
untreated (whole bone) sample from dog
diaphysis. Although the calcospherites
are extensively obscured by organic
material, they are still recognizable.
Some of them are bridged by fibrillar
structures (e.g., at arrows), most likely
collagen fibers. Bar = 3.0 um.

were sometimes serrated and/or curved-in (Figs. 6, 7),
presumably tracing the curvature of the fibers, or bun-
dles they ensheathed before deproteinization. Figs. 9
and 10 illustrate clearly that the calcospherites are not
solid masses, but rather represent elaborate compart-
mentalized shells with grooves and canals running paral-
lel to their long axes.

In confluencing calcospherites, occasionally,
platy aggregates of irregular size and shape could be
identified on the calcospherite surfaces (Fig. 11). But
generally, the trough-shaped mineral aggregates associ-
ated with loosely packed collagen (Figs. 7, 8) seem to
have assumed the size and configuration of collagen
fibers, with lengths of up to 1 um (Fig. 12). Some of
these rod-shaped or fusiform structures still retain shal-
low grooves so that they would be kidney-shaped in
cross-section. This in contrast to the situation in young-
er bone, where the cross-section would be crescent- or
C-shaped.

The mineral in mature bone, as seen on resting
and resorbing surfaces, showed no plates, and the notion
of discrete crystallites became more elusive. Here the
surfaces showed predominantly endless bundles of ver-
miform mineral formations (Fig. 13). If anything was
suggestive of substructural morphology, then it was a
periodic segmentation responsible for the vermiform
appearance.
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Figure 2. Resting bone surface in a sample of whole
bone from dog femur diaphysis. Diagonally from upper
left to lower right, the collagen fibers form a bundle in
which mineral is densely invested, sometimes causing
bulging and clubbing of the fibers (e.g., 1-4). Collagen

periodicity is less discernible. Upper right and lower
left are areas between neighboring bundles. Here the
fibers are more loosely packed and the suggestion of
collagen periodicity is more apparent. The surface is
granular and some of the granules are assembled in clus-
ters. Bar = 400 nm.

While studying the crystals, we met with no mor-
phological or structural characteristics peculiar to dog
or human bone.

Discussion

Viable bone tissue is perpetually undergoing a cy-
clic microrepair process called remodelling, whereby
secondary osteons are formed. Osteons, in formation,
represent mineralization fronts, structurally analogous
to the front in primary ossification. Because of this
cyclic reparative process, fracture surfaces or sections
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Figure 3. Heterogeneity of bone tissue. Hydrazine-deproteinized human jaw bone. A mineralization surface (left)
is contiguous with a resorption surface. Howship’s lacunae characterize the resorbing surface. Bar = 50 pm.

Figure 4. The typical appearance of a resorption surface at low magnification. The smooth texture (cf. Figure 5) and
the scalloped edges of Howship’s lacunae characterize this type of surface. NaOClI-treated surface from dog diaphysis.
Bar = 20 pm.

Figure 5. Mineralization front in NaOCl-treated anorganic bone from dog diaphysis. Removal of the organic matrix
exposes the calcospherites (cf. Figure 1). The micrograph is a depiction of an osteocyte lacuna under formation. The
smoothly textured perilacunar mineral is not yet formed, implying that the mineral has been recently deposited. Bar
= 3.0 pm.

Figure 6. Higher magnification of the middle of Figure 5. The surfaces of calcospherites show numerous troughs,
(three troughs are marked with arrows) and plates (especially upper right). C, Canaliculus. Bar = 1.0 pum.
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of bone specimens present a mosaic of structural do-
mains that have been well characterized in SEM by
Boyde and Hobdell (1969), Boyde (1972) and Dempster
et al. (1979). Fig. 3 depicts young bone characteristic
of the mineralizing front extending like a peninsula into
mature bone typical of the resorbing domains. Fig. 4 is
a low-magnification micrograph of a mineralizing front
illustrating calcospherites and Fig. 5 shows a resorption
surface characterized by the scalloped edges of How-
ship’s lacunae. The interpretation of the mineral ultra-
morphology in this study has been related to these
domains.

The results presented here show that the ultra-
structural topomorphology of bone mineral is highly
elaborate and depends on the micromorphological zone
in which the mineral is located: whether in young or
mature bone domains. Given this complexity and the
variegated nature of bone tissue and mineral, it becomes
easy to appreciate the microscopic and ultrastructural
orientational difficulties in TEM, and why the samples
used in X-ray diffraction studies must invariably be
heterogeneous.

At high magnifications, young bone was found to
be composed of a continuous mass of mineral on whose
surface irregularly shaped plates of colloidal dimensions
could be identified (Figs. 6-10). Some of these plates
seemed to be associated with collagen fibers closely
packed together in bundles (Fig. 7, big arrows). In ad-
dition, trough-shaped mineral entities of varying length
and diameter were identified, apparently associated with
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Figure 8. Minerali-
zation front in dog
bone made organic by

NaOCl. The mineral
surface presents with
moniliform-edged
trough formations
(e.g., at arrow-
heads). Bar = 300
nm.

Mineralization front. Upper right,

Figure 7.
irregularly shaped plates (big arrows); upper left
as well as below, predominantly troughs, (e.g.,

at smaller arrows). Bar = 250 nm.

individual collagen fibers (Figs. 6, 8). With increasing
mineral uptake, some plates and septa seem to become
larger (Fig. 11) as most of the troughs get their hollows
filled in with mineral, assuming rod-shaped or fusiform
configurations with lengths up to 1 um (Fig. 12).

In contrast, mature bone mineral is virtually void
of mineral plates of any kind (Fig. 13); it is predomi-
nated by vermiform mineral masses suggesting "collagen
skeletons" (Dempster ef al., 1979). There is no indica-
tion that these individual masses are hollow although a
few of them would be kidney-shaped in cross-section as
opposed to the crescent cross-section in young becne
(Figs. 6-8).

The results seem to suggest that the mineraliza-
tion of collagen fibers starts perifibrally, or at least
within the peripheral (if integral) parts of the fibers,
proceeds with penetration and imbibing of mineral into
the substance of the fiber, forcing the fiber to bulge and
increase in diameter (Fig. 2). If the structure of colla-
gen is affected in this manner, its structure should be
hardly discernible in fully mineralized bone sites.

Indeed this fact is borne with by three important
observations: (a) a survey of the published transmission
electron micrographs originating from fully mineralized
zones shows that collagen fibers are almost never dis-
cerned; (b) in X-ray diffraction of whole bone, collagen
gives a very weak background signal, or indication of
collagen is missing altogether, so that the diffraction
patterns of this tissue is predominated by apatite peaks
(Stiithler, 1938; Miinzberg, 1970), and yet (c) after
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decalcification of bone tissue the X-ray diagrams ob-
tained are typical of collagen fibers (Stiihler, 1938;
Miinzberg, 1970).

The colloidal plates (flakes) and perifibrillar min-
eral "cuffs" as demonstrated here in young bone as well
as their apparent absence in mature bone have a bearing
on observations made in TEM and with X-ray diffrac-
tion. An ultrathin section through the plane of Fig. 6 or
7 will meet the constellation of mineral particles in all
sorts of planes. The plates will be sectioned parallel to
their flat plane, askew or edge-on.

In a two-dimensional projection, most of these
plates will appear like rods of varying lengths. This
could substantiate the TEM findings (Johansen and
Parks, 1960; Bocciarelli, 1970) that rod-like images
were actually edge views of plate-like structures. Fig.
10 seems to make this interpretation almost inescapable.
A section through Fig. 13, on the hand, would not show
crystals. This corresponds to the published transmission
electron micrographs of bone tissue. No crystals are
found in domains other than the mineralizing front, im-
mediately adjacent to osteoblasts. The present results
seem to be at variance with the stipulation of Ferndndez-
Morén and Engstrom (1957) that the plates they found
were lateral aggregations of needle-shaped crystals.

Miinzberg (1970) obtained diffraction patterns of
single-crystals from young bone mineral. He concluded
that these single apatite crystallites had to have dimen-
sions of at least 50.0-100.0 nm in the ¢ direction, other-
wise their patterns would not have been resolved.
Again it is noteworthy that this author never found
single plates in mature bone mineral.

The technical data of the Hitachi S-800 guaran-
tees a resolution of 2.0 nm for the instrument, so that
the thickness of bone crystallites of the order of 2.0-5.0
nm as found in the literature should possibly have been
resolved. Certainly, the acclaimed length of the needles
or the length and breadth of the tabular crystallites
would have been observed, since they are stated to be of
the order of 20.0-100.0 nm. Although plates were
found in the present study, no plate-plate grain
boundaries (in a crystallographic sense) could be dem-
onstrated (Fig. 10). Instead the plates were contiguous
with solid masses of mineral. Further, the plates
showed different radii of curvature, varying from an
almost flat (Fig. 7, big arrow) to a c-shaped configura-
tion (Fig. 6, 8). The differences in curvature most
probably depend on whether the plates were encrusting
single, or bundles of, fibers.

The plates were discerned only in young mineral.
The shapes of these platy particles were so multifarious
and the size distribution so uncertain that it would al-
most seem pretentious to make a statement any more
precise than that the statistical average size of bone
crystallites might be larger than has been hitherto
assumed. Indeed, at least in mature bone domains, it
seems more apt to revive the notion of a continuous
mineral phase as suggested by Ascenzi and Chiazzotto
(1955) and Barbour and Cook (1954).
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Figure 9. Mineralization front in human jaw bone made
anorganic with hydrazine. The micrograph shows that
the calcospherites are not solid but enclose systems of
channels running parallel to the calcospherites’ long
axes. Bar = 2.0 pum.

Figure 10. Higher magnification of the upper third of
Figure 9. The canal systems going through the calco-
spherites and parallel to the latter’s axes most likely
represent impressions of the dissolved collagen fibers.
Bar = 350 nm.

Figure 11. Mineralization front, confluencing calco-
spherites in dog femur bone. Plates of irregular shapes
and sizes, some with one (A) and others with two (B)
curved-in edges, can be discerned on a granular but con-
tinuous mass of mineral. Bar = 400 nm.

Figure 12. Mineralization front, confluencing calco-
spherites in NaOCl-deproteinized dog diaphysis. Al-
though there are occasional structures still suggesting
platy (P) and grooved (G) configurations, rod-shaped or
fusiform mineral aggregates with diameters correspond-
ing to collagen fibers and bundles are characteristic of
this surface. The micrograph gives the impression that
the collagen fibers previously partially impregnated by
mineral has been dissolved, leaving behind the collagen
"fibre skeletons" reported by Dempster et al. (1979).
Note the granular appearance of the mineral aggregates.
Bar = 300 nm.

Figure 13. Ultrastructural morphology of bone mineral
associated with mature domains, originating from a
Howship’s lacuna. Dog diaphyseal bone made anorgan-
ic with NaOCl. There are no plates or rods apparent.
The Figure gives the impression that collagen fibers pre-
viously impregnated by mineral along their entire visible
length have been dissolved, leaving behind their mineral
replica. Some substructures occur along the length of
the "mineral skeletons" (apparently corresponding to
collagen periodicity), lending them a vermiform appear-
ance. Bar = 500 nm.

If bone is made up of such extremely small dis-
crete crystallites of the order of 1.5-3.0 x 5.0-10.0 x
40.0-50.0 nm (Glimcher, 1984), one should expect a
tremendous specific surface area of the mineral phase.
The observation that the specific surface areas as meas-
ured in a variety of studies does not exceed 120 m?/g
might support the present finding that the discrete ele-
mentary particles of bone mineral, if they exist to any
great extent, are (at least functionally) larger than has
been hitherto anticipated, so that the "fused aggregates"
reported by Weiner and Price (1986) are probably not
aggregates of crystals but phase continua. If the parti-
cles identified here as granules (Figs. 2, 11, 12) and
elsewhere in the literature are not artifacts, one wonders
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whether to consider them more as incremental particles
rather than treat them rigorously as individual crystal-
lites in the strict crystallographic sense that presupposes
grain boundaries.

At the mineralization front, the earliest particles
of bone mineral, which remain attached to the rest of
the mineral mass after deproteinization, seem to be
made up of plates completely or partially encircling the
collagen fibers and bundles. In so doing, the long axis
of these troughs is parallel to the long axis of the
collagen fibers and bundles. These plates could be the
"tabular crystallites" found in the literature on bone
mineral morphology. The parallelity of the long axes of
plates and collagen might be a corroboration of TEM
and X-ray diffraction findings that bone crystallites lie
with their ¢ (long) axis parallel to the long axis of
collagen fibers.

The present observations seem to be at variance
with one of the prevalent opinions, that mature bone
mineral is made up of infinitesimal discrete particles of
the order of 1.5-3.5 x 5.0-10.0 x 50.0 nm. While the
study cannot rule out the presence of such particles in
the very initial mineral precipitated loosely in collagen,
it seems to suggest that their presence in deproteinized
mineral is unlikely. It tends to lead to the notion of a
labyrinthous ultraskeleton of plates in newly deposited
mineral, which, following further mineral apposition
coalesces to form a more dense continuous phase.

Artifacts

The high source brightness associated with field
emission cathodes allows microscopy at low accelerating
voltages, without coating. Attempts to make micro-
graphs from uncoated surfaces using the Hitachi S-800
at around 5 kV were successful only up to magnifica-
tions of 30,000. Micrographs taken at higher magnifi-
cations were fraught with specimen charging artifacts
(in the form of image drift and horizontal dark stripes)
of varying severity. The artifacts were most severe in
young bone domains, most probably on account of the
surface irregularities characteristic of these surfaces.
We, therefore, tested thin coating and established that a
coat of 5.0 nm gold was sufficient to operate at beam
voltages of up to 30 kV. We did not observe heat-relat-
ed artifacts. Although heat-related artifacts are more of
a hazard with organic tissue than with the anorganic
mineral, soft tissue components (Figs. 1, 2) seemed to
display a normal morphology.

It should be noted that during deproteinization the
initial mineral deposits physically associated only with
collagen get lost with removal of the collagen scaffold-
ing (Boyde and Sela, 1978). The terms "young bone"
and "mineralization front" as used in this study refer,
therefore, not to the very earliest mineral clusters de-
posited in osteoid but to the earliest clusters that remain
attached to the rest of the mineral mass after deproteini-
zation. It is in these clusters that no grain-grain bound-
aries could be demonstrated. Hence the suggestion that
if the very initial particles (that get lost with dissolution
of collagen) are isolated entities, this individuality
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seems to be lacking in the plates that remain attached to
the rest of the mineral mass.

Two reagent quality agents were used for depro-
teinization in this study: an aqueous solution (NaOCI)
and pure, anhydrous hydrazine. The observation has
been made in TEM studies that exposure of mineralized
bone tissue to aqueous media leads to translocation as
well as loss of mineral (Boothroyd, 1964; Thorogood
and Gray, 1975). However, this is a special problem of
TEM introduced during thin sectioning and floating.
Moreover, these artifacts seem to occur in the said zone
that is lacking in anorganic SEM specimens, the mineral
having been lost with the withdrawal of the mechanical
support of collagen fibers.

Of more concern is the effect of the deproteiniz-
ing agents on the integrity of mineral morphology. It is
reasonable to suspect that deproteinizing agents existing
as water solutions attack the mineral phase, if, perhaps,
to a limited extent. Since the calcium phosphates are
sparingly soluble in water, the process of attack will not
be just a one-way dissolution but more a (reversible)
two-way dissolution/reprecipitation event. Weiner and
Price (1986) concluded that exposure of bone mineral to
NaOCI for up to 144 hours does not appreciably alter
mineral morphology.

However, we have made the observation (unpub-
lished results) that during deproteinization with NaOCl
the surfaces of dental and bone mineral directly exposed
to the solution develop a dissolution/reprecipitation
layer. These surfaces are covered with spheritic miner-
al entities, about 20-50 nm in diameter. At the mineral-
izing front in bone, these spherites are organized in a
hierarchy of primary, secondary and tertiary structures,
rather reminiscent of a cauliflower head. Similar struc-
tures can be observed in bone specimens made inorganic
by heating at 100°C or 700°C and then immersing in
aqueous solutions of collagenase for a week (Green et
al., 1985, 1988). On fracture surfaces, these presuma-
bly artifactual spherites are generally absent (Figs. 6, 7,
11, 12), although they may be suggested in Fig. 8,
where the edges of the troughs are moniliform. In
hydrazine-treated specimens, there was no discernible
suggestion of spherites (Figs. 9, 10).

The specimens were sputter coated with a nomi-
nal thickness of 7.0 nm for the Stereoscan and 3.0-4.0
nm for the Hitachi S-800. Because of the extremely
non-planar nature of the surfaces investigated (see Figs.
5-13), no attempt has been made to correct for the coat-
ing thickness; moreover, no rigorous quantitative treat-
ment has been instituted in the study to warrant consid-
eration of the coating thickness. It is also for this
reason that no stereo pair micrographs were prepared.
It should be pointed out, however, that no coating struc-
ture was resolved on any of the specimens, and there
seems to be no apparent cause to suppose that the coat-
ing obliterated any intercrystalline "grain boundaries"
(Figs 6-8, 10 and 11).

We made the observation that hydrazine does not
remove the entire protein moiety from bone tissue. We
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are unable to speculate on the reasons for this. We
changed the reagent copiously enough to ensure that it
would not be ineffective because of being used up.
Moreover, while in some domains, the calcospherites
were partly obscured by residual protein, deproteiniza-
tion was complete in the majority of others (Figs. 9 and
10). The incomplete removal of protein is in agreement
with the findings of Walters er al. (1990) who obtained
infrared spectroscopic bands attributable to residual
protein in hydrazinolysed bone.

Conclusions

The present study suggests that the three-dimen-
sional morphology, both at microscopic and at the ultra-
structural levels of organization, is a function of the
"age" of the domain under study, depending on whether
one is dealing with a young or a mature site. In depro-
teinized bone, new mineral seems to be deposited be-
tween collagen fibers and bundles, partially or com-
pletely ensheathing them. During further mineral depo-
sition, the mineral extends into fibers, and the individ-
ual mineral aggregates coalesce to a dense and continu-
ous mineral mass. There is no apparent suggestion of
individual crystal entities in mature bone domains.

SEM is one instrument with which the study of
the different domains of the intrinsically heterogeneous
bone (mineral) can be undertaken with certainty. More-
over, the SEM, especially if built with the biologist in
mind, has the high resolution potential to allow the col-
lection of morphological data rigorous enough to supple-
ment and enhance our understanding of bone mineral at
the ultrastructural level of organization.
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Discussion with Reviewers

M.W. Lundy: The lamellar pattern of bone can be ob-
served in polished specimens of bone, suggesting the
amount of mineral and the structure of matrix are dif-
ferent in adjacent lamellae. Were differences in crystal
structure or organization observed in bands that were 3-
4 pm wide?

Authors: Our criteria for classifying surfaces were
whether the surfaces were forming, resorbing, or rest-
ing. We did this for lamellar as well as for cancellous
bone, with a view to try to establish discrete bone min-
eral particles, possessing grain boundaries. We did not
study the samples with lamellar/interlamellar structure
in mind.
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