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Abstract

The ultrastructure of bone has been widely debated, in part due to limitations in visualizing nanostructural features over
relevant micrometer length scales. Here, we employ the high resolving power and compositional contrast of high-angle annu-
lar dark-field scanning transmission electron microscopy (HAADF STEM) to investigate new features in human bone with
nanometer resolution over microscale areas. Using focused ion beam (FIB)-milled sections that span an area of 50 pm?, we
have shown how most of the mineral of cortical human osteonal bone occurs in the form of long, thin polycrystalline plates
(mineral lamellae, MLs) which are either flat or curved to wrap closely around collagen fibrils. Close to the collagen fibril
(<20 nm), the radius of curvature matches that of the fibril diameter, while at greater distances, MLs form arcs with much
larger radii of curvature. In addition, stacks of closely packed planar (uncurved) MLs occur between fibrils. The curving of
mineral lamellae both around and between the fibrils would contribute to the strength of bone. At a larger scale, rosette-like
clusters of fibrils are noted for the first time, arranged in quasi-circular arrays that define tube-like structures in alternating
osteonal lamellae. At the boundary between adjacent osteonal lamellae, the orientation of fibrils and surrounding mineral
lamellae changes abruptly, resembling the “orthogonal” patterns identified by others (Reznikov et al. in Acta Biomater
10:3815-3826, 2014). These features spanning nanometer to micrometer scale have implications for our understanding of
bone structure and mechanical integrity.
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Introduction

Bone is a composite material in which a scaffold of collagen
fibrils is associated with approximately equal volumes of
apatite mineral. The collagen occurs in the form of fibrils
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into the adjacent 27-nm-long overlap zones [9]. Other writ-
ers have proposed that some or most of the mineral lies
outside the fibrils [10] although the detailed nature of the
extrafibrillar mineral was not specified.

Recently, using broad-beam ion milling methods for sec-
tioning bone, it has been shown that most of the mineral in
bone occurs in the form of elongated polycrystalline plates
which are uniformly about 5 nm thick, up to 200 nm long,
and at least 60—-80 nm wide. These plates appeared to be
either curved around the collagen fibrils or organized in
stacks of planar sheets [11].

The thin, polycrystalline plates which we observe resem-
ble in some dimensional respects “platelets” which have
been identified in bone using small-angle X-ray scattering
methods (SAXS) [12, 13]. However, we will refer to the
structures which we have observed in TEM images as “min-
eral lamellae” (MLs) [14, 15]. It is likely that the platelets
identified by SAXS, which have dimensions of about 2—7 nm
and lengths of approximately 15-200 nm [12], are in fact
MLs. However, SAXS does not provide information about
the internal characteristics or the curvature of the plates as
is directly visualized from TEM images. SAXS uses the
broadening of the primary X-ray beam which is insensitive
to strain or crystal imperfections but depends exclusively on
the outer dimensions of the crystals. It is used to determine
size, orientation, and spatial arrangement of 0.5-50 nm par-
ticles over microscale volumes [2]. Whereas TEM provides a
direct measure of the structure with high spatial resolution,
but is often limited in sampling volume. In this manuscript,
we use TEM imaging to analyze these MLs in mature, oste-
onal, lamellar bone.

Many of the TEM images on which traditional bone ultra-
structure models have been based were carried out on ultra-
microtomed sections [5, 7-9, 16]. Previous studies compar-
ing TEM images of ultramicrotomed and ion-milled samples
of the same bone (Fig. 10 in McNally et al., and Fig. 4 in
Jantou et al.) have concluded that the diamond blade of the
ultramicrotome shatters the elongated mineral structures
(mineral lamellae) which are clearly revealed in ion-milled
sections of bone. Therefore, it was previously impossible to
recognize many of the nm-scale structural features in bone
which have become apparent in ion-milled sections. How-
ever, most previous studies of ion-milled bone [11, 14, 15]
have been limited to studying a zone about 400 nm wide
surrounding holes produced during ion milling. Focused ion
beam (FIB) milling of sections cut from polished blocks of
bone permits us to produce sections up to several tens of
pm2 in area [17]. This method has been demonstrated on
elephant ivory [18], human bone [19], and applied widely
in human-bone implant studies [20, 21]. By producing large
FIB-milled sections, and investigating them by TEM, we
are able to visualize features in the ultrastructure of bone
which were not previously discernable. To some extent,

these bridge the gap between our previous studies at the
nanometer scale, with studies of demineralized bone at the
micrometer scale performed by others [22]. In particular,
we can now begin to see the relation of the mineralized
ultrastructure to the higher hierarchical level of the osteonal
lamellae and examine the validity of the “twisted plywood”
model for bone [23].

Materials and Methods
Sample Preparation

The present study was carried out on a piece of cortical bone
from the femur of a healthy, 19-year-old male; the sample
was obtained with ethical approval as a by-product of restor-
ative surgery. A section approximately 2 cmx2 cmx 1.3 cm,
containing both cortical and trabecular bone was fixed after
retrieval with formalin, and then stained with 1% osmium
tetroxide. In a previous study, we showed there was no differ-
ence in the appearance in TEM images of a sample of bovid
bone which had been treated with formalin and osmium
tetroxide compared to an untreated sample [11]. Osmium
generally stains the protein (collagen) and spectroscopic data
have shown that MLs are indeed Ca and P containing, and
not osmium. Only cortical bone was examined in this study.
The sample was progressively dehydrated through a series
of increasing ethanol concentrations (50, 70, 95, 95, 100%),
then further dehydrated in a critical point dryer at 40 °C. A
block was cut from the cortical bone using a diamond-edged
slow-speed saw; the long axis of the block was oriented par-
allel to the long axis of the femur (Fig. 1).

Focused lon Beam Milling

Samples for transmission electron microscopy (TEM) were
prepared from the bone sample using conventional FIB-SEM
in situ lift-out procedures (Fig. 2). To reduce charging, the
sample was sputter-coated for 60 s with gold. The TEM sec-
tions were prepared using a Zeiss NVision 40 (Carl Zeiss
AG, Germany) FIB-SEM equipped with a 30 kV gallium
ion column, carbon gas injector system, and Kleindiek probe
drive system.

Sections were cut in two orientations: parallel (longitu-
dinal) to the orientation of the long axis of the bone (“par-
allel section”); and perpendicular or transverse to the long
axis (“perpendicular section”). A single parallel section was
prepared, which appears to lie within one osteonal lamella
marked in Fig. 2. Shallow grooves on the surface of the sam-
ple were oriented parallel to the long axis of the bone. We
infer that these are the boundaries between osteonal lamel-
lae [23]. Two perpendicular sections were prepared to test
the homogeneity of the sample (Fig. 2 shows one of these).
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Fig. 1 Schematic highlighting
the regions of interest from the
human femur and sites selected
for TEM sample preparation by
FIB. The center image shows
how FIB was used to lift-out
sections parallel and perpen-
dicular to the long axis of the
femur, and the resulting micro-
structure in the STEM HAADF

Fig.2 Focused ion beam sample preparation. SEM images of the
bone block during FIB preparation for parallel (top row) and per-
pendicular (bottom row) sections. a, d Region of interest and carbon

Transmission Electron Microscopy
A Titan 80-300 microscope (FEI Company, The Nether-

lands) was operated at 300 keV in high-angle annular dark-
field scanning transmission electron microscopy (HAADF
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deposition. b, e Rough milling and lift-out by micromanipulator. ¢, f
Lamella attached to a TEM grid and final thinning to electron trans-
parency. Scale bars 6 pm

STEM) mode for imaging. Intensity in the HAADF images
is approximately proportional to Z* (Z=atomic number);
high-Z regions appear bright, while regions with little or
no matter in them are dark.



Ultrastructure of Bone: Hierarchical Features from Nanometer to Micrometer Scale Revealed... 609

Multiple HAADF-STEM images were obtained at magni-
fications of 20 and 57 kX, covering essentially the total area
of each FIB section. Each individual image is 1.1 X 1.1 um.
These images were then assembled into composite images
(mosaics) using Microsoft Image Composite Editor (Micro-
soft Corporation, USA) software. The mosaics extend over
areas ranging from 30 to 160 um?>.

Electron tomography on the perpendicular section was
performed over +60°. The sample was mounted in the
Model 2020 Advanced Tomography Holder (E.A. Fischione
Instruments, Inc., Export, PA), images were recorded every
2° in HAADF STEM with the automated focusing, image
shifting, and acquisition of the Inspect 3D software (FEI
Company, The Netherlands). The full tilt-series collected is
visible in the supplemental information.

Image Analysis

Measurements of dimensions of features (thickness of
mineral lamellae, etc.) were made using two methods: (a)
Adobe Photoshop, Version 12.0 x 64, using the ruler tool
in the Analysis set; (b) using various tools in Fiji, a version
of ImagelJ developed by the National Institutes of Health,
USA [24]. The tools will be described where the data are
presented.

Results
Parallel Section

A section oriented parallel to the long axis of the bone was
imaged. Individual 1.1 x 1.1 pm HAADF-STEM images
were assembled into a mosaic covering an area of about 34
um? (Fig. 3). The mosaic is a rectangle whose longer dimen-
sion is parallel to the long axis of the bone.

Fibrils and mineral lamellae lie in the plane of this sec-
tion which was cut parallel to the long axis of the bone.

Fig.3 Composite HAADF-STEM image of the parallel FIB section.
Collagen fibrils are oriented normal to 67-nm space banding which is
visible across entire image; fibrils and MLs (bright contrast) oriented
parallel to collagen fibrils gradually change in orientation across the
entire image. Three disordered zones with differing collagen fibril
arrangement are marked with arrows; scale bar=1 pm

We do not see cross-sections of fibrils in sections with this
orientation. This is consistent with the fact that fibrils in the
cortical bone of long bones are uniformly oriented within
curved planar sheets (osteonal lamellae) that wrap around
osteons, whose axes are themselves approximately parallel
to the bone axis, consistent with commonly held descriptions
of the hierarchical structure of bone (e.g., [25]).

Collagen fibrils are identifiable in the mosaic by the pres-
ence of gap (dark) and overlap (light) zone couplets repeated
along the lengths of the fibrils. The average width of the
gap zones is 36.7 + 3.3 nm (n=20); the repeat (D) length is
67 +3 nm. Electron contrast in the gap zone is due to pres-
ence of a Ca-P mineral [18]. The mosaic allows us to see
that the gap/overlap zones extend in perfect registry between
adjacent fibrils, over distances of up to 2.5 pm as previously
noted by [22] who also showed that this pattern existed in
three dimensions. The extended registry of these couplets
implies that at the time of formation of the osteoid parent of
the bone, these zones were contiguous and in held in registry
as a result of bonding between adjacent fibrils facilitated by
extrafibrillar molecules [26, 27].

Using image analysis software (directionality plugin, Fiji
[24]), the average orientation of the fibrils and their associ-
ated MLs were determined to be 63° away from the hori-
zontal base of the image. Since the base is approximately
parallel to the long axis of the bone, therefore the orienta-
tion of the fibrils + MLs is almost orthogonal to the long
axis of the bone; in [28] this orientation is referred to as
“low angle.” Supplementary Fig. S1 shows a histogram of
these angles. While the Fiji tool does not specify precisely
what features were detected by the directionality plugin, it
seems likely that the analysis captures the orientations of the
prominent high-contrast MLs. The histogram would there-
fore also represent the orientations of collagen fibrils, since
these are known to be oriented parallel to MLs. There is no
peak at ~30° which would represent the orientation of the
lines of gap and overlap zones in registry between adjacent
fibrils. The histogram can be fitted by a normal distribution,
with #=0.98.

The mosaic of the parallel section resembles in some
respects, one of the single frames in the serial sections of
demineralized bone shown by Reznikov et al. [22]. These
authors investigated SEM images of demineralized bone in
which the collagen had been stained to improve contrast. The
contrast in our images is generated instead by the mineral,
showing that it conforms closely to the pattern of the fibrils
and, as seen more clearly in our single higher-resolution
views, the mineral occurs mainly in the form of elongated
mineral lamellae between these fibrils.

Disordered zones in which small groups of fibrils
extend for a few pm have been described in bone [28]. We
see regions in the parallel section (Fig. 3) which could
represent such disordered zones. These occupy about
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5% of the total volume of the bone, which appears to be
considerably less than the fraction shown in figures from
[28]. Some regions (Fig. 4a) resemble typical views of
the perpendicular section presented next; the boundary
between these regions and adjacent normal fibrils is very
sharp and appears to show a flip in orientation of fibrils
to one approximately perpendicular to the orientation of
the remainder of the parallel section. Other disordered
regions consist of areas a few um? in area in which miner-
alized features appear to swirl about in a chaotic manner
(Fig. 4b). No collagen banding appears to be present in
these areas. Due to their near spherical nature, it is also
plausible that these regions represent areas near the lacu-
nar-canalicular network (LCN) of bone, which has been
shown in FIB-SEM 3D imaging only to appear as electron-
dense rimmed voids similar in shape and size [29].

Fig.4 Higher magnification HAADF-STEM images of disordered
zones in the parallel section. a Oval-shaped patches resembling views
of perpendicular section. b More chaotic organization of mineralized
fibrils; scale bar =200 nm

Perpendicular Sections

In contrast to the parallel mosaic, the perpendicular mosaic
(Fig. 5) crosses several osteonal lamellae, and is traversed by
bands of differing organization; two of them (marked by dou-
ble ended arrows) closely resemble the collagen fibril and
MLs structure seen in the parallel section. In the intermedi-
ate sections, we see circular features that closely resemble
those shown in previous studies using bright-field images of
ion-milled sections [11], including circular “holes” marking
position of ~50-nm-diameter collagen fibrils, surrounded by
stacks of mineral lamellae. Other previously unrecognized
features include the curvature of mineral lamellae, features
that resemble “rosettes,” marked by asterisks, and details
about the orientation between osteonal lamellae; these are
discussed in detail below.

Curvature of Mineral Lamellae

In our previous studies of bone, we observed that, when
viewed in cross-section, some mineral lamellae appear to
wrap around the fibrils. This pattern led us to construct a
model (Fig. 6d) in which the polycrystalline plates of the
mineral lamellae occur either curved into hemi-cylindrical
forms with radii of curvature comparable to the radius of the
adjacent fibril, or as flat plates stacked between the fibrils.
The high-resolution HAADF-STEM images, with
improved Z-contrast to TEM, clearly confirm this model
(Fig. 6b, c). Slightly lower magnification HAADF-STEM
images (Fig. 8) now reveal that a curved form is also present
in MLs not close to the fibrils. Curved MLs extend over
almost the entire volume of bone. Figure 8 shows this pattern
at an intermediate scale where we have highlighted some
of the curved plates that are not close to fibrils with dot-
ted lines. They approximate cylindrically curved sheets and

Fig.5 Composite HAADF-STEM images of the perpendicular
(transverse) FIB section. Double-headed arrows mark osteonal lamel-
lae with fibrils in parallel or planar orientation, which are flanked by
regions with collagen fibrils oriented roughly perpendicularly. Dark
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spots (“holes”) 50 nm in diameter mark positions of collagen fibrils
in cross-section (see Fig. 6 for detailed view). Rosette-like features
are marked by asterisks. Arrowheads indicate connections between
lamellae, which may be a part of the LCN; scale bar=1 um
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Fig.6 Detailed features from
the perpendicular section. a
Close-up of a rosette showing
swirling mineral lamellae at the
center. b Stacks of MLs wrap-
ping around single collagen
fibrils. ¢ Single MLs passing
through the interior of fibrils
(white arrows). d Model of
ultrastructure of bone. Orange:
mineral lamellae, wrapping
around fibrils. Red arrow: stack
of mineral lamellae between
two fibrils. White arrow: col-
lagen fibril (dark gray = gap
zone); scale=100 nm. (Color
figure online)

allow us to measure the radii of curvature; the average radius
is 79+ 15 nm. In contrast, the average radius of curvature
of the plates immediately surrounding the fibrils marked by
arrowheads is 20 +4 nm (that is, the average diameter of the
fibrils is 44 + 8 nm). The distribution of radii of curvature of
MLs appears to be bimodal, with very few radii > 100 nm,
but with a significant number of apparently uncurved MLs
(i.e., with infinite radius), which comprise stacks that are
also a significant feature of the bone ultrastructure.

We infer that the curved MLs with large radii are actually
larger-scale curved plates, shown schematically in Fig. S3.
In the figure, we suggest that the plates are curved so that
the axes of their cylindrical forms are approximately paral-
lel to the fibril axes. These plates would presumably also
extend for some tens of nm in the direction normal to the
plane of the section. Lengths measured along these curves
range up to 180 nm which is comparable to the lengths of
MLs seen in the parallel sections [14]. These are consistent
with the maximum dimensions of platelets measured using
SAXS [2].

Just as in the parallel sections, the MLs in the perpen-
dicular views occur in stacks of 3 or more plates both

wrapping around the fibrils and as plates with larger radii
of curvature further from fibrils. Stacks of up to 20 or
more straight (flat) plates occurring between fibrils have
been noted.

Rosettes

A striking visual feature of the mosaic of images from the
perpendicular section is the presence of circular structures
(Fig. 6a) with average radii of about 1 um. These “rosettes”
are cross-sections of clusters of collagen fibrils around a
weakly defined central region which in a few instances con-
sists of a dense, swirling patch of disordered MLs seem-
ingly lacking in collagen fibrils. This pm-scale bunching of
fibrils into a roughly cylindrical structure is reminiscent of
the “rods” described in [28] as a feature of the demineral-
ized bone sections studied by them using FIB-SEM serial
sections. However, these rods were described to be 2—-3 um
in diameter which is approximately double the diameter of
the rosettes. Additional images of the rosettes are available
in the Supplementary Fig. S2.
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Osteonal Lamellae

The size of the area covered by the perpendicular section
is such that we would expect to encounter the boundaries
between two or more osteonal lamellae with different inter-
nal orientation of collagen fibrils [23]. In fact, we see what
appear to be five discrete lamellae (Fig. 5) which cross the
section at a steep angle. The thickness of the successive
lamellae is not uniform: their thicknesses are ~4.9, 3.2, 5.5,
and 3.4 um. Only a small part of the fifth lamella is visible.
Boundaries between lamellae are sharp, and approximately
planar. In the thinner lamellae, collagen fibrils and MLs
appear to be approximately parallel to the plane of the sec-
tion and to the boundaries between the lamellae. The gap/
overlap zone characteristic banding which reveals the pres-
ence of collagen fibrils is poorly defined and actually invis-
ible over much of the area of these lamellae, potentially due
to sample thickness. In the three wider lamellae, fibrils are
seen in cross-section, and are clearly defined.

Comparing this appearance with images proposed for
the twisted plywood structure [23], we see that rather than
a continuous change in the angle of the fibrils from one
lamella to the next, there is an abrupt change in orientation
at each interlamellar boundary. This resembles to the “uni-
directional” array described in [22] rather than the “fanning”
array in which the orientation of the fibrils changes gradu-
ally. Because we have only one section through this sample,
we cannot tell what is the angular offset of fibril orientation
between adjacent osteonal lamellae; it could be quite vari-
able [30]. The pattern of adjacent lamellae shown in Fig. 5
resembles the appearance of Fig. 10 of Reference [22] show-
ing a section of demineralized, stained bone.

Note that the material viewed in the parallel section (dis-
cussed earlier) appears to have been confined to within a
single osteonal lamella. There is no evidence that the section
crossed a boundary between two adjacent lamellae, which
would have resulted in an abrupt change in the orientation
of the fibrils.

As in previous bright-field views (e.g., Fig. 6 in [15]),
the HAADF-STEM images show that many of the circular

features which we interpret as cross-sections of fibrils
appear to be empty. This is either a result of preferential
erosion by the Ga* ions used to produce the FIB section,
or the much lighter contrast of carbon compared to mineral
in HAADF-STEM imaging. To confirm that the black cir-
cular features are indeed collagen fibrils, one would expect
that viewing them from 90° would show the characteristic
collagen banding pattern. By using electron tomography
on this perpendicular (transverse) section, we can clearly
see the change from characteristic fibrillar structures with
banding patterns like a parallel cut section, to the circu-
lar features viewed at 0° tilt. The full video showing this
transition is available in Supplementary Video 1, while
the individual screenshots that demonstrate this are shown
in Fig. 7.

Fig.8 HAADF-STEM image showing curvature of mineral lamel-
lae on varying scales. Arrowheads mark single collagen fibrils with
tightly wrapped stacks of MLs surrounding them, while stacks of
MLs with larger radii of curvature (outlined in orange dotted lines)
create higher level curvatures. These are composed of ML with less
curvature because of their proximity to the fibril

Fig.7 HAADF-STEM images captured during an electron tomogra-
phy tilt-series covering nearly +65°. From left to right, the tilt angles
range from —65° through 0° to +65°. The dark-circular features vis-
ible at 0° tilt, which we believe to be collagen fibrils, clearly morph
into collagen fibril patterns when viewed at high tilt (either fair right
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or far left images); the inset shows gap zones in the fibrils viewed at
high angle with arrows to indicate three regions where collagen band-
ing is particularly visible (collagen fibrils appear to run from bottom
right to mid-left of inset). For more details, watch video S1
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Discussion
Significance of the Curved Mineral Lamellae

Recently, we have shown that a model of bone in which
the mineral is in the form of cylindrical, concentric plates
surrounding a collagen fibril results in greater strength
for the composite material than when the mineral is situ-
ated inside the fibril [15]. We comment in that paper that
“From a structural mechanics perspective a hollow geom-
etry gives stronger and stiffer response in bending and
torsion, for the same bone tissue volume” [15]. Presum-
ably, this same principle would also apply to larger-scale
curved structures such as those which we observe here
in cross-section (Fig. 8), with radii of curvature ranging
to > 100 nm. Like the hemi-cylindrical lamellae imme-
diately surrounding the fibrils, these larger structures are
also composed of stacks of two or more MLs cemented
together, which would confer even greater strength on
the resulting structures. The overall pattern seen in the
perpendicular section is one of smaller diameter curved
features nested inside of curved sheets with larger radii
of curvature.

In typical hierarchical fashion, this design feature is
echoed at higher scales: the alternating concentric oste-
onal lamellae surrounding Haversian canals and the hollow
shafts of long bones. The function of these larger-scale
features is undoubtedly more complex than simply to add
strength to the bone (e.g., it also provides sites for hemat-
opoietic cells inside the hollow shafts). Furthermore, we
cannot take for granted what would be the effect of these
design features on the mechanical behavior of the compos-
ite material. This would require more formal modeling by
finite-element analysis [15] or using continuum material
analysis [7]. In addition, we note that even higher-order
structural elements are suggested by structures such as the
~200-nm-diameter cylindrical stacks of MLs surround-
ing multiple collagen fibrils seen in Figs. 6 and 8. These
could represent a higher hierarchical level of organization
of bone which would also contribute to its strength.

Polycrystalline Structure and Curvature of MLs

The mineral of bone is apatite, a largely ionic-bonded
structure. Under anisotropic stress, single crystals of apa-
tite exhibit brittle fracturing, and would not be able to
sustain a strain of more than 1-2% [31]. Therefore, the
curvature of the plates which we observe here at various
scales cannot be achieved by bending of single crystals of
apatite. Using dark-field imaging of ion-milled sections of
bone, we have previously demonstrated the polycrystalline

structure of mineral lamellae [11, 32]. The curvature of the
MLs either around collagen fibrils or in the space between
them could be accommodated if the lattice planes of single
crystals were slightly tilted with respect to the plane of
adjacent crystals in order to generate the curved form of
the lamella. Figure 9 shows a high-resolution transmission
electron microscopy (HRTEM) of one of the curved lamel-
lae surrounding a collagen fibril. It is clear that the planes
in one set of crystals are slightly rotated with respect to
the lattice planes of the neighboring crystals. This allows
the complete lamella to curve around the fibril without
requiring any bending of the crystals themselves.

Dimensions of Mineral Lamellae

As previously shown, MLs are plate-like structures which
can only be clearly visualized when viewed edge-on [11,
14]. The thickness of individual MLs viewed in the parallel
section is 5.6+ 0.8 nm (n=20), while in the perpendicular
sections, the mineral lamellae surrounding the fibrils have an
average thickness of 4.4 +0.7 nm, not significantly different.
Their small variability in apparent thickness confirms that
MLs whose planes are inclined by more than a few degrees
are invisible in the HAADF images. Tilting of the plates
with respect to the plane of the section would otherwise lead
to larger projected areas for these edge-on views, so that the
apparent projected thickness would be equal to d*sinf where
0 is the angle between the plane of the ML and the section,
and d is the width of an ML. The distribution of thicknesses
is slightly skewed to lower values contrary to what would be
expected if this effect were prevalent.

Fig.9 HRTEM image of a single mineral lamella curving around col-
lagen fibril (as in Fig. 8); lattice planes of adjacent crystals are tilted
by a few degrees (white lines) to accommodate the bending of the
lamella around the fibril. (from unpublished research by Luo, Bin-
kley, Grandfield and Schwarcz). Scale=5 nm
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The average length of discrete isolated MLs in the paral-
lel images is 160+ 70 nm. Individual MLs can be traced
in the parallel section for distances up to 300 nm but it is
difficult to determine their maximum length because a sin-
gle ML cannot be traced continuously through the stacks
of multiple parallel MLs. The third dimension of the MLs
(width) can be estimated where they are seen curling around
fibrils (Fig. 6). The arc lengths of the MLs wrapping around
fibrils are 50—80 nm which should correspond to the width
of the MLs. The average length of curved MLs not spatially
associated with a fibril is 80 +30 nm (n=16). Combining
that dimension with the lengths seen in parallel sections, we
infer that, on average, the MLs are only slightly elongated
in the direction parallel to the fibrils. We have, of course, no
notion of what their plan view would be (elliptical, irregular,
ragged?).

MLs Inside Fibrils

In sections of long bones cut perpendicular to the long axis
of the bone (Fig. 6¢), more than a third of the fibrils show
MLs passing through their interior. It is possible that these
MLs inside the fibrils may be an artifact produced during
FIB milling. For example, the inside surfaces of curved
plates at the edge of the fibril might be under tension and
would curl more tightly when collagen is eroded by Ga*
ions. However, low ion beam energy was used during the
preparation of the sample, and most of the plates inside
fibrils are straight and show no sign of increased curvature.
It appears that they were formed inside of the fibril during
the mineralization of the osteoid precursor of bone. Most of
them are extensions of plates that also lie outside the fibril,
and have the same thickness as MLs that surround the fibril.
While this truly exemplifies “intrafibrillar mineralization,”
this is clearly not in the sense generally claimed by earlier
researchers [5, 8] because the plates inside the fibrils are not
restricted to gap zones, and partly extend outside the fibrils.
It is well known that some of the mineral of bone occurs
inside the fibrils, localized in the gaps between the C and
N termini of collinear collagen molecules which are them-
selves aligned as 40-nm-wide zones spaced every 67 nm
along the fibril. This mode of intrafibrillar mineralization is,
however, clearly distinguishable from what we are observ-
ing here for the following reasons: (a) the MLs in question
are not, as far as we can detect, limited to the 40-nm-wide
gap zone but rather occur sporadically in some but not all of
the fibrils; (b) the form of these MLs inside fibrils is clearly
different from that of the mineralization in the gap zone;
for example, in Fig. 4a, b we can see the relatively high-
density (brighter) stacks of MLs (oriented parallel to the
fibrils) contrasted against the fainter, less mineralized gap
zones. Nevertheless, we could in principle denote these MLs
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as intrafibrillar, but in a distinct sense from the usual gap
zone mineral.

Development of the Ultrastructure of Bone

As we acquire more information about the formal charac-
teristics of fully mineralized bone, we must also consider
the processes by which this structure formed. While discus-
sion of the details of this process is outside the goals of this
paper, it is useful to note some constraints on this process
which must be considered in any future attempt to model
the genesis of bone.

It is widely understood that osteogenesis begins with the
formation of a collagen scaffold consisting of a dense assem-
blage of fibrils in the form of osteoid [33]. Thus, it has been
long understood that the form and possibly the protein struc-
ture of the fibril establishes the orientation and form of the
first-formed mineralized structures. However, the next layers
of added mineral are no longer in contact with collagen and
presumably acquire their orientation guided by their proxim-
ity to the first generation of mineral lamellae. This process
of addition of fibril-concentric layers must finally end as
additional MLs are formed at distances of tens of nanom-
eters from the surface of the fibril (Fig. 6b). At this point,
the form of these additional mineral lamellae can no longer
be determined by their conformity to the cylindrical form
of the fibrils, especially as their radii of curvature are much
larger than that of the fibrils. Therefore, some other, as yet
unknown, form-defining factors must be acting to induce the
curvature of some of the next generation of mineral lamellae.
Finally, at positions more or less equidistant from neighbor-
ing fibrils, stacks of essentially flat, straight mineral lamel-
lae are formed, completing the process of mineralization.
In the course of this process, the centers of the fibrils have
been gradually displaced away from each other by the added
interfibrillar mineral lamellae. The final distance between
centers of fibrils is 92 +28 nm, ranging from 60 to 130 nm,
that is, between one and two fibril diameters. The initial co-
registration of gap/overlap zones is not, however, disturbed
during this process.

Presumably, this process takes place at distances from
the surface of the adjacent osteoblast ranging from zero to
some tens of nanometers since the mineralization process
occurs over many hours to days subsequent to formation
of the osteoid, while the osteoblast continues to lay down
further osteoidal collagen [34].

As noted earlier, about 10-15% of the volume of the bone
is composed of disordered material. Presumably, the scaffold
which was mineralized to generate this material was a disor-
dered (randomly oriented) region of collagen fibrils, similar
to the collagen fibrils present in the disordered regions seen
in [28]. Thus, the disordered character of these regions was
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inherited from the initial collagen assembly process and is
not due to anomalous mineralization processes.

Conclusions

Construction of large-scale (tens of um?) composite images
of orthogonal sections of cortical bone has afforded us novel
insights into its ultrastructural organization, formation, and
mechanical integrity. We have observed several features not
previously recognized in bone, most notably: (1) a super-
structure of rosette-like clusters surrounded by mineral
lamellae with chaotic fibril-free mineral lamellae inside of
each rosette, (2) the presence of a hierarchical set of curved
mineral lamellae, in addition to those already known to sur-
round the fibrils, which may contribute to strengthening the
bone matrix, (3) a clearer definition of the alternation of
osteonal lamellae showing abrupt, rather than gradational,
change in the orientation of mineral lamellae and associated
fibrils at their interfaces. None of these features would have
been recognizable in the previous generation of bright-field
images.

This paper also confirms previous studies [11] show-
ing that the appearance of bone in sections cut using ion
milling methods reveals structures that were not detectable
in microtome-cut sections. In particular, the present work
shows that the same volume of a long bone viewed in a
section parallel to the long axis of the bone is strikingly dif-
ferent in appearance from a section cut perpendicular to that
axis. The latter sections invariably display an open mesh-
work of cross-sections of fibrils surrounded by enveloping
polycrystalline plates of apatite. Contrary to a statement in
a recent paper by Shahar and Weiner [35], this pattern is
not “...confined to localized areas outside... ordered mate-
rial” but is rather present everywhere in a section cut in the
appropriate orientation.

The present study allows us to see how the nanometer-
scale features of the mineralized collagen scaffold, pre-
viously observed only at the scale of tens of nm, can be
extended to a um-scale and, by extension, over the entire
volume of bone. The higher resolution and compositional
contrast of the HAADF images in this paper clarifies many
of the details of this nanometer-scale structure which will
eventually lead to a better understanding of how bone is
formed.
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