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The nanometre-scale structure of collagen and bioapatite within bone establishes bone’s
physical properties, including strength and toughness. However, the nanostructural organiz-
ation within bone is not well known and is debated. Widely accepted models hypothesize that
apatite mineral (‘bioapatite’) is present predominantly inside collagen fibrils: in ‘gap chan-
nels’ between abutting collagen molecules, and in ‘intermolecular spaces’ between adjacent
collagen molecules. However, recent studies report evidence of substantial extrafibrillar bio-
apatite, challenging this hypothesis. We studied the nanostructure of bioapatite and
collagen in mouse bones by scanning transmission electron microscopy (STEM) using elec-
tron energy loss spectroscopy and high-angle annular dark-field imaging. Additionally, we
developed a steric model to estimate the packing density of bioapatite within gap channels.
Our steric model and STEM results constrain the fraction of total bioapatite in bone that
is distributed within fibrils at less than or equal to 0.42 inside gap channels and less than
or equal to 0.28 inside intermolecular overlap regions. Therefore, a significant fraction of
bone’s bioapatite (greater than or equal to 0.3) must be external to the fibrils. Furthermore,
we observe extrafibrillar bioapatite between non-mineralized collagen fibrils, suggesting that
initial bioapatite nucleation and growth are not confined to the gap channels as hypothesized
in some models. These results have important implications for the mechanics of partially

mineralized and developing tissues.

Keywords: elemental mapping; bioapatite; mineralized collagen fibril; scanning
transmission electron microscopy—high-angle annular dark-field imaging;
scanning transmission electron microscopy—electron energy loss
spectroscopy imaging

1. INTRODUCTION

While bone’s hierarchical structure has been elucidated at
the millimetre and micrometre scales, its nanostructure is
poorly understood. Bulk material characterization shows
bone to be a composite with approximately 40 vol% type I
collagen and approximately 50 vol% of a stiff, carbonated
apatite mineral (‘bioapatite’; the remaining approx.
10 vol% consists of water and non-collagenous proteins)
[1]. Defects in any of these components can result in
significant pathology, e.g. osteogenesis imperfecta [2].
Understanding bone’s nanostructure may allow us to
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better evaluate and interpret bone pathologies and to
develop biomimetic strategies for tissue engineering of
bone and of partially mineralized tissues.

Studies of developing bone and of bone with defects
in collagen indicate that a collagen template is first
created before the nucleation of bioapatite crystals
(for reviews, see [1,3]). In the widely accepted Hodge—
Petruska [4] model for the steric arrangement ( packing)
of collagen molecules in the bone (figure 1a,b), triple-
helix type I collagen molecules (300 nm in length,
1.5nm in diameter, assumed to be straight and rod-
like) pack together to form microfibrils (for a glossary
of terms, see electronic supplementary materials).
Microfibrils can be defined as an assemblage of five
strands of stacked collagen molecules. Within each
strand, the collagen is stacked with an approximately
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Figure 1. (a) The model for packing of collagen molecules in bone, as first presented by Hodge & Petruska [4]. Collagen molecules,
assumed straight and rod-like, are stacked end-to-end with approximately 36 nm of space or ‘gap’ between them (note that the
molecule diameters are disproportionately large for illustration purposes). The stacking of adjacent molecules within a microfibril
is quarter-staggered (see text). Four of the five quarter-staggered arrangements per microfibril are shown and indicated by
Arabic numerals. In the plane normal to the quarter-staggered molecules, collagen molecules are arranged in parallel planar
arrays (indicated by Greek letters). Bioapatite crystals are postulated to nucleate and grow within the gap spaces between
N- and C-termini of collagen molecules in fibrils. (b) In this model, it was proposed that bioapatite grows into the intermolecular
spaces within a fibril in the later stages of mineralization [4,5]. (¢) An updated model based on synchrotron studies described a
right-hand helical twist along the length of the collagen molecules [6,7]. Fibrils formed from microfibrils assembled in this manner
likely have insufficient intermolecular spaces large enough to accommodate bioapatite nanocrystallites outside of the gap spaces.
(d) Gap spaces accommodate bioapatite platelets. The collagen molecules in (¢) and (d) are shown with tapered ends to better
show their relative positions in three dimensions. Note that for (¢) and (d), microfibrils are three dimensional bundles of collagen

molecules, unlike the planar arrays shown in (a) and (b).

36 nm gap space between the N-terminus of one col-
lagen molecule and the C-terminus of the succeeding
molecule. The five strands are staggered (along their
stacking direction) with respect to each other by
approximately 67 nm (approx. one-fourth the length
of a collagen molecule, hence termed quarter-
staggered). Alternatively, microfibrils can be defined
as an assemblage of five individual collagen molecules
arranged in parallel and quarter-staggered along their
axial direction (see §2.5). These definitions differ in
the manner in which the microfibrils pack (in two or
three dimensions, respectively) to form larger structures
(up to 0.5 pm diameter) termed fibrils.

This picture has been modified recently by the
synchrotron studies of Orgel et al. [6,7], which demon-
strated that collagen molecules are not rod-like but
are right-hand helically twisted in a discontinuous
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manner along the length of the microfibrils and are
bound together at specific locations (figure 1c¢). The
N-terminus of each collagen molecule is bound to two
(one inter- and one intra-microfibrillarly) abutting
collagen molecules. Neighbouring microfibrils interdigi-
tate, imposing order upon a mildly twisted lattice that
forms fibrils. Microfibril interdigitation may explain
the previously inferred presence of continuous, gap
channels in the fibril structure, formed by the hypoth-
esized alignment of gap spaces in the neighbouring
microfibrils [8]. Interdigitation may also explain why
individual microfibrils have not been isolated from
fibrils [7]. In the next level of structural hierarchy, fibrils
close-pack into larger lamellar structures to form tissue
fibres (3—7 wm in diameter).

Bioapatite crystals nucleate and grow within this
hierarchal collagen structure to form bone. Based on
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detailed transmission electron microscopy (TEM)
studies, Hodge and Petruska identified periodically
staggered gaps between N- and C-termini of collagen
molecules in fibrils and argued that a significant mass
of bioapatite can reside in those gap channels without
significant distortion of the fibril structure [4,9,10].
They further concluded that bioapatite grows in these
channels during early mineralization. However, it was
soon realized that the gap channels did not have suffi-
cient volume to contain all of the bioapatite in fully
calcified bone. Therefore, Katz & Li [11] proposed
that, in the later stages of mineralization, bioapatite
must grow out of gap channels into the ‘intermolecular
spaces’ that are between adjacent collagen molecules
but within collagen fibrils (figure 1b), likely distorting
the fibrillar structure. Nucleation of bioapatite within
the intermolecular space has also been proposed
recently [12]. The conjecture that bioapatite nucleation
and growth occur within collagen fibrils has been sup-
ported by a number of TEM [8,13-16] as well as
neutron and X-ray diffraction (XRD) [17-19] studies
of bone and calcified tendon. Furthermore, estimates
of the gap space and intermolecular volume within a
fibril indicated that together they could accommodate
most (approx. 75%) of the bioapatite in bone [11],
and that was generally considered an underestimation
of the available volume [1].

The Hodge—Petruska model was limited by its
representation of collagen packing in three dimensions,
with parallel packing of straight rod-like collagen
molecules providing continuous and straight inter-
molecular volumes for bioapatite platelets to occupy
(cf. figure 1b and illustrations in Olszta et al. [12]). On
the contrary, the recent detailed description by Orgel
et al. [6,7], of microfibrils assembled from helically
twisted collagen molecules, which interdigitate with
adjacent microfibrils, is that of a more geometrically
constrained intermolecular space with no obvious
capacity to accommodate nanometre-sized platelets of
bioapatite outside of the gap channels.

Other results from the last two decades further chal-
lenged the established model for bone’s nanostructure.
Bonar et al. [20], using neutron diffraction data from
fully mineralized mature bovine bone, calculated that
the gap channels and overlap regions within fibrils
could together accommodate only approximately 25
per cent of the bioapatite in bone. However, the result
received little attention, possibly because it conflicted
with previous estimates, as well as with inferences
drawn from TEM [5,8,13-16] and from neutron and
XRD studies [17-19,21,22]. In contrast to those studies,
high-voltage TEM tomography [23,24], analytical TEM
[25], conventional TEM [26,27] and atomic force
microscopy (AFM) [27—-29] studies report evidence for
extrafibrillar in addition to intrafibrillar bioapatite.
Estimates of the volume fraction of extrafibrillar space
in bone of up to approximately 60 per cent suggest
that a significant mass of bioapatite could be accommo-
dated external to the fibrils [24]. Furthermore, models
of nanocomposite materials based on measured elastic
properties of canine bone and narwhal dentin predict
at least 50 per cent of the bone bioapatite is external
to the fibrils [30].
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How bioapatite is distributed in bone as a function of
anatomical location, maturity, remodelling state and
species has not been fully characterized. There could
be significant dissimilarity between different types of
bone which might explain the different conclusions
drawn from the previously mentioned studies. To
further test the hypothesis that bioapatie resides predo-
minantly within collagen fibrils of mature bone in a
mammal, we performed high-resolution quantitative
scanning (S)-TEM nanocharacterizations using electron
energy loss spectroscopy (EELS) imaging and high-
angle annular dark-field (HAADF) imaging to measure
the spatial distribution of bioapatite and collagen
within mouse bone. We also developed a steric model
of bone’s structure to predict the concentration of bioa-
patite in fibrils. Our scanning transmission electron
microscopy (STEM)-EELS elemental maps directly
image fibrillar gap channels formed by the alignment
of gap spaces in adjacent microfibrils and demonstrate
that most of the intrafibrillar bioapatite is present in
these gap channels [31]. Although TEM-measured bio-
apatite concentrations in bone are difficult to
interpret because of challenges with TEM specimen
preparation, our STEM—-EELS measurements suggest
that gap channels contain at least a factor of 1.5 more
bioapatite than what is present in the intermolecular
space of the fibrils. Our steric model predicts that the
gap channels can accommodate as high as 42 per cent
of the total bioapatite in bone (i.e. 21 vol.% out of the
total 50 vol.% bioapatite in bone). Therefore, our
steric model together with our STEM—-EELS measure-
ments place an upper bound on the amount of
bioapatite than be accommodated within fibrils at 70
per cent of the total bioapatite in bone (i.e. 35 vol.%
out of the total 50 vol.%). Therefore, additional bioapa~
tite must be present external to the fibrils in the mouse
bones we studied, as confirmed by our STEM imaging.

2. MATERIAL AND METHODS

2.1. Transmaission electron microscopy specimen
preparation

The humeral head with the supraspinatus tendon
attached was dissected from 56-day-old CD-1 mice.
Five mice were prepared for analysis (yielding one
sample each) and usable data were acquired from
three of those samples. Specimens were cut in the coro-
nal plane with a scalpel blade to expose the endosteal
cortical surface of the humeral head. Specimens for
TEM examination were fixed in a solution of 4 per
cent paraformaldehyde and 2.5 per cent gluteraldehyde
in 0.1 M cacodylate buffer overnight. A secondary
(post) fixation was performed in a solution of 1 per
cent osmium tetroxide in 0.1 M cacodylate buffer (pH
7.2-7.4) for 1h to prevent extraction of some lipids
during ethanol dehydration. The specimens were pro-
cessed through a gradual ethanol dehydration
sequence: 50 per cent ethanol for 10 min, 70 per cent
for 30 min, 95 per cent for 45 min (two times), and
100 per cent for 1 h (three times). The specimens were
then washed in propylene oxide for 15 min (two
times). Increasing concentrations of Eponate 12 resin
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mixed in propylene oxide (1 : 1 overnight under vacuum
or with agitation, then 1:0 for 4—6 h with agitation)
were infiltrated into the specimens. A final infiltration
of fresh Eponate 12 was performed for 1h prior to
polymerization overnight at 65°C. A Leica EM UC6
ultramicrotome was used to prepare approximately
70 nm thick TEM thin sections, which were mounted
on amorphous-carbon (a-C)-coated Cu TEM grids.
Two to three sections per sample were analysed. A
total of 33 STEM-EELS runs were performed (each
one taking approx. 12 h to complete); 14 of these runs
produced data free of contamination and artefact and
were included in this study.

2.2. Transmission electron microscopy
nanocharacterization: instrument

The nanostructure of the specimens was characterized
using a JEOL JEM-2100F field emission scanning
transmission electron microscope equipped with high-
resolution pole piece and a Schottky field emission gun:
0.5 nA at 1 nm full width at half-maximum (FWHM)
probe diameter. This instrument was operated at
200 kV and at that energy has a rated point resolution
of 0.23 nm and a lattice resolution of 0.1 nm. The instru-
ment is equipped with a Gatan Model 863 Tridiem
electron energy-imaging filter (GIF) with spectrum
imaging package (STEMPack) capable of EELS,
EELS spectral imaging, and electron energy-filtered
(EF) imaging. The GIF is instrumented with an Ultra-
scan 1000 2048 x 2048 pixel, 16-bit, fibre optically
coupled, peltier-cooled, charged-coupled device (CCD)
camera. For STEM imaging, the instrument is equipped
with Gatan Model 805 dark-field (DF) and bright-field
(BF) STEM detectors as well as a Gatan Model 806
HAADF STEM detector capable of zcontrast imaging.
For conventional TEM imaging, the instrument has a
retractable Gatan Orius SC1000B 2672 x 4008 pixels,
14 bit, fibre optically coupled, peltier-cooled, CCD
camera mounted on-axis directly above the GIF.

2.3. Transmission electron microscopy
nanocharacterization: methods

Shortly after insertion into the TEM instrument column,
the specimen was subjected to a greater than 1 h beam
shower to fix any hydrocarbons (and prevent spot con-
tamination) prior to exposing the specimen to a focused
approximately 1 nm FWHM diameter probe. Regions
of the specimen that overhung holes in the a-C support
film that coated the TEM grids were examined to avoid
C edge signal from the support film. The position of the
Gatan HAADF detector with respect to the GIF along
the electron optical axis of the microscope allowed simul-
taneous acquisition of STEM-HAADF images along
with STEM—-EELS spectral images.

Specimens were imaged in STEM mode using the
HAADF detector, which can measure electrons at
high scattering angles (in our case, the range 36.8 +
0.1 to 128.0 + 0.4 mrad) where scattering is approxi-
mately incoherent. Specimens were also imaged using
the GIF to produce elemental maps from STEM-
EELS spectral images. The following conditions were
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used during collection of STEM-EELS spectral
images: a collection angle of 28 = 22.66 + 0.06 mrad,
a 5 mm diameter spectrometer entrance aperture, and
an energy dispersion of 0.2 eV channel . Spectra were
collected over a 409.6 eV range starting at approxi-
mately 232 eV (see electronic supplementary material,
figure S1). Spectra were corrected for dark current
and channel-to-channel gain variation of the GIF
CCD detector array and collected in the diffraction
mode of the TEM (i.e. image coupling to the EELS
spectrometer). The acquisition of an EELS spectral
image consisted of collecting a core-loss spectrum at
each pixel within a STEM region of interest (ROI).
The dimensions of the ROI were approximately 60 X
200 pixels and spectrum acquisition times were 2—4 s
per pixel (up to 12 h were required to collect an EELS
spectral image). Any dataset that exhibited evidence
of hydrocarbon contamination by the probe during
the EELS spectrum image acquisition was discarded.
The spectra (see electronic supplementary material,
figure S1) were processed using Gatan Digital Micro-
graph by fitting a power-law background to each of
the pre-edge regions. Proper background subtraction
is critical (and sometimes non-trivial) in the analysis
of spectral images. Summed spectra from 2 x 2 pixel
regions across each map were examined to determine
the quality of the background fits. If the fitted
background appeared inappropriate (i.e. deviated sig-
nificantly from the expected background) for any of
the core-loss edges somewhere in a spectral image, the
fitting parameters were iteratively modified. No
systematic deviations were observed in any of our spec-
tral images, i.e. no deviations were found to consistently
be present at the periodically spaced gap channels or
intermolecular spaces. While it is difficult to find fitting
parameters that remove all deviations entirely, any
deviations that remained were random with respect to
the pixel location and their effects should average
out in column average plots. The background was sub-
tracted from the edge signal, which was then integrated
over a wide window. The integration windows were all
set to 45 eV so that effects of thickness variations in
the specimen (i.e. plural scattering effects) would be
the same for each of the measured elements (with the
exception of the N-K edge, which was set to 40 eV to
avoid integrating over the Ca-L; edge signal). Ratios
of integrated EELS core-loss signal between two
elements were converted to their corresponding atomic
ratios using partial cross sections that were calculated
from theoretical Hartree—Slater models. Unlike maps
of EELS core-loss signal, maps of relative elemental
compositions are not influenced by variations in speci-
men thickness and electron diffraction [32]. Further
discussion of EELS spectra map analysis can be found
in the electronic supplementary material.

2.4. Interpretation of scanning transmission
electron microscopy— high-angle annular
dark-field and electron energy loss
spectroscopy images

Bioapatite is a carbonated and compositionally complex
form of the mineral hydroxylapatite (Cas(PO,4)3(OH)),
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Figure 2. Steric model of bioapatite platelet accumulation within collagen fibrils. (a) Bioapatite is shown in red, and collagen mol-
ecules are shown in grey (note that spatial scales do not match). (b) The basic unit used to construct the steric model (which can be
viewed as a definition of a microfibril) consisted of five individual collagen molecules in a quarter-staggered arrangement labelled 0,
1/4,1/2,3/4 and 1 to indicate their relative height with respect to a horizontal plane. Collagen molecules were helically coiled along
their length with a coil pitch of 3 pm. (¢) These units were three-dimensionally stacked and packed (as described in the text) to form
fibrils. (d) An edge-on view of bioapatite platelets inserted in one set of gaps between abutting collagen molecules is shown. (e) Four
possible orientations of bioapatite platelets are shown in successive gap channels in the fibril. The three-dimensional steric model can
also be visualized in the video that is available as electronic supplementary material. For visual clarity, the collagen molecules are
drawn as straight rods rather than helically twisted molecules in all panels except (b).

whose structure permits chemical substitution of
various secondary elements and, thus, variation in com-
position [1,33-38]. Collagen fibrils are primarily made
up of the amino acids glycine-NH,CH,COOH, proline-
CsHgNO, and hydroxyproline-C5sHgO3N  with trace
levels of other elements present. In bone tissue, nearly
all of the Ca is contained within the bioapatite. While
both bioapatite and collagen fibrils contain C (bioapa-
tite contains up to six or more wt.% carbonate
(CO37)) [1], the majority of the C is contained in the
collagen molecules. In EELS elemental maps, Ca and
C can, therefore, be used as tracers for bioapatite and
collagen, respectively.

In STEM-HAADF imaging, the high-angle scatter-
ing cross section for the volume probed by the electron
beam is approximately proportional to the square of
the mean atomic number in that volume. Therefore,
scattering from heavy atoms will be more intense
than from light atoms, producing an image with
atomic zcontrast. In other words, the image
intensity (for specimens of uniform thickness) is
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approximately proportional to the square of the
mean atomic number.

2.5. Nanometre-scale steric model of bone

We developed a steric model for collagen fibrils consist-
ing of collagen molecules and bioapatite platelets using
computer-aided design software (SolidWorks, Concord,
MA, USA; figures 2 and 3, see also animations in elec-
tronic supplementary material). Collagen molecules
were approximated by 1.5nm diameter, 300 nm
length cylinders (figure 2a).

The basic unit used to construct our steric structural
model (i.e. defined here as a microfibril) consisted of
five individual collagen molecules arranged in parallel
and quarter-staggered along their axial direction
(figure 2b). The two-dimensional packing of the collagen
molecules within the plane normal to their axial direc-
tion is defined below by the description of the fibril
construction. Further, this ‘microfibril’ was helically
coiled (a simplification of the discontinuous twist of the
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Figure 3. (a) Steric model and schematic cross sections at the gap channels. In the cross-sectional views, grey circles represent
collagen molecules in the gap channel and green circles represent the projected location of collagen molecules that are present
in the overlap space, but are not present in the gap channel. For any given gap channel, there are five possible orientations in
which bioapatite crystals can be virtually inserted. For illustration purposes, these five insertion orientations are drawn in suc-
cessive gap channels in a fibril. This is not necessarily the periodic pattern of these orientations in bone; the pattern (if periodic)
or distribution of orientations (if the pattern is random) of bioapatite platelets in bone is unknown. These orientations for bio-
apatite insertion have packing densities of bioapatite with relative concentrations of approximately 25 : 12 : 9 for the orientations
no.3 and no.4 : no.2 and no.5 : no.1. Orientations 3 and 4 represent the highest possible packing of bioapatite platelets and provide
an upper limit of approximately 21 vol.% for bioapatite in gap channels of bone. (b) An elemental map of collagen fibrils in a
mineralized region of bone that suffered break up and fracture by the diamond knife. The images on the top show carbon-rich
regions (i.e. collagen) in green and calcium-rich regions (i.e. bioapatite) in red. A three-dimensional structural model of a miner-
alized fibril is shown in the middle bottom position of the panel. Note that bioapatite (i.e. Ca) occurs abundantly throughout the
tissue and is also concentrated in the intrafibrillar gap channels (see banding pattern of fibrils in map). The analysed region com-

pletely overhung a hole in the amorphous-carbon (a-C) support film of the TEM grid.

Orgel et al. [6,7] model) along its length with a coil pitch
of 3 wm (figure 2b). Fibrils were constructed by three-
dimensional stacking and packing of these microfibril
model units in such a manner that all the collagen mol-
ecules within the modelled fibril were arranged in an
idealized (and simplified) monoclinic lattice (y=
105.6°, a=4nm, b=2.7nm and c¢= 67.8 nm; figures
2 and 3), rather than a mildly twisted quasi-triclinic lat-
tice that has been inferred from the Orgel et al. model
[6,7]. The stacking along the c-axis (axial direction of
the microfibril) was such that the C-terminus of the col-
lagen molecules from any given microfibril unit abutted
the N-terminus ends of corresponding collagen molecules
in the adjacent unit, leaving a 36 nm gap between the
abutting molecules. Furthermore, the two-dimensional
packing was such that the gap spaces in each stack of
units were aligned with those of the other stacks to
form gap channels (see figure 2 and animations in the
electronic supplementary material).

As shown in figure 1, the structure of collagen extracted
from a natural tissue is known to be mildly coiled and con-
torted. However, for the purpose of determining how much
mineral can fit in the gap channels, it was not necessary to
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implement this complexity in the model. Such level of com-
plexity and accuracy is needed to model the spatial
distribution of mineral in the intermolecular spaces.
However, the goal of the steric model was to determine
the amount of mineral that could fit in the gap channels.
This was determined from the volume of gap channel
space which is defined simply by the position and spacing
of the collagen molecule ends.

The size and the shape of bioapatite crystallites in bone
remain difficult to determine and controversial because
of limitations of available measurement techniques and
difficulties in preparing suitable specimens (see review
in Glimcher et al. [1]). Although the actual distributions
in the size and the shape of bioapatite crystallites are
not well determined and likely vary across types of
bone, age of development and species, recent high-voltage
electron stereomicroscopy/tomography using computer
reconstruction [5,8,14] and AFM [39,40] of bone suggest
that bioapatite crystals in mature bone are predominan-
tly thin plates with approximate dimensions of 2 x 30 x
40 nm. Therefore, individual bioapatite crystals were
modelled here as rectangular platelets with those
dimensions. However, recent AFM studies [28] report
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bioapatite crystals with widths and lengths ranging from
30 to 200 nm.

In our model, bioapatite crystals were inserted vir-
tually through the gap channels, producing a banded
pattern of intrafibrillar bioapatite and overlapping col-
lagen molecules along the length of the fibrils (figure 3),
consistent with previous X-ray and TEM observations.
Our model predicts that for any gap channel, there exist
five different orientations (in the plane normal to the
axis of the fibril) in which bioapatite crystals can be
virtually inserted. For illustration purposes, figure 3
depicts these five insertion orientations in successive
gap channels in a fibril. However, any of the five
orientations are possible in any gap channel.

3. RESULTS AND DISCUSSION

3.1. Steric model predictions for bioapatite
present in gap channels

We estimate the volume fraction of bioapatite contained
within the gap channels of a mineralized fibril, ¢y, as:

¢f = agIZA )
where A is the cross-sectional area of the fibril, « the frac-
tion of the cross-sectional area of the gap channel that can
accommodate bioapatite, Ly, the length of the bioapatite
platelets along the fibril axis and D the axial length/spa-
cing between gap channels. The volume fraction of
bioapatite in bone, ¢y, is proportional to ¢f and given by

Ly
d)b:Bd)f:aBZ) )

where B is the volume fraction of fibrils in bone, which
is approximated by the volume fraction of fibrils in
tendon, B~ 0.8 [41]. For our steric model, L, = 30 nm
(see previous section) and D = 67 nm.

Our steric model predicts «€{0.20, 0.28, 0.28, 0.58,
0.58} depending on the packing orientation of the bio-
apatite, as depicted in figure 3. The calculated volume
fractions in bone corresponding to these packing densities
are {0.073, 0.099, 0.099, 0.21, 0.21}, respectively. There-
fore, our model predicts 0.42 (i.e. 21 vol% out of the total
50 vol% of bioapatite in bone) as an upper limit for the
fraction of total bioapatite in bone that can be present
within the gap channels. Our steric model assumes that
the collagen fibrils do not deform in response to mineral-
ization. If collagen fibrils swell during mineralization,
more bioapatite can be contained in the gap channels
than our model predicts [42].

3.2. Transmission electron microscopy
nanocharacterization reveals both intra- and
extra-fibrillar bioapatite and demonstrates
that the gap channels contain the majority of
wntrafibrillar bioapatite crystallites

Bone and mineralized tendon exhibited two types of tissue,
‘heavily mineralized’ (defined as containing abundant
intrafibrillar and extrafibrillar bioapatite) and ‘mineral-
deficient’ (defined as containing no detectable intrafibrillar
bioapatite, but rather containing relatively low
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heavily mineralized

mineral deficient

Figure 4. Representative HAADF images of (a,b) heavily miner-
alized and (c¢,d) mineral-deficient bone—tendon tissue. In
heavily mineralized tissue, collagen fibrils are largely obscured
by bioapatite (i.e. the image texture absent in ¢ and d). Note
that banded fibrils are barely evident in centre of image (a).
Within any given image, brighter image intensity in regions of
uniform thickness corresponds to higher mean atomic number.
Note that the grey scale ranges for each image have been inde-
pendently adjusted to enhance visual clarity and are not
directly comparable. All images share the same spatial scale.

concentrations of discrete clusters or particles of extrafi-
brillar bioapatite). This latter observation is contrary to
published data on developing mineralized tissues showing
intrafibrillar bioapatite preceding extrafibrillar bioapatite
[17,43,44]. Representative STEM-HAADF images of
these different tissues are shown in figure 4.

In heavily mineralized tissue, ubiquitous bioapatite
completely obscured mineralized collagen fibrils except
in regions that were very thin (less than approx.
50 nm) or suffered mechanical fracture during dia-
mond-knife sectioning. In ultramicrotomy, mechanical
fracture of the specimen is a common occurrence, par-
ticularly during sectioning of hard or brittle materials.
Heavily mineralized tissue broken up by the diamond
knife, thereby exposing several mineralized collagen
fibrils, was imaged spectrally by STEM—-EELS to pro-
duce elemental maps. In the EELS elemental maps,
Ca (red intensity in figure 3) and C (green intensity
in figure 3) can be used as tracers for bioapatite and col-
lagen, respectively. Elemental maps demonstrate that
bioapatite is present abundantly throughout minera-
lized tissue and is concentrated within collagen fibrils
in banded segments that repeat periodically along the
length of the fibrils (figures 3—6).

Heavily mineralized tissue regions sufficiently thin to
expose collagen fibrils were also imaged by means of
STEM-HAADF and STEM-EELS (figures 3-6).
Banded regions of the fibrils that exhibited elevated
HAADF intensity (i.e. with relatively higher mean
atomic number) possessed relatively high concen-
trations of Ca, P and O (indicative of bioapatite) and
significantly reduced concentrations of C (indicative of
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Figure 5. HAADF images as well as EELS elemental maps showing non-mineralized and mineralized collagen fibrils in mineral-
deficient and heavily mineralized tissue, respectively. Ca, O and P intrafibrillar banding are absent in non-mineralized fibrils and
present in mineralized fibrils. Bioapatite is evident external to non-mineralized collagen fibrils as localized concentrations of Ca,
O and P. Note that the colour ranges for each map are not normalized between 0 at.% and 100 at.% and have been independently
adjusted to enhance visual clarity (consequently they are not directly comparable). Grey scale ranges for each HAADF image also
have been independently adjusted to enhance visual clarity and are not directly comparable. The analysed regions completely

overhung a hole in the a-C support film of the TEM grid.

gaps between the N- and C-terminal ends of adjacent
collagen molecules). Similarly, banded regions of low
HAADF intensity (i.e. with relatively lower mean
atomic number) exhibited the opposite elemental abun-
dance trends. Our results are consistent with coeval
STEM observations of elephant ivory (prepared by both
focused-ion-beam milling and ultramicrotomy), which is
composed primarily of mineralized collagen fibrils [25].
Bands repeat periodically along the length of the fibrils.
Their widths are 31.8 + 0.8 nm (bioapatite-filled gap
channel) and 23.0 + 0.3 nm (region where adjacent col-
lagen molecules overlap) as measured from HAADF
images (figure 6). This is consistent with the band-
widths 31.8 + 1.7nm (bioapatite-filled gap channel)
and 23.4+4+ 1.7 (collagen molecule overlap region)
measured from the FWHM of Ca concentration (i.e. Ca-
L, 5 signal) peaks from EELS profile plots (figure 6).
Note that glutaraldehyde-fixation, as performed on our
specimens, is known to contract the approximately
67 nm periodicity of the gap + overlap segment [45].
Comparison of elemental EELS profile plots of Ca, P
and O to that of C (figure 6) suggest bimodal peaks in
bioapatite relative to collagen concentration within the
gap channel with peaks located near the gap—overlap
boundaries. Furthermore, HAADF images of non-
mineralized collagen fibrils in mineral-deficient tissue
exhibit increased mean atomic number near the gap—
overlap boundaries (figure 7). These features appear
associated with topological structures reported for
fibrils. Stained fibrils imaged by TEM exhibit a
number of sub-bands (or intrabands) within the
approximately 67 nm periodic gap—overlap segment

J. R. Soc. Interface (2012)

[46] with as many as 17 negative-stained bands reported
[47]. The bands produced by positive stains mostly cor-
respond to locations within fibrils of charged polar
amino acid side chains such as hydroxylysine/arginine
and glutamic/aspartic acid, which bind anionic and
cationic heavy metals, respectively [48]. The bands pro-
duced by negative stains mostly correspond to locations
of large hydrophobic amino acid groups [48]. Intrabands
are also observed in replicas of freeze-fractured fibrils as
depressions and elevations in replica (i.e. specimen)
thickness [49], termed X,, X3 (located at the gap—
overlap transition corresponding to the N-terminal
and C-terminal telopeptides, respectively) and X;
(located in the gap zone) [50]. Subsequent SEM [51]
and AFM [51,52] studies confirm these bands are topo-
logical ridges on fibrils, and their preservation has been
shown to depend on the methods used for specimen
preparation [51].

Our STEM-EELS spectra indicate that most of the
bioapatite within fibrils is contained within the gap
channels. The EELS Ca-L,3 signal (integrated over
346.4-391.4 eV of electron energy loss, after back-
ground subtraction), column-averaged over a length of
a fibril, is shown in figure 6. The integrated Ca-Ls3
signal represents the number of electrons that were
inelastically scattered by Ca atoms within the probed
specimen volume (i.e. a STEM image pixel). Assuming
constant incident probe current during the course of
measurement (which should be the case for our
Schottky field emission instrument), the integrated
Ca-Ly 3 signal will be proportional to the number of
Ca atoms in the probed volume.
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Figure 6. A HAADF image of a mineralized collagen fibril in
heavily mineralized tissue is shown at top (brighter contrast cor-
responds to higher mean atomic number). Column-averaged
elemental compositions (in atomic percent) within the minera-
lized fibril (measured for a region of interest (ROI) highlighted
by a green-dotted rectangular box) are shown in the middle two
plots. Column-averaged, Ca-Ls 5 signal (integrated over 346.4—
391.4 eV, after background subtraction) for the same ROI is
shown in the bottom plot. Banded segments within the fibril
contain two regions: the first exhibits elevated concentra-
tions of Ca, P and O (indicative of bioapatite) and reduced
concentrations of C (indicative of gaps between the N- and
C-terminal ends of adjacent collagen molecules); the second
region exhibits reduced background concentrations of Ca, P
and O and increased concentrations of C (indicative of overlap
of collagen molecules). Note that Ca, O and P compositions are
spatially correlated and that the Ca/P ratio is approximately
constant across the length of the fibril, suggesting a relatively
homogeneous bioapatite composition. The ratio of the sum of
Ca-L, 3 signal across two overlap regions to that of the sum
of Ca-Lo3 signal across two gap channels is approximately
0.66. The arrows show the overlap regions and gap channels
measured and these appear to have the least amount of extrafi-
brillar bioapatite present. Vertical lines highlight a gap channel.
The analysed region completely overhung a hole in the a-C
support film of the TEM grid.

The integrated Ca-Ls 3 signal from two overlap regions
was summed and likewise the signal from two gap chan-
nels was also summed (figure 6) and their ratio
Rea-1, = 0.667)1] was calculated. Assuming the thick-
ness of the cross section was constant over the volume
of the fibril where the integrated Ca-Ls 3 signals were
summed, Rc,_1, corresponds to the ratio of total mass of
bioapatite associated with the overlap regions to that

J. R. Soc. Interface (2012)
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Figure 7. A HAADF image of several laterally adjacent non-
mineralized collagen fibrils in mineral-deficient tissue is shown
at top (brighter contrast corresponds to higher mean atomic
number). Column-averaged HAADF intensity (measured for a
ROI highlighted by a green-dotted rectangular box) is shown
below. Column-averaged elemental compositions (in atomic per
cent) within a non-mineralized fibril for the same ROI are
shown in the bottom three plots. Between adjacent fibrils (e.g.
just below the ROI) discrete bioapatite grains or small clusters
of grains are clearly evident. As shown in the left panel of figure
5, these discrete regions exhibited elevated Ca and O (i.e. bioapa-
tite) and depleted C (i.e. an absence of collagen). The banded
segments of the fibrils contain two regions: the first exhibits elev-
ated concentrations of C (indicative of collagen overlap regions)
and reduced concentrations of N; the second exhibits reduced con-
centrations of C (indicative of gaps between the N- and C-terminal
ends of adjacent collagen molecules) and elevated concentrations
of N. These fibrils exhibited low O concentration, no appreciable
Ca concentration, as well as no correlation between the O and
trace Ca compositions, indicating no bioapatite was present. In
comparison, mineralized fibrils (figure 6) exhibited relatively
high O and Ca concentrations that were spatially correlated.
The profile plot of the HAADF intensity has twice the pixel resol-
ution as that of the elemental compositions. Vertical lines
highlight an overlap region. The analysed region completely
overhung a hole in the a-C support film of the TEM grid.

associated with the gap channels. This also assumes the
Ca detected in the overlap region is in the form of crystal-
line bioapatite as opposed to concentrated ions. It is
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important to note that any extrafibrillar bioapatite pre-
sent in the cross-sectioned specimen would also
contribute to the measured Ca-L, 3 signal, and hence,
R, 1, would not necessarily represent the ratio of bioapa-
tite present exclusively within the fibril. Nevertheless, the
contribution of the extrafibrillar bioapatite can be mod-
elled and constrained. Assuming a uniform distribution
of extrafibrillar bioapatite on the fibrils, the ratio of the
intrafibrillar bioapatite within an overlap space, Mg,
to intrafibrillar bioapatite within a gap channel, Mg,
can be approximated by

Mo Rca1—c

M, =" =
/¢ T e 1+c

(1= Rca-17)

with c¢=¢
(1+7)

)

where c is the model correction/conversion term, ¢ is the
ratio of extrafibrillar to intrafibrillar bioapatite contri-
buting to the overall Ca-Ly 3 signal (the ratio of the
total mass of extrafibrillar bioapatite to the total mass
of intrafibrillar bioapatite over the region of integration),
and 7y is the ratio of the gap channel volume to the over-
lap region volume (in the fibril’s as-measured state, i.e.
not in their physiological setting prior to TEM specimen
preparation). In figure 6, the fibril is exposed for imaging,
and consequently, its cross section must contain more
collagen fibrillar mass than extrafibrillar mass (i.e. € < 1).
Taking y=14+02 (based on STEM-HAADF
and EELS measurements), Mg = 0.6670)1}(e = 0),
0.65012(e = 0.2), or 0.637527 (e = 0.5).

If bioapatite is present predominantly within the col-
lagen fibrils, then, Mo+ Mg =1 or My, = (1—Mg)/
Mg (note that Mo and Mg are expressed here and
henceforth in units of the fraction of total bioapatite
in bone). Our steric model predicts Mg < 0.42 (i.e.
21 vol% upper limit out of a total of 50 vol% of bioapa-
tite in bone) for the fraction of total bioapatite in bone
that can be present in the gap channels. Therefore, for
the hypothesis that bioapatite is present predominantly
within fibrils to be correct, our steric model requires the
overlap space must contain at least a factor of Mg ,q >
1.38 greater bioapatite than in the gap space. Our
STEM-EELS measurement, Mqg/q <0.66, clearly
shows that this is not the case. In particular, our steric
model and STEM—-EELS results constrain the fraction
of total bioapatite in bone that is inside fibrils as Mg <
0.42 (i.e. 21 vol% upper limit out of a total 50 vol%) for
the gap channels and Mo < 0.28 (i.e. 14 vol% upper
limit out of a total 50 vol%) for the intermolecular over-
lap region. The total intrafibrilar bioapatite is thus
constrained as Mo+ Mg < 0.7. Therefore, a significant
mass of bioapatite (greater than or equal to 0.3 fraction
of total bioapatite in bone) must be external to the miner-
alized fibrils in order to account for the measured volume
fraction of bioapatite in bone.

In mineral-deficient tissue, the lack of pervasive
bioapatite (compared with that observed in the
mineralized regions) allows unobstructed imaging of
the collagen fibrils and of extrafibrillar bioapatite
within the mineral-deficient tissue (figure 4). In
mineral-deficient tissue, discrete bioapatite grains or
small clusters of grains were clearly observed outside
and between neighbouring collagen fibrils (figure 5).
This is most clearly shown in the left panel of figure 5

J. R. Soc. Interface (2012)

and in figure 7, where laterally adjacent fibrils are clearly
separated and bioapatite occupies the space between the
fibrils. The presence of extrafibrillar bioapatite demon-
strates that initial bioapatite nucleation and growth
may not be confined to intrafibrillar gap channels.

The collagen fibrils in the mineral-deficient tissue
(figure 7), similar to those in heavily mineralized tissue,
exhibited bands of elevated concentrations of C (indica~
tive of collagen molecule overlap regions in the
microfibrils) that alternated with bands of reduced C
(indicative of the gap channels). However, no eleva-
ted concentrations of Ca or O (and no correlation in Ca
and O concentrations) are observed in the gap channels
(or overlap regions) of the mineral-deficient fibrils, indi-
cating the mnear absence of intrafibrillar bioapatite
(note: P was not measured in figure 7). Therefore, data
suggest that the mineralization that is present in these
tissues developed first in the extrafibrillar space.

The absence of a strong EELS Ca-L, 3 edge signal
whose post-edge tail overlaps with the pre-edge region
of the N-K edge signal, allowed quantitative elemental
mapping of N in the non-mineralized collagen fibrils
(figure 7). Nitrogen is observed concentrated in gap chan-
nels of non-mineralized fibrils (at levels greater than
which it is present along the entire fibril) present in
amines bound to the N-terminus and apparently in
other N groups that fill the gap channel. A coeval inves-
tigation has also observed N in mineralized fibrils, but its
localization was not determined [25]. These N groups may
play a role in mineralization, and during mineralization
some could be displaced from the gap channel.

In non-mineralized fibrils, fibrillar bands repeat period-
ically, and their widths are 13.8 &+ 0.3 nm (gap channel)
and 37.4 + 0.3nm (overlap region) as measured from
the FWHM of HAADF intensity peaks in profile plots
along fibrils. This is consistent with the bandwidths
15.7 + 0.9 nm (gap channel) and 34.1 + 1.0 nm (overlap
region) measured from the full width C composition peaks
in EELS profile plots (figure 7). The non-mineralized
fibrils have collagen gap channels that are significantly
narrower relative to the overlap regions (ratio = 0.4)
than in the case of mineralized fibrils (ratio ~ 1.4). Unfor-
tunately, no inferences concerning the packing of collagen
in fibrils can be drawn from these STEM observations
because of the uncertainties in the effects of dehydration
and resin infiltration on the fibrils as well as in the
degree of possible tissue compression from slicing by the
diamond knife. These effects are expected to be more pro-
nounced in non-mineralized collagen than in mineralized
collagen structurally reinforced by bioapatite.

As in previous TEM studies, we observed the
banding pattern of adjacent collagen fibrils was often
correlated and in phase with neighbouring fibrils,
suggesting molecular cross-linking between fibrils to
maintain that organization during growth. In principle,
this architecture would allow bioapatite crystals within
the gap space of one collagen fibril to extend over to the
gap space of an adjacent fibril. Such bioapatite bridges
may very well be present in the heavily mineralized tissue,
but visually obscured. Bioapatite is clearly shown both in
the gap channels and external to the fibrils; the question
is whether these bioapatite grains are fused together to
form connected bridges. A number of studies have
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demonstrated that removal of collagen from bone does
not cause the resultant tissue to fall apart [12,53,54].
The presence of extrafibrillar bioapatite may explain
this phenomenon if the latter bioapatite formed continu-
ous bridges throughout the tissue. This mechanism and
architecture would also explain the observation of bio-
apatite grains larger than the dimensions of the fibrillar
gap channels [28]. Bioapatite bridges, if present, would
have significant implications for the bulk mechanical
properties of bone.

With any specimen preparation technique, specimen
artefacts are a potential concern. Aqueous processing
and chemical fixation of bone have been reported to
induce structural modification to collagen fibrils as well
as to induce some phase transformation, dissolution
and reprecipitation of bioapatite [1,13,55]. Of relevance
to our results is the question of possible redistribution
(i.e. dissolution and reprecipitation) of bioapatite. The
effects of this are difficult to assess because the structure
and the organization of bioapatite within intermolecular
spaces are unknown. Owing to the higher diffusivity
offered by the open geometry of the gap channels relative
to the more restricted volume of intermolecular space in
the overlap region, possible bioapatite dissolution from
specimen processing would be expected to occur to a
greater extent in the gap channels than in the overlap
space. In turn, dissolution of bioapatite in the extrafibril-
lar volume would be expected to occur to a greater extent
than within the fibrils. In fact, AFM studies of collagen
fibrils from dentin suggest that the rate of intrafibrillar
demineralization is orders of magnitude lower than that
of extrafibrillar demineralization [56,57]. These AFM
studies also suggest that gap channels are demineralized
at a faster rate than overlap regions. Therefore, if ion trans-
port out of the fibrils is not limited, the effects of our TEM
specimen preparation would be to skew measurements of
Mo, to larger values than that corresponding to the
physiological setting prior to TEM specimen preparation.
Therefore, our measurement of Mo ¢ = 0.66 represents an
upper limit for the relative content of bioapatite in the
overlap region to that in the gap channels. However, extra-
fibrillar bioapatite could shield the ingresses to gap
channels in many, but not all, TEM cross sections. If extra-
fibrillar bioapatite effectively shields many of the ingresses
to gap channels, redistribution of bioapatite from intrafi-
brilar and extrafibrilar volumes should be limited. In
that case, redistribution of bioapatite within the fibril
(ie. Mo ratio) would depend largely on the transport
of dissolved ions between the gap channels and intermole-
cular space. This transport may be significantly limited by
the restricted volume of the intermolecular space, as
suggested by the AFM studies that show demineralization
of the gap space occurs at a faster rate than that of the
overlap region [56,57].

Furthermore, it is unlikely that bioapatite dissol-
ution would occur to near completion in some regions
of the specimen (i.e. the mineral-deficient tissue) while
not in other regions of the same specimen (i.e. heavily
mineralized tissue). Therefore, it is reasonable to con-
clude that the abundant extrafibrillar bioapatite in
the heavily mineralized tissue did not result from repre-
cipitation of bioapatite that dissolved from what
became the mineral-deficient tissue.

J. R. Soc. Interface (2012)

Variations in bioapatite distribution may exist
depending on species, age, anatomical location, remodel-
ling state and other factors. Our studies were performed
on adult rat humeral heads and are relevant to that
specific tissue and timepoint. Our ongoing studies
are examining the effect of age (neonatal through
adult) and location (from unmineralized tendon to fully
mineralized bone) in mouse shoulders.

3.3. Mechanical implications of bone’s
nanophysiology

Stiffening and toughening mechanisms of biological tis-
sues are governed by their nanophysiology [58]. From
the perspective of stiffness, placement of bioapatite
only in gap channels (in series with collagen) is the
least effective strategy for stiffening bone [59]. However,
extrafibrillar bioapatite would stiffen bone significantly
by forming a concentric shell or interconnected network
surrounding and (through aligned gap channels) inter-
penetrating collagen fibrils [60], increasing axial
stiffness and especially flexural stiffness when the bio-
apatite network percolates [59]. Addition of bioapatite
in fibril overlap regions (i.e. intermolecular spaces)
would also stiffen the nanocomposite structure if a
continuous bioapatite network formed. However, geo-
metric constraints within the intermolecular space, as
represented by Orgel et al. [6,7], may limit structural
interconnections of bioapatite. On the other hand, fibril
overlap regions that lack a continuous bioapatite network
could serve a different function, perhaps absorbing
energy and deflecting growing cracks. A similar mechan-
ism has been proposed for compliant fibril—fibril
connections based on AFM studies [61]. The specific
arrangement of bioapatite with respect to collagen also
has implications for fracture toughness [62]. This concept
is consistent with the simulations of Buehler et al. [58]
showing that tissue toughness can be optimized by an
intermediate degree of cross-linking. The intermediate
between a stiffening brittle sheath and a toughening
energy-absorbing barrier is analogous to the trade-off
in the design of fibrous composite materials [63,64]: in
both cases, the goal is a stiff material that shields fibres
from cracks through an energy-absorbing sacrificial layer.

4. CONCLUSIONS

We mapped the volumetric distribution of bioapatite
within the structure of bone using steric modelling and
STEM—-EELS. Our results demonstrate that a signifi-
cant fraction of bioapatite (greater than 30%) exists
external to collagen fibrils. Our steric model predicts
that gap channels can accommodate up to 42 per cent
of the total bioapatite within bone. While the specific
quantity and organization of bioapatite within inter-
molecular spaces remains elusive, our STEM-EELS
measurements suggest that the volume of bioapatite con-
tained within intermolecular spaces of overlap regions is
approximately 2/3 that contained within gap channels.
We also conclude that not only is there a significant
amount of extrafibrillar mineralization, but that such
mineralization can occur before and even in the absence
of the long-recognized intrafibrillar mineralization.
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