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Abstract: Much debate still revolves around bone architecture, especially at the nano- and microscale.
Bone is a remarkable material where high strength and toughness coexist thanks to an optimized
composition of mineral and protein and their hierarchical organization across several distinct length
scales. At the nanoscale, mineralized collagen fibrils act as building block units. Despite their key role
in biological and mechanical functions, the mechanisms of collagen mineralization and the precise
arrangement of the organic and inorganic constituents in the fibrils remains not fully elucidated.
Advances in three-dimensional (3D) characterization of mineralized bone tissue by focused ion beam-
scanning electron microscopy (FIB-SEM) revealed mineral-rich regions geometrically approximated as
prolate ellipsoids, much larger than single collagen fibrils. These structures have yet to become
prominently recognized, studied, or adopted into biomechanical models of bone. However, they closely
resemble the circular to elliptical features previously identified by scanning transmission electron
microscopy (STEM) in two-dimensions (2D). Herein, we review the presence of mineral ellipsoids in
bone as observed with electron-based imaging techniques in both 2D and 3D with particular focus on
different species, anatomical locations, and in proximity to natural and synthetic biomaterial interfaces.
This review reveals that mineral ellipsoids are a ubiquitous structure in all the bones and bone-implant
interfaces analyzed. This largely overlooked hierarchical level is expected to bring different
perspectives to our understanding of bone mineralization and mechanical properties, in turn shedding
light on structure-function relationships in bone.
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1. Introduction

It is well known that a material's mechanical properties depend on its composition and structure. In the case of
the material bone, said properties are influenced by the arrangement of its organic (mostly type I collagen [1,2])
and inorganic (bone apatite, a mineral rich in Ca and P [3,4]) components, together with water, across several
length scales. Bone is a hierarchical material [5], [6], [7], [8], and it is this particular architecture combined with
its optimal composition that makes it possible to combine high strength and toughness, a challenging
compromise to achieve in conventional material design [9], [10], [11], [12]. Interest lies in understanding the
nanoscopic hierarchical levels, specifically in the mineralized collagen fibrils, as they are considered the
building blocks of bone [5,7]. Within each fibril, tropocollagen strands (i.e., triple helices of amino acid chains)
are organized in a quarter staggered array that forms overlap and gap zones of 27 and 40 nm, respectively,
resulting in an overall 67 nm-periodic banding pattern [13,14]. These collagen fibrils eventually become
mineralized, but it is still unclear how such mineralization occurs [15], [16], [17], and whether it is primarily
intra- or extrafibrillar [18], although evidence shows mineralization to be “crossfibrillar” in nature [19]. It is
generally accepted that bone mineral consists of 50 x 25 x 3 nm3 platelets with their c-axes aligned with the
collagen fibrils [20], [21], [22], [23]. Recent work has suggested that mineral platelets themselves are also a
hierarchical structure, made of smaller platelets and acicular crystals, thus adding additional organization levels
to the nine previously identified in lamellar bone structure [7,8] for a total of 12 levels of hierarchy at present
[19].

Despite major advances in characterization techniques available to probe bone architecture [24], [25], [26],
several questions still remain unanswered about bone organization at the smaller length scales, namely at the
nano- and meso-/microscale. Characterization of bone at the nanoscale is often accomplished with transmission
electron microscopy (TEM), especially by scanning TEM (STEM) with high-angle annular dark-field (HAADF)
detectors to readily distinguish the organic and inorganic components of bone thanks to atomic number or Z-
contrast imaging [27], [28], [29]. With HAADF-STEM imaging of transverse sections of mature human femoral
cortical bone (i.e., bone oriented perpendicular to the long axis of the femur and majority of the osteons),
Grandfield et al. identified regions of higher local mineral density, therein termed “rosettes” and defined as
cross-sections of clusters of mineralized collagen fibrils around a less well-resolved central region [30]. The
overall pattern created by these features resembles the “lacy motif” and “rosette motif”” described by Reznikov et
al., where collagen fibrils are mainly oriented oblique and orthogonal to the image plane, respectively [19].

Since these observations, characterization of mineralized bone using three-dimensional (3D) techniques with
nanoscale resolution and microscale accessible volumes, namely focused ion beam-scanning electron
microscopy (FIB-SEM) serial slice and view and machine learning-enabled segmentation, has elucidated the
structure of these “rosettes” in 3D [31,32]. Buss et al. revealed the presence of prolate ellipsoids of mineral,
termed “tesselles”, to be organized in a packed array or crossfibrillar tessellation at the mineralization front in
the tibia of wildtype and mutant Hyp mice [32]. At the same time, these prolate ellipsoids of mineral were also
identified by Binkley et al. in humans by examination of human femoral bone using plasma focused ion beam-
scanning electron microscopy (PFIB-SEM) tomography, which revealed the presence of globular bright features
that closely resemble the rosettes seen in two-dimensional (2D) HAADF-STEM images, but in a 3D volume of
thousands of microns cubed. Therefore, thanks in large part to 3D imaging, these bright patches visualized in 2D
STEM were now identified to be the cross-sections of 3D mineral clusters geometrically approximated by
prolate ellipsoids [31]. While these studies were in mature bone, there is a long history of TEM imaging to
identify the presence of mineral-rich regions organized in globular, sometimes elongated, patches at early sites of
bone formation, in osteoid-rich regions and at mineralization fronts [33], [34], [35]. In 3D, Buss et al. showed
mineral prolate ellipsoids evolving from mineral foci near the mineralization front [32], but how they evolve
from other forms of osteogenesis remains to be thoroughly investigated and these early time-points remain
largely outside of the focus of this review.



Despite a handful of papers since their discovery [31,32,36,37], and surely more to come, the mineral ellipsoid
tessellated structure remains largely unrecognized and overlooked in bone literature. Yet uncovering bone
architecture at this mesoscale will improve our understanding of bone's biological and mechanical functions,
while informing perspectives on the causes and potential treatments for bone mineralization diseases, and
strategies for designing bioinspired materials. In light of these findings, we re-examined the literature and
previously acquired HAADF-STEM images and tomograms of bone from different species and/or anatomical
locations and at biomaterial interfaces to seek out mineral ellipsoids that may have gone undetected in past work.
This review opens with the examination of HAADF-STEM images to assess the ubiquity of mineral-rich
structures across various species, anatomical locations, and biomaterials interfaces, as well as to estimate the size
of these features in 2D. Second, we analyze mineral prolate ellipsoids in 3D volumes from STEM tomography,
thus providing additional considerations on the morphology and dimensions of these structures. Third, we
summarize the observations of mineral ellipsoids in (P)FIB-SEM tomography, which allows for a much larger
volume of material to be visualized in 3D. Finally, we discuss the biomechanical implications of these structural
features to highlight structure-function relationships, along with speculations about their connection with early
mineralization sites.

In this review, we adopt the term “mineral prolate ellipsoids” (or simply, “mineral ellipsoids”) following the
geometric terminology introduced by [31,32]. For 2D representations, we sometimes use the term “rosettes” (as
named by Grandfield et al. [30]). However, many terms exist for what are likely the same structures at varying
stages of mineralization, so an additional section on terminology is appended to this review.

2. 2D imaging of bone at the nanoscale: mineral ellipsoids as seen in HAADF-
STEM

2.1. The rosette vs. elliptical motif

We reviewed over 150 2D HAADF-STEM images, available in the literature and from our unpublished works, in
search of features analogous to the rosettes identified by Grandfield et al. in human femoral cortical bone [30]
(Fig. 1A, pink outlines). In HAADF-STEM images of bone, different features are observed depending on sample
orientation with respect to the collagen fibril axis. Rosettes are typically seen in the transverse plane, when the
collagen fibrils are arranged perpendicularly to the image plane, i.e., viewed in cross-section or out-of-plane
(Fig. 1A). Conversely, when the collagen fibrils are roughly parallel to the image plane, the characteristic
collagen banding pattern is prominent (Fig. 1B, dashed white lines) and elliptical motifs span several fibrils (Fig.
1B, yellow outlines).

Figure 1. A, B) HAADF-STEM images of human femoral cortical bone from samples oriented perpendicularly
(A) and parallel (B) to the long axis of the femur. Rosettes (pink outlines) can be identified in the perpendicular
section (A), while the characteristic collagen banding is present in the longitudinal section (B, dashed white
lines). Elliptical-shaped motifs (yellow outlines), as seen in B, span several collagen fibrils. C) Schematic of an
ellipsoid, and its cross-sections in the orthogonal plane to the major axis (o, pink) and in the longitudinal plane
along the major axis (B, yellow). This supports the theory that rosettes and elliptical motifs are cross-sectional
images of the same 3D structure, i.e., a mineral ellipsoid. Scale bars are 500 nm in A and B [images A and B are
adapted with permission from [30], Copyright 2018, Springer].



More specifically, these mineral ellipsoids would have a circular motif along a plane orthogonal to the major axis, and an
elongated, elliptical motif in a plane perpendicular to the minor axis (Fig. 1C). Further details are provided later in the
review with support from 3D imaging. The presence of these motifs in normal planes suggests they are each the
cross-sections of 3D prolate ellipsoids. Mineral arranged in this elongated pattern has also been reported in the
rat cranium using SEM [38] (see Section 5).

2.2. Evidence of ubiquity across species, anatomical locations, and interfaces

We analyzed HAADF-STEM images of bone from different species and/or anatomical locations to determine
whether the mineral ellipsoids are also present but were unrecognized in types of bone other than human femoral
cortical bone (Fig. 2A) and murine tibia [30], [31], [32]. Interestingly, we found evidence of features resembling
the rosettes or elliptical motifs in bone tissue from multiple species at different anatomical locations and at
interfaces with a variety of natural or synthetic materials. More specifically, typical rosettes, as marked by pink
outlines, were observed in human femoral lamellar bone interfacing with hyper-mineralized tissue [39] (Fig.
2B), bone extracellular matrix (ECM) interfacing with an osteocyte lacuna [40] (Fig. 2C) and with a synthetic
hydroxyapatite scaffold [41] (Fig. 2D) in human maxilla, bone ECM interfacing with an osteocyte lacuna and
with a stainless steel pedicle screw coated with plasma-sprayed hydroxyapatite in human lumbar spine [42] (Fig.
2E), rat tibial bone interfacing with bioactive glass [43] (Fig. 2F), rabbit tibial bone interfacing with a titanium
implant [44] (Fig. 2G), sheep cranial bone interfacing with a multi-component calcium phosphate dome implant
where bone is growing outside the skeletal envelope (Shah et al., unpublished work) (Fig. 2H), and sheep and
human cranial bone interfacing with an implant made of flat tiles of a multi-component calcium phosphate [45]
(Fig. 2I and Fig. 2J, respectively). Not only rosettes, but also elliptical motifs, indicated by yellow arrows, were
identified in some instances of bone forming at a biomaterial interface (Figs. 2C, D, E, G, H). In the majority of
the samples featured, with the exception of Grandfield et al. [30] and Shah et al., unpublished work, the presence
of rosettes in the HAADF-STEM images reported here has been largely ignored in the manuscripts, although the
features are clearly present. This might explain the lack of information regarding the presence of the rosette
structure in other types of bone tissue and their formation or orientation at bone-implant interfaces. Clearly, there
is a need to collect more data from various species, anatomical locations, and interfaces with sufficient resolution
and field of view to conduct a more comprehensive analysis on these mineral ellipsoids.
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Figure 2. Representative examples of rosettes identified in HAADF-STEM images. Some rosettes in the images
are outlined in pink for clarity. Bone samples correspond to: A) human femoral cortical bone, native tissue [from
[30], unpublished data]; B) human femoral cortical bone, interface with a hyper-mineralized tissue (HMT)
[adapted with permission from [39], Copyright 2020, Elsevier]; C) human maxilla, interface with an osteocyte
lacuna (Ot.Lc) [adapted with permission from [40], Copyright 2015, American Chemical Society]; D) human
maxilla, interface with a synthetic hydroxyapatite scaffold (HA) [adapted with permission from [41], Copyright
2010, Wiley Periodicals, Inc.]; E) human lumbar spine, interface with a stainless steel pedicle screw coated with
plasma-sprayed hydroxyapatite (PSHA) and an osteocyte lacuna (Ot.Lc) [adapted with permission from [42],
Copyright 2012, Inderscience Enterprises Ltd.]; F) rat tibia, interface with bioactive glass (BG) [from [43],
unpublished data]; G) rabbit tibia, interface with a titanium implant [adapted with permission from [44],
Copyright 2013, The Royal Society of Chemistry]; H) sheep cranium, interface with a multi-component calcium
phosphate dome-shaped implant (CaP). In this system, bone is growing outside the skeletal envelope [Shah et al.,
unpublished work]; I) sheep cranium and J) human cranium, interfaces with a multi-component calcium
phosphate implant in the form of flat tiles (CaP) [adapted with permission from [45], CC BY-NCsingle bondND
license]. In addition to rosettes, images C, D, E, G and H also contain examples of elliptical motifs (yellow
arrowheads). Uneven rosette appearance in the different images can be attributed to the variable sample
preparation methods and the instrumental and imaging conditions. Scale bars are 2 um in A and H, 1 pm in B, E
F,Tand J, and 500 nm in C, D and G.



2.3. Mineral ellipsoid segmentation and size measurement in 2D

Selected HAADF-STEM images of human bone were used to analyze the transverse cross-sections of mineral
ellipsoids, i.e., the rosettes, semi-quantitatively in terms of size. These images included human bone from three
different anatomical locations, i.e., femur, lumbar spine, and maxilla. Moreover, examples of both native bone
without any interface and interfacial bone tissue (bone ECM interfacing with an osteocyte lacuna and a laser
modified titanium implant [40], bone ECM interfacing with a hydroxyapatite scaffold [41], and bone ECM
interfacing with an osteocyte lacuna and a hydroxyapatite-coated stainless steel screw [42]) were included in this
analysis. Selection of these images was based on the clarity of the rosettes to allow for their segmentation and
size measurement. A total of 83 rosette-like features were segmented, measured, and analyzed statistically. More
details on the methods used for segmentation (Figure S1) and measurement are provided in Supplementary
Information. Statistical analyses were carried out in Python 3.8 wusing the libraries “scipy.stats”,
“scikit_posthocs” and “statsmodel.stats”. Outliers were rejected using the interquartile range (IQR) method. For
comparisons between two groups only, statistical significance was determined using a Welch's t-test (o = 0.05).
For comparisons between more than two groups, statistical significance was determined using a one-way
ANOVA test with Scheffe's post-hoc comparison (a = 0.05). Normality and heteroscedasticity were verified
using the Schapiro-Wilk and Levene tests, respectively (a = 0.05). In the case of homoscedasticity violation, the
one-way ANOVA test was corrected to account for unequal variances.

The diameter of the mineral ellipsoids ranged from 101 nm to 1187 nm, with an average size of 692 nm + 196
nm (Fig. 3A). When comparing rosette size based on anatomical locations, their diameter was on average larger
in human femur compared to both maxilla and spine (p < 0.001), while no statistically significant difference was
found between maxilla and spine (Fig. 3B). However, limitations in the estimation of the rosette diameter in 2D
should be noted since the image plane may intersect the 3D ellipsoids at different levels along their major axis,
as can be inferred from the schematic representation in Fig. 1C which shows the alpha plane at the maximum
diameter of the ellipse. It is therefore likely that these measures are an underestimation of the maximum
diameter. For this reason, viewing the entirety of the ellipsoid from larger-volume 3D techniques, such as FIB-
SEM tomography, provides the most accurate measures [31,32]. These results nonetheless allow for a
comparison between anatomical sites and a reasonable approximation of the diameter.
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Figure 3. A) Distribution of rosette diameter (evaluated as 2D equivalent diameter). The continuous line
represents the aggregate statistics in each diameter range based on the number of observations (no. of rosettes). A
total of 83 rosettes were segmented and measured in human bone from different anatomical locations (femur,
maxilla, spine) and with different types of interfaces. B) Box plot showing the distribution of rosette diameter
based on the anatomical location, i.e., femur (blue, n = 56), maxilla (yellow, n = 19) and spine (pink, n = 8). The
boxes represent 50% of the data, limited by the upper and lower quartiles, with the median and mean indicated
by continuous and dashed lines, respectively, across each box. The vertical lines indicate the range of the data.
Points outside of the range indicate outliers, which were excluded from statistical analyses. *** denote statistical
significance (p < 0.001).



The same method was applied to analyze seven rosettes in rabbit bone at a titanium implant interface [44]. Their
2D equivalent diameter ranged from 455 nm to 717 nm, with an average of 618 nm = 91 nm. No statistical
difference was found in the rosette diameter between the rabbit and human bone examples (p > 0.05). This
supports the idea that the mineral ellipsoids are ubiquitous across species and consistent in their characteristics
(i.e., shape and size), suggesting that they are a distinctive structural feature in bone, analogously to the periodic
banding pattern in various types of fibril-forming collagens. Nonetheless, a thorough analysis involving a larger
sample size and more species is necessary for a better understanding of how mineral ellipsoids form and how
they contribute to the mechanical properties of bone. In addition, there is expected to be some variation in the
measurements reported here considering that it cannot be assumed that the rosettes are cut precisely at their
maximum diameter, and hence their maximum cross-section is in the image plane examined.

3. 3D imaging of bone at the nanoscale: mineral ellipsoids as seen in STEM
tomography

In 2D HAADF-STEM imaging, features along the thickness of the sample are projected onto the same image
plane, becoming overlapped onto each other, which poses some challenges with regards to their resolution and
leads to the loss of information in the third dimension [46]. In the case of bone and bone interfaces, more precise
3D analysis can be accomplished with STEM tomography [24,47] (sometimes simply referred to as “electron
tomography” in this paper), in order to reconstruct a 3D volume, i.e., an electron tomogram, of the sample by
acquiring a set of HAADF-STEM images of the same region at different tilt angles [48]. Three tilt series
acquired as part of the work by Grandfield et al. [30] and Shah et al. [40] (unpublished electron tomograms)
were examined to evaluate rosette-like features and elliptical motifs in 3D. Additional details about tilt series
reconstruction, visualization and segmentation are provided in Supplementary Information. The three tomograms
reconstructed from each tilt series are herein referred to as Tomogram I, Tomogram II and Tomogram III.

3.1. Tomogram I: Femoral bone transverse to its long axis

Tomogram I (Fig. 4A) depicts human femoral cortical bone with the imaging plane (xy) transverse to the long
axis of the bone, and therefore to the osteons, such that the collagen fibrils are out-of-plane. Bright patches
(indicated by ‘i°, ‘ii” and ‘iii’ in Fig. 4A), resembling the rosette pattern observed in HAADF-STEM images, are
visible in the transverse plane (xy plane) throughout the volume when viewing along the direction of the long
axis of bone (z-direction) (Video S1). For clarity of visualization and to allow for size evaluation, three
representative rosettes in the xy plane were segmented across the entire tomogram depth (z-direction) (Fig. 4B).
From the tomogram segmentation, it appears that a rosette indeed extends in 3D, and is not simply a 2D entity.
Although technical restraints related to the limited sample thickness hinder thorough characterization of the
geometry and size of these mineral-rich clusters, it seems that they have a pseudo-cylindrical shape, closer to
that of a prolate ellipsoid. The trend in rosette diameter (not constant, but presenting a maximum value) appears
in agreement with ellipsoid-shaped solids (Figs. 4C, D). However, a larger sample volume is more suitable to
investigate the overall shape and size of the mineral ellipsoids. Due to the requirement of electron transparency,
samples for electron tomography are limited in size, but larger volumes could be analyzed with other techniques,
such as the “serial-surface-view” in dual FIB-SEM instruments [49] (discussed more in Section 4).
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human femoral cortical bone oriented perpendicularly to the long axis of the femur [from [30], unpublished
data]. Rosette-like mineral-rich regions can be identified as the brighter, circular patches in the xy plane. B)

Segmentation of three representative mineral ellipsoids (labeled as ‘i’, “ii’ and ‘iii” in A). The volume renderings
in A and B are represented as orthographic projections [note that in electron tomography, features along the z-
direction are elongated due to the missing wedge of information [46]]. C) Variation in 2D equivalent diameter

measured in the xy plane along the sample thickness (normalized thickness in the z-direction, corresponding to
the red arrow in D) for the mineral ellipsoids ‘i’, ‘ii” and ‘iii’. The diameter variation, presenting a maximum

value, supports the 3D modeling of rosettes as prolate ellipsoids. Note that ‘i’ and ‘ii” were segmented across the

entire thickness of the tomogram, while ‘iii’ was identified in 80% of the xy orthoslices. The ellipsoidal shape is

also visible from the 3D segmentation in D [note that the 3D representation in D is not an orthographic

projection, therefore no scale bar is provided]. E) mineral ellipsoids ‘i’ and outline of its segmentation (blue)

with distinction of the mineral-rich core (orange) in representative F) xy and G) yz orthoslices. Scale bars are 1

pm.

Two of the mineral ellipsoids (labeled ‘i’ and ‘ii’) in Tomogram I were present across the entire volume
thickness, while one (labeled ‘iii’) was segmented in 80% of the xy orthogonal slices (orthoslices) of the
tomogram, as its structure appeared to merge with its surroundings making it less identifiable for segmentation
purposes. The two mineral ellipsoids (labeled ‘ii” and ‘iii’) in the proximity of the canaliculi had a maximum
diameter (as measured in the xy plane) of 306 nm and 363 nm, while ‘i’ was at most 632 nm wide (in the xy
plane), similar to the values obtained for 2D HAADF-STEM images. The smaller size of the clustering in ‘ii’
and ‘iii’ could be due to the presence of the canaliculi that poses spatial constraints, or their location further away
from the ellipsoid maximum cross-section. As already observed by Grandfield et al. in 2D HAADF-STEM
images [30], 3D analysis from Tomogram I also reveals that rosettes are characterized by a brighter central
region, within which collagen fibrils (darker circular features) become progressively more abundant in the
peripheral zone, up to the point where the rosettes appear less distinguishable when individual mineralized
collagen fibrils can be observed. The fact that the rosettes and therefore the mineral ellipsoids are more
mineralized in their core is indeed what makes these structures more visible among the mineralized collagen
fibrils present across the entirety of the bone sample. One such example is shown in Figs. 4E, F, and G where a
mineral ellipsoid (labeled ‘i’) has a visibly brighter core with an average diameter around 217 nm, which
roughly accounts for 41% of the mean diameter of the overall ellipsoid.



As rosettes appear to be the cross-sectional image of 3D features, electron tomography seems to be a more
adequate technique to investigate them compared to HAADF-STEM, where each image is a 2D projection.
However, there are limitations in electron tomography that can lead to artifacts in the reconstructed tomograms,
such as those arising from the missing wedge in the sampling [46]. The specific reconstruction algorithm
employed can also affect the final tomogram quality, in turn influencing the understanding of the structure and
morphology of the shape of mineralized ellipsoids or even cross-fibrillar mineralization. For example, using the
simultaneous iterative reconstruction technique (SIRT), a different number of iterations can affect the
reconstruction quality [46]. In the case of the tilt series used in Tomogram I, a higher number of iterations
resulted in more grainy but less blurred orthoslices in the reconstructed tomogram, hence enabling a better
rendering of the finer structures within and around an individual rosette. On the other hand, fewer iterations
appear suitable to examine the overall shape and distribution of rosettes across the entire electron tomogram (see
Supplementary Information).

3.2. Tomogram ll: Femoral bone parallel to its long axis

In a sample oriented parallel to the long axis of a long bone, and therefore generally to the osteons, rosettes are
rarely visible. Instead, the collagen appears in the plane of the image, with both the collagen banding pattern and
the elliptical motifs distinguishable. For example, Tomogram II (Fig. 5A) corresponds to bone from the same
human femoral cortex as Tomogram I, but prepared in the direction parallel to the long axis of bone. The
characteristic banding pattern arising from the periodic arrangement of mineralized collagen fibrils is visible
throughout the tomogram in the xy plane (Video S2). The organization of the fibrils also appears to define
elliptical motifs (Fig. 5B, yellow outline). When viewing a cross-section of this elliptical motif along its minor
axis, the observed brighter regions of higher mineral density (Fig. 5C), corresponding to a partial view of a
rosette, further support that rosettes and elliptical motifs are cross-sectional views of the same 3D solid but along
orthogonal planes (Fig. 1C). The analysis of electron tomograms of bone sections oriented in two orthogonal
planes can provide valuable complementary information (e.g., Tomogram I and II). However, given the limited
depth of the tomogram, the cross-sections of the mineral ellipsoids in Tomogram II do not fully enclose an entire
rosette, therefore Tomogram I seems to be more suitable to characterize rosettes in terms of size and
morphological changes across the sample thickness.

Figure 5. A) Tomogram II, corresponding to a reconstruction of an electron tomography tilt series of a section of
human femoral cortical bone oriented parallel to the long axis of the femur [from [30], unpublished data]. The
characteristic collagen banding pattern is visible in the tomogram, especially in the xy plane in B. Elliptical
motifs span several collagen fibrils. When sectioning one of such motifs (outlined in yellow) perpendicularly to
its major axis (section A-A, pink dashed line) (B), mineral-rich regions can be distinguished (C). These could
correspond to rosettes, but the sample thickness is too limited to confirm it. The volume rendering in A is
represented as an orthographic projection [note that in electron tomography, features along the z-direction are
elongated due to the missing wedge of information [46]]. Scale bars are 1 pm.



3.3. Tomogram lll: Maxillary bone at the bone-osteocyte lacuna interface

Tomogram III (Fig. 6A) is the reconstructed volume of a bone ECM-osteocyte interface in the vicinity of a
titanium implant (not visible in Tomogram III) placed in the human maxilla. The mineralized collagen fibrils
tended to appear more disorganized in the Xy plane compared to Tomogram I and Tomogram II. This may be
attributed to the fact that the sample was prepared without specific consideration for the dominant loading axis
of the implant in the maxilla during mastication. Closer to the osteocyte lacuna, the collagen banding pattern is
more visible (Fig. 6B, arrowhead), which also results in some elliptical motifs being observable. Further away
from the cell lacuna, the fibrils appear to orient in the direction perpendicular to the xy plane, and some brighter
patches, resembling rosettes, can be distinguished (Fig. 6B) and their extension in 3D can be confirmed by
looking at the reconstruction (Video S3). Rosettes present in the xy plane in Tomogram III are less defined than
those in Tomogram I, which could depend on the different bone type and/or the presence of an interface, as well
as sample-specific characteristics (such as orientation), and eventual artifacts in the sample preparation and/or
data acquisition. However, as rosettes and elliptical motifs were observed across the different samples, it is
highly likely that the mineral ellipsoids are to be found in bone tissue independently of the anatomical location
and the presence of an interface.

A

| i

Figure 6. A) Tomogram III, corresponding to a reconstruction of an electron tomography tilt series of human

maxilla ECM at the interface with an osteocyte lacuna (Ot.Lc) [from [40], unpublished data]. B) Representative
xy orthoslice of Tomogram III. In the proximity of the osteocyte lacuna, collagen banding pattern and elliptical
motifs are visible (yellow arrowhead). Further away, bright patches corresponding to rosettes are present (pink

outlines). The volume rendering in A is represented as an orthographic projection [note that in electron
tomography, features along the z-direction are elongated due to the missing wedge of information [46]]. Scale
bars are 1 um.

4. 2D and 3D imaging of bone at larger fields of view: mineral ellipsoids as
seen in SEM and (P)FIB-SEM

HAADF-STEM allows us to obtain high resolution images of bone features at the nano- and mesoscale. By
adding a third imaging dimension in STEM tomography, more information pertaining to the mineral structure
can be gathered. While STEM offers a very high resolution (subnanometer), samples need to be extremely small
and thin, in particular electron transparent, typically ~100-200 nm thick. This makes the volume analyzed in
electron tomograms limited in size (at most ~1 um3) [49,50], which can restrict the understanding of structural
features that extend beyond the nanoscale and into the meso-/microscale, such as the mineral ellipsoids we
describe herein. Acquisition of SEM images in a serial slice and view fashion in FIB-SEM tomography can
generate 3D tomograms of bone structure with submicron/nanometer resolution and a volume much bigger than
in electron tomography [49], [50], [51], thus allowing for a more global understanding of the mineral ellipsoids.
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By imaging a significantly large volume (28.6 x 25.6 x 8.7 um3) of a human femoral cortical bone sample with
a PFIB dual beam instrument, Binkley et al. observed the presence of circular, bright features across the entire
tomogram in the plane transverse to the long axis of bone [31]. In work published at the same time, Buss et al.
reported analogous features in the tibia of wildtype and mutant Hyp mice using FIB-SEM tomography [32]. As
imaging contrast in backscattered electron (BSE)-SEM images arises from compositional differences [52,53],
similarly to the Z-contrast in HAADF-STEM, these bright regions correspond to areas of higher mineral content
in bone tissue. This, combined with the comparable shape and size of rosettes in HAADF-STEM images, led to
the conclusion that they are indeed the same feature, offering a linkage to the nanoscale [31] (Fig. 7A). When
analyzing these structures in 3D, Binkley et al. were able to identify ellipsoids approximately 700 nm wide and 1
um long [31] (Fig. 7B). The diameter of these ellipsoids is comparable to the 2D equivalent diameter of the
rosettes we analyzed in HAADF-STEM images and also close to the diameter of the mineral ellipsoid ‘i’
segmented in Tomogram I. In the wildtype and Hyp mice, the packing of prolate ellipsoids with a median size of
around 900 nm was postulated to result in a crossfibrillar mineral tessellation pattern, which lacks continuity in
the Hyp mouse [32] (Fig. 7C). Interestingly, features with a similar shape and size as the mineral prolate
ellipsoids have also been observed in demineralized samples in prior work. For example, Reznikov et al.
revealed the presence of “hour-glass shapes” in demineralized human lamellar bone, originating from a
differential staining of aligned collagen fibrils [8]. Cross-sections of mineral ellipsoids from human femoral
cortical bone samples in three orthogonal planes [31] (Fig. 7D) appear to resemble a highly contrasting circular
region of material observed in a demineralized sample from the alveolar bone of a minipig [54] (Fig. 7E). The
staining heterogeneities observed in demineralized bone, that result in high contrast regions like the hour-glass
profiles [8], are believed to arise from non-collagenous organics (presumably proteoglycans) [8,54]. This
appears analogous to the “crystal ghosts”, i.e., regions rich in non-collagenous protein remainders of early
calcification sites upon demineralization [55,56]. Other studies have shown the bone phosphoprotein
“osteopontin” in close association with electron dense patches in demineralized chicken bone [57] and at early
mineralization sites in the osteoid [58]. If the bright regions in demineralized bone samples are what is left of
mineral ellipsoids upon demineralization, this could indicate that the distribution of the collagenous and non-
collagenous organic components in bone is related to the organization of the mineral in the ellipsoids. However,
it cannot be totally excluded that the most sheltered mineral cannot be fully removed upon demineralization, and
hence contributes to image contrast in those dense regions observed in demineralized samples by FIB-SEM.
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Figure 7. A) Brighter patches as observed in BSE-SEM images from PFIB-SEM tomography (images 1 and 2)
and in HAADF-STEM images (images 3 and 4). Based on how the contrast is generated in both techniques,
these regions indicate areas with more mineral present. This sequence of images represents the linkage between
nanoscale and mesoscale, i.e., rosettes visualized in HAADF-STEM (images 3 and 4) and mineral ellipsoids
identified in PFIB-SEM (images | and 2). B) Segmented mineral ellipsoid identified in a PFIB-SEM tomogram
of a bone sample from human femoral cortex. The prolate ellipsoid is roughly 700 nm wide and 1 pm long. C)
Segmentation and labeling (colouring) of abutting mineral prolate ellipsoids in a FIB-SEM tomogram of a bone
sample from the tibia of a wildtype mouse. D, E) Analogous bright patches observed at the intersection of three
orthogonal planes in (P)FIB-SEM tomograms. Image D corresponds to a mineralized sample, hence the brighter
region is more concentrated in mineral. On the other hand, sample in E is demineralized and stained, thus the
brighter area circled in green has more organic phase present. Considering the similarity in shape and size, this
may indicate that these features correspond to the same structure, thus suggesting that mineral ellipsoids have a
higher concentration of both inorganic and organic components. Scale bars in panel A are 5 pm in image 1, 1 pm
in image 2, 500 nm in image 3, and 200 nm in image 4. Scale bars are in 1 pym in B and D, 5 pm in C and 0.5 pm
in E [images A, B and D are adapted with permission from [31], Copyright 2020, Elsevier; image C is adapted
with permission from [32], Copyright 2020, Elsevier; image E is adapted with permission from [54], Copyright
2019, Elsevier].
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Mineral ellipsoids are overall more apparent in (P)FIB-SEM tomograms compared to electron tomograms. This
can be attributed to the lower resolution of (P)FIB-SEM imaging [59], which enables the visibility of the global
contour of a mineral ellipsoid rather than the finer details composing its structure and the spaces in between
different ellipsoids. (P)FIB-SEM tomography and electron tomography should be used in a complementary
fashion: the former to examine larger volumes of material [49], [50], [51], hence assessing global properties of
the mineral ellipsoids; the latter to achieve a higher resolution [59], thus characterizing each individual mineral
ellipsoid and resolving its finer details and surroundings.

5. Biomineralization and structure-function relationships

While the mesoscale description of mineral prolate ellipsoids in fully mineralized bone tissue is fairly recent
[31,32], mineral-rich formations in bone have been identified before, often in association with early stages of
tissue mineralization and where mineralization is ongoing. Although the process of biomineralization is still not
fully understood [15], [16], [17], many electron microscopy studies have shown that the areas where
mineralization begins consist of roundish aggregates of crystals (mineralization nodules) [55]. Bernard and
Pease observed spherulitic mineral formations, termed “bone nodules”, ranging from 150 nm to 750 nm in size,
originating from coalescing calcification sites in the osteoid from the calvariae of fetal mice [33] (Fig. 8A). The
presence of roundish or elongated clusters of crystals developing during the mineralization process was also
assessed by Bonucci [56]. Both studies concluded that these structures are highly concentrated in both mineral
and organic substances, postulated to be polysaccharides [33] or non-collagenous proteic filaments [56], as
apparent when analyzing decalcified tissues. Around the same time, Boyde and Hobdell reported the presence of
clusters of mineral particles around 300 nm in diameter in the mineralization front at the periosteal surfaces of
primary membrane bone [60]. In addition to these ex vivo examinations, mineral-rich structures have also been
found in vitro in cultures of MC3T3-E1 (murine calvaria-derived pre-osteoblastic cell line) [61]. These
“mineralization foci” appear as 100 nm globules within the collagen matrix, and progressively merge to form
larger mineral aggregates [61]. Other in vitro studies have discussed the presence of calcium phosphate
aggregates transported to the ECM by vesicles expelled from osteoblasts [62]. Fine mineral structures
progressively start protruding from these aggregates as mineralization proceeds (Fig. 8B). Such mineral
structures, that appear to connect different collagen fibrils, resemble the mineral platelets ‘bridging’ distinct
rosettes in the images and tomograms we examined, i.e., recalling crossfibrillar mineralization as identified by
Reznikov et al. [19]. However, caution should be exerted when comparing in vitro and in vivo/ex vivo findings.
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Figure 8. Examples of mineral deposits in not fully mineralized bone tissue: A) initial calcification sites (circles)
and bone nodules (BN) in the calvariae of fetal mice (TEM image, magnification is x38,000 in the original
paper) [adapted with permission from [33], Copyright 1969, Wiley-Liss, Inc.]; B) calcium phosphate aggregate
(marked by *) associated with collagen fibrils (C label in the images) in the ECM (top image) and mineral
(arrows) protruding from a mineral aggregate (bottom image) [adapted with permission from [62], National
Academy of Sciences]; C) FIB-SEM images (left and top right images) and 3D reconstruction (bottom right
image) of mineral deposits (M label and arrows in the images, blue in the reconstruction) at the interface
between mineralized and unmineralized regions in the turkey tendon [adapted with permission from [35], PNAS
license]; D) cross-sectional views of marquise-shaped motifs in the roof over an osteoblastic-osteocyte lacuna
(Ot.Lc) in the rat cranium (BSE-SEM image) [adapted with permission from [38], CC BY license]. Scale bars
are 0.2 umin B, 1 um in C and 2 um in D.
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Not only are mineral structures present (and detectable) at early stages of mineralization, but they have also been
identified at the interface between poorly and completely mineralized tissue. Calcified, spherical or fusiform
bodies, sometimes referred to as “calcospherulites” or “calcospherites” have been reported by several studies
[34,[63], [64], [65], [66], [67]. Calcospherulites, a similar nodule-like mineralized cluster, have also been
recognized as a characteristic feature of rapid bone formation in woven bone [68,69], although it remains
unknown if the prolate ellipsoids reviewed herein arise directly from calcospherulites since bone remodeling
may presumably change them as bone matures. Mineral deposits with a prolate ellipsoidal shape have been
observed in turkey tendons along the long axis of the tendon, both around and within collagen fibrils [35] (Fig.
8C). Mineralization foci have also been reported at the transition between osteoid and mineralized tissue in
human osteons [70]. In addition, micron-sized mineral globules seem to be a characteristic feature at the
mineralization front of a hyper-mineralized layer of bone tissue in the human femoral neck that often manifests
with aging [39]. Near the mineralization front in the tibial diaphysis of a wildtype mouse, mineral foci appear to
grow into packed prolate ellipsoids, a phenomenon that is also present but in a defective way in a mutant Hyp
mouse affected by X-linked hypophosphatemia [32].

The neurocranium is an ideal location to study the development of bone structure, due to continuous bone
growth at the cranial sutures [71,72]. Examining deproteinized bone at the apex of the finger-like projections at
the suture edge, Shah et al. assessed the evolution of bone mineral morphology from discrete “marquise-shaped
motifs” into a continuous interwoven mesh [38]. A parallel can be drawn between the marquise-shaped motifs at
the cranial bone-suture interface [38] and the mineral ellipsoids in femoral cortical bone [31], based on their
comparable shape and size. Moreover, marquise-shaped motifs viewed in cross-section using BSE-SEM appear
to be circular clusters of mineral platelets [38] (Fig. 8D), and closely resemble the rosettes in HAADF-STEM
images and the cross-sections of mineral ellipsoids in PFIB-SEM tomograms [31].

In addition to unclear aspects concerning osteoid mineralization, different models have been proposed
concerning the relative location of mineral and collagen once biomineralization is complete (in a relative sense,
as bone remodeling and hence mineralization are ever occurring phenomena throughout the entire life of the
tissue). Early electron microscopy investigations placed the mineral mainly within the gap zone of the staggered
tropocollagen molecules (intrafibrillar mineralization), eventually extending in the overlap region [73], [74],
[75], [76]. On the other hand, other work proposed that most mineral is located outside the collagen fibrils
(extrafibrillar mineralization) [77,78], in the form of platelets wrapped around the fibrils [79], [80], [81]. In
between these two opposite views, more recent studies support the idea that mineral is neither exclusively intra-
or inter-/extrafibrillar, but crossfibrillar [19]. This correlates to what was observed for osteoid mineralization, as
mineral foci have been identified both within and outside a single fibril [35]. Observation of mineral ellipsoids in
human femoral cortical bone [31] and mouse tibia [32] and their “crossfibrillar tessellation” [32] further supports
that the mineral-collagen relation spans across several fibrils, and it is not organized in a mere intra- or
interfibrillar fashion, consistently with the hierarchical organization of bone given by Reznikov et al. [19].
Tessellated prolate ellipsoids of mineral, which have also been termed “tesselles” [32,36,37], appear to develop
from nanosized mineral foci, that progressively enlarge to grow inside collagen bundles [32].

The implications of collagen mineralization and bone hierarchical organization are not purely biological: a better
understanding of the collagen-mineral architecture is important not only to shed light on biology-related aspects
such as bone pathologies, but also from an engineering and materials science perspective [82]. Like in any other
material, bone's structure and properties are deeply interrelated. Bone is a noteworthy material, as it is both
strong and tough, a compromise often hard to achieve in man-made materials [10]. These unique properties are
partially a result of the multiscale hierarchical architecture of bone [5,6,9,11,12]. Exhaustive knowledge of bone
structure would be of interest in the development of bioinspired materials, both in the implantable biomaterials
and tissue engineering fields [83], and beyond biomedical applications [84,85]. Collagen mineralization, whether
it is intra-, inter-/extra-, or crossfibrillar, influences the final mechanical properties of bone, as the type of
mineralization ultimately dictates the spatial arrangement of the constituents of the composite material bone, i.e.,
collagen and mineral. In fact, the mechanical behavior of composite materials, for a given composition, depends
on the size and distribution of their constituents.
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Therefore, the mineral ellipsoids at the mesoscale level in bone architecture would have obvious mechanical
implications. Specifically, the dense packing of mineral ellipsoids has been proposed to originate a tessellated
structure, which offers resistance to bending and compression at the tesselles interface [32]. Tessellation of
subunits packed with chemically or physically distinct interfaces is common in natural materials to combine
stiffness and strength with toughness by reducing crack propagation [86]. Examples of tessellation are found in
several invertebrates and vertebrates [86], in both the exoskeleton (e.g., armored fish scales [87,88] and turtle
shell [89,90]) and the endoskeleton (e.g., cartilage of sharks, rays and chimaeras [91,92]), as well as in the
osteoderm (e.g., armadillo armor [93]) and in teeth (e.g., teeth of durophagous stingrays [94]). An example of a
tessellated-like structure, where abutting elements provide mechanical interlocking at large deformations, can
also be found in the human skull [11].

6. On the nature of mineral clustering: temporal evolution and technique-
dependent visualization

For a deeper understanding of bone hierarchical structure and its functional and mechanical implications,
extensive characterization of the clustering of mineral into ellipsoids is necessary. Specifically, the relationship
between early calcification sites and mineral ellipsoids should be thoroughly investigated. We speculate such
relationship to be temporal in nature, where the globular/elongated mineral aggregates observed at early
mineralization stages would act as precursors and growth templates for the mineral ellipsoids. Recent work
shows how mineral foci at the mineralization front progressively develop into packed prolate ellipsoids in the
mouse tibia [32]. Our review highlights the ubiquitous presence of 2D rosettes and 3D ellipsoids even in areas
not in proximity of a mineralization front or of osteoid-rich regions. More studies are needed to understand
whether such mineral ellipsoids present in fully mineralized tissue also correspond to the evolution of early
calcification sites. This would indicate that their prolate ellipsoid structure as observed nearby a mineralization
front is maintained once mineralization is complete. The shape preservation and the lack of fusion of the mineral
ellipsoids in mature bone could be dictated by the action of mineralization inhibitors [95]. The hypothesis of a
correspondence between calcification sites and mineral prolate ellipsoids is favoured by similarities in shape and
size, in addition to the evolution observed at a mineralization front [32]. Studies have shown that early
mineralization foci are rich in organic material, especially non-collagenous proteins such as osteopontin [58].
The presence of hour-glass/globular regions highly concentrated in organic substances has also been observed in
mature demineralized bone [8,54], as previously discussed in Section 4. If these regions are what is left of
decalcified mineral ellipsoids, this would be another analogy between mineral prolate ellipsoids and
mineralization foci.

While bright patches indicating mineral-rich areas are clearly visible throughout the entirety of the sample in
(P)FIB-SEM tomography [31,32], these structures are still identifiable but less omnipresent in HAADF-STEM
images and electron tomograms (Sections 2 and 3). STEM requires the use of small and extremely thin samples,
thus it is likely that only a small number of mineral ellipsoids are present within a sample so that they are cross-
sectioned along a plane containing their minor axis and normal to their major axis. It is also possible that cross-
sections of mineral ellipsoids (i.e., rosettes) are overall more apparent in techniques with lower resolution, as
inner features, edges and mineral structures connecting different clusters of mineral are not well resolved, hence
neighbouring rosettes may be seen as one. The effect of image resolution and post-processing techniques on the
mineral ellipsoids characterization is evident in our comparison between Tomogram I and Tomogram 1100 (see
Supplementary Information), where a different blur level in the reconstruction makes the clarity of the overall
mineral shape prevail over that of the finer details in Tomogram I, and vice versa for Tomogram 1100 (Figure
S2). In (P)FIB-SEM, a tomogram is a stack of 2D images, originated from BSE signal in the case of mineral
ellipsoids studies. Given the nature of BSE imaging in (P)FIB-SEM, each image is made of signal produced in a
certain region below the surface (whose depth depends on the elements involved) [52,53].
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This could result in artifacts of the real morphology of the mineral ellipsoids, as what appears in an image is the
average signal from a certain region, which can make mineral-rich areas located just underneath the sample
surface mask those mainly composed of collagen and other organic substances. Similar issues may arise in
HAADF-STEM images. As these images represent a 2D projection of the sample volume, larger mineral
formations could hide the smaller ones and the organic-rich areas located along the same vertical in the sample
thickness. This issue can be solved by 3D reconstructions with electron tomography.

Finally, it must be noted that the visualization of certain features in bone samples also depends on how well these
structures are preserved during the preparation of ultrathin section for (S)TEM analysis. In this review, we
focused on samples prepared by FIB dual beam instruments. The in situ lift-out protocol applied in these
instruments can maintain high integrity in bone and bone interfaces, introducing less damage and structural
disruption than other techniques such as ultramicrotomy [96], [97], [98].

7. A final terminology remark

The terms “mineral prolate ellipsoid” [31,32] and “tesselle” [32] were introduced when reporting on these
features in the structure of bone at the mesoscale. “Prolate ellipsoid” is a clear reference to the geometrical shape
that best approximates these mineral regions, while the French term “tesselle” was coined by Buss et al. to refer
to their role as components of the 3D tessellated pattern they produce [32]. One might instead consider the terms
“tessella” (plural “tessellae”) or “tessera” (plural “tesserae”) which are generally defined as tiles used in
tessellated patterns, albeit for 2D arrangements or tiling. However, since the term "tesserae" has been used for
many years to describe the several micron-sized features within the skeletons of sharks and rays [86,99], perhaps
"tessella" and "tessellae", which indicate a diminutive size, are the more appropriate English terms to describe
these mineral features as tiles of a tessellated structure. Since their packing dictates further investigation, we
prefer to refer to them as mineral ellipsoids in this manuscript, or slight variations such as mineral prolate
ellipsoids. We also adopt the term “rosette” to indicate the 2D transverse cross-section of a mineral ellipsoid, as
identifiable in HAADF-STEM images or in individual planes of PFIB-SEM volumes and electron tomograms.
The term “rosette” was borrowed from work previously published by our group [30], but it must not be confused
with what Reznikov et al. call “rosette”, i.e., one of the motifs present in lamellar bone [19]. In that work, the
overall pattern created by what we call rosettes more closely resembles what is indicated as “lacy motif” instead
[19]. When referring to mineral formations identifiable at the early stages of mineralization, the term
“mineralization foci” or “mineral foci” is used by several authors [32,58,61,70]. Others instead label these early
mineralization sites as “calcospherulites”, “calcospherites” and such [34,[63], [64], [65], [66], [67] (see the
terminology note in [34]). The term “bone nodules” has also been adopted by some early studies [33]. Similarly
shaped and sized structures in demineralized bone have been referred to as “crystal ghosts” [55,56] or “hour-
glass shapes” [8] which presumably represent the same structures. Finally, describing mineral ellipsoids as
clusters of mineral should not be confused with Posner's clusters, which refer to the nanosized aggregate
precursor of amorphous calcium phosphate [100].

As confusion may arise from inconsistent terminology, efforts must be made to unify the jargon. However, the
use of different terms used to indicate mineral ellipsoids in fully mineralized bone tissue with respect to mineral-
rich structures in the osteoid and at the mineralization front (mineralization foci) could be justified to better
emphasize the different stages of mineralization.

8. Conclusion

We thoroughly reviewed the presence of mineral prolate ellipsoids in various types of bone tissues and at bone
interfaces. Our collection of HAADF-STEM images shows mineral ellipsoids in 2D (as rosettes) in different
species and/or anatomical locations, as well as at several types of interfaces (both natural and synthetic), thus
suggesting that these features are ubiquitous in bone.
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Rosettes displayed an average diameter of roughly 700 nm, in agreement with the dimension along the minor
axis of the mineral ellipsoids shown in (P)FIB-SEM tomograms [31,32], as well as the size of mineral-rich
structures reported at early mineralization sites [33], [34], [35]. Our segmentation of electron tomograms
substantiates the view that rosette and elliptical motifs are mutually orthogonal, cross-sectional planes of mineral
prolate ellipsoids, as concluded from previous (P)FIB-SEM tomography [31,32]. Considering the implications
on biomineralization and mechanical properties that mineral tessellations have, these features should be
extensively studied further. Comprehensive characterization should be aided by different techniques to gather
complementary information across multiple length scales. At the nanoscale, the arrangement of organic and
inorganic components within an individual mineral ellipsoid should be investigated. At successive levels of
organization, the overall morphology and arrangement of mineral ellipsoids with respect to each other should be
assessed, specifically to further explore the crossfibrillar tessellation model [32]. In addition, considering the
evidence of the ubiquity of mineral clustering into ellipsoids across different species and bone types herein
presented, research on mineral ellipsoids should involve bone tissue from a diverse range of animals and
anatomical locations, as well as variable tissue age, and at implant interfaces. Finally, the origin and evolution of
such mineral ellipsoids should be further examined, in particular to assess whether similarly shaped and sized
mineral-rich structures often observed at the early stages of mineralization indeed represent a precursor state of
mineral ellipsoids in all mature tissue and various forms of osteogenesis.
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