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ABSTRACT

Multiscale characterization is essential to better understand the hierarchical architecture of bone and an array of
analytical methods contributes to exploring the various structural and compositional aspects. Incorporating X-ray
tomography, X-ray scattering, vibrational spectroscopy, and atom probe tomography alongside electron micro-
scopy provides a comprehensive approach, offering insights into the diverse levels of organization within bone.
X-ray scattering techniques reveal information about collagen-mineral spatial relationships, while X-ray to-
mography captures 3D structural details, especially at the microscale. Electron microscopy, such as scanning and
transmission electron microscopy, extends resolution to the nanoscale, showcasing intricate features such as
collagen fibril organization. Additionally, atom probe tomography achieves sub-nanoscale resolution and high
chemical sensitivity, enabling detailed examination of bone composition. Despite various technical challenges, a
correlative approach allows for a comprehensive understanding of bone material properties. Real-time in-
vestigations through in situ and in operando approaches shed light on the dynamic processes in bone. Recently
developed techniques such as liquid, in situ transmission electron microscopy provide insights into calcium
phosphate formation and collagen mineralization. Mechanical models developed in the effort to link structure,
composition, and function currently remain oversimplified but can be improved. In conclusion, correlative
analytical platforms provide a holistic perspective of bone extracellular matrix and are essential for unraveling
the intricate interplay between structure and composition within bone.

1. Introduction

fashion generating ~27 nm overlap and ~ 40 nm gap zones, for an
overall periodic D-spacing of ~67 nm (Hodge and Petruska, 1963; Orgel

The extracellular matrix of bone is an exquisite material, at the same
time tough and strong, lightweight, and able to repair itself when old or
damaged. The remarkable ability of bone extracellular matrix to resist
both non-recoverable deformation (strength) and fracture (toughness) is
mainly owed to the hierarchical organization of the two main constit-
uents, type I collagen fibrils and calcium phosphate mineral (Fratzl and
Weinkamer, 2007; Ritchie et al., 2009). Hierarchical structure means
that smaller building blocks progressively build up larger structures. In
bone, this holds across length scales spanning several orders of magni-
tude, from molecular assemblies all the way up to the whole bone level
(Reznikov et al., 2014a). Notably, such a hierarchical structure is pre-
served during bone remodeling cycles, and it is present not just in native
tissue, but also in bone formed at biomaterial interfaces (Shah et al.,
2019a).

At the molecular level, three collagen molecules intertwine into tri-
ple helices (tropocollagen), which self-organize in a quarter-staggered
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et al., 2001). In 3D, they form fibrils of indeterminate length and di-
ameters of 80-120 nm (Fratzl and Weinkamer, 2007; Reznikov et al.,
2014a; Weiner et al., 1997), although values down to 20-50 nm have
also been reported (McNally et al., 2012; Schwarcz, 2015; Grandfield
et al., 2018; Lee et al., 2021; Micheletti et al., 2023). Of particular in-
terest is the nano-composite formed once the collagen fibrils become
mineralized, i.e., the mineralized collagen fibril, which is often labelled as
the “building block” of bone (Reznikov et al., 2014a). Mineralization
takes place both inside individual fibrils within the gap zones (intra-
fibrillar) (Weiner and Traub, 1986; Landis et al., 1993), and in the spaces
between adjacent fibrils (inter—/extrafibrillar) (McNally et al., 2012;
Schwarcz, 2015; Landis et al., 1996a; Pidaparti et al., 1996). It is
currently unknown where mineralization begins in spatial relation to the
fibrils, or whether intra- and extrafibrillar mineral are interconnected.
Evidence in favor of an interconnection has been highlighted by
Reznikov et al., who have shown that the mineral extends over multiple
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fibrils in a “crossfibrillar” mineralization fashion that is neither purely
intra- nor extrafibrillar (Reznikov et al., 2018). On the other hand, we
have recently demonstrated that mineral splaying multiple fibrils can be
clearly seen in the extrafibrillar region only, while questions remain
unanswered on an eventual direct connection between extrafibrillar and
intrafibrillar compartments (Micheletti et al., 2023). It has been pro-
posed that the physical structure of the collagen fibril directly influences
intrafibrillar mineralization. For example, fetuin-A, which is an impor-
tant inhibitor of apatite growth, is physically unable to enter the

>
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collagen fibril, and by selectively inhibiting apatite growth external to
the fibril, leads to mineralization intrafibrillarly (Price et al., 2009).
Bone mineral is commonly described as a carbonate-substituted hy-
droxy(l)apatite (Skinner, 2005), although some authors have reported
little-to-no-presence of hydroxyl (OH™) groups in bone apatite (Pasteris
et al., 2004). Bone mineral itself appears to be a hierarchical structure,
being formed by smaller units that assemble into larger-order aggregates
(Reznikov et al., 2018). While the habit of the smallest mineral sub-
components has been object of debate — are mineral particles needles
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Fig. 1. Multiscale and multimodal characterization of bone. Typical spatial resolution vs. field of view of the main techniques described in this review (top) in
relation to the hierarchical structure of bone (bottom). 2D and 3D techniques are shown as rectangles and cuboids, respectively. Spectroscopy techniques are marked
with a dotted pattern. APT = atom probe tomography, CT = computed tomography, FIB = focused ion beam, PFIB = plasma FIB, SEM = scanning electron mi-
croscopy, S/TEM = scanning/transmission electron microscopy, EELS = electron energy-loss spectroscopy, EDX = energy-dispersive X-ray spectroscopy, EFTEM =

energy-filtered TEM, LCN = lacuno-canalicular network.
[Adapted from Micheletti, PhD Thesis (Micheletti, 2023)]
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or plates? — increasing evidence suggests that their final assembly has
the geometrical shape of an ellipsoid only a few pm in size (Binkley et al.,
2020; Buss et al., 2020). These structures have been variously referred to
as “tesselles” (Buss et al., 2020, 2022) or “mineral (prolate) ellipsoids”
(Binkley et al., 2020; Micheletti et al., 2022a), and “pack against one
another to form a congruent and contiguous mineral tessellation pattern”
(Buss et al., 2020), which has been termed as “crossfibrillar tessellation”
(Buss et al., 2020).

At the microscale in lamellar bone, 2-3 pm bundles of mineralized
collagen fibrils group themselves into “lamellae”, which then form the
different structural motifs found at the tissue level, i.e., trabeculae vs.
osteons vs. circumferential lamellar bone (Reznikov et al., 2014a). In
secondary osteons in cortical bone, lamellae are rings concentrically
organized around the Haversian canal. Theories on the exact arrange-
ment of collagen bundles within osteonal lamellae have often been
revisited (see review by Mitchell et al. (Mitchell and van Heteren,
2016)), but there is a broad consensus on the rotated/twisted plywood
architecture (Weiner et al., 1997; Wagermaier et al., 2006). At the
macroscale, the main distinction concerns cortical vs. trabecular bone,
the dense outer shell and porous interior compartment of whole bones,
respectively.

Histology is the gold standard technique to study biological tissues.
Bone is no exception. Important information on the metabolic state (e.g.,
healthy vs. necrotic), the organization at the tissue level (e.g., woven vs.
lamellar), and the cellular and vascular elements of bone can be
retrieved by examining appropriately stained histological sections.
However, this is not suitable for a thorough investigation of the complex
hierarchical architecture of bone, which, based on the research ques-
tions, may require higher spatial resolution, chemical characterization,
three-dimensional (3D) visualization, etc. For such a task, a multiscale
and multimodal characterization approach is more suitable. Multiscale
refers to the need to encompass multiple hierarchical levels spanning
multiple length scales (nano-micro-meso-macro). This in turn requires
combining different techniques based on different probes (visible light,
X-rays, electrons, etc.) and probe-matter interactions (absorption,
emission, elastic/inelastic scattering, etc.) to retrieve structural and -
compositional information, hence the term multimodal. Additionally,
this characterization platform is also often multidimensional, i.e., based
on both two- and three-dimensional (2D and 3D) data. Such a charac-
terization approach integrates techniques commonly used in materials
science, enriching the study of bone structure and composition through
interdisciplinary collaboration that extends to and actively involves the
biological and clinical communities. The necessity of adopting different
tools stems from the fact that “no one size fits all”, as a trade-off exists
between spatial resolution and field of view (area/volume of material
analyzed). This is exemplified in relation to bone structure (Fig. 1), to
demonstrate that by combining several characterization techniques, we
can access structural and compositional information across the entirety
of bone architecture.

This review discusses several techniques used in such a multimodal
and multiscale characterization platform of bone, covering basic work-
ing principles and example applications of both conventional and
advanced techniques. The interested reader may further refer to existing
technique-specific reviews on X-ray tomography (Miiller, 2009; Peyrin
et al., 2014) and X-ray scattering (Paris, 2008), scanning electron mi-
croscopy (SEM) (Shah et al., 2019b), including resin cast etching (Sato
and Shah, 2023), focused ion beam (FIB)-SEM (Weiner et al., 2021),
Fourier transform infrared (FTIR) and Raman spectroscopy (Taylor and
Donnelly, 2020), and atom probe tomography (APT) (Grandfield et al.,
2022). Instead, we aim to complement existing reviews on multiscale
characterization of bone (Grandfield, 2015; Georgiadis et al., 2016;
Binkley and Grandfield, 2017; Palmquist, 2018), specifically discussing
current opportunities offered by this materials science-inspired charac-
terization approach, highlighting the limitations, and addressing future
challenges.
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2. Using photons to gain structural information
2.1. Visible light microscopy and use of polarized light

The most immediate and accessible tool to obtain a magnified view
of any material is the optical (visible light) microscope. Bone was indeed
among the materials imaged by microscopy-pioneer Antonie van Leeu-
wenhoek at the turn of the 17th to 18th centuries (Leeuwenhoek, 1721).
Perhaps the most widespread use of visible light in bone biology is
together with histological analysis, where appropriate stains are
selected to provide information on cellular and other tissue components,
or on mineralization events through dynamic histology. An in-depth
review of the application of histological and histomorphometric
methods to bone is beyond the current scope. Light microscopy coupled
with histological analyses was also fundamental to the discovery that
bone forms a direct connection with certain implanted materials without
any interposed connective tissue (Branemark et al., 1977). This phe-
nomenon, termed osseointegration, was in fact first defined as “a direct —
on light microscopic level — contact between living bone and implant”
(Albrektsson et al., 1981).

Even without any specific histological stains, polished bone samples
can be inspected in reflection or in transmission mode, if thin enough, e.
g., 100 £ 5 pm (Goldman et al., 1999), to observe features at the
microscale such as osteonal lamellae, trabeculae and osteocyte lacunae.
The use of polarized light microscopy in understanding bone on the
extracellular matrix level is worth mentioning (Georgiadis et al., 2016;
Bromage et al., 2003). By leveraging the birefringent nature and optical
anisotropy of collagen, polarized light microscopy has been used, his-
torically, to determine the orientation of collagen fibers, especially in
compact bone (Boyde and Riggs, 1990) and osteons (Ascenzi and
Bonucci, 1968) (Fig. 2A-B). Multiphoton imaging further enhances our
understanding of bone microarchitecture. Techniques such as Second
Harmonic Generation (SHG) directly visualize collagen alignment, while
Third Harmonic Generation (THG) complements this by highlighting
interfaces and structures such as the lacuno-canalicular network (LCN)
(Genthial et al., 2017).

2.2. X-ray computed tomography: micro-CT and nano-CT

A higher spatial resolution when imaging with photons can be ob-
tained with X-rays. A popular X-ray based, non-destructive technique to
obtain 3D information on both shape/geometry and internal architec-
ture is X-ray computed tomography (CT) (Withers et al., 2021). Origi-
nating from medical CT (“CAT scans”), micro-CT and nano-CT were
developed to afford higher resolution ex vivo analyses of bone micro-
structure, usually in the 1-100 pm range for micro-CT and down to a few
hundreds of nm for nano-CT in desktop instruments (Peyrin et al., 2014).
Even higher resolutions can be achieved using monochromatic X-ray
beams at synchrotron radiation sources, down to 10 nm (Withers et al.,
2021). In both micro- and nano-CT, a sample placed between an X-ray
source and a detector is axially rotated, usually for a complete 360°
rotation, and a 2D radiography (X-ray projection images) is captured at
each rotation step. The image contrast in the radiographs depends on the
attenuation/absorption of X-rays, hence on density and thickness het-
erogeneities within the sample. The radiographs are combined by spe-
cial algorithms (e.g., based on back-projection) to yield a 3D
representation of the interior of the sample (Withers et al., 2021).

In this context, perhaps the most typical application of micro-CT is
quantitative analysis of bone microarchitecture (Miiller, 2009), for
example, measuring parameters related to both cortical and trabecular
bone, such as cortical and trabecular thickness, porosity in the trabec-
ular compartment, trabecular separation and number, degree of
anisotropy, etc. (Bouxsein et al., 2010) (Fig. 2C). This effectively makes
it possible to extend traditional bone histomorphometry in 3D. Although
strictly speaking micro-CT is for structural characterization only, some
composition-related information can also be retrieved. This is
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visible light

Fig. 2. Photon-based structural characterization. A) Visible (panels 1-2) and polarized light (panel 3) micrographs of a transverse cross-section of human femur
[adapted from Stockhausen et al. (Stockhausen et al., 2021) with permission, Copyright 2021, American Chemical Society]. B) As-acquired and false-colored (from
blue indicating longitudinal lamellae, L, to white indicating transverse lamellae, T) polarized light micrograph of mid-shaft human femur (transverse section)
[adapted from Bromage et al. (2003) with permission, Copyright 2003, John Wiley & Sons]. C) Micro-CT reconstruction of sheep femur cropped to reveal internal
trabecular architecture, color-coded based on thickness [adapted from ORS Dragonfly — Application Note on “Bone Analysis” module (Systems OR, 2019)]. D) 3D
rendering of the LCN (blue: canaliculi; yellow: lacunae) in an osteon from a synchrotron CT reconstruction [adapted from Pacureanu et al. (2012) with permission,
Copyright 2012, John Wiley & Sons]. E) 3D rendering (left) and reconstructed slice (right) of bone formed around a titanium implant acquired with micro-CT [image

courtesy of Charlotte Primeau, University of Warwick].

accomplished by converting the grey-levels in the reconstruction into
tissue mineral density using calibration standards containing hydroxy(l)
apatite (Bouxsein et al., 2010). Other features at the microscale level
such as the Haversian system (Bousson et al., 2004) and resorption
spaces of basic multicellular units (Cooper et al., 2006) can also be
characterized with micro/nano-CT. The higher spatial resolution of
synchrotron CT opened the possibility to resolve smaller features, such
as the LCN (Pacureanu et al., 2012) (Fig. 2D). While imaging of osteo-
cyte lacune is now also possible with desktop instruments, visualizing
the canaliculi remains non-trivial and requires optimized setups at
synchrotron radiation facilities (Peyrin et al., 2014). Characterizing the
LCN is challenging yet important, as osteocytes with their dendrites
serve essential functions in mechanosensing, orchestrating bone
modeling and remodeling (Bonewald, 2011).

X-ray CT has found applications also in the context of osseointegra-
tion, making it possible to evaluate bone growth in the peri-implant
space in 3D and examine the microarchitecture of newly formed bone
(Fig. 2E). 3D data made it appealing to use micro-CT to measure bone-
implant contact, but limited correlation with histological results has
been reported and attributed to metal-induced artifacts that compromise
the accuracy of the first few voxels at the interface (Palmquist et al.,
2017).

Micro-CT also visualizes the internal microarchitecture of bone in
3D, aiding in the analysis of vasculature, porosity, and remodeling.
Intracortical porosity, exemplified by the network of blood vessels
within bone, is a key indicator of bone strength and quality, where
increased porosity is linked to bone fragility and osteoporosis. The
morphology of basic multicellular units during bone remodeling pro-
vides insights into bone diseases and the effectiveness of treatments
(Loundagin and Cooper, 2022). On the other hand, soft tissues such as
ligaments and tendons lack sufficient contrast for clear imaging due to
their inherently low X-ray attenuation. Chemical agents such as phos-
photungstic acid (and others, e.g., iodine, phosphomolybdic acid) allow
visualization of intricate structures such as the Achilles tendon by
selectively staining tissues and enhancing the contrast during scanning

(Sartori et al., 2018).
2.3. X-ray scattering: WAXS and SAXS

X-rays have been widely employed not only for 3D imaging of bone
via tomography, but also to gain structural information indirectly via X-
ray scattering. The two main techniques used for this purpose, often
performed simultaneously, are wide-angle X-ray scattering (WAXS) and
small-angle X-ray scattering (SAXS). In these experiments, an X-ray
micro-beam hits the sample and is scattered upon passing through it.
Beam size ranges from 100 to 200 pm in laboratory settings, down to
1-10 pm at synchrotron radiation facilities, while the sample thickness is
ideally matched to the beam size (Paris, 2008). The scattered photons
are collected by a detector to retrieve 2D diffraction (scattering) pat-
terns, which can also be acquired over an area of the sample by scanning
the beam with a step size close to the beam size. WAXS patterns of
polycrystalline samples (like bone) are made of arcs/rings, e.g., (002)
planes of hydroxy(l)apatite, corresponding to the crystallographic
planes diffracting according to Bragg's law, while SAXS focuses on the
angular region around the beam tail (0.1-1°) (Guagliardi et al., 2009).
WAXS can provide information on the crystal structure and texture, for
example by mapping the orientation of collagen fibrils in bone using the
c-axis of the mineral (Paris, 2008). This has been applied in combination
with SAXS to examine the organization of mineralized collagen fibrils
within individual lamellae in osteonal bone, to demonstrate helicoidal
(spiral) winding around the Haversian canal (Wagermaier et al., 2006).
SAXS alone has been widely employed to determine the size, shape, and
orientation of mineral platelets in bone (Fratzl et al., 1996). More
advanced applications of SAXS/WAXS include tensor tomography
(Georgiadis et al., 2016), which has been recently used to map in 3D the
orientation of mineral crystallites as a function of the distance from the
Haversian canal (Griinewald et al., 2023).
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3. Retrieving compositional information via vibrational
spectroscopy

Two complementary techniques, FTIR and Raman spectroscopy,
have been utilized extensively in the investigation of bone quality
(Taylor and Donnelly, 2020; Boskey and Mendelsohn, 2005a; Morris and
Mandair, 2011), i.e., the relationship between bone material properties
and mechanical strength. An emerging technique called optical photo-
thermal IR spectroscopy (O-PTIR) allows simultaneous IR and Raman
spectroscopic analyses at the sub-micrometer level (Rahmati et al.,
2022; Reiner et al., 2023). The underlying principle of both techniques is
the transition between vibrational energy states of molecules. Infrared
(IR) transitions arise directly from absorption of energy in the infrared
range, whereas Raman spectra arise from the scattering of photons (in
the visible or ultraviolet range) that have lost or gained part of their
energy upon interaction with vibrating bonds. Every molecule exhibits
distinctive vibrational characteristics leading to unique IR and Raman
spectral signatures. The position, intensity, and width of a vibrational
band reveal information that enables identification of specific functional
groups or regions within a chemical species. Some vibrations are only IR
active or Raman active, therefore the IR and Raman spectra of a given
sample differ considerably but provide complimentary information
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(Taylor and Donnelly, 2020). Spectrometers are coupled with optical
microscopes in modern instruments, hence the term micro-spectroscopy.
By acquiring spectra over consecutive points in specific area of the
sample, specific spectral features (e.g., peak intensity or area ratios
between different bands) can be extracted to obtain a map of their
spatial distribution (hyperspectral mapping). The compositional pa-
rameters commonly investigated include the mineral-to-matrix ratio,
carbonate-to-phosphate ratio, mineral crystallinity (also referred to as
“mineral maturity”), collagen cross-linking, and organic components
such as proteoglycans and lipids (Fig. 3A).

3.1. Mineral-to-matrix ratio

The mineral-to-matrix ratio represents the amount of mineral with
respect to the organic matrix. Since the mechanical properties of bone
tissue are contingent upon both the mineral and organic matrix com-
ponents, it is essential to factor in the organic matrix content (Martin
and Ishida, 1989). In FTIR spectroscopy, the mineral-to-matrix ratio is
determined as the ratio of the integral areas of the vy, v3 PO3 ™ to amide
band (C=O stretching) or amide II band (N—H bending and C—N
stretching). Similarly, in Raman spectroscopy, the mineral-to-matrix
ratio is taken as either the ratio between the integral areas of v; or v,

FTIR and Raman spectroscopies
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Fig. 3. Compositional analyses with vibrational spectroscopy. A) Typical FTIR (left) and Raman (right) spectra of bone [adapted from Taylor and Donnelly (2020)
with permission, Copyright 2020, Elsevier]. B) FTIR maps of various metrics related to bone quality (mineral-to-matrix ratio, carbonate-to-phosphate ratio, and
collagen cross-link ratio) in healthy conditions (top row) and in presence of Paget's disease (bottom row) [adapted from Zimmermann et al. (2015) with permission,
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PO3~ to either amide I or amide III, with consideration to polarization
effects since both 17 POE_ and amide I bands are sensitive to sample
orientation (Kazanci et al., 2006a; Gamsjaeger et al., 2010). Due to the
orientation sensitivity of the amide I band, alternatives such as the
proline (~853 cm™1), hydroxyproline (~876 cm™1), or phenylalanine
(~1001 cm 1) bands may be used as markers for the organic phase. The
mineral-to-matrix ratio computed as v; PO}~ /phenylalanine has been
used to track mineral accumulation over time in calvarial tissue cultures
(McElderry et al., 2013) or to determine the degree of mineralization in
bisphosphonate-exposed necrotic bone (Micheletti et al., 2022b). The
mineral-to-matrix ratio tends to correlate with ash weight measure-
ments in healthy bone (Boskey and Mendelsohn, 2005b), has been
shown to be proportional to several mechanical properties (e.g., bending
stiffness and failure moment), and is a more accurate predictor of
bending stiffness than bone mineral density (Donnelly et al., 2010). The
mineral-to-matrix ratio is also sensitive to various physiological condi-
tions. For example, it increases with increasing tissue age in healthy
individuals (Gamsjaeger et al., 2014a) and decreases in osteoporosis
(Boskey et al., 2005). Variations in mineral-to-matrix ratio can also be
used to assess mineralization heterogeneity as observed in pathological
conditions, such as Paget's disease (Zimmermann et al., 2015) (Fig. 3B).

3.2. Carbonate substitution and mineral crystallinity

Both FTIR and Raman spectroscopy reveal information on the
chemical nature of bone mineral crystallites and impurities such as
carbonate ions (Taylor et al., 2021; Shah, 2020), and their shape and/or
size (Gadaleta et al., 1996; Kazanci et al., 2006b; M. Wang et al., 2018).
In the apatite lattice, substitution of phosphate groups by carbonate ions
increases with tissue age. The extent of this substitution is evaluated by
FTIR and Raman spectroscopy as the ratio between the integral areas of
the carbonate band (v, CO%~ in FTIR and v; CO3™ in Raman spectros-
copy) to the phosphate band (Boskey and Mendelsohn, 2005a; Morris
and Mandair, 2011).

Mineral crystallinity is a hybrid measure of crystallite size (e.g.,
length along the crystallographic c-axis) and stoichiometric perfection,
which is affected by carbonate substitution, and not strictly a measure of
crystalline/amorphous nature of the material (Yerramshetty and Akkus,
2008). In FTIR spectroscopy, the most common method for deriving
mineral crystallinity involves deconvolution of the underlying peaks in
the v, v3 PO~ region using methods such as second derivative spec-
troscopy (Paschalis et al., 1996; Spevak et al., 2013). In Raman spec-
troscopy, mineral crystallinity is obtained as the inverse full-width at
half maximum (1/FWHM) of the v; PO3~ band centered at ~960 cm ™!
(Morris and Mandair, 2011). The contribution of mineral crystallinity to
bone strength is substantiated by the fact that osteoporotic bone exhibits
mineral of higher crystallinity than healthy bone (Boskey et al., 2005;
Paschalis et al., 1996, 1997; Huang et al., 2003).

3.3. Collagen cross-linking

Molecular packing and cross-linking chemistry are a distinct feature
of type I collagen in mineralized tissues (Knott and Bailey, 1998). The
density of collagen intermolecular cross-links poses a direct impact on
the mechanical performance of bone (Oxlund et al., 1995). Two types of
the collagen cross-links, (i) pyridinoline (PYD) trivalent collagen cross-
links and (ii) divalent cross-links can be quantified using FTIR and
Raman spectroscopy (Morris and Mandair, 2011; Gamsjaeger et al.,
2014a; Carden et al., 2003; Fratzl et al., 2004). This can be achieved
through deconvolution of sub-bands underlying the amide I region,
particularly the spectral component at 1660 cm ™!, by second derivative
spectroscopy (Paschalis et al., 2001). Several FTIR-based investigations
have shown that the ratio of PYD to divalent cross-links strongly cor-
relates with the incidence of fracture (Gourion-Arsiquaud et al., 2009;
Paschalis et al., 2004, 2005; Blank et al., 2003), attesting to the rela-
tionship between collagen cross-linking and bone quality (Paschalis
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etal., 2011). The possibility to accurately monitor PYD content has been
validated through the application of high-performance liquid chroma-
tography (HPLC) on bone and collagenous tissues (McNerny et al., 2015;
Gamsjaeger et al., 2017). It should be noted that the Raman 1660,/1690
em™! ratio may be influenced by features of collagen secondary

structure.
3.4. Proteoglycans and lipids

In bone, proteoglycans are implicated in various roles, influencing
mineralization of the organic matrix and rates of bone remodeling, while
lipids have been identified as initiators of collagen mineralization
(Boskey and Reddi, 1983; Goldberg and Boskey, 1996) and implicated in
the accumulation of advanced glycation end-products (AGEs) (Ram-
asamy et al., 2005), which is associated with higher risk of bone fracture
(Tang et al., 2007). In bone and other mineralized tissues, the charac-
teristic FTIR spectral band for proteoglycans (around 1060 cm™?) is
overlapped by the v3 PO3~ band. In contrast, proteoglycans can be
detected by Raman spectroscopy, where a band around1375 em™! is
assigned as CHz symmetric deformation of glycosaminoglycan (GAG)
groups (Gamsjaeger et al., 2011, 2014b). The spatial distribution of
lipids can be mapped using Raman spectroscopy, where spectral features
around ~1060 cm’l, ~1079 cm’l, ~1300 cm’l, ~1439 cm’l, and ~
1745 cm™! are indicative of tissue lipids (Frushour and Koenig, 1975;
Penel et al., 2005). The band at ~1300 cm ™! is attributed to methylene
twisting vibrations and is particularly valuable since it does not overlap
any of the collagen bands (Frushour and Koenig, 1975). The ratio of the
integrated area of this band normalized to the integrated area of the
amide III band can be employed to characterize the relative lipid content
in mineralized tissues (Gamsjaeger et al., 2014a).

3.5. Bone around implant biomaterials

All the bone quality metrics described above can also be evaluated in
bone formed around implant biomaterials, making FTIR and Raman
spectroscopy valuable tools in understanding bone-biomaterial in-
teractions. For example, Raman spectroscopy has been used together
with techniques, such as BSE-SEM imaging and histology, to evaluate
the response of bone response to different types of implant designs, e.g.,
machined vs. laser-modified micro- and nano-rough surface (Shah et al.,
20164a), solid vs. porous design by 3D printing (Shah et al., 2016b), or Ti
alloy-based vs. CoCr-based (Shah et al., 2016c). Applications are not
limited to metallic implants, but also encompass bone formation around
calcium phosphate biomaterials, where examples include intra-vital
Raman spectroscopy (Penel et al., 2005), FTIR mapping (Bohner et al.,
2017), or complementary approaches combining both FTIR and Raman
spectroscopy (Shah et al., 2022) (Fig. 3C).

3.6. Detection of rare calcium phosphate phases in bone

Other uses of these vibrational spectroscopy are aimed at identifying
the composition of specific features, such as mineral nodules formed
within osteocyte lacunae in micropetrosis in elderly individuals (Milo-
vanovic et al., 2017) or following treatments with anti-resorptive
medications, where discrete crystals of magnesium whitlockite have
been identified (Shah et al., 2017; Shah, 2023) (Fig. 3D). The effects of
anti-resorptive agents on bone quality have also been examined with
Raman spectroscopy, where the presence of pyrophosphate in bone
chips from atypical femoral fractures offers a potential explanation for
the reduced bone strength (Shabestari et al., 2017).

4. Probing structure and composition with electrons
4.1. SEM: structural information with BSE and SE

SEM has found extensive application in characterization of bone
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(Shah et al., 2019b), since common features in bone microscale archi-
tecture, such as osteons with their concentric lamellae, and cellular
components such as osteocyte lacunae, can be readily resolved in SEM
images with greater resolution than light microscopy, down to 1-10 nm
in modern SEM instruments. In the SEM, an electron beam is focused
onto the surface of the sample and scanned over a squared/rectangular
area one point (pixel) at a time. The interaction of the electron beam
with the atoms in the sample generates various signals that can be
collected by appropriate detectors to retrieve different types of infor-
mation (Goldstein et al., 2018). SEM traditionally operates in high-
vacuum conditions, although variable-pressure/environmental SEMs
are also available. Imaging in low-vacuum removes the necessity of
coating bone samples with conductive materials (e.g., C or Au), but
limits the resolution at higher magnifications. Detailed information on
bone sample preparation for SEM and experimental conditions are
reviewed by Boyde (Boyde, 2019).

BSE-SEM
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In bone imaging, electrons elastically scattered “backwards” and out
from the sample surface (backscattered electrons, BSEs) are widely
employed because of the ease of the interpretation of the resulting im-
ages, where contrast mostly depends on the atomic number (thus
referred to as compositional or Z-contrast) (Goldstein et al., 2018). In
this manner, different materials can be clearly recognized, for example,
bone vs. metal biomaterial in the peri-implant space. Mineralization
heterogeneities are also captured in BSE mode, with more mineralized
areas appearing brighter due to an increased average Z (Fig. 4A).

Alternatively, SEM images can be also created using secondary
electrons (SEs). SEs are generated from the first few tens of nanometers
below the sample surface, hence the SE signal is mostly affected by
surface topography (Goldstein et al., 2018). While SE-SEM is of little use
for imaging embedded and polished bone surfaces, it is the imaging
mode of choice when inspecting bone samples rich in topographical
cues, for example after treatments such as acid etching to reveal the
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Fig. 4. SEM-based structural and compositional characterization. A) BSE-SEM image of necrotic bone following anti-resorptive treatment showing areas with
heterogeneous mineralization, more apparent in the false-colored version on the right [adapted from Micheletti et al. (2022b) with permission, Copyright 2022, CC-
BY License]. B) SE-SEM image of the LCN after resin cast etching [unpublished]. C) SE-SEM image of marquise-shaped mineral aggregates after deproteinization
[adapted from Shah et al. (2020) with permission, Copyright 2020, CC-BY License]. D) gBEI analysis of bone from a patient affected by osteomalacia where grey-
levels have been converted into mineral density (left image) and corresponding bone mineral density distribution histogram where a comparison with normal bone is
provided (right plot) [adapted from Roschger et al. (1998) with permission, Copyright 1998, Elsevier]. E) SEM image (left) of the interface between bone (“B” label)
and implant (“Ti” label) with a porous oxide coating (“TPO” label) and EDX maps (right) for Ti, P, Ca, and O corresponding to the area marked by the square on the
SEM image [adapted from Wierzchos et al. (2008) with permission, Copyright 2008, Elsevier]. F) PFIB-SEM reconstruction of a section of human femur from which
representative cross-sectional views of a mineral ellipsoid (or tesselle) are extracted (the 3D rendering of the mineral ellipsoid is shown in blue) [adapted from
Binkley et al. (2020) with permission, Copyright 2020, Elsevier]. G) 2D slice (left) and 3D reconstruction (right) of the bone-implant interface from PFIB-SEM to-
mography (segmented LCN is shown in red in the 3D reconstruction) [adapted from Deering et al. (2023) with permission, Copyright 2023, CC-BY License].
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resin-infiltrated LCN (Sato and Shah, 2023) (Fig. 4B), or deproteiniza-
tion, where mineral organization at the osteocyte lacuna floor (Shah
et al., 2016d) or marquise-shaped mineral agglomerates (Shah et al.,
2020) can be imaged (Fig. 4C).

4.2. SEM: compositional information with quantitative BSE imaging and
X-rays

Z-contrast in BSE-SEM offers indirect compositional information,
although individual elements cannot be identified nor quantified.
However, a technique now commonly called “quantitative back-
scattered electron imaging” (qBEI) has been developed to convert pixel
intensity (grey-level) into mineral content (Boyde et al., 1992; Roschger
et al., 1998). This technique is based on the calibration of pixel intensity
using standards usually made of carbon and aluminum to have a linear
relationship between grey-levels and Z, which can be used to convert the
grey-levels of calibrated BSE-SEM images into calcium content (wt%
Ca). The wt% Ca histogram extracted from qBEI images can be used to
compute various metrics describing the bone mineral density distribu-
tion, as detailed by Roschger et al. (Roschger et al., 1998) (Fig. 4D).

While gBEI can provide insights on mineralization levels in bone,
precise determination of composition, also extended to non-bone re-
gions in the sample, e.g., when dealing with bone-implant interfaces,
can be obtained with energy-dispersive X-ray spectroscopy (EDX). EDX
is based on the detection of characteristic, i.e., element-specific, X-rays
emitted from the sample following electron beam excitation (Goldstein
et al., 2018). This makes it possible to determine elemental composition
in specific points of the sample surface, along lines across interfaces or
other regions of interest, or across entire areas. Elemental analysis in
SEM is routinely used to assess bone mineralization, for example
quantifying Ca and P and evaluating their ratio (Ca/P) (Akesson et al.,
1994), or to obtain compositional information at the bone-implant
interface (Wierzchos et al., 2008; Palmquist et al., 2010) (Fig. 4E).

4.3. Extending SEM in 3D: FIB-SEM tomography

Despite a good depth of field/focus that yields 3D-like images, SEM is
limited to 2D information from the sample surface. Combining SEM with
a FIB in dual-beam instruments makes it possible to expand SEM im-
aging in 3D. Specifically, in FIB-SEM tomography (also referred to as
“serial surface view”, “serial slice-and-view”, and “serial sectioning”),
cross-sections of material are progressively exposed by milling with the
ion beam and subsequently imaged with the electron beam. The so-
generated stack of SEM images (typically BSE for examining mineral-
ized tissues) is then aligned to generate a 3D reconstruction of the vol-
ume of material (Weiner et al., 2021; Uchic et al., 2007; Cantoni and
Holzer, 2014).

Applications of FIB-SEM tomography in bone biology have focused
quite extensively on determining collagen fibril organization in lamellar
bone (Faingold et al., 2013; Reznikov et al., 2014b, 2013). The combi-
nation of 3D imaging with nanoscale resolution (down to 5-10 nm in
terms of slice thickness) offers various advantages compared to other
techniques used for this purpose, such as light microscopy (lower reso-
lution, 2D), SAXS (no direct structural visualization, but indirect infor-
mation on orientation only), and SEM (2D). While early work on
collagen fibril orientation was mostly limited to demineralized bone
stained to enhance fibril contrast (e.g., following the OTOTO protocol
(Reznikov et al., 2013)), this characterization technique has also been
expanded to mineralized bone (Binkley et al., 2020; Raguin et al., 2021).
In particular, FIB-SEM tomography of mineralized bone has informed
new perspectives on the mesoscale organization of bone mineral,
revealing tessellated patterns of mineral ellipsoids/tesselles in both
mouse (Buss et al.,, 2020) and human bone (Binkley et al., 2020)
(Fig. 4F). The applications of FIB-SEM tomography are not limited to
studying the organization of collagen fibrils and mineral in the extra-
cellular matrix. Noteworthy examples include visualization and
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quantitative analyses of the LCN (Schneider et al., 2011), and more
recently, of a system of interconnected “nanochannels”, postulated to
provide an additional system to canaliculi in ion transportation (Tang
et al., 2022, 2023).

In biomaterials science, FIB-SEM tomography can provide higher-
resolution information on bone-implant contact compared to micro-
CT, for example, better resolving bone growth within specific features
of surface-modified micro-rough implants (Giannuzzi et al., 2005). The
potential of FIB-SEM tomography in this area can be further expanded
by Xe't plasma (plasma FIB, PFIB) dual beam instruments, as already
demonstrated for native bone (Binkley et al., 2020). Compared to con-
ventional Ga' ion beams, Xe™ mills at higher rates, making it possible to
examine larger volumes of material (Burnett et al., 2016), in this case of
peri-implant bone. Recent applications of PFIB-SEM tomography
exemplified how this technique is suited not just to evaluate the bone-
implant interface, but also the mesoscale structure of peri-implant
bone, and specifically of mineral ellipsoids/tesselles and the LCN
(Deering et al., 2023) (Fig. 4G).

4.4. S/TEM: imaging and electron diffraction

An even higher resolution, down to sub-nanometer scale, can be
achieved with transmission electron microscopy (TEM). In conven-
tional, i.e., parallel beam, TEM, the electron beam illuminates an area
over an ultrathin sample, generating various signals as it interacts with
the atoms in the sample (Williams and Carter, 2009). Limited thickness
ensures electron transparency, where bone samples are typically less
than 300 nm thick (Binkley and Grandfield, 2017), but maintaining
structural integrity is challenging for thinner samples. However, sam-
ples up to 700 nm in thickness have also been successfully examined
(Micheletti et al., 2023). The transmitted, undeviated electron beam can
be collected to generate bright field (BF) images, where the contrast
depends on diffraction and mass/thickness variations in the sample
(Williams and Carter, 2009). BF is the imaging mode originally available
in TEM instruments, and hence has been used in the very early studies on
tropocollagen self-assembly (Hodge and Petruska, 1963), and bone
mineral shape and size (Robinson, 1952), and the spatial distribution of
non-collagenous proteins such as osteopontin and osteocalcin through
immunolocalization methods (McKee et al., 1993), including in the vi-
cinity of bone anchored implants (Ayukawa et al., 1998). TEM has also
been fundamental in studying the bone-implant interface, revealing that
osseointegration occurs at the nanoscale, at the “electron microscopic
level” surpassing the “light microscopic level” (Albrektsson et al., 1981).

TEM instruments are now also commonly equipped with a scanning
mode, i.e., scanning TEM (STEM). In STEM, the electron beam is not
parallel any longer, but is made convergent and scanned across the
sample point by point, similarly to SEM (Carter and Williams, 2016).
Combined with annular dark-field detectors, STEM makes it possible to
obtain images from electrons scattered at higher angles than in BF-TEM.
Particularly, high-angle annular dark-field (HAADF)-STEM is now
extensively used for resolving bone and bone-implant interfaces at the
nanoscale. In HAADF-STEM, the electrons used to form images are those
incoherently scattered at high angles (Rutherford scattering). As a
result, the pixel intensity is roughly proportional to Z2 (Z-contrast), and
the overall image contrast is related to mass/thickness variations,
removing diffraction-contrast contributions (Pennycook, 1989).

Both BF-TEM and HAADF-STEM, together with electron tomography
(discussed later), have been largely used to investigate the ultrastruc-
tural organization of bone, specifically the collagen-mineral spatial
relationship (McNally et al., 2012; Weiner and Traub, 1986; Cressey and
Cressey, 2003; Arsenault, 1989), starting with the pioneering work of
Robinson (Robinson, 1952). Note that the collagen-mineral organization
is sometimes studied in mineralized turkey tendon as a model for bone,
where bone refers to a family of tissues other than the skeletal one built
upon mineralized collagen fibrils (Weiner and Wagner, 1998). S/TEM
imaging has revealed different organizational motifs have been
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identified based on whether collagen fibrils are in-plane (longitudinal or
filamentous motif) or out-of-plane (lacy motif), i.e., oriented parallel or
perpendicular to the image plane, respectively (McNally et al., 2012;
Grandfield et al., 2018; Reznikov et al., 2018; Jantou et al., 2009)
(Fig. 5A). An important advancement in S/TEM studies of bone ultra-
structure and bone-biomaterial interfaces was enabled by the use of FIB
(Giannuzzi et al., 2005; Jarmar et al., 2008), to prepare electron trans-
parent samples in a highly site-specific manner, at the same time pre-
serving greater structural integrity compared to other techniques such as
ultramicrotomy (Jantou et al., 2009; Grandfield and Engqvist, 2012).

Information on crystal structure can also be obtained in S/TEM
through electron diffraction. Typically, an aperture is used to collect
diffraction patterns restrictively from a specific region of the sample
(selected area electron diffraction, SAED). Electron diffraction studies of
mineralized collagen fibrils have confirmed that the longest dimension
of bone mineral crystallites (i.e., the crystallographic c-axis) is co-
aligned with the collagen fibrils (Traub et al., 1989) (Fig. 5B).

In an additional imaging mode, dark-field (DF)-TEM, electrons
scattered at specific angles can be selected by positioning the objective
aperture on specific spots in the diffraction pattern, in turn creating
images where only the features meeting the selected diffraction condi-
tions are illuminated (Williams and Carter, 2009). DF-TEM has been
used in conjunction with BF-TEM to examine collagen-mineral spatial
relationship, especially providing crystallographic/structural informa-
tion on intra- vs. extrafibrillar mineralization (Arsenault, 1989;
Schwarcz et al.,, 2014, 2020) (Fig. 5C). Alternatively, information
regarding crystal structure can be retrieved by applying a fast Fourier
transform (FFT) operation to high resolution TEM (HRTEM) images, a
strategy that has been used to confirm the presence of crystalline
apatite-like mineral in bone juxtaposed to the implant (Palmquist et al.,
2010; Grandfield et al., 2013a).

4.5. Extending S/TEM in 3D: electron tomography

Despite S/TEM offering unrivaled resolution of bone structure at the
(sub)nanoscale, images are 2D projections where all features along the
sample thickness overlap onto the same image plane. For example, the
2D nature of TEM images has led to controversy regarding the shape of
bone mineral, as edge-on views of plates can be interpreted as needles/
rods (Bocciarelli, 1970). 3D imaging in TEM can be achieved with
electron tomography. This consists in acquiring images at different tilt
angles, usually with small increment steps such as 2°, aligning them with
fiducials or by cross-correlation, and reconstructing them into a 3D
volume using specialized algorithms like the simultaneous iterative
reconstruction technique (SIRT) (Bals et al., 2013; Ercius et al., 2015).
As mentioned earlier, this technique has been extensively applied in
ultrastructural studies, exploiting the three-dimensionality to better
resolve collagen-mineral organization (Landis et al., 1993, 1996a,
1996b; Reznikov et al., 2018; Landis and Song, 1991; McNally et al.,
2013), as well as bone-biomaterial interfaces for a wide range of implant
materials, from metals (Grandfield et al., 2013a, 2013b; Palmquist et al.,
2012a; Thorfve et al., 2014; Shah et al., 2015a) to ceramics (Grandfield
et al., 2010; Micheletti et al., 2021) (Fig. 5D). While earlier studies used
high-voltage TEM instruments (Landis et al., 1993, 1996a, 1996b;
Landis and Song, 1991), HAADF-STEM electron tomography, also called
Z-contrast electron tomography, is now the preferred choice for bone
studies (Micheletti et al., 2023; Reznikov et al., 2018; McNally et al.,
2013). STEM electron tomography in fact better fulfills the so-called
“projection theorem” dictating image intensity requirement in electron
tomography, which is instead violated in BF-TEM due to the diffraction
contrast arising from the crystalline nature of bone mineral (Grandfield
et al., 2012). Alternatively, electron tomography can also be completed
in cryogenic mode, for example to study collagen mineralization in
close-to-native conditions (Nudelman et al., 2010).

Typically, the tilt range in electron tomography experiments is
limited to +£70° due to shadowing from the sample holder. This results in
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a “missing wedge”-shaped region of unsampled information where no
images are collected, degrading the quality of the final reconstruction,
and introducing distortions (Bals et al., 2013; Ercius et al., 2015).
Rotation tomography holder and rod-shaped samples allow for acqui-
sition over the entire +90° range, eliminating missing wedge artifacts
(Kawase et al., 2007). This technique, termed on-axis electron tomog-
raphy, has been successfully applied to rod-shaped samples of bone-ti-
tanium prepared by FIB (Huang et al., 2014), demonstrating higher
fidelity reconstructions than conventional electron tomography (Wang
et al., 2017). More recently, we applied on-axis Z-contrast electron to-
mography to the study of human bone ultrastructure, demonstrating the
collagenous nature of long-debated nanosized pores in bone and the
platelet-like habit of bone mineral (Micheletti et al., 2023) (Fig. 5E).

4.6. Analytical S/TEM and spectroscopic tomographies

Signals generated by the interaction of the electron beam with the
sample also carry compositional information, making TEM also an
analytical tool where structural information from images can be corre-
lated with composition. All the nano-analytical techniques described in
this section can be coupled with a tomography acquisition scheme to
gain compositional information in 3D (Midgley and Weyland, 2003;
Collins and Midgley, 2017). This can be correlated with the structural
information retrieved by Z-contrast electron tomography, leading to 4D
characterization at the nanoscale, where the 4th dimension refers to the
spectroscopic data.

As in the SEM, characteristic X-rays can be produced when the
incident TEM electron beam causes the emission of inner shell electrons
in the sample (Williams and Carter, 2009). When EDX is combined with
STEM, elemental analysis can be performed at specific points of the TEM
sample or mapped over entire areas. Therefore, 2D STEM-EDX has been
used extensively for examining bone, for example, to quantify intra- vs.
extra-fibrillar mineral, highlighting higher Ca and P signals for the latter
(McNally et al., 2012), a trend also confirmed in 3D through on-axis EDX
tomography (Micheletti et al., 2023) (Fig. 5F).

The transmitted electrons themselves can be used to obtain compo-
sitional information. In energy-filtered TEM (EFTEM), energy filters are
used to select electrons scattered with specific energies, so that the final
image is created only by those electrons (Verbeeck et al., 2004). In
particular, by filtering according to element-specific ionization energies,
elemental distribution maps (i.e., electron spectroscopic images) with
nanoscale resolution can be obtained, for example, to determine the
distribution of Ca and P at early mineralization sites (Arsenault and
Ottensmeyer, 1983; Hoshi et al., 2001) (Fig. 5G). Loss of energy due to
inelastic scattering events is also at the basis of electron energy-loss
spectroscopy (EELS). In EELS, a convergent electron beam (STEM
mode) is scanned over a region of interest and the energy-loss spectrum
is recorded at each position of the probe (Egerton, 2011). Of the three
regions in a typical EELS spectrum, i.e., zero-loss (elastically scattered
electrons), low-loss (plasmon peaks), and high-loss (core ionization
edges), the last one is particularly valuable for obtaining compositional
information from bone. The peaks in the high-loss region correspond to
scattering events with core electrons, hence they can be used to identify
and quantify the elements present and map their distribution. EELS af-
fords higher spatial resolution and chemical sensitivity than EDX
(Titchmarsh, 1989), but it is more stringent in terms of sample thickness,
which needs to be as thin as possible to maximize collection of electrons
transmitted through the sample, hence better signal quality. In bone
ultrastructure studies, Alexander et al. have employed EELS to probe the
main location of the mineral with respect to gap and overlap zones of the
collagen fibrils (Alexander et al., 2012) (Fig. 5H). EELS has also
contributed to the debate on the nature of the “holes” within the lacy
pattern, supporting that they correspond to collagen fibrils in cross-
section in both bone (Lee et al., 2019) and dentin (Jantou-Morris
et al., 2010). In bone pathology, EELS maps, in conjunction with EDX
and Raman spectroscopy, have revealed fundamental information on the
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Fig. 5. Nanoscale structural and compositional information with S/TEM. A) Typical BF-TEM and HAADF-STEM images of the longitudinal (panels 1 and 2) and lacy
(panels 3 and 4 with magnified inset) motifs corresponding to in-plane and out-of-plane views of mineralized collagen fibrils, respectively [A-1: adapted from
McNally et al. (2012) with permission, Copyright 2012, McNally et al.; A-2: adapted from Schwarcz et al. (2014) with permission, Copyright 2014, Elsevier; A-3,4:
adapted from Micheletti et al. (2023) (see Supporting information) with permission, Copyright 2023, American Chemical Society, CC-BY 4.0 License]. B) BF-TEM
image (left) and corresponding electron diffraction pattern (right) with the characteristic (002) arcs indicative of the c-axis of bone mineral [adapted from Desh-
pande and Beniash (2008) with permission, Copyright 2008, American Chemical Society]. C) BF-TEM image (left) and corresponding DF-TEM images (right, shown
in red and green) obtained selecting two spots on the (002) (top right corner) [adapted from Schwarcz et al. (2020) with permission, Copyright 2020, Elsevier]. D)
Electron tomography of the bone-bioactive glass (“BG” label) interface showing a 2D reconstructed slice (left) and the 3D volume (right) segmented to highlight
collagen fibrils (blue) oriented parallel to the biomaterial surface (orange). The dimensions of the 3D volume are 1231 x 1494 x 161 nm® [adapted from Micheletti
et al. (2021) with permission, Copyright 2021, The Royal Society]. E) On-axis electron tomography of human bone: reconstructed 3D volume (left) and segmentation
of collagen fibrils (color-coded by size) and a representative mineral platelet (magenta, indicated by arrowhead on the right image). The dimensions of the 3D volume
are 556 x 1611 x 457 nm® [adapted from Micheletti et al. (2023) with permission, Copyright 2023, American Chemical Society, CC-BY 4.0 License]. F) Recon-
structed HAADF slice with corresponding EDX maps of Ca (magenta) and P (green) from correlative on-axis Z-contrast and EDX tomographies of human bone
[adapted from Micheletti et al. (2023) with permission, Copyright 2023, American Chemical Society, CC-BY 4.0 License]. G) EFTEM of osteoid undergoing
mineralization where calcified nodules (“CN” label) rich in Ca (blue map) and P (green map) are noted [adapted from Hoshi et al. (2001) with permission, Copyright
2021, John Wiley & Sons]. H) EELS maps of a mineralized collagen fibril (top image is the HAADF image) showing the distribution of Ca, O, P, C, and N (from lowest
concentration in blue, to higher concentration in red) [adapted from Alexander et al. (2012) with permission, Copyright 2012, The Royal Society].
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composition of mineral nodules detected in micropetrosis (mineraliza-
tion of apoptotic osteocyte lacunae) of bisphosphonate-exposed bone
(Shah et al., 2017).

The possibility to obtain spatially resolved compositional informa-
tion at the nano-level has made the spectroscopic techniques described
above suitable to probe elemental gradients at bone-biomaterial in-
terfaces. Gradual intermixing of Ca and P (indicative of bone) with the
oxide layer on the implant surface has been highlighted with EFTEM
(Palmquist et al., 2010, 2009a; Grandfield et al., 2013a), STEM-EDX
(Grandfield et al., 2013a; Budd et al., 1992; Shah et al., 2014), and
STEM-EELS (Deering et al., 2023; Kim et al., 2015). In particular, EELS
tomography demonstrated such elemental intermixing also in 3D (X.
Wang et al., 2018a).

5. Simultaneously resolving structure and composition with
mass spectrometry

Z-contrast electron tomography and spectroscopic tomography (EDX
or EELS) have been successfully correlated to enable 4D characterization
of bone and bone-biomaterial interfaces at the nanoscale (Micheletti
et al.,, 2023; X. Wang et al., 2018a). Along similar lines, correlative
characterization can be accomplished by mass spectrometry-based
techniques.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) enables
high chemical sensitivity, allowing simultaneous analysis of both
structure and composition. It operates by directing a focused, pulsed ion
beam onto the surface of a sample, dislodging secondary ions (molecules
or fragments) that are accelerated into a time-of-flight mass spectrom-
eter, where their flight times are measured. The resulting mass spectrum
reveals the mass-to-charge ratios (m/z) of the secondary ions, providing
information about their elemental composition. Although ToF-SIMS is
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surface-sensitive, probing only the top few nanometers, depth profiling
can be achieved by varying the primary ion energy to selectively sputter
material from the sample surface (Fearn, 2015). ToF-SIMS has proven to
be a valuable tool in the analysis of compositional changes in bone. Ca™
and C4HgN™" signals have been used to examine changes in bone mineral
and collagen, respectively (Henss et al., 2013), whereas lipid distribu-
tion has been interpreted from the CN™ signal (Schaepe et al., 2018). The
chemical and structural characteristics of the bone-implant interface
have also been investigated using ToF-SIMS, offering valuable insights
into the process of osseointegration of metal implants (Palmquist et al.,
2012b), and phagocytosis of calcium phosphate biomaterials by mac-
rophages (Malmberg et al., 2021).

Another tool to simultaneously retrieve structural and compositional
information in 3D is APT, which achieves even higher spatial resolution
(sub-nanoscale) and chemical sensitivity (down to ppm). APT combines
field evaporation, accomplished with laser pulses for insulating mate-
rials like bone, with time-of-flight mass spectrometry to identify the
evaporated ions. Data reconstruction consists of determining the posi-
tion in the 3D space of each ionic species detected, which is identified
from the recorded mass spectrum (Gault et al., 2021).

APT technique fundamentals (Gault et al., 2021) and applications of
APT in bone and other mineralized tissues (Grandfield et al., 2022) are
comprehensively reviewed elsewhere. Gordon et al. were the first to use
APT to examine bone composition in a sample of rat cortical femur,
highlighting the similarities with geological hydroxy(l)apatite with Mg
and Na substitutions (Gordon et al., 2012) (Fig. 6A). Langelier et al.
further expanded the study of bone using APT, correlating it with
HAADF-STEM to identify the location of Ca (mineral phase) vs. C
(organic phase), as well as the spatial distribution of trace elements such
as Na and Mg (Langelier et al., 2017). Using bone samples with known
collagen fibril orientation from the femoral cortex, Lee et al. were able to
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(2021) with permission, Copyright 2021, John Wiley & Sons]. C) BF-TEM image of a bone-titanium implant interface and corresponding APT reconstruction
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precisely locate mineral constituents (Ca and P) in relation to individual
collagen fibrils to demonstrate intra- and extra-fibrillar mineralization,
also providing evidence of the existence of amorphous calcium phos-
phate in the gap regions (Lee et al., 2021) (Fig. 6B). APT also proved to
be a valid tool to characterize biointerfaces, revealing atomic continuity
between bone and osseointegrated implants. Various bone-biomaterial
interfaces have been characterized with APT, ranging from titanium
with various surface modifications (mesoporous oxide coatings (Karls-
son et al., 2014), sand-blasted and acid-etched surfaces (Sundell et al.,
2017; Kim et al., 2018), laser-ablated surfaces (X. Wang et al., 2018a)) to
bioceramics (Holmes et al., 2023) (Fig. 6C). Interestingly, various
studies reported bone mineral-related Ca but scarce organics immedi-
ately at the implant surface, suggesting that there is no protein media-
tion in bone bonding to titanium (Karlsson et al., 2014; Sundell et al.,
2017; Kim et al., 2018). APT has also been valuable to resolve the ele-
ments present in small amounts otherwise not detectable with other
techniques, for example the N-enriched surface layer of a commercial,
laser-ablated dental implant (X. Wang et al., 2018a). Notably, this study
also correlates APT with on-axis electron tomography and EELS to-
mography (X. Wang et al., 2018a).

6. Future perspectives

The mechanical function of bone is intimately tied to the structure
and composition. Across the macro-, micro-, and nanoscale, structural
information obtained using micro—/nano-CT, X-ray scattering, and
electron microscopy helps us understand how bone withstands me-
chanical stress and resists crack propagation. The composition, on the
other hand, for example determined using EDX, EELS, vibrational
spectroscopy, and mass spectrometry informs us about how the varia-
tions in organic and inorganic composition influence mechanical prop-
erties such as stiffness, hardness, and interfacial strength. From a
materials science perspective, the major focus is on the properties of
bone at the extracellular matrix level, which could serve as a potential
therapeutic target. It is important to note that both the mineral phase
and the organic matrix (collagen, non-collagenous proteins), the degree
of mineralization, the presence of water, and the overall architecture
influence the mechanical properties of bone. Each of these factors plays
a fundamental role in bone material properties and changes in any of
these can significantly impact bone health and function.

6.1. Correlative approaches, sample size, and representativity

As a trade-off exists between resolution and the field of view/volume
of material that can be analyzed (see Fig. 1), a multiscale approach is
best suited to investigate bone material properties (structure and
composition) across its hierarchical architecture. Typically, one length
scale or a sub-set of length scales is targeted in studies addressing spe-
cific research questions. In this scenario, a top-down approach going
from larger to smaller length scales is advisable, especially combining
different techniques in a correlative manner. This is particularly valu-
able for making informed decisions on the selection of regions of interest
for subsequent higher-resolution analyses. At the same time, there may
be concerns about whether the limited volume of material analyzed
accurately represents the entire sample. While representativity issues
can be mitigated by increasing the number of observations, e.g., by
examining multiple samples or obtaining samples from different in-
dividuals, the characterization techniques accessing nanoscale infor-
mation reviewed herein, S/TEM and APT, require labor-intensive and
expensive sample preparation usually involving lift-outs in dual-beam
FIB-SEM instruments (Jarmar et al., 2008; Huang et al., 2014). This in
turn restricts the sample size, and these studies are often qualitative or
only semi-quantitative, with limited statistical analyses. Automated
tools for S/TEM sample preparation are available and can afford higher
throughput without compromising sample quality (Tsurusawa et al.,
2021). However, they have not been tested yet on bone, which
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introduces additional challenges related to electron beam sensitivity and
bone-biomaterial interfaces involving materials that experience dis-
similar ion milling rates. Data and image analysis can become a
cumbersome task, especially for complex features such as collagen-
mineral interfaces at the nanoscale, or for large and multidimensional
datasets, for instance P/FIB-SEM tomograms. In this regard, (semi)
automated tools based on deep learning can become a powerful asset in
image processing and analysis, especially for image segmentation to
retrieve quantitative information (Reznikov et al., 2020).

6.2. Clinical relevance

Limited sample size combined with potential artifacts arising from
sample preservation and preparation, e.g., dehydration and fixation
(Shah et al., 2015b), is a particularly relevant consideration when
addressing biological and clinical questions. An intact bone-implant
interface is an important prerequisite for high resolution examination
of the interface (Palmquist et al., 2012a). Unfortunately, where TEM
specimens are obtained using FIB instrumentation, distortion and sep-
aration at the bone-implant interface make accurate analysis impossible
(Palmquist et al., 2009b, 2011). Although most techniques discussed
herein are ex situ, it is important to understand how to interpret the
findings in relation to the in vivo scenario. For example, qBEI has been
validated as a tool to determine bone mineral density distribution (or
BMDD) in clinical biopsies (Roschger et al., 1998, 2008), and calcium
content (in wt%) thus obtained has been shown to be in good correlation
with the mineral-to-matrix ratio determined through Raman spectros-
copy (Roschger et al., 2014).

Taking one step forward, bone quality parameters measured under
ex situ conditions must be connected to tissue quality in vivo. An
emerging application is that of transcutaneous Raman spectroscopy,
which has been successfully tested for phalangeal bones in human fin-
gers, where bone quality parameters have been found to correlate with
distal radius fracture strength (Massie et al., 2023). While this opens
possibilities for longitudinal studies, where bone quality can be directly
assessed in living human and animal tissue, the overlying tissue (e.g.,
skin) tends to obscure the signal from bone and melanin in the skin
generates a fluorescence background in the Raman spectrum (Schul-
merich et al., 2006). Similarly, in vivo micro-CT has been used for the
characterization of bone architecture in living animals, for example to
monitor the progression of degenerative conditions such as osteoar-
thritis (Mohan et al., 2011) and bone regeneration in response to
implanted biomaterials (Lienemann et al., 2015). Nevertheless, both
techniques hold great potential for clinical translation and application in
living individuals.

6.3. Considerations on the hydration state

Although water is an essential component of bone, traditional im-
aging techniques such as histology and electron microscopy often
overlook water due to sample dehydration. It is important to recognize
that water significantly impacts the material properties, tissue-level
mechanics, and biomechanics of bone (Granke et al., 2015). Moreover,
at the nanoscale, water plays a fundamental role in the structuring of
bone apatite (Wang et al., 2013). This water-mediated structuring has
profound implications for both the mechanical and biological functions
of bone. Under experimental conditions, dehydration affects the di-
mensions of lamellar bone anisotropically, strongly suggesting that
examining bone under hydrated conditions can provide a more accurate
representation of the natural state (Utku et al., 2008). The use of ionic
liquids presents a novel approach for preparing and imaging bone in a
hydrated state using SEM (DiCecco et al., 2021). Distinct water com-
partments, e.g., matrix-bound and unbound water, within bone have
been identified using Raman spectroscopy, providing insights into their
respective roles in bone structure and function (Unal et al., 2014). Solid-
state nuclear magnetic resonance spectroscopy (ssNMR), magnetic
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resonance imaging (MRI), and photoacoustic imaging also reveal in-
formation on bone hydration levels, which could be a potential thera-
peutic target for enhancing bone strength and resilience, underscoring
the importance of considering water in studying bone health and
development of interventions aimed at improving bone quality (Sur-
owiec et al., 2022).

6.4. Correlating structure and mechanical properties in mechanical
models

Simple mechanical models tend to have significant limitations and
often fail to consider the impact of specific structures and building
blocks, such as the arrangement of mineral particles into micrometer-
sized ellipsoids/tesselles (Binkley et al., 2020; Buss et al., 2020;
Micheletti et al., 2022a; Shah et al., 2020). Furthermore, often over-
looked is the concept of crossfibrillar tessellation (Buss et al., 2020), that
such ellipsoids/tesselles are packed in 3D while retaining organic gaps in
between, which make them appear as discrete, quantifiable entities
(McKee et al., 2022). This organic-inorganic organization not only plays
a central role in the periodicity of the lamellar architecture but is bound
to affect the (sub)micro-mechanical behavior of bone. The relationship
between the osteocyte LCN architecture and progression of mineraliza-
tion is well understood, at least in lamellar bone (Ayoubi et al., 2021),
but this too, is often ignored by mechanical models. Yet another
parameter not taken into consideration is the precise distribution of the
mineral within and around the collagen fibrils, where most of the min-
eral resides extra-fibrillarly (Schwarcz et al., 2017). However, many
mechanical models are oversimplified and assume a constant or pro-
gressively varying mineral volume fraction (Wang and Ural, 2018),
without discriminating between the intra-fibrillar and extra-fibrillar
mineral volume fractions and their potential individual mechanical
contributions.

6.5. Real-time investigations: in situ and in operando approaches

Ex situ “static” analyses provide useful insights but only offer a
snapshot of a specific instance in the sample history, which is highly
relevant to a dynamic tissue such as bone. Particularly in the case of
bone regeneration, it is challenging to compare bone properties across
species and healing time points, and a concept of fractional age has been
proposed to enable comparisons between species of widely divergent
lifespans (Ravaglioli et al., 1996). Real-time investigations by means of
in situ and in operando approaches can reveal powerful information on
how dynamic processes occur as a function of time, and truly represent
the final frontier.

For example, liquid and in situ TEM have been used to observe cal-
cium phosphate formation (X. Wang et al., 2018b) and collagen
mineralization (DiCecco et al., 2023) and in “real” time, as opposed to
cryo-electron tomography (Nudelman et al., 2010). While experimental
conditions are still not close to the real environment, these techniques
can offer important information on where the mineralization of collagen
fibrils begins (inside or outside?), and how different non-collagenous
proteins can modulate this process, which can be especially relevant
for mineralization in pathological conditions. Continuous monitoring in
liquid confirms that calcium phosphate formation from simulated body
fluid occurs by particle attachment (X. Wang et al., 2018b). The use of
custom thin-film enclosures has also enabled visualization of the
mineralization of reconstituted collagen fibrils in a calcium phosphate
solution, where mineral particles initially attach to the collagen fibrils
and progress to crystalline mineral platelets aligned with the collagen
fibrils (DiCecco et al., 2023).

Collagen mineralization has also been investigated with X-ray scat-
tering methods to better understand the mechanical stress evolution
(Ping et al., 2022). Real-time tensile testing has shown that the collagen
triple helix undergoes conformational changes upon dehydration,
causing contraction of the molecule with substantial forces. Tensile
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stresses thus generated, i.e., during mineralization, are directly
responsible for the compressive stresses measured in bone mineral,
where higher strains are measured when the mineral content is lower
(Bertinetti et al., 2015). In situ SAXS/WAXS experiments reveal that,
under tensile loading, the hierarchical design of bone at the nanometer
scale leads to a coupled deformation mechanism between collagen fi-
brils and mineral platelets, resulting in load sharing and damage
shielding, thereby preventing the collagen fibrils from exposure to
excessive strains (Gupta et al., 2006). Moreover, collagen fibril orien-
tation relative to tensile loading has been shown to influence the strain
magnitude, such that higher strains are measured (in both the collagen
fibrils and the mineral platelets) when loaded along the fiber direction
(Gustafsson et al., 2018).

Finally, mechanical testing using atomic force microscopy (Jimenez-
Palomar et al., 2015) and nanoindentation (Tertuliano and Greer, 2016)
of FIB-milled micropillars together with direct visualization in the SEM
has enabled a better understanding of the variation in mechanical
properties such as elastic modulus, strength, and work to fracture in
relation to collagen fibril orientation (Jimenez-Palomar et al., 2015).
Such experiments also have also highlighted the so-called ‘smaller-is-
stronger’ size effect, where test samples of 250 nm diameter exhibit over
2-fold higher strength than test samples of 500 nm diameter (Tertuliano
and Greer, 2016).
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