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ABSTRACT

The success of osseointegrated biomaterials often depends on the functional interface between
the implant and mineralized bone tissue. Several parallels between natural and synthetic
interfaces exist on various length scales from the micro-scale towards the cellular and the atomic
scale structure. Interest lies in the development of more sophisticated methods to probe these
hierarchical levels in tissues at both biomaterials interfaces and natural tissue interphases. This
review will highlight new and emerging perspectives towards understanding mineralized tissues,
particularly bone tissue, and interfaces between bone and engineered biomaterials at multi-length
scales and with multi-dimensionality. Emphasis will be placed on highlighting novel and
correlative X-ray, ion, and electron beam imaging approaches, such as electron tomography,
atom probe tomography, and in situ microscopies, as well as spectroscopic and mechanical
characterizations. These less conventional approaches to imaging biomaterials are contributing to
the evolution of the understanding of the structure and organization in bone and bone integrating

materials.



1. INTRODUCTION

Continued advances in biomaterials development and characterization stem from the need for
biomedical devices to facilitate the functional repair of tissues. One such tissue that biomaterials
technologies are still sought to repair is bone tissue. Specific interest lies in bone augmentation
or regeneration, joint replacement, and dental restoration technologies, where maintenance of
bone health and quality in these scenarios is integral to restoring daily functions such as, skeletal
mobility, and mastication." Bone, however, is a hierarchical material with heterogeneous
structure and chemistry across multiple length scales.> This complexity has made the
development and understanding of the attachment of bone to implant materials, or

osseointegration, an ongoing challenge.?

Therefore, to further the investigation of biomaterials towards osteogenic applications, we
require a complete understanding of the mechanisms at the bone-interface, and also the natural
interphases within the host bone tissue. An interface can be described as the abrupt connection
between two differing materials, for example with distinct differences in chemical or mechanical
properties, such as bone and titanium. Quite similar to an interface, the term interphase has been
used to describe the location where two materials conjoin, however, this junction is comprised of
a gradual change between two materials composed of comparable chemical constituents or
materials properties, a prime natural example of this are the interphases within teeth: the
cementum-dentin-junction and the dentin-enamel- junction. * Our group has contributed toward
this field by the development of multi-dimensional and multi-length scale characterizations of

osseointegrated materials interfacing to bone tissue.*



In this review, we aim to provide insights into a wider array of novel approaches to investigate
bone, its natural interphases, and the bone-implant interface. After a brief introduction on bone
and osseointegrated implants, the review is organized by the length scale from the micron and
cellular level, to the nano and atomic scale, to real-time processes for the investigation of
mineralization. Special emphasis is placed on electron, X-ray and ion-based imaging techniques
that can be used to resolve bone structure and bone-implant interfaces along their many
hierarchical levels, however spectroscopic and mechanical characterizations are also briefly
mentioned. This work aims to highlight less conventional techniques that are making their mark
on the landscape of osseointegration and biomineralization research. The structure of the review,

and breakdown of techniques covered, is further outlined in this brief table of contents:

2. THE MINERALIZED TISSUE OF INTEREST pg. 4

Topics: Bone Structure and Organization, Biomaterials for Osseointegration

3. AT THE MICRON AND CELLULAR LEVEL pg. 7
Techniques Include: Scanning Electron Microscopy & quantitative backscattered electron
imaging, Micro Computed Tomography, Focused Ion Beam Tomography,

Synchrotron-radiation Tomography, Small Angle X-ray Scattering

4. AT THE NANO AND ATOMIC SCALE pg. 14
Techniques Include: Transmission Electron Microscopy, Electron Tomography, Atom

Probe Tomography, Atomic Force Microscopy, Nano-indentation



5. IN REAL TIME pg. 22
Techniques Include: Liquid Cell TEM, Micro-Computed Tomography, Magnetic

Resonance Imaging

2. THE MINERALIZED INTERFACES OF INTEREST

Bone: Structure and Organization

Prior to understanding how biomaterials integrate with bone tissue, it is important to grasp the
basics of the structural and chemical organization of bone. Bone is comprised of two main
components: collagen, an ubiquitous protein found in many tissues, and bone mineral,
specifically a calcium phosphate in the form of either hydroxyapatite (HA), carbonated-HA
(cHA), or amorphous calcium phosphate (ACP).” By weight, bone consists of roughly 65%
mineral and 35% collagen. This composite structure is responsible for the optimal materials
properties displayed by bone, specifically, its inherent strength and toughness.* These core
components of collagen and hydroxyapatite form the mineralized collagen fibrils that create the
building blocks of higher order architectures that are intricately organized on multiple length
scales, such as collagen fibers and osteonal lamellae.*'° Some of these hierarchical features are
outlined in Figure 1. At even higher-level architectures bone can be separated into two forms,
trabecular (cancellous) spongy bone and cortical or compact bone. This hierarchical structure
further provides bone with increased durability, making the skeleton less susceptible to skeletal
fractures upon mild impacts.’ In addition to mechanical integrity, bone hosts many biological
functions such as storing bone marrow, which contains the adaptive immune response and

governs blood cell production.! Furthermore, bone is a dynamic material, constantly remodeling



throughout its lifetime to adapt to mechanical loads, and chemical signals.'>'* More recent works

that review bone hierarchical structure are widely available.'
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Figure 1. Hierarchical structure of bone from the macro to nanoscale. (A) At the
macro-scale, bone is organized into the well-known structures of cortical or trabecular bone.
Moving to successively smaller length scales, (B) osteons and trabeculae (not shown) comprise
the basic micro-scale structural units of bone. Cortical bone is organized such that multiple
Haversian canals run through each set of concentric osteonal lamellaec. The cement line is a
highly-mineralized component of the osteon, which is the interphase between the osteon and the
interstitial lamellae. (C) On the nanoscale, bone is comprised of mineralized collagen fibrils,
where a predominant amount of bone mineral surrounds the apparent collagen banding pattern of
gap and overlap zones (adapted with permission from '*'), (D) formed by the staggered
connection of Type I collagen molecules with their characteristic triple helix structure.

Biomaterials for Osseointegration

Brénemark was the first to coin the term osseointegration as the functional connection between
bone and implant devices in the 1950s.'* Since then, biomaterials have been investigated for their
potential to osseointegrate with bone. This connection is governed not by surgical
methodologies, but by the ability of bone-forming cells, osteoblasts, to secrete mineral towards

and on foreign objects, integrating them within the native bone to create an attachment to the

implant surface that supports mechanical loading.

Several materials are used in osseointegrated implants, but titanium has garnered the most



attention as an implantable material for correcting bone fracture, joint replacement, and tooth
loss.'!” The success of this material relies on its biocompatibility, which has been attributed to
the inherent oxide layer on the metal surface.'® In addition, the suitable mechanical properties of
titanium provide the necessary strength to allow the skeleton to maintain its structural integrity'’.
Of course a plethora of other natural and synthetic bone implant materials are regularly used,
sometimes in conjunction with titanium implants, including bone grafts: either autografts, bone
material from the host, or allografts from a donor'*?°. These grafts, and other natural biomaterials
such as proteins®' and polymer matrices? can either be directly placed in wound sites or around
titanium bone implants, in hopes of increasing bone growth and ultimately minimizing device

failure.?”

Despite the potential titanium shows as an appropriate bone integrating biomaterial,
complications arise due to the increased elastic modulus titanium has in comparison to bone. As
titanium is much stiffer than bone, it can over compensate for surrounding bone tissue, resulting
in the resorption of host tissue; a process termed stress-shielding, further reviewed elsewhere.”
However, it is believed that the formation of a gradual interphase and strong integration between
bone and implant would allow transfer of loading and effectively decrease the effect of

stress-shielding.

Similar to the tissue with which it bonds, the bone-implant interface is hierarchical in structure,
Figure 1. Despite great advances in titanium bone-implant design and surgical implantation
practices, failure rates among these materials remain sufficiently high, with implant loosening or

osteolysis contributing to a large portion of failures®, and increased patient risk for secondary



surgeries.”* While biomaterials are being engineered daily to solve these problems of integration,
assessment of these with suitable techniques is constantly developing with technological
advances in software, hardware, and data handling methods. Approaches to some less
conventional techniques to enable visualization of this bone-implant interface across hierarchical

levels are presented here, with some examples outlined initially in Figure 2.
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Figure 2. Hierarchical characterization of osseointegration from the macro to nanoscale.
Similar to bone, the connection at bone-implant interfaces spans several length scales. As an
example, (A) a titanium hip joint or dental implant in connection with bone can be visualized by
(B) micro-computed tomography, demonstrating the overall bone growth towards the implant
material, as well as trabecular and cortical micro-scale structure. (C) Using SEM, the importance
of cellular attachment to the implant material is clear, and (D) once further magnified by TEM, a
clear nanoscale integration is visualized, where the bone and implant material seem to mix with
one another. Adapted with permission from our works in 344,



3. AT THE MICRON AND CELLULAR LEVEL

Electrons, X-rays and ions:

Historically, interphases in bone tissue and bone-implant interfaces were investigated using
traditional life-science microscopical approaches, such as light microscopy, and more
specifically histology. These methods were used to evaluate bone health through the
identification of relevant biological cells, such as osteoblasts and osteoclasts**. However, while
biologically relevant, these approaches are limited by the resolution of the light microscope. The
use of X-rays, electrons and ions as imaging sources has enabled an increase in resolving power
and allowed more advanced imaging techniques that could be used in both clinical and research
settings. Herein, we will discuss novel imaging approaches for understanding features of bone
structure and biomineralization that have emerged at the micron scale and level of cellular

structures in bone.

The micron scale, where bone units are represented by osteons and trabeculae, is of interest for
the evaluation of both bone pathology and osseointegration. At this essential level, the most basic
characterization approaches include scanning electron microscopy (SEM), and microcomputed
tomography (micro-CT), with focused ion beam (FIB) microscopy bringing the newest
perspectives to the field. A complete summary of all of the techniques presented at each length

scale can be found in Table 1.



Table 1. A brief list of imaging and spectroscopic techniques used to assess bone tissue and bone-implant interfaces

and their respective benefits and limitations.

Technique Benefits Limitations References
At the Micron and Cellular Level
SEM Compositional information 2D imaging 27-29, 38, 40. 49,
Surface topology Potential electron damage 30. 36 = 58, 107,
Can be coupled with e.g. AFM  Bone must be dehydrated 109
and FIB Sample coating with a conductive layer
Good depth of field is usually required
Micro-CT 3D visualization at micron X-ray attenuation artifacts if material 3033530
scale density differs e.g. bone and metal
Dry and wet conditions Limited resolution to several microns
(unless using synchrotron source)
FIB 3D visualization Destructive technique 10, 37, 38, 42, 44
Tomography Nanoscale resolution Potential for ion beam damage to
biological materials
At the Nanometer Level
SAXS Ability to determine structural Low signal to noise ratio 53,54
information, mineral Intensive post-processing of data
size, orientation and thickness Synchrotron source required
TEM Multiple imaging modes (e.g. Intensive sample preparation 111936
BF, DF, HAADF, STEM) Small sample size
Couple with characterization Potential for electron beam damage
tools (e.g. EDS, EELS) Samples must be dehydrated
Nanometer resolution
Electron 3D visualization of mineral and Physical limitations based on rectangular '8 37 3% 48. 55
Tomography collagen interplay sample geometry (missing wedge) 59, 60, 6264,
High-resolution Potential for electron beam damage due 678 11117,
to long acquisition times s
Intensive post-processing of data
Sample must be dehydrated
Liquid Cell Real-time  observation Decreased image resolution due to O 106 16 118
mineralization electron scattering events in liquid 119, 121-124, 126,
Samples maintain hydrated Beam induced mineralization 128
state (natural environment) Confined liquid volume
At the Atomic Level
APT 3D imaging and chemical Data collection limited by sample %

information
High spatial resolution

High chemical sensitivity

fragility, low conductivity, heterogamous
crystal and organic structure
Intensive sample preparation
Complex reconstruction
processing

and data




SEM uses a focused electron beam rastered across the surface of a specimen to produce several
signals for imaging and elemental analysis. Secondary electrons which are generated within the
sample are collected to form images with topological features, while backscattered electrons
(BSE) that originate from the electron column and are rebounded from the first few layers of the
specimen provide compositional contrast that provides insight into variations in bone structure
and mineral content, where highly mineralized areas appear brighter. The composition can be
further characterized by energy dispersive X-ray spectroscopy (EDS), whereby the interaction of
the electron beam within the sample releases characteristic X-rays that are detected and can be

quantified.

A critical SEM based technique, quantitative backscattered electron (q-BSE) imaging has
become a hallmark for evaluating bone structure and bone-implant contact on the micron level,
providing chemical information that can aid in robust estimates of bone quality. q-BSE relies on
interactions of the primary electron beam with the sample. The quantity of BSE that escape the
sample, and therefore the signal intensity, increases upon interaction of the primary electron
beam with higher atomic number (Z) elements, resulting in images capturing Z-contrast.”’ If the
SEM is calibrated to standards, the intensity of the peaks can be related to the concentration of
each element that interacts with the beam.”” More recently, the technique continues to prove
valuable in the assessment of pathological conditions in bone, including investigations of
osteoporosis®™, and rheumatoid disorders.”” While SEM has several advantages including
relatively high resolution (~Inm), compositional contrast, and ability for elemental analysis, it is

limited in dimensionality, that is, it is a 2D imaging approach.

10



Microcomputed tomography (micro-CT) is a non-destructive method of three-dimensional (3D)
imaging that can be used to evaluate the overall bone growth around biomaterials, or bone itself.
With slightly lower resolution than SEM, micro-CT offers the primary advantage of 3D imaging.
The sample is generally rotated around 360° or 180° and X-ray micrographs are recorded at each
angle, such that mathematical algorithms can be applied to these images to produce an accurate
3D representation of the sample volume. Micro-CT is made possible by the attenuation of the
X-rays changing as it passes through the sample, with beam intensity decreasing depending on
the composition of the sample through which it interacts.’® Advanced data processing and
visualization pipelines allow for specific volume rendering and segmentation, which ultimately
aids in the quantification of the materials of interest, for example, surface area and pore volume
measurements. In addition to imaging, X-ray based approaches that probe structural or chemical
information can be combined with tomography at synchrotron sources which are well equipped
for multiple experiments, such as small angle X-ray scattering (SAXS), and X-ray fluorescence
(XRF). However, it is important to note that these analyses may produce large datasets, which
present challenges for storage and processing. These techniques will not be discussed here in
detail, but other articles provide an introduction to the techniques and their applications in bone
and biomaterials.’’*? In the context of biomaterials, the features typically investigated by
micro-CT are usually macro-scale porosity®, quantification of bone growth around and into ex
vivo implants, or calculations of metrics to evaluate osseointegration, such as either the percent
bone area or bone-implant contact. ***° Structural X-ray techniques are usually reserved for

evaluating the mineral components of bone, such as orientation of osteons and collagen fibrils.*
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Focused ion beam (FIB) tomography, sometimes referred to as FIB-SEM tomography, is a
high-resolution destructive 3D imaging technique used to evaluate materials with the resolving
power similar to SEM. A FIB microscope is a dual-beam microscope that combines the electron
column of a SEM, with an ionized beam, such as gallium or xenon, that can be used for several
functions, including the site-specific milling and deposition of material inside the microscope.
FIB tomography relies on the use of a line-of-site process in which a sample is cut using a stream
of ionized atoms, which act similar to a nano-scale sandblaster, to precisely mill away a block
face. The milled surface is then sequentially imaged using the electron beam to create a number
of serial images throughout the volume of the specimen, which are then reconstructed into the

3D volume of the material.’’

Although used extensively in the microelectronics industry, the use of FIB in the biological
domain 1is finally gaining acceptance, in part due to demonstration of the technique to limit
beam-induced damage®®, and several comprehensive reports which highlight its use in biological
imaging.*** The technique has been used in both biomineralization and biomaterials research,
for example to probe the bone ingrowth into commercial dental implants*, and to track the

osteocyte network in bone (featured in more detail in the following section).*?

More recently, FIB tomography has received renewed interest for uncovering some of the
microstructural features of lamellar bone. For example, Reznikov et al. have used the approach

widely to investigate the 3D volume of lamellar rat bone*, and human bone'**

in great detail.
These studies, that encompass datasets of several microns cubed, with nanometer resolution, set

the bar for FIB investigations of minerals and biomaterials by FIB tomography. It is important to
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note however that this work has been performed on demineralized specimens. Real interest exists
in moving towards investigating less-manipulated bone models, i.e. materials that have not
undergone chemical altering methods such as preservation, demineralization, dehydration, or

freeze-thaw cycles that may damage architectures.

Visualizing the osteocyte network: A Complimentary Approach

As with any intricate material, imaging hierarchical details cannot be achieved by a sole
technique, thus requiring a complimentary set of characterization approaches to be applied.
When characterizing bone, the cellular components on the micron scale are clearly also of
interest, in particular the osteocytes of bone which are responsible for maintaining its dynamic
turn over process, bone quality, strength and integrity.* Once osteoblasts fulfill their role in
laying down new bone matrix, they become embedded in the tissue and terminally differentiate
into osteocytes*. Osteocytes are responsible for the mechanotransduction and signaling in bone
to initiate remodeling in the case of micro-fractures and other defects in bone structure.'*¢ The
orientation of apatite mineral in bone, which contributes to its overall strength and resilience, is
also dependent on the orientation of osteocyte lacunae.*’ Therefore, osteocytes have been studied

widely, and are good candidates to exemplify multiple micron-scale characterization approaches.

Osteocytes have also been postulated to play a significant role in osseointegration, as direct
connections between osteocytes and implant surfaces have been documented both by
transmission electron microscopy (TEM) and a novel resin cast etching SEM approach.”**° For
instance, a lack of osteocyte maturity within porous titanium implants relative to native bone was

reported by Shah et al. using novel resin cast etching SEM, which suggests that nearing porous
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implant features bone is remodeling differently (Figure 3A).° Ultimately, clear visualization of

these networks is integral to understanding bone remodeling at biomaterials surfaces.

The osteocyte network or lacuna-canalicular network (LCN) includes the sites which osteocytes
occupy, lacunae, and their connections throughout bone, canaliculi. The LCN is a unique feature
of bone that illustrates how a variety of micro-scale analyses that we discussed above can be

employed to investigate its architecture, some of which are highlighted in Figure 3.

Figure 3. The osteocyte at the micro-scale. Various approaches are applied to visualize the
lacuna-canalicular network (LCN). (A) A novel resin cast etching technique and SEM imaging
of an isolated osteocyte (OT) with arrow pointing to canalicular attachment directly to an implant
surface, suggests osteocytes contribute to successful osseointegration. (B) SAXS measurements
of bone mineral particle thickness (T-parameter maps) overlaid on the osteocyte network
demonstrate the variation in mineral thickness around osteocytes. (C) Using FIB tomography, a
3D rendering of the LCN highlights the spatial relationship between the osteocyte lacunae

(yellow) and canaliculi (green) in a mouse femur. Reproduced with permissions from*>>*>!,

Prior to work presented by Schneider et al., Figure 3C, the LCN had never been characterized in
3D, arguably due to a lack of sophisticated sample preparation methods for high-resolution

tomography such as FIB-SEM serial sectioning.*? In this work, Schneider et al. imaged the LCN

14



in 3D using FIB-SEM tomography, and after formidable data reconstructions final renderings
yielded resolution in the order 30 nm providing authors with reconstructions that could aid in
determining LCN morphometry, clearly identifying the connectivity between the osteocyte

lacuna and the canaliculi.

Pacureanu et al., have further demonstrated the value of imaging the LCN in 3D through work
applying synchrotron radiation tomography, where a monochromatic X-ray beam is passed
through the sample with much higher photonic flux than traditional micro-CT. *' Resulting
images have high levels of noise, making it challenging to image cell dendrites and therefore
gain information regarding bone quality.’’ These authors have shown proof of concept that their
tomography data has the ability to increase the signal to noise ratio of the LCN, and successfully
image cell dendrites. An overview of relevant approaches to characterize the LCN by 3D

methods is well reviewed elsewhere.*

Moreover, additional synchrotron source X-ray analyses, such as microtomography and small
angle X-ray scattering (SAXS) present many advantages for the analysis of bone mineral,
particularly the LCN by simultaneously providing images or 3D structure with elemental or
crystallographic information, as seen in Figure 3B. Similarly to SEM, during SAXS acquisition
of mineralized tissues, a focused X-ray beam is rastered over the material, but instead of
collecting electron information, diffraction patterns are detected. Throughout this process the

tissue is rotated by various angles, such that the entire sample can be analyzed.>
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Studies with SAXS, such as one completed by Kerschnitzki et al., have shown that mineral
platelets align perpendicular to osteocytes, and that mineral particle thickness varies in the
vicinity of osteocytes, after intense post-processing of the data is completed.’® The authors
demonstrated how bone architecture is related to bone quality, and successfully showed that
more organized bone has smaller mineral particles nearing the osteocyte network (Figure 3B),
meanwhile, less organized bone has larger more disorganized particles nearing these features, not
shown.> This work is further evidence of the importance of osteocyte networks in governing

bone quality, and the use of correlative imaging methods to assess these cellular features in 3D.

4. AT THE NANO AND ATOMIC SCALE

Transmission electron microscopy:

The mineralization and osseointegration landscape has been dominated by observations with
light-based methods such as histology and histomorphometry, and lower resolution SEM
imaging. However, to move towards an understanding of collagen-mineral interactions we need
to move towards nanoscale and atomic characterizations, where TEM plays a key role. A
plethora of observations that have laid foundations for understanding osseointegration of various
biomaterials have been made using TEM in the 1990s.>*® The premise of TEM imaging relies
on electrons passing through an electron transparent specimen. Once the beam is transmitted,
both inelastic and elastic scattering events can be detected, and used for imaging and elemental
analysis. Traditional methods of TEM imaging include bright field (BF) and dark field (DF)
imaging, relying on the collection of transmitted, and diffracted electrons, respectively. More

recently, the use of scanning TEM (STEM) and high angle annular dark-field (HAADF)
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detectors has enabled better compositional contrast in bone imaging.”® In this imaging mode,
image intensity is roughly proportional to Z* (atomic number squared). This enables
differentiation between mineral and organic components, and sufficient contrast of collagen
fibrils without staining. The presence of nano-crystallinity in bone means that DF images can be
used to identify mineral platelet orientation, and selected area electron diffraction patterns can
also be used to gain information of texture. An added benefit of TEM is also its coupled spectral
analyses: energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy
(EELS) which detect characteristic X-rays or measure characteristic energy losses to determine
chemical composition. An important consideration when moving towards higher resolution
analyses, such as TEM, is the sample preparation of tissues and specimens. Historically,
specimens have been prepared by slicing thin sections with a diamond blade, a process called

ultramicrotomy.

The advantages of using another technique, called focused ion beam (FIB), as a method to
maintain interfacial integrity between bone components, and at bone-implant interfaces or in
biological systems has been clearly demonstrated in recent years.***°. The site-specific approach
allows for isolation of a region of interest several microns wide for bombardment with gallium
ions, extraction by an in situ micromanipulator or ex-situ method, and placement on a TEM grid
for further work. These specimens are typically a maximum of 300 nm thick, allowing for
electron transparency with minimal physical damage to the sample. The benefits of using this
approach as compared to ultramicrotomy are widely demonstrated in ivory®,

63,64

fluorapatite-gelatine composites®, tooth ®* biomaterial-cell interfaces®®, and bone-implant

interfaces®. Schwarcz et al. have used ion milling to suggest their new model for the

17



ultrastructure of bone, highlighting the importance that subsequent studies to support or refute
this ultrastructure should be done using similar sample preparation methods.®® FIB techniques are
also advantageous for both organic and soft tissues, as the precise milling technique minimizes
damage to soft tissues®, and can also be considered for cryogenic TEM lamellar preparation as
shown for microorganisms®’, as the interest in maintaining the native state of biological tissues

remains a challenge during conventional TEM.

Utilizing ion milling or focused ion beam milling new observations supporting an increase an
abundance of extrafibrillar mineral in bone have been made by Schwarcz and colleagues with
TEM.®%® Their model of bone is presented in our hierarchical view of bone in Figure 1. Other
studies have also suggested, although to a lesser extent, the presence of higher amounts of
extrafibrillar mineral® than originally suggested by the first ultrastructural models of bone that
place most of bone mineral within the gap zone of collagen fibrils.”*”' Biomechanical
simulations of bone strength, stiffness, and finite element modeling experiments %, have also
indicated a higher likelihood that the majority of mineral is located exterior to the collagen

fibrils, as in Schwarcz et al.’s model.”

Electron tomography:

While many imaging techniques can be used to evaluate the bone-implant interface, an optimal
approach may be using correlative imaging platforms to provide a holistic view of the
mineralized tissue or bone-implant interface. Such advanced platforms include the use of
multi-length scale and multi-dimensional imaging techniques that can describe bone-implant

contact on the multiple hierarchical levels that relate to bone structure. *
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The use of TEM to resolve collagen-mineral interactions has been highlighted above, yet this
yields two-dimensional images of distinctly three-dimensional objects. Electron tomography
allows the visualization of samples in three-dimensions, providing insight to the orientation and
connectivity at biointerfaces. This involves taking multiple projection images at various tilt
angles, followed by the alignment and reconstruction of the images to yield a 3D volume. The

basics of electron tomography are covered in detail elsewhere™”

, including comprehensive
reviews on electron tomography for applications in soft materials and biomaterials.”®”’ In
general, electron tomography uses an approach that is quite similar to that employed in
micro-CT. In both cases, projection images that are a monotonic function of the sample are
acquired around the specimen, and then reconstructions are performed using mathematical
algorithms. The resulting information is a 3D volume that can be sliced through in the
Z-direction or visualized in 3D. Besides of course the obvious difference in source (electrons
versus X-rays), the main difference between the two techniques is final resolution, which is
dependent on the source. Electron tomograms can be obtained down to even atomic-scale
resolution”, whereas the resolution of X-ray tomography depends on the source, with

synchrotron sources approaching a few nanometers, and lab-bench versions hovering around the

micro-scale.

While electron tomography has had foundations in bone ultrastructural observations, the first
pioneering works in this area utilized either bright-field or high voltage tomography.”®' Newer
approaches to electron tomography, specifically a form that uses high-angle annular dark-field

(HAADF) images to gain compositional contrast, have been demonstrated to support claims of
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new ultrastructural models of bone®, understand the orientation of bone adjacent to osteocyte
lacunae®, and to understand the orientation of collagen fibrils and interfacial connections at

18,34,83
b

biomaterial interfaces, such as hydroxyapatite-bone®, titanium-bone and dental

cement-dentin interfaces®.

New developments in electron tomography are related to increasing the accuracy of
reconstructions to allow more quantitative understanding of interfaces, for example, by reducing
artifacts from the missing-wedge by moving to a 180° rotation tomography, called on-axis
electron tomography. This approach was demonstrated by us to show clear morphological
features of nano-roughened titanium oxide integrating with human bone.® Other emerging
directions include simultaneous electron tomography and elemental analyses to offer information
on chemical signals. One such approach is EDS tomography, the developments of which and
remaining challenges are highlighted for nanoparticle systems.® This technique collects EDS
maps at each imaging step during tomography acquisition, which can then be reconstructed
similarly to images to gain a 3D compositional map. A similar approach using electron energy
loss spectroscopy (EELS) tomography been demonstrated on bone-implant interfaces, where the
chemical signatures assist in the differentiation of collagen and mineral phases®®, where EELS
detects the energy lost from inelastically scattered electrons that are characteristic to each

element.

Atom probe tomography:
Shifting to yet smaller length scales, atom probe tomography (APT) offers extensive capabilities

for high resolution imaging at the atomic scale with a spatial resolution of sub-0.3 nm, while
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simultaneously revealing chemical information achieving a sensitivity of 1 ppm.*’” The
fundamentals of APT rely on successive field evaporation of atoms as ions from the specimen
surface by an applied high voltage field or a pulsating laser. The use of electric field is primarily
employed for samples of high electrical conductivity; meanwhile, the pulsating laser enables
field evaporation of non-conductive materials. The evaporated ions are detected laterally (x,y) by
a position-sensitive detector, and due to the nature of the pulsating laser, the exact atom
evaporation and time-of-flight can be detected for each atom. The combination of these
parameters yields the exact z-coordinate of each atom and respective mass-to-charge (m/z)

ratio.?’

While a technique initially thought to be reserved for conductive and non-biological samples, a
plethora of applications for APT are arising in biology and biological materials. For example,
chemical mapping of mammalian HeLa cells by APT has been demonstrated®, as well
three-dimensional reconstructions of ferritin®, chiton®, and a host of other biominerals including

various apatites’!, and enamel®* .

Recently, we presented the first APT of human bone, which highlights the distribution of trace
elements, such as sodium, within the organic regions of bone, and at organic-inorganic
interfaces, not otherwise detectable with electron-based analytical approaches.” Featured in
Figure 4A, our research demonstrated the potential APT has in advancing the scientific
understand of bone structure and interphases within mineralized tissues, which could provide

insight to natural biomineralization processes on the atomic scale.
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100 nm +Ca+Ti

Figure 4. Atom probe tomography of mineralized tissues and osseointegrated interfaces.
(A) A 3D volume map shows the gradients of Ca distribution throughout human bone, where
blue represents a lack of Ca and red represents high concentrations of Ca atoms. (B) A
bright-field TEM micrograph and 3D APT atom map shows the likely presence of an inorganic
interface between human bone and a retrieved dental implant. (C) A similar dental implant and
human bone interface analyzed by a correlative combination of electron tomography, EELS
tomography and APT highlights the integration of Ca atoms into the surface oxide of
laser-modified titanium implants. Reproduced with permissions from %6,
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APT has also been applied to osseointegrated materials and the interface between bone and
biomaterials, for example mesoporous titania and rat bone® or human bone”, and laser-modified
titanium and human bone®. Sundell et al. used APT to investigate human bone-implant
interfaces, where the resolving power of the technique provided insight into the rich calcium
layer found at the bone-implant interface. ** Meanwhile, we have further demonstrated the value
of complimentary techniques, where we have evaluated a retrieved osseointegrated implant and
characterized it using both on-axis electron tomography and APT, providing a holistic view on
the functional connection between bone and titanium from both structural and chemical
perspectives. ® These two studies featured in Figure 4B and C, represent the first move towards

a truly atomic scale chemical investigation of bone to implant interfaces.

Mechanical testing at the nanoscale:

The mechanical properties of mineralized tissues and interfaces have often been attributed to
their whole bone hierarchical architecture.”’'® Recent technological advances in mechanical
testing and modeling methods have resulted in a trend towards nanoscale investigations of bone
mechanical ~ properties, both  experimentally = with  atomic  force  microscopy
(AFM)-nanoindentation'”"'?, and by simulations with finite element modeling”’, molecular
dynamics, or full atomistic models.'™!* Some of these experimental approaches that probe nano
level architectures of bone mineral or collagen fibrils, and incorporate image-based methods, are

shown in Figure S.
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Figure 5. Imaging-based nanomechanical testing approaches for bone-like materials. (A)
Optical microscopy image of an individual osteon and the AFM-based nanoindentation
schematic used to infer energy dissipation through nanoscale structural heterogeneity, outlining
the principal methods employed by Tai et al. (B) In another approach, nanopillars fabricated in
FIB were placed under uniaxial compression to determine properties of distinct
ordered/disordered zones within bone. (C) SEM image of the AFM configuration to evaluate the
tensile properties of an individual antler collagen fiber with a combined AFM/SEM instrument.
Reproduced with permissions from '01:107:109,

Firstly, experiments by Tai et al, exemplify the use of AFM for both imaging and
nanomechanical strength determination of bone.'”! AFM, a high-resolution technique, uses a
sharpened probe that either traces the surface at a defined height or mechanically interacts with
the surface in contact mode. By probing the surface mechanically and measuring both the force
exerted back onto the tip and the displacement, AFM-based nanoindentation can accurately
determine nano-materials properties'®. Using this approach, the stiffness of bone has been
reported ranging between 2 to 30 GPa. This variable range is notable, as bone has natural
interphases that could be related to increased calcium mineral and therefore increased stiffness.'"!

AFM-based nanoindentation is therefore useful for probing local nano-scale properties in

heterogeneous tissues.

Moreover, micro or nanopillars ranging in diameter from 250nm to 3000nm can be extracted
from regions in bone using FIB for site-specific nano-compression testing.'* Tertuliano et al.
showed that pillars from distinct regions of bone structure (ordered, and disordered) performed
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similarly under mechanical loading at both micro and nano length scales, which was possible
through the use of a nanoindenter equipped with a flat plate. As noted in Figure 5B, experiments
were completed until failure, and the fracture mechanism was then deduced to be brittle or
shearing (not shown). ' Interestingly, similar failure mechanisms and rates were observed
among the various length scales investigated however, the authors postulated that the overall

porosity of the extracellular matrix was the key determining factor for mechanical strength.'"’

At even smaller length scales, at the level of individual collagen fibrils, the role of mineralization
on mechanical strength has been evaluated and modeled in situ using a micro-electromechanical
device coupled to a confocal Raman microscope on synthetic collagen/apatite composites.'® This
work has shown the potential importance of degree of mineralization on strength of bone, where
specimens with increased apatite composition showed higher elastic moduli, a mechanism
suggested to be based on the molecular interlocking of collagen fibrils mediated by the mineral

phase.'®

Combined AFM and SEM imaging has also shed light on the effect of mineralization on
mechanical properties of collagen fibrils in bone-like antler tissue, where similarly mineral
content had a homogeneous effect on initial tensile strength. ' These experiments used a more
sophisticated approach, combing SEM and AFM, by which one single collagen fibril could be
attached to the AFM probe and slowly pulled until fracture, Figure 5C. ' Merging these two
methods allowed the authors to perform an accurate investigation of single collagen fibrils,
emphasizing the importance of developing unique characterization methods to solve biomaterials

problems. Furthermore, atomistic calculations are also broadening the scope of mechanical
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influences in bone structure towards the collagen fibril unit, where the role of mineral in

strengthening bone has been further supported.'™

5. IN REAL-TIME

In situ mineralization:

The characterization of established biominerals and interfaces is of interest, but increasingly,
there is a scientific desire to visualize the formation of tissues, or their mineral components in
real-time, hydrated environments. Biomineral growth is well known to be templated by proteins
such as collagen, and non-collagenous proteins in various biomineral systems''?, such as bone'"!,

13114 = Conventional observations of

periodontal tissues''?, and invertebrate systems
biomineralization processes have relied on halting mineralization at defined time points, either
cryogenically or by chemical processes. Much progress has been made in understanding the role
of collagen, non-collagenous proteins, and polyaspartic acid in the mineralization of collagen, in

this way, presented in detail in other reviews and recent works.''>""”

However, the dynamic processes of crystal growth are of interest to further understand the
mechanisms behind biomineralization. Considerable progress has been made towards
understanding the in situ growth of model systems, such as calcium carbonate for example, by an
approach called liquid phase or in situ transmission electron microscopy.''®'?! This approach
relies on the use of a specialized TEM holder that encapsulates liquid between
electron-transparent silicon nitride or graphene membranes, enabling liquid to be safely placed
within the vacuum of a TEM.'? Several approaches to liquid cell TEM for the investigation of

biominerals are available, including the simple encapsulation of liquid in static conditions, to the
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flow of liquid via an inlet and outlet'?, or even mixing of different fluids within the TEM field of
view.'?* This approach allows the real-time observation of mineral nanoparticle growth, and the
interaction of relevant liquid systems or molecules on their growth mechanism. Optimization of
experimental approaches to improve resolution, as well as the elucidation and elimination of
electron beam-liquid interactions, and the development of approaches for quickly acquiring and

processing data remain key challenges.'?'2¢

Investigation into the role of proteins and inorganic additives has been a central theme for
real-time in situ observations of biomineralization, a variety of which are highlighted in Figure
6. In these examples, the role of proteins or organic molecules on minerlization delay and
resulting mineral assembly were investigated. Using a liquid flow TEM cell, the nacre-like
calcium carbonate system was investigated to show that the intracrystalline C-RING protein AP7
delays the onset of nucleation and changes the spatial assembly of mineralized particles.'”” Other
organic molecules such as poly(acrylic acid) (PAA) and poly(styrene sulfonate-co-maleic acid)
(PSS-MA) have been shown to similarly contribute to the formation of a transient mineral phase,
and ultimately morphologial changes in mineral formation of CaCO; as observed under
atmospheric conditions in a unique inverted SEM instrument. ''® Polystyrene sulphonate (PSS)
has also been shown to inhibit the nucleation of a transition phase of amorphous calcium
carbonate during in situ TEM observations. ' These observations provide insight into the role of
mediating proteins and molecules during biomineralization and were only enabled by the

encapsultated liquid cells or novel SEM assembly.
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Figure 6. Real-time in situ biomineralization. (A) Liquid-phase scanning-TEM images show
the formation of internal branching structures in CaCO; in the presence of AP7, a nacre C-RING
protein. (B) An inverted atmospheric SEM allowed for observation of growth of CaCO; with
triangular habit in the absence of any additives of under atmospheric conditions. (C) Amorphous
Ca-PSS globules formed in liquid phase TEM with inset diffraction pattern confirming their
amorphous structure. Reproduced with permissions from 8119127,

Moving towards more bone-like minerals systems, we have demonstrated the precipitation of
hydroxyapatite-like calcium phosphates in static liquid cell TEM conditions.'*® This may provide
insights into the morphological and crystal transitions that bone-like hydroxyapatite minerals
undergo during bone formation. Further work to investigate the mineral phase interacting with its
counterpart collagen through the real-time mineralization of collagen fibrils in solution is of key
interest to the understanding of bone mineralization in healthy and pathological states. In
addition, elucidating and reducing the role of the electron beam on the formation of

biomineralized structures is highly relevant, as bone mineral content has been shown to be easily

altered by repeated or high energy exposure to electron beams.'*

Of course the experiments carried out in liquid cell TEM systems represent simplified in vitro
models for in vivo mineralization. The other approach to mimicking an in vivo environment and
mineralization is with relevant cell culture systems, which will not be discussed here, but is well

covered in recent works and other reviews."?* %
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Clinical evaluation of osseointegration:

Visualization of the mechanisms of bone growth and attachment in real-time on the nanoscale
level, as described above, are simply not possible in clinical or in vivo models. In these scenarios,
approaches to quantifying or qualifying osseointegration in patients rely on measures of
mechanical implant stability, for example using quantitative ultrasound techniques'**, and lower

resolution non-destructive imaging techniques, such a radiography'*’

, computed tomography
(CT)"¢ and magnetic resonance imaging (MRI)."*” Similar to high-resolution lab based imaging,
clinical imaging has experienced a shift in emphasis from two-dimensional to three-dimensional
imaging modalities, where technological advances in cone beam computed tomography (CBCT)
are opening up a new realm of imaging possibilities for implant plannng and evaluation due to
lower beam dose compared to conventional CT. However, review studies report inconsistencies
in radiation dose values'*®, and recommendations advise its sparing use, predominantly for
surgical planning, and not as an evaluation tool.”** Methods for assessing bone quality,

independent of bone implants, are similarly varied between noninvasive imaging techniques and

complementary ex vivo studies, which are well detailed elsewhere.'*’

6. CONCLUSIONS

Technological advancements across the fields of ion, electron, X-ray and atom probe
microscopies are resulting in an increase in the use of multi-scale and multi-dimensional
analyses for the investigation of bone interphases and biomaterials interfaces. A clear interest in

moving towards multi-dimensional techniques that capture not only three-dimensional but
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relevant chemical signatures is now emerging. Progress towards capturing real-time
mineralization events using in situ liquid phase electron microscopy is another technological
breakthrough, and paving the way for further mechanistic observations in vitro. With continuous
developments in the imaging and characterization landscape, we expect our view of
biomineralized tissues, such as bone, and the complexity of their interphases, including those to

biomaterials, to continue to evolve.
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