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Lay Abstract

Bone tissue has a unique structure that perplexes both biologists and materials scientists. The
hierarchical structure of bone has garnered the interest of materials scientists since the body’s
skeletal strength and toughness are governed by the nanoscale (millionth of centimetres) to
macroscale (centimeters) organization of bone. In this work, the intricate organization of bone
is investigated using advanced electron and ion beam microscopy techniques, which achieve
high-resolution imaging of bone structure. Firstly, this work developed a sample preparation
workflow to correlate electron and X-ray imaging of the same bone tissue. Secondly, this work
was the first to apply serial-sectioning plasma focused ion beam tomography to human bone
tissue to investigate its structure at high resolution across micron-sized volumes. Here,
previously unexplored methodologies to image bone are demonstrated with the hopes of

applying such techniques to investigate healthy and pathological bone tissue in the future.
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Abstract

Human bone tissue has an inherent hierarchical structure, which is integral to its material
properties. It is primarily composed of a collagen fiber matrix that is mineralized with
hydroxyapatite. A comprehensive understanding of bone and the linkages between structural
and cellular organization is imperative to developing fundamental knowledge that can be
applied to better our understanding of bone disease manifestations and its interaction with
implant devices. Herein, this thesis investigated non-traditional methods for evaluating bone

structure across the nano- and meso-length scales.

Firstly, due to the inhomogeneous organization of collagen fibrils and mineral platelets of bone
ultrastructure, a suitable methodology for the investigation of both phases needed to be
generated. In this work, focused ion beam (FIB) microscopy was employed to create site-
specific scanning transmission electron microscopy (STEM) lift-outs of human osteonal bone
that could be visualized with correlatively with STEM and small angle X-ray scattering
(SAXS). Samples were successfully characterized using both techniques, and minimal visual
damage was induced during data acquisition. This work is the first to demonstrate the potential

for bone to be investigated correlatively using both STEM and SAXS.

Secondly, this work is the first to employ a dual-beam plasma FIB (PFIB) equipped with a
scanning electron microscope (SEM), to investigate bone tissue across the mesoscale. This
equipment enables large volume three-dimensional (3D) imaging at nanoscale resolution
across larger mesoscale volumes. This thesis aimed to reduce ion beam-based artifacts, which
presents as curtain-like features by adjusting the composition of protective capping layers.
Subsequently, large volume tomograms of bone tissue were acquired, demonstrating the
effectiveness of the PFIB to reveal mesoscale features including the cellular network of bone

tissue.

Overall, this thesis has developed methods that allow for the application of advanced
microscopy techniques to enhance the understanding of bone tissue across the nanoscale and

mesoscale.
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1. Introduction

1.1 Research motivation

Bone is a naturally occurring biological material comprised of an organic collagen phase and
a calcium (Ca) and phosphorous (P) rich mineral phase [1]. The inherent hierarchical structure
of bone spans from the atomic to millimeter scale and provides it with unique functional
properties [2]. It is imperative to gain a better understanding of the complex interplay between
the organic and inorganic components of bone, as well as their higher order organization into
functional structures, as it influences many of its essential materials properties [3]. A more
advanced understanding of the organization of bone also remains necessary for the design of
improved bone implants for both dental and orthopedic applications. Moreover, the structure
of healthy bone tissue must be evaluated to gain a better understanding of structural differences
between healthy and diseased bone. Therefore, the research presented in this thesis addresses
the characterization of healthy bone tissue with sophisticated characterization tools to aid in

the comprehensive understanding of the complexity of bone tissue.

Bone structure has been investigated across its length scales through the use of advanced
microscopy techniques [4], [5], however linking its structural and biological entities across
length scales that span 10s of microns, remains a challenge. This apparent challenge is in part
due to the lack and complexity of correlative microscopy approaches [6], and the natural
biological variations in bone tissue. In addition, inherent instrument constraints dictate sample
shape and size, making some samples suitable for one approach and not suitable for another.
Finally, bone is a highly organic material, which can be easily damaged by some of the more
sophisticated probes, such as electron or X-ray beams [7], [8]. Correlative imaging of the same

sample using multiple techniques therefore becomes difficult.

The mesoscale (spanning 100 nm to 100 um) organization of bone provides linkages between
structural and biological units, connecting nano- and microscale information, which are
imperative to understanding mineralization and other biological processes [9]. Imaging the
entire mesoscale organization of bone in three-dimensions (3D) remains a challenge in part
because of current instrumentation limitations with respect to volume size and resolution.
Micro-computed tomography (u-CT) can image larger volumes (50 umq) at a lower resolution,

making the intricacies of the cellular network, mineral layers, and collagen components
1
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unresolvable simultaneously [10]. Meanwhile, more advanced techniques such as electron
tomography with TEM yield small volumes (1um?3) with nanoscale resolution [11]. Thus, high-
resolution information remains restricted to small volumes meaning that the meso- or
microscale organization of bone cannot be definitively resolved. To better understand the
unique hierarchical structure of bone, this thesis will focus on the development of a correlative

nanoscale characterization strategy and development of a mesoscale imaging approach.

1.2 Research objectives

The main objective of this thesis is to develop strategies to visualize the unique hierarchical
structure of bone from the nano- to mesoscale. This thesis is divided into two main projects

with the following research objectives:
Nanoscale Bone Imaging:

Part one of this thesis reports the development of a correlative workflow that allowed for site-
specific analysis of bone in both real and reciprocal space using transmission electron
microscopy (TEM) and small angle X-ray scattering (SAXS). This platform also qualitatively
assesses radiation damage from SAXS. The specific objectives were:

= To create a correlative workflow to allow for the characterization of structurally similar
bone tissue by TEM and SAXS using site-specific sample preparation techniques, such as
focused ion beam (FIB) microscopy.

= To qualitatively assess SAXS beam damage of bone material using TEM.

Mesoscale Bone Imaging:

Part two of this thesis aims to apply plasma focused ion beam (PFIB) tomography as a method
to image the mesoscale structure of bone for the first time. In order to advance this area of
imaging, preliminary development of the process were the objectives of this thesis, in

particular:

= To link the structural and biological aspects of bone from nano- to mesoscale by
investigating sample preparation methods and minimizing artifacts during PFIB

tomography acquisitions.
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2. Background

2.1 Bone tissue

Bone is a naturally occurring mineralized tissue that makes the skeletal framework for all
vertebrates and provides the body with strength, toughness, and stability. From a biological
perspective, bone houses reservoirs of both Ca and P, which are required for many biochemical
reactions within the body [12]. In addition, bone stores marrow, which dictates the adaptive
immune response and governs blood cell production [12]. Bone is commonly researched from
a multitude of perspectives, including physiology and health [13], [14], and from non-
traditional views such as materials science due to its unique hierarchical structure [2]. The
studies presented in this thesis focus on investigating bone structure from a materials science

perspective.

2.1.1.1 Bone composition

Bone is a hierarchical composite material that is widely accepted to consist of a mineral phase
(60 wt%), an organic phase (30 wt%) and water (10 wt%) [15]. The mineral phase of bone,
hydroxyapatite (HA; Cai0(PO4,CO3)s(OH)2), exists as elongated plates, with dimensions of 2
— 6 nm thick, 25 — 50 nm wide, and 50 — 100 nm in length [3]. The organic phase consists of
primarily Type | collagen and fewer non-collagenous proteins. The collagen assembles into
fibers which are 1.5 nm in diameter and 300 nm long [16], these make up larger fibrils that are

approximately 50 nm in diameter [17].

2.1.1.2 Bone as a hierarchical structure

Bone tissue has garnered the interest of materials scientists due to its unique heterogeneity
across all length scales [1], [2], and has been divided into nine levels of hierarchy (Figure 2.1).
On the macro-scale, bone can be divided into two main types: cortical (compact) and trabecular
(cancellous) bone. Cortical bone makes up 80% of the bone found in the skeleton, meanwhile,
the other 20% is a more porous bone structure referred to as trabecular bone [12]. Both cortical
and trabecular bone are comprised of smaller units, or bone structural units (BSUs), termed
osteons and trabeculae, respectively. Osteons are concentric features with lamellar layers that
twist around the structure [18], and trabeculae are composed of packets of lamellae with various
orientations [19]. The lamellae in these structural units are made of mineralized collagen

fibrils. At the nanoscale, collagen triple helixes make up collagen fibrils and assemble into a
3
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periodic structure, giving rise to a traditional collagen banding pattern in TEM [20].

FIB tomography has revealed heterogeneity in nanoscale collagen organization [9], [21]. The
collagen fibrils are organized either rigidly, where the traditional collagen banding patterns can
be observed, or in a disordered phase where this pattern is not apparent [9]. These phases
alternate throughout the bone structure, and the bone cellular network resides within these
disordered collagen organizations [9]. The periodic nanostructure of bone consists of collagen
fibrils with 40 nm gap zones and 27 nm overlap zones, which gives rise to the characteristic 67
nm banding pattern observed in TEM [20]. This network is mineralized with HA nanocrystals
both within the gap zone (intrafibrillar mineralization) and, more recently, confirmed to also
exist in a large proportion along the exterior of the fibrils (interfibrillar or extrafibrillar
mineralization) [20], sometimes referred to as mineral lamellae (ML) [15], [22]. Thus, the
exact ultrastructural organization of bone mineral remains controversial within the scientific

community.
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Figure 2.1. The nine hierarchical levels of bone organization. The schematic represents the
organization of ordered and discorded bone in 3D, where the osteons and trabecular features are
highlighted in row three. On the subsequent level of hierarchy, collagen fibrils are organized as either
an disordered or ordered phase, seen in rows five and size. Finally, the nanoscale organization of
bone, including the traditional banding pattern of bone is exemplified in row 8. Adapted from [4] with
kind permission from Elsevier.

2.1.1.3 Osteonal lamellae

From the nanoscale to the mesoscale, most structural elements of bone are wrapped or twisted
around one another in a rope-like fashion [4]. At the micron scale, this helps maintain structural
integrity and allows bone to withstand crack propagation after fracture [23]. Osteons are
composed of concentric structures, known as osteonal lamellae. The collagen fibers that make

5



M.A.Sc. Thesis — D.M. Binkley; McMaster University - Materials Science and Engineering

up these lamellae are suggested to be oriented in one of two ways: (1) such that they twist
around the osteon in a circular fashion, or (2) such that the collagen in each layer is orthogonal
to the successive layer [18]. More sophisticated theories were derived, which suggested that
osteonal lamellae are divided into five different regions that all have collagen fibrils arranged
with a consecutive 30° degree rotation [24], [25]. This debate of collagen orientation in
osteonal lamellae and other mineralized tissues remains ongoing, partially due to the inability

to visualize fine details such as collagen fibrils over microscale features such as osteons [26].

Scanning TEM (STEM) imaging has demonstrated a change of collagen fibrils across osteonal
lamellae from parallel to orthogonal (Figure 2.2) [27]. SAXS experiments have also
demonstrated that the nano-crystalline organization in these lamellar layers plays a key role in

the strength of osteons [28].

Figure 2.2. STEM imaging of multiple osteonal layers, where layers alternate between parallel and
orthogonal orientation. Layers with parallel organization are below the double headed arrows, and
fibril-like structures that seem to connect the osteonal layers are denoted by single headed arrows.
Figure reprinted from [27] with kind permission from Springer Nature.

2.1.2 Bone remodeling

Bone is dynamic, as it continuously remodels throughout life allowing for both growth and
wound healing [12]. The cyclic biological process of remodeling is governed by coordinated
cellular events, which consist of the removal of damaged bone material followed by the
deposition and mineralization of new bone tissue (see Figure 2.3). Remodeling is responsible
for maintaining the integrity of the mineralized matrix and the ionic reservoirs throughout one’s

lifetime.
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Bone has three basic cells that are responsible for bone remodeling: osteoclasts, osteoblasts,
and osteocytes [12], [14]. During the cyclic remodeling process, the signaling sequence
initiates when damaged tissue is detected by resident osteocyte cells, trapped within the bone
mineral matrix, in spaces referred to as the osteocyte lacunae [29]. Both osteoclasts and
osteoblasts are recruited to the site. Osteoclasts resorb bone by digesting the mineral
component of the bone tissue into their cell membrane and degrading it under acidic conditions
[12], [14]. To replace the resorbed bone mineral matrix, osteoblasts attach to the bone surface
and initiate the coupling of bone absorption and formation. Bone formation initiates once pre-
osteoblasts are recruited to the resorbed area, differentiate, and secrete the new bone matrix
[14]. After secretion, osteoblasts become embedded in the bone matrix and terminally

differentiate into osteocytes.
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Figure 2.3. A schematic of the cellular bone remodeling process, reprinted from [30] with kind
permissions from The American Physiological Society.

2.2 Microscopy techniques for imaging bone

Materials scientists have attempted to characterize bone structure using advanced
microscopical techniques, and sophisticated correlative and multi-scale imaging platforms
[31], however scientific questions regarding mineralization, cellular connectivity, and other
structural arrangements still remain. A detailed review of imaging techniques for bone is
reported elsewhere [5] and reviewed partially by our publication in ACS Biomaterials Science
& Engineering [32] (Appendix | of this thesis). This thesis employed scanning transmission
electron microscopy (STEM) and plasma focused ion beam (PFIB) scanning electron
microscopy (SEM) serial sectioning techniques to characterize these structural aspects of bone

tissue.
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22.1 TEM

TEM has been employed in the biological community to investigate organelle structure [33]
and to evaluate the nanoscale organization of both soft and mineralized tissues [5], [34]. Most
cellular studies have used cryogenic-TEM, where the sample is maintained at cryogenic
conditions prior to and during the imaging process, allowing for hydrated state-visualization
[35]. Meanwhile, the investigation of mineralized tissues, including bone, have relied primarily
on traditional TEM imaging modalities [11]. Herein, TEM visualization techniques for

mineralized tissues will be discussed.

2.2.1.1 Imaging modes

TEM and STEM have been employed to image the ultrastructure of bone [27], [36], [37], and
in the investigation of other biological materials [38]. In TEM, the sample is imaged by a high
voltage parallel beam and inelastically scattered electrons are collected after they pass through
the specimen [39]; whereas in STEM mode, the sample is probed by a focused beam that rasters
across the surface [39], and inelastically scattered electrons at high angles are detected by a
high-angle annular dark-field (HAADF) detector for biological materials [11] (Figure 2.4).
HAADF STEM imaging provides superior contrast in biologicals, as the HAADF detector
suppresses diffraction contrast while enhancing atomic number (Z)-contrast, where elements

of heavier Z appear brighter than lower Z elements [39].
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Figure 2.4. Electron beam ray diagrams for both traditional TEM mode and STEM mode. Adapted
from [40] with kind permission from the Royal Society of Chemistry.
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Soft materials are susceptible to beam damage due to their weak atomic bonds, which can be
altered or destroyed by the influx of energy. TEM imaging in any mode can induce beam
damage to biological samples through two main mechanisms: (1) radiolysis, which is the beam-
induced breakage of chemical bonds that can result in structure disruption and ultimately mass
loss [41], (2) heating, where the lost energy from inelastically scattered electrons dissipates as
heat within the sample causing bond breakage or melting [7] and (3) knock-on damage, where
an atom of the sample is sputtered by the electron beam, which is most common in polymeric
materials [7], [42]. Beam damage in biological samples is suggested to be reduced in STEM
mode, as the beam rasters across the sample, allowing for a smaller area of local heating, and
improved heat dissipation. In this thesis, HAADF STEM was employed exclusively for all

TEM imaging due to its preferred contrast mechanism, and reduced beam damage.

2.2.1.2 TEM sample preparation

Analyzing mineralized tissues or soft tissues remains challenging due to the organic nature of
these materials and their complicated interactions with the electron beam. Preliminary material-
specific sample preparation methods have been developed to both increase image contrast and
minimize structural damage in electron microscopy (EM; including TEM) and ion beam
microscopy investigations. Samples are typically fixed, dehydrated, and either embedded or
freeze dried such that the microscope vacuum does not distort the tissue [43]. Additionally,
heavy element staining through successive treatments of osmium tetroxide (O) and

thiocarbohydrazide (T) (OTOTO) are often employed to increase contrast [44].

Due to inherent instrumentation restraints, TEM samples must be thinned until electron
transparency, and thus the overall sample area is relatively small (microns squared) to minimize
bending. For mineralized tissues such as bone and teeth, one of three primary TEM preparation
methods are typically employed: (1) ultramicrotomy, (2) ion milling, or (3) focused ion beam
(FIB) lift-out technique, which is the most favorable TEM preparation method due to its site-

specificity and overall sample thickness uniformity [45].

The application of FIB microscopy for TEM sample preparation has also been employed by
material scientists due to its ability to target specific regions of interest (ROIs) while
maintaining sample integrity and uniform thickness. The dual-beam FIB-SEM is a
sophisticated instrument which relies on generating and detecting both ion and electron beam

interactions with the sample, in which the sample is concurrently visualized by the electron

9
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beam and milled by the gallium (Ga) ion beam (Figure 2.5) [45]. The most predominant use of
this system is for the creation of TEM samples, also referred to as TEM lift-outs. During this
process, the sample is visualized using SEM where an ROI is selected, and a gas injection
system (GIS) is used to deposit a protective capping layer on the sample surface. The ion beam
then mills trenches around the ROI, and a micromanipulator is used to remove the exposed
cross-section and place it on a TEM grid, where it is thinned to electron transparency using the
ion beam [45]. Critical limitations of the FIB lift-out process include high operation costs and
ion implantation, by which ions from the FIB can contaminate the sample surface [46] or result
in surface amorphization [47], however, these artifacts are mitigated by the use of low energy
ion currents during polishing [48]. All TEM samples in this thesis were prepared using the FIB

lift-out techniques due to its site-specificity.

‘Trench <
A
i

Figure 2.5. The FIB lift-out method. (A) FIB schematic for the preparation of TEM lift-outs, note the
sample is tilted such that the FIB beam interacts with it from a 90° angle (B) Deposition of protective
capping layer on ROI (C) trench milling exposing the cross-sectional sample and removal via
micromanipulator and (D) thinning on TEM grid until electron transparent. Figure B — D were
adapted from [49] under the Creative Commons Attributions Licence.

2.2.2 FIB tomography

The conventional FIB-SEM system (described in section 2.2.1.2 above) employs a focused
10
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beam of Ga ions to remove material, which is often applied to prepare TEM lift-outs. Another
application of FIB-SEM is FIB-SEM tomography, also known as FIB-serial sectioning, which
relies on a destructive line-of-site process to accumulate multiple two-dimensional (2D) images
of a sample. The sample surface is repeatedly milled by ions and the cross-section is
simultaneously imaged by electron optics (Figure 2.6). After data acquisition, images are post-
processed via alignment tools and reconstruction algorithms to produce three dimensional (3D)
volumes, referred to as tomograms (Figure 2.6C and D) [50]. Ga sourced FIB-serial sectioning
of demineralized bone tissue has been applied to visualize singular osteocyte lacunae [51] and
reveal collagen organizations, or motifs, to further our understanding of the rope-like collagen
fibrils within bone tissue at the sub-micron scale [9]. However, these studies are limited since
Ga FIB-serial sectioning can only yield final 3D reconstructions of approximately 10 um3,
which is not large enough to fully understand the collagen network orientation with respect to

the osteocyte lacunae network.
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Figure 2.6. The FIB-seral sectioning process. (A) A schematic of the FIB serial sectioning process,
where the cross-section is visualized by the SEM beam during simultaneous FIB milling. (B) An SEM
image of the milled cross-section of a WC-Co metal, where SEM and FIB fiducials are required for
tracking. (C) An example of an SEM image of one slice of the WC-Co, where high resolution features
can be seen in the insert. (D) The final 3D tomogram of the collected slices, with a segmented grain
feature. Figure A was adapted from [52] with kind permission from the American Chemical Society,
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and Figures B and D were adapted from [53] under the Creative Commons Attributions Licence,
respectively.

The amount of material that can be milled by the ion beam is primarily dependent on beam
current [54], as physical ion size has minimal effect on milling rates [53]. Ga beams are
generated by a liquid metal ion source (LMIS), where Xenon (Xe) ion beams are produced by
inductively coupled plasma (ICP) sources, which achieve higher beam currents [54]. Serial
sectioning using a PFIB equipped with a Xe ion source and SEM is an emerging microscopy
technique that has characterized traditional materials (e.g. metal alloys [50]) in 3D over larger
microscale volumes, up to 100s of um?® (Figure 2.7), and is believed to have the potential to
image biological materials over similar length scales [53]. The inherent hierarchical structure
of bone necessitates investigation across nano- to micron length scales in 3D, such that the
overlap between the various hierarchical levels can be revealed. PFIB serial sectioning offers
the potential to investigate such interconnectedness of the tissue but has yet to be applied to

characterize bone.
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Figure 2.7. (A) A graphical representation of the volume size and voxel resolution of multiple
tomography techniques, where the grey box represents Ga FIB serial sectioning and the red represented
PFIB serial sectioning. (B) Tomogram volumes achieved by Ga and Xe sourced FIBs. Adapted from
[53] under the Creative Commons Attributions Licence.

2.2.2.1 Curtaining
A critical artifact in FIB-SEM tomography is ‘curtaining’, which is named after the theatre
curtain-like appearance left on the milled material, either in cross-section (Figure 2.8), or TEM

lift-outs. These artifacts arise from preferential milling and are attributed to surface roughness
12
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in the direction of milling, changes in material composition, or differences in crystalline
orientation [55], [56]. Curtaining and other ion beam damage can be reduced with decreased

ion currents, however smaller currents equate to longer milling times.

Figure 2.8. An SEM image of a FIB milled cross-section of an aluminum alloy, where arrows point to
curtain-like features near the bottom of the image. Adapted from [57] under the Creative Commons
Attributions Licence.

Advances in hardware have led to decreases in curtaining during dataset acquisition for most
materials. For example, the development of a rocking stage, where the stage of the microscope
is tilted a few degrees after each cross-section is milled has shown to effectively reduce the
preferential milling in one direction by changing the incident angle of the beam [57]. Curtaining
can also be corrected for using various post-processing image analysis algorithms, which are

commonly employed to artificially filter out artifacts prior to tomogram reconstruction (e.g.

[58]).

A reduction in curtains can be achieved by adding a protective capping layer, also referred to
as a sacrificial mask, onto the ROI surface. This layer is milled through first allowing for ion
sputtering to primarily affect the capping layer, resulting in some surface smoothening during
milling [56], [59]. This has been effective in semiconductor applications during high-current
probes with a Xe sourced FIB [59]. While in biological studies, the addition of a protective

Platinum (Pt) layer has minimized curtaining effects, these materials were investigated using
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Gabeams [9], [51]. Precise sample preparation methods regarding capping layers for most
materials have yet to be outlined, due to the complex nature of ion-material interactions. Bone
has yet to be investigated using a Xe source FIB, therefore, this thesis first focused on reducing

curtaining artifacts during tomography of human bone tissue.
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3. Chapter 3: Materials and Methods

3.1 TEM/SAXS experiments

3.1.1 Tissue preparation

Two human femora samples were obtained with ethical approval of the Hamilton Integrated
Ethics Research Board (HIREB; No. 12-085-T). In this work, we prepared a section of human
femur from a 61-year-old male donor that was known to not have any bone diseases. The
second human femora sample was used in the PFIB project (see section 3.2). The bone was
sectioned in cross-section using a slow speed saw (Buehler Isomet, Illinois, US) under hydrated
conditions to approximately 5 mm thick. The sample was then further cut such that only the
cortical shell of the femur was present in the final sample, eliminating the presence of trabecular
bone. The top surface of the bone section was then hand polished with 400, 800, 1200, and
2400 grit emery paper, and a 50 nm diamond suspension on a polishing cloth (Buehler, Illinois,
US). The sample was slowly dehydrated in the following graded series of ethanol: 50%, 70%,
80%, 90%, 95%, 95%, 100%, and 100% mixtures for 24 hours each, in attempts to maintain
the nanostructure of collagen. The sample was preserved in 100% ethanol solution for 72 hours,
with solvent exchanged every 24 hours, prior to critical point drying (CPD) using a Leica EM
CPD3000 (Vienna, Austria).

3.1.2 SEM for osteon selection

SEM was employed to evaluate osteonal features of the bone such that a minerally mature
osteon could be selected for multiple TEM samples using FIB. The bone tissue was mounted
on a stub with nickel paint and coated with 5 nm of Pt to reduce charging effects. BSE images
were acquired with an accelerating voltage of 2 keV using a JSM-6610LV (JEOL Ltd., Tokyo,
Japan).

In order to develop methods to investigate structurally similar tissue, all FIB lift-outs were
taken from the same layers of the same osteon. Therefore, osteons were evaluated using low
magnification SEM to determine their suitability for multiple FIB lift-outs. A circular osteon
was desired, as round osteons are oriented normal to the imaging plane. BSE imaging was

employed to determine minerally mature osteons, where osteons with a higher mineral density
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appear brighter. Figure 3.1 shows a low magnification overview representative of the sample
surface and a higher magnification of the osteon selected for FIB lift-outs.

Figure 3.1. SEM micrographs of prepared osteonal bone where (A) low magnification images were
used to evaluate osteon circularity and mineral maturity and one osteon (B) was selected for FIB lift-

outs.

3.1.3 FIB Lift-out Preparation

The FIB lifts outs were prepared an NVision 40 (Carl Zeiss GmbH, Germany), a dual-beam
instrument comprising Ga sourced FIB milling instrument, a Schottky field emission gun
(FEG) sourced SEM, and a Kleindiek micromanipulator (Kleindiek Nanotechnik).

Initially, two lift-outs were made following standard lift-out procedures, as outlined in Figure
3.2. Tungsten (W) protective capping layers of 9 um x 2 um and approximately 2 um in
thickness were deposited using the GIS onto the interface of the two adjacent osteonal layers
beside the 8" concentric lamella. Trenches were then milled around the ROI using a decreasing
beam current gradient, such that material further from the ROI could be removed faster than
the material closer to the ROI to reduce damage. The cross-section was then removed using the
manipulator and placed onto a TEM grid (OmniProbe), where it was milled to approximately
200 nm in thickness with an over tilt angle of 54.4 and decreasing ion current on alternating
sides, followed by an electron beam cleaning polish.
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Figure 3.2.The standard FIB lift-out procedure applied in this study where (A) a ROl indicated by the
white box, was selected on the 8th innermost lamella, where dotted lines indicate the individual
lamella (B) A trench is milled around the ROI (C) The cross section is removed with a micro
manipulator and (D) placed on a TEM grid where it is thinned until electron transparency.

After successful lift-out preparation of the first two samples, the osteon was revisited for further
lift-out preparation. Surface damage was noted on the osteonal surface (Figure 3.3) and thus
additional protective layers of Carbon (C) were deposited onto all future ROIs prior to milling
in order to protect ROI surfaces from Ga ion damage and the re-deposition of sputtered
material. After deposition, subsequent lift-outs were milled using the conditions outlined
above.

17
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Figure 3.3. (A) The selected osteon with protective capping layers deposited on all ROIs study except
sample 3, arrows indicate the region of the visible ion beam damage and the re-deposition of sputtered
material from the first two lift-outs. The ROI for S3 is outlined with a box.

3.1.4 Evaluation of SAXS damage

Prior to milling FIB lift-outs, ROIs were selected for subsequent characterization, as outlined
in Table 3.1. In order to increase the structural similarity between samples, adjacent samples
from the osteon were selected to be imaged by one (or more) of the three techniques employed
in this study: STEM, SAXS, and precession electron diffraction (PED) (not discussed in this

thesis). S7 was selected as a back-up sample in case complications arose during FIB milling.

Table 3.1. A description of the characterization techniques applied to the FIB lift-outs shown in
Figure 3.3.

Sample # Characterization Technique Characterization Characterization
One Technique Two Technique Three
1 STEM SAXS STEM
2 SAXS STEM N/A
3 PED N/A N/A
4 STEM SAXS STEM
5 SAXS STEM N/A
6 PED N/A N/A
7 N/A N/A N/A

To evaluate sample damage from SAXS experiments, two of the samples were first imaged

using STEM, then characterized by SAXS. In the future, these samples will be re-imaged after
18
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SAXS experiments with STEM. The other two samples were characterized by SAXS, then
imaged using STEM. This was in part to ensure that the FIB lift-outs prepared were properly
thinned for STEM imaging and to ensure that some samples were not exposed to the electron
beam prior to SAXS. Two samples were also prepared for precession electron diffraction,
which can give rise to a more detailed electron diffraction patterns than in traditional TEM
electron diffraction collection [60]. The PED characterization of the samples prepared in this
thesis is currently underway by collaborators at the Université de Grenoble Alpes, and therefore
will not be discussed in this thesis. Detailed characterization methodologies for STEM are

described below, with a small summary of the SAXS work, which is not reported in this thesis.

3.1.5 TEM imaging

A Titan 80 — 300 microscope (FEI Company, The Netherlands) was operated at 300 keV in
high-angle annular dark-field scanning transmission electron microscopy (HAADF STEM)
mode for imaging. Multiple STEM images were taken of the entire FIB lift-outs at 14 000 x
magnification to provide an overview. Mosaics of the STEM images were created using the
MosaicJ plugin for ImageJ (National Institutes of Health) to provide stitched images of the FIB
sections designated for STEM imaging. These mosaics covered the entirety of the thinned area
of the FIB sample that was not heavily damaged from the ion beam, which was typically a 2
pm x 3 um area. Select higher magnification images (115 000 x) were also obtained to visualize

the collagen structure.

3.1.6 SAXS characterization

SAXS characterization was completed at the European Synchrotron Radiation Facility (ESRF)
in Grenoble, France, by project collaborator Dr. Aurélien Gourier and his research team.
Experiments were held at beamline ID 13, a microfocus beamline that has a 100 nm X-ray
probe with an energy of 7 — 30 keV. All four samples were characterized using SAXS methods
developed by our collaborator [28], [61]. The experimental operation and analysis of SAXS
data is not a part of this thesis.
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3.2 PFIB experiments

3.2.1 Tissue preparation

Human femora were obtained with ethical approval of HIREB (No. 12-085-T). In this work,
we prepared a section of human femur from a 68-year-old male donor that was known to not
have any bone diseases. The large section of tissue was fixed in a 4% glutaraldehyde (Sigma
Aldrich, Missouri, US) solution in a 0.1 M cacodylate buffer for 1 week prior to any further
sample preparation. Glutaraldehyde fixation enabled cross-linking between proteins, allowing

for preservation and maintenance of cellular structures within the tissue [62].

The bone was sectioned into two cross-sectional samples using a slow-speed saw (Buehler
Isomet, Illinois, US) under hydrated conditions to approximately 2 — 5 mm thick. The samples
were then further sectioned such that only the cortical shell of the femur was present in the
final sample, eliminating the presence of trabecular bone. The samples were then treated
separately, as one was subjected to demineralization, and the other was directly dehydrated and
embedded. These samples are referred to as demineralized and mineralized bone, respectively.

The detailed procedures for preparing the tissue are outlined in Appendix Il of this thesis.

3.2.2 Sample coating and mounting

Prior to mounting on an SEM stub, the samples were both sputter coated with 5 nm of Au on
the polished surfaces in two steps (Figure 3.4). The cross-sections of both samples were
mounted face up onto different stubs using carbon tape for easy removal, and sputter coated
with 5 nm of Au. They were then removed from the stub using tweezers and mounted onto a
new stub using Ni paint such that the top surface of the sample was face up. Each sample was
then sputter coated with 5 nm of Au on the top surface. This dual-side coating allowed for the
reduction of image artifacts while visualizing both the top-face and cross-section of the sample

with SEM during the initialization of FIB serial sectioning.
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Figure 3.4. A schematic of the sample orientation during the Au coating procedure, using the
mineralized tissue as an example. (A) Both the top face and the cross-section (noted in blue) are
polished using procedures outlined above. (B) The cross-section that is to be imaged after serial
sectioning with the FIB gun on the SEM stub and coated and (C) the top surface where the ROl is
selected using the SEM is faced up on the SEM stub and coated.

3.2.3 Protective capping layer deposition

A Xe sourced PFIB (Helios G4 UXe, Thermo Scientific) equipped with a Schottky FEG
sourced SEM was employed to investigate both the demineralized and mineralized bone tissue,
and to optimize the protective capping layer. The GIS system was used to deposit 5 um thick
capping layers across one randomly selected area of tissue. The composition of these capping
layers was varied by adding increasing amounts of C to Pt by increasing the ratio of precursor
gas flux within the GIS, and vice versa. The experimental procedures and coating compositions
for both demineralized and mineralized bone are outlined in the table below (Table 3.2). It is
important to note, that the pure Pt and W deposits are still approximately 20% C due to the gas
mixture in the GIS [63], however, it is referred to as ‘pure’ or 100% Pt during the rest of this
thesis to avoid confusion. W was not investigated as a capping layer on mineralized tissue due

to hardware issues at the time of the experiment.

21



M.A.Sc. Thesis — D.M. Binkley; McMaster University - Materials Science and Engineering

Table 3.2. The composition of the protective capping layers deposited onto the top face of the bone
for each experiment in this thesis, where “Exp” refers to experiment number.

Capping Layer Composition Deposition  Deposition
voltage beam
(kV) current
(nA)
Demineralized Bone
Exp. 1 PureC PureW PurePt 50%Cto 80% C to 12 7.5
100% Pt 100% Pt
Exp. 2 PureC  Pure W Pure Pt 12 1

Mineralized Bone

Exp. 3 PureC PurePt 80% Cto 90% Cto 12 65
100% Pt 100% Pt

3.2.3.1 Imaging and milling conditions for investigating capping layers

The investigation of the capping layer composition was completed by performing three small-
scale tomography acquisitions outlined in Table 3.3. Two studies were completed on the
demineralized dataset due to ion damage during the capping layer deposition in the first

experiment.
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Table 3.3. Capping layer optimization imaging and milling conditions, where SEM detectors are:
through lens detector (TLD), circular backscatter detector (CBS), and Everhart-Thornley detector

(ETD).
Conditions Experiment 1 Experiment 2 Experiment 3
Tissue Demineralized Demineralized Mineralized
Capping layer dimensions 10x20 x5 pum 10 x 20 X 5 um 20 x40 x5 pum
lon milling trench conditions | 1.5 pA, 30 keV 1 pA, 30 keV 1.5 pA, 30 keV
Slice thickness 15 nm 15 nm 100 nm
Number of slices 69 30 5
Rocking angle 4° 4° 0
SEM detector TLD, CBS TLD, CBS EDT
Electron imaging conditions 1 keV, 2 keV 1 keV, 2 keV 1 keV
lon milling serial section 4 nA, 12 keV 4 nA, 12 keV 2.5 pA and 30 kV
conditions
Acquisition software Slice and View™  Slice and View™  N/A, manual

3.3 PFIB tomography

PFIB serial sectioning or tomography data was acquired with capping layers of pure C and Pt
for demineralized and mineralized tissues using the automated Slice and View™ (FEI
Company) software, respectively, based on initial results. Tomograms were acquired with the
following conditions described in Table 3.4. ROIs were selected distant from the regions were

previous capping layer experiments were completed.
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Table 3.4. Demineralized and mineralized bone tomogram acquisition conditions, where SEM
detectors are: through lens detector (TLD) and circular backscatter detector (CBS).

Conditions Demineralized Mineralized

Capping layer dimensions 63 umx 47 um x 5 um 150 pm X 200 um X 5 um
Capping layer material Pt C

lon milling trench conditions 1 pA, 30 keV 1.5 pA, 30 keV

Slice thickness 20 200

Number of slices 450 300

Rocking angle 4° 5°

SEM Detector CBS TLD

Electron imaging conditions 2 keV 1 keV

lon milling serial section conditions | 4 nA, 30 keV 2.5nA, 30 keV

3.4 Data processing

All cross-sectional images were tilt corrected using ImageJ (National Institutes of Health).
Dataset alignment, reconstruction, and segmentation were completed using Dragonfly (Object
Research Systems, Quebec, Canada). The demineralized tomographic dataset was aligned
using the alignment function, which uses an iterative cross-correlation technique to align
subsequent images to the next, accounting for stage rocking. The tomogram was reconstructed
using the 3D visualization tool. Finally, the tomogram was segmented using a neural network-
based function, where small-scale features were identified on a few slices, and algorithms were

applied to all subsequent slices.
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4.Chapter 4: Results

4.1 TEM/SAXS experiments

4.1.1 Correlative workflow

Six lift-outs were made from one osteon, such that each sample interfaced the 7™ and 8™
osteonal lamella layer Figure 4.1. The four lift-outs used for the STEM/SAXS correlative study
are shown in Figure 4.2. For simplicity, samples will be referred to by the assigned sample
number in Figure 4.1, e.g. the first sample prepared was S1, which was employed for
STEM/SAXS/STEM experiments (see Table 3.1).

Figure 4.1. (A) SEM image of the six residual trenches from milling five samples (S1, S2, and S4 —
S6) for this study, and S7 protected for future work. The ROI for S3 is outlined with a box. (B) an
SEM image of the osteon at lower magnification prior to lift-out milling S3 onwards. Note the
available room for at least size additional lift-outs from the same osteonal interface.
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Figure 4.2. SEM images of final FIB-lift-outs used for the STEM/SAXS correlative imaging
workflow of S1 — S4. All lift-outs were intact prior to evaluation with STEM and SAXS experiments.

The integrity of the lift-outs was maintained and their strong attachment to the TEM grid to

enabled transfer to other labs and correlative techniques.

4.1.2 STEM evaluation of samples prior to SAXS

Mosaics of the entire lift-outs spanning approximately 9 um x 7 um were created from high
magnification STEM images (Figure 4.3). The lift-outs span across one osteonal lamella to
another, however, the directionality of the collagen fibers do not appear to abruptly change
orientation. In both S1 and S4, it is clear the collagen is organized in three ways from left to
right: parallel — orthogonal — parallel. Holes from the osteocyte lacunae are present in these

mosaic images, as indicated in Figure 4.3.
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Figure 4.3. Mosaics of S1 and S4, where arrows indicate suspected osteocyte lacunae, and regions
where the collagen is organized parallel and orthogonally are below the dashed and solid lines,
respectively.

In both lift-outs, the bottom of the TEM window the bone material was either non-existent or
extremely thin due to the FIB preparation procedure. Additionally, curtaining artifacts were
present in both FIB lift-outs, however curtaining is more apparent in S4. These artifacts include
the tear-drop like features at the bottom of the osteocyte lacunae and the traditional theatre

curtain or waterfall-like features (Figure 4.4).
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Figure 4.4. Higher magnification images of regions in the mosaics presented in Figure 4.2,
identifying (A) curtaining features near the osteocyte lacune marked by arrows and (B) characteristic
curtaining artifacts.

Higher magnification STEM imaging was employed to visualize the structural organization of
the collagen fibrils and mineral plates prior to SAXS characterization. Figure 4.5A shows a
region of the lift-out where the collagen fibrils are perpendicular to the viewing plane. Here,

the black circular features are the fibrils, and the bright curved material is the mineralized plates
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surrounding them. Figure 4.5B highlights collagen organized parallel to the viewing plane,
such that the traditional banding pattern is observed. The crystals and fibrils remained intact in
both orientations during the FIB milling process and initial STEM imaging.

Figure 4.5. High magnification STEM images of curtain-free areas in S1. (A) collagen fibrils
organized perpendicular, displayed as dark round circular features encased by curved mineral plates.
(B) Collagen fibrils are organized parallel to the viewing plane, such that the characteristic banding
pattern can be seen.

4.1.3 STEM evaluation of samples after SAXS characterization

Samples that were initially characterized with SAXS (S2 and S5) were subsequently imaged
using STEM (Figure 4.6). Evaluation of the entire lift-out reveals that the bone structure was
maintained during and after SAXS characterization, as there are no obvious regions of melting
or loss of structural integrity. Near the top of the lift-outs however, the bone tissue appears to
be blended with the W capping layer, which is not traditionally observed. In addition, the
collagen organization was similar to S1 and S4, as it is organized in three ways from left to
right: parallel — orthogonal — parallel. At higher magnifications, the majority of the collagen
and mineral components remained intact (Figure 4.7), showing structures similar to those
observed in the STEM mosaics of S1 and S4 prior to SAXS imaging (Figure 4.3).
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Figure 4.6. STEM mosaics of S2 and S5 after SAXS data, where solid black arrows indicate regis
capping layer and bone distortion. Regions where the collagen is organized parallel and orthogonally
are above the dashed and solid lines, respectively.

Figure 4.7. High magnification STEM images of S2 and S5 after initial SAXS characterization. (A)
Blending of bone with W capping layer, where the bone appears to be curved, but maintains its
periodic banding pattern. (B) Collagen fibrils with parallel orientation with intact surrounding
mineral.(C) Collagen fibrils with perpendicular orientation where the periodic banding structure
remains apparent.
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4.2 PFIB tomography of bone

4.2.1 Capping layer investigation

4.2.1.1 Experiment 1: Demineralized bone

The results of the capping layer optimization are shown in Figure 4.8 and Figure 4.9.
Deposition of the capping layers onto the surface caused the resin to bubble and the capping
layer to be separated from the sample surface (Figure 4.8A). This similar damage was observed
throughout the entire tomogram. Figure 4.9 shows that the region under the Pt coating is
qualitatively the smoothest and has the smallest amount of curtaining artifacts. There was little
to no difference observed when comparing the compound-fluxed coatings to the pure W and C
coatings, as curtains were noticeable under all capping layers. Pure C appeared to have the

highest density of curtaining artifacts.

Figure 4.8. Cross-sectional SEM images of the demineralized bone (A) before and (B) after a small
PFIB serial sectioning experiment to determine the effectiveness of capping layers of pure C, W, Pt,
50% C flux + 100% Pt flux, and 80% C flux + 100% Pt flux, from left to right in each image. The
distance between the capping layer and sample is indicated by the square brackets and the arrows
indicate obvious bubbling and sample damage.
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Figure 4.9. Cross-sectional SEM images of the demineralized bone obtained during a small PFIB
serial sectioning experiment to determine the effectiveness of capping layers of pure C, W, Pt, 50% C
flux + 100% Pt flux, and 80% C flux + 100% Pt flux, from left to right in each image. (A) The first
image of the serial sectioning series, where ion beam damage and capping layer removal can be seen
(B) the last image of the series and images from the middle of the series, (C) the 30" and (D) the 31
images, where the dotted lines represent the boundaries of the region affected by the Pt coating.

4.2.1.2 Experiment 2: Demineralized bone

Figure 4.10 shows the cross-sectional images after data acquisition using both a TLD and a
BSE detector. The TLD provides SEI images, which reveals surface morphology and therefore
curtaining artifacts. Curtains are most evident under the C capping layer and appear to be
mitigated by both the Pt and W layers. BSE imaging modes reveal compositional changes,
which makes the presence of curtaining features less apparent. Furthermore, structural
information is lost in both images below the annotated lines in Figure 4.10. Curtains can still
be visualized in this region beneath the C layer. A slightly increased number of curtains is

observed under the W coating in this region compared to the Pt coating.
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Figure 4.10. Cross-sectional SEM images obtained after a small PFIB serial sectioning acquisition to
determine the effectiveness of capping layers of pure C, W, and Pt on demineralized bone. (A) TLD
image, where curtaining artifacts are more visible and (B) BSE imaging where curtaining artifacts are
less visible. Arrows point to the interface of suspected collagen motif orientation changes and the
dotted line demonstrates the interface were sample features are no longer observed potentially due to
shadowing.

This experiment also revealed what appears to be a biological interface beneath the Pt and W
coating. Structures which are believed to be collagen fibrils in low magnification are present
across the bottom of the image (indicated by the arrows in Figure 4.10) in two potential
orientations. The images however, were collected at too low of a magnification to determine
the exact orientation of the apparent fibrils. In addition, SEM images were taken after a serial
sectioning experiment was acquired, meaning that the images in Figure 4.10 are the very last
images in the dataset. Software issues surrounding the autofocus function in the Slice and
View™ (FEI) software at the time prohibited the study of further slices, and many images
throughout the serial sectioning dataset were also out of focus. Due to these complications, the
dataset could not be reconstructed despite the noticeable collagen orientations present in the

sample.

4.2.1.3 Experiment 3: Mineralized bone

By employing a similar method as described above, the optimal capping layer was also
investigated for mineralized bone tissue. Figure 4.11 shows a clear reduction of curtains under
the pure C capping layer compared to the other compositions. Curtaining artifacts appear to be
more defined beneath the Pt capping layer, but in a higher density below the compound-flux
layers. Due to high current milling in this experiment, the capping layer ripped from the sample

surface shortly after imaging.
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Figure 4.11. Cross-sectional SEI image obtained during a small PFIB serial sectioning experiment to
determine the effectiveness of capping layers of 80% C flux + 100% Pt flux, and 90% C flux + 100%
Pt flux, pure C and pure Pt from left to right. The least number of artifacts are apparent below the pure
C coating.

4.2.2 PFIB tomography

4.2.2.1 Demineralized bone

Single slices of the demineralized tissue showed two very distinct features: a cell embedded in
the collagen matrix and what appears to be canaliculi (Figure 4.12). Within the cell, some
organelles are also resolved, including the nucleus, and the mitochondria, which is identified
by its multi-envelope structure. Other membranous organelles that are less identifiable are also
present throughout the cell. What is suspected to be the canaliculi are present throughout the

sample as holes (Figure 4.12C). In some images, the collagen fibrils could also be resolved.
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Figure 4.12. SEM cross-section images throughout the demineralized bone tomography dataset that
demonstrate (A) an overview of the cross-sections obtained for the tomogram. In the top left corner, a
cell is present, where the solid arrow indicates the nucleolus, and the filipodia of the cell are indicated
by asterisks (*). In other slices (B) the other cellular organelles are present, and indicated by dashed
arrows, the mitochondria is distinguishable and indicated by the circle. Throughout the entirety of the
dataset, canaliculi are present, where the inset (C) shows an array of them in higher magnification
indicated by arrowheads. It is important to note that the collagen fibrils are nearly resolved in the inset
example by examining the apparent surface texture.

Reconstruction and segmentation tools have allowed for the 3D visualization of the cell and
the suspected canaliculi network (Figure 4.13). After reconstruction, it was evident that the
cell was, in fact, an osteocyte cell, due to the prevalent canaliculi network extending from the
cell. The reconstruction shows the increased density of canaliculi proximate from the cell in
the top left corner, and another region of increased density in the bottom right corner, where a
small portion of another cell was present elsewhere in the data set. The final volume of this
tomogram is 61.4 um x 40.95 pm X 9 um, which is approximately 22,000 um?. This is the
first PFIB dataset on bone, as well as the largest bone volume from FIB tomography, and

therefore the largest reconstruction with nanometer-scale resolution.
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Figure 4.13. Final segmented reconstruction of the embedded cell and surrounding canaliculi in two
orientations. (A) straight on view, showing the cell in the top left, and areas of dense canaliculi are
indicated by the arrows, (B and C) Tilted views which better demonstrates the 3D nature of the
canaliculi structures.

4.2.2.2 Mineralized bone

A pure C capping layer was deposited onto the sample surface, which included an osteonal
feature, that could be milled in cross-section in hopes of visualizing osteonal lamellae using
PFIB-SEM. After tomography acquisition, curtaining was still present as outlined by dashed
arrows in Figure 4.14. Despite the apparent curtaining artifacts, some biological features can
still be observed throughout the data set. The large dark oblong feature is the Haversian canal
of the osteon, which is surrounded by osteonal lamellae, however, the orientation of collagen
fibrils in each lamella cannot be resolved clearly. Osteocyte lacunae can be easily visualized,
as the lack of material within these spaces provide a darker contrast compared to the bone
tissue. Charging effects or brighter regions can be observed inside of the Haversian canal,

which is most likely deposition from the sputter-coated Au prior to PFIB serial sectioning.
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Figure 4.14. SEM cross-sectional images from the mineralized dataset that highlight the remaining
curtaining artifacts (indicated by dashed arrows), the Haversian canal (labelled HC), the Au inside of
the Haversian canal (indicated by the arrowhead), osteonal layers (indicated by white arrows), and
osteocyte lacunae (indicated by asterisks).

Due to unforeseen challenges during image acquisition and incorrect detector setup, the
tomography dataset acquired was not suitable for reconstruction. Therefore, the tomogram was
not reconstructed and the only information regarding the sample could be visualized in separate

2D slices, as noted above.
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5. Chapter 5: Discussion

5.1 Correlative workflow

FIB was selected for sample preparation in this work for its superior site-specificity and
minimal effect on the integrity of the mineral and collagen in the ultrastructure of mineralized
tissues [64]. The previous standard for the preparation of mineralized tissues for TEM
characterization was ultramicrotomy and polishing [28], [65], [66], however, this technique
has been demonstrated to shear the collagen fibrils and mineral plates of the bone ultrastructure
[67]. As our study anticipates correlative results between STEM and SAXS, the collagen and
mineral structures should remain intact prior to characterization. After FIB preparation, some
regions of the lift-outs were uneven. Although the collagen constituents remained intact,
curtaining features were visible on the surface or near osteocyte lacunae (Figure 4.3Figure
4.4Figure 4.5).

Although this is one of the first correlative approaches between STEM and SAXS, these
techniques have been applied for other correlative workflows to investigate mineralized tissues.
SAXS is typically used in conjunction with wide angle X-ray scattering (WAXS) [68] and light
microscopy [69], as WAXS can provide insight to the collagen and HA crystal orientation on
the sub-nanometer scale and light microscopy can provide micro- and macro-structure
organizational information. SAXS traditionally characterizes the collagen and HA crystal
orientation at smaller length scales, typically ranging from 1 nm — 100 nm [5]. Meanwhile,
STEM is employed to visualize the collagen and mineral components of bone ultrastructure
from 10 — 100 nm and is typically coupled with electron energy loss spectroscopy (EELS) or
STEM tomography [70]. More advanced correlative research between STEM and SAXS could
include the addition of spectra from STEM-EELS or information from TEM diffraction.

5.1.1 Osteonal lamellae layers

All lift-outs were prepared along the interface of the 7t and 8" osteonal lamellae, which yielded

four different sites for the investigation of collagen organization at the lamellar interface.

Similar to work presented by Grandfield et al. (2018) [27], mosaic images (Figure 4.3 Figure

4.6) demonstrate that there is an orientation shift observed in all samples of the collagen:

parallel — orthogonal — parallel. This suggests that the collagen that comprises the osteonal
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layers is orthogonal to the subsequent layer, however the width of the parallel and

perpendicular regions vary, as in some lift-outs the perpendicular orientation spans more than

three microns (e.g. Figure 4.3, S5), where in other lift-outs, this region is much smaller (e.g.

Figure 4.6, S4). A better understanding of this organization could be achieved by completing
3D STEM tomography.

5.1.2 SAXS damage assessment

This study revealed that SAXS damage was not present when visualized with STEM. The only
distortion was visualized near the top of the lift-out, which is likely attributed to alignments
being completed near the top of the sample during SAXS experiment set up. Although we
initially anticipated to visualize some form of damage to the collagen structure due to its
relatively weak organic bonds, no visual changes were observed (an overview of SAXS
damage mechanisms can be found here [71]). Other studies have observed X-ray artifacts in
final SAXS reconstructions, including beam damage on macro-scale bone structures [72].
Meanwhile, smaller biological macromolecules have been investigated using atomic force
microscopy (AFM) post-radiation, which revealed changes in molecule chemistry induced by
SAXS radiation [73]. Our results suggest that STEM is not an adequate tool to visualize SAXS
damage, and perhaps more advanced chemical spectroscopy or surface analysis techniques
should be employed to investigate the changes in the collagen structure after synchrotron
radiation exposure such as STEM-EELS. However, these findings do point to the conclusion
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that the as-viewed in STEM structural organization of collagen fibrils and hydroxyapatite
mineral is not affected by SAXS, and correlative SAXS then STEM is possible.

5.1.3 Study limitations

A critical limitation of this work was sample size, which was limited due to the complexity of
each sample preparation technique. Additionally, synchrotron availability is limited, making
future work and larger-scale projects challenging to fund and achieve. Therefore, this work

focused on a proof-of-principal approach by using as few samples as possible.

A thorough understanding of the lift-outs prepared for this study was required, resulting in
STEM imaging of two of the prepared samples prior to SAXS imaging. The samples that were
initially imaged using STEM, followed by SAXS characterization were not reimaged after
being subjected to the X-ray beam. Therefore, we cannot comment on the difference in sample
integrity for those that were subjected to the X-ray beam first or second within the workflow.
However, it is apparent that the electron beam exposure to the samples likely induced knock-
on damage [42], which has the potential to influence SAXS results. Furthermore, STEM
damage weakens the organic bonds of the bone material, potentially causing the tissue to be
more susceptible to SAXS. Future work should focus on creating more samples for SAXS
without prior STEM imaging to determine if the STEM damage contributes to visible SAXS
damage. However, this comes with the drawback of foregoing prior knowledge of the sample

structure for comparison after SAXS.

5.1.4 Future work

This study aimed to assess X-ray damage qualitatively, however no dramatic differences were
observed. Future work should focus on developing a quantitative method to analyze the
collagen and mineral components of the bone ultrastructure by analyzing collagen fibril size
and mineral thickness using the STEM images acquired before and after SAXS analysis. With
the study design employed in this thesis, both ion and electron damage to the FIB lift-outs could
not be fully assessed. lon damage was only noted visually in two samples prior to synchrotron
characterization, meanwhile, electron damage from the initial STEM imaging was not assessed
at all in SAXS. Future work should focus on assessing the ion and electron beam damage

induced during both sample preparation and STEM characterization of bone, prior to SAXS
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experiments. Both scanning transmission X-ray microscopy and X-ray absorption have been
demonstrated to successfully identify electron and ion damage, respectively [74], [75]. Future
works should also focus on determining a method to successfully evaluate the mode of damage
most prevalent, by exploring spectroscopy-based techniques such as STEM-EELS despite its

high radiation dose.

5.2 PFIB serial sectioning of human bone tissue

5.2.1 Curtaining reduction

For the demineralized and mineralized bone, the most effective capping layer compositions
were found to be Pt and C, respectively. This is likely attributed to the similar hardness of the
tissue the respective capping layer. A harder capping layer (C) for the mineralized tissue, and
a softer capping layer (Pt) for the demineralized tissue. Capping layers are critical for both the
protection of the ROI surface and for the reduction of curtaining, which arises from preferential
milling [56]. The capping layer should, therefore, be uniform and have a low hardness
mismatch relative to the sample, as changes in hardness and material composition can increase
curtaining effects, as observed in this thesis. This is exemplified in metallic substrates, as

inclusions and grain orientation can increase curtaining artifacts [55], [56].

Our results suggest that the relative hardness of the capping layer with respect to the sample
hardness plays a critical role in the capping layer-based reduction in curtaining artifacts. The
relative hardness of the FIB-deposited material is currently only understood empirically. The
relative hardness of capping layer materials are best described by their respective placement
on the Mohs hardness scale. The hardness of the capping layer materials in their bulk form
are: 10, 3.5, and 7.5 for C, Pt, and W respectively [76], [77]. It is important to note that the C
deposited in the FIB is diamond-like amorphous C which is known for its increased hardness
due to its mixture between sp? and sp® bonds [78], and therefore the Vickers hardness for
diamond-like C was noted. The increasing order of hardness of the materials investigated in
this thesis is: Pt, W, and C.

The demineralized tissues is the collagen network of bone, which has a hardness of 0.1 — 0.15
GPa [79] and was embedded in Embed 812, which is suspected to have a similar hardness. Pt

was most effective in reducing curtaining on the sample. The mineralized bone was initially
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suspected to be fully infiltrated by the resin. Charging effects or brighter regions, can be
observed inside of the Haversian canal (Figure 4.14), which is most likely sputtered material
from the Au coating prior to PFIB serial sectioning, suggesting that the bone material was not
fully infiltrated by the embedding resin, and thus, that hardness of cortical bone must also
contribute to the hardness of the bulk sample. The nanohardness of native cortical bone ranges
from 0.234 to 0.760 GPa [80], which is harder than the demineralized bone. The C capping
layer, which was the hardest capping layer investigated in this study, was most effective at

reducing the curtains in the mineralized bone.

Somewhat similar observations have been made in the Xe milling of semiconductor materials,
as a thin crystalline Si wafer has been used to protect devices from curtaining with success
when compared to standard capping materials [59] like those investigated in this thesis. It is
suggested that the uniformity of the Si wafer allows for curtaining mitigation, however this has

yet to be attempted on other materials [59].

5.2.2 Biological structures in 3D

This thesis presents the first PFIB serial sectioning of the osteocyte network of both
demineralized and mineralized bone (2D: Figure 4.12Figure 4.14 3D: Figure 4.13), which
provides visualization of this network at nanoscale resolution. The notion of visualizing the
osteocyte lacuna-canalicular network in healthy bone tissue will help better understand disease
onset in bone tissue within the biomedical community. p-CT has been employed to obtain a
3D visualization of the osteocyte lacuna-canalicular network with micron-scale resolution,
however the many connections of the canalicular network are barely resolvable [81]. Previous
research has also employed u-CT using synchrotron radiation sources to investigate these
structures to reveal the interconnectedness of the network at nanoscale resolution. These
datasets, however, have limited volumes and usually suffer from a low signal-to-noise ratio,
meaning that more complex image processing algorithms are required for segmentation [10],
[82]. Traditional Ga FIB has also been employed to quantify and differentiate the transition
between the osteocyte and canaliculi at 30 nm resolution, however only the lacunae were
imaged instead of the cellular network [51]. PFIB tomography bridges these methods, allowing
for the potential of nano-scale quantification of the canaliculi in 3D across large volumes at a

similar resolution to nano-CT.
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Prior to 3D reconstruction of the demineralized bone, it was unclear if the cell observed in the
dataset was an osteoblast or osteocyte, as both are mononuclear cells that can reside in
demineralized bone tissue. The reconstruction however, made it evident that this dataset is in
fact of the osteocyte lacuna-canalicular network. A higher density of the canaliculi was
observed near the osteocyte cell and a lower density of the canaliculi were noted adjacent to
the cell, in the region where the two cellular networks connect. This has yet to be noted in 3D
images obtained by more traditional cellular imaging techniques such as confocal microscopy
[83]. This further demonstrates the need for 3D imaging of the complex mesoscale features of

bone.

Furthermore, FIB has been employed in the biological community to investigate cellular
structures including organelles and conformational membrane changes. For example, the
investigation of human immunodeficiency virus-infected cells has revealed elements of the
viral pathway [84]. However, most FIB tomography of biologicals is completed under
cryogenic conditions, as the cellular structure is maintained in a hydrated state (advances in
cryo-FIB in cellular applications reviewed here: [85]). In the demineralized PFIB tomogram
obtained in this thesis, some organelles were revealed within the embedded cell under standard
FIB operating conditions. The cell and organelles were maintained because the bone was
initially fixed prior to sample preparation, which cross-links cell and organelle membranes
[62]. PFIB is not predicted to be the preferred method for investigating cellular organelles, as
the large beam currents can be more destructive and high resolution of the cellular components
may not be achievable. In addition, there are many sophisticated optical techniques that can
image cellular organelles in 3D [85] without the complex sample preparation and operation

required for electron microscopy.

PFIB serial sectioning has the potential to reveal the collagen network in 3D in demineralized
bone tissue as well, however this was not pursued in this thesis. Although apparent collagen
networks could be seen in 2D serial sections (Figure 4.10 and Figure 4.12), 3D reconstructions
of the networks were unachievable due to microscope instability and dataset inhomogeneity.
During the tomography acquisitions, the focus controlled by the automated software was
unsuccessful, leaving images periodically out of focus. Approximately one-third of the
demineralized tomography data is insufficient focus to visualize the collagen network meaning
that the network cannot be properly segmented. Additionally, in Figure 4.10 we have a limited

view of the collagen fibril organization, further limiting our understanding of the collagen
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organization at this interface. The lack of proper visualization could be attributed to either (1)
an extreme reduction in sample thickness in this area or (2) shadowing within the bottom
portion of the ROI. At the time of the experimental acquisitions, automated focusing scripts
were still under development on this new piece of infrastructure. The successful
implementation of them in the future would enable simultaneous resolution of the collagen and
osteocyte lacunae networks. This thesis demonstrates that the PFIB has the potential to observe
these features across volumes at least 100 times greater than those already achieved with Ga
FIB [9].

PFIB investigation of mineralized tissue was less fruitful than the investigation of
demineralized tissue, however, some features were still resolvable in 2D. The resolvable
biological features included microscale constituents such as the Haversian canal of the osteon
and the borders of osteonal lamellae. The collagen structure of the lamellae cannot be clearly
resolved, likely due to the contrast contribution by the relatively high-Z Ca and P elements
present in the bone mineral. This suggests that mineralized bone specimens cannot be used to
investigate osteonal layering with PFIB serial sectioning despite previous success investigating
on the microscale with 2D using polarized light microscopy [86] and on the nanoscale using
STEM [27], which have contributed to the understanding of the circularity of osteons and the

concentric orientation of the lamellae.

Finally, PFIB serial sectioning may have the capacity to image the bone-implant interface at
high resolution across a large volume regardless if the bone tissue is mineralized or
demineralized. Typically, a correlative approach including micro-CT, 2D SEM imaging, and
TEM imaging or 3D TEM tomography is used to visualize the bone-implant interface [49],
[87]. PFIB tomography will provide insight to bone-implant anchoring across the mesoscale,
something that has yet to be achieved with conventional methods. Other optical methods, such
as confocal microscopy, cannot be employed in these instances due to the opacity of the implant

material, making electron microscopy a required characterization tool.

5.2.3 Study limitations

This study was initiated during the installation of a new microscope, and therefore presented
several instrumental limitations such as minimal availability and reoccurring instrument

stability and hardware downtime issues. This thesis focused on investigating the capping layer

43



M.A.Sc. Thesis — D.M. Binkley; McMaster University - Materials Science and Engineering

composition, however both imaging and milling conditions also need to be optimized to ensure

successful tomograms.

Although interesting biological information was obtained from this study, the ROIs were not
selected based on biological significance, but instead based on minimizing complications
during operation. This thesis acted as a proof-of-concept study to demonstrate that PFIB can
be applied in the biological community, specifically for the investigation of bone tissue.
Additionally, samples were selected based on availability and the two bone sections
investigated were therefore sectioned along opposite axes, making direct biological
comparisons difficult. For instance, if this thesis investigated a cross-section of mineralized
and demineralized bone, it would be clear if PFIB could be employed to image the

directionality of collagen in these layers in demineralized bone.

5.2.4 Future work

5.2.4.1 Capping layer composition

Future studies should work on determining the hardness of bone material and deposited capping
layers, such that a more thorough understanding of the capping layer hardness mismatch and
curtaining reduction can be achieved. Additionally, alternative capping layers including the Si
wafer mask suggested by Subramaniam (2017) [59] could be investigated.

5.2.4.2 Sample preparation suggestions

Complete resin infiltration will be necessary for the investigation of bone-implant interfaces
using PFIB serial sectioning, as voids can lead to curtaining artifacts and ambiguity during
segmentation. Full resin infiltration of mineralized tissue should not affect the capping layer
composition, as the hardness of Embed 812 can be increased significantly by increasing the
volume percent of the hardener component to better match the hardness of bone tissue [88]. In
addition, infiltration could be completed under vacuum, to help reduce voids and resin bubbling
at the resin-bone interface. Moreover, to increase imaging contrast in the mineralized bone
tissue, immunostaining could be used, as it has been demonstrated successful at staining egg
shells, another mineralized tissue, for light-based imaging techniques [89]. In the future, with
the appropriate instrumentation, cryo-FIB milling, which has been demonstrated to be

successful for smaller scale bone tomography [31] could also be investigated.
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5.2.4.3 Biological relevance

More comprehensive comparisons between demineralized and mineralized bone material
should be completed, such that the same mesoscale features are being investigated in both
samples. This would provide further insight into the potential for PFIB applications on these
biological structures, and the effect of demineralization on the understanding of bone structure.
In addition, larger tomography datasets should be obtained. In both the tomograms presented
in this work, the z dimension is much smaller than the x and y, which can easily be increased

with longer acquisition times.

6. Chapter 6: Conclusions

6.1 Summary of major findings

6.1.1 Correlative STEM and SAXS

This research aimed to fulfilled its initial objectives, to: (1) develop a correlative workflow to
allow for the characterization of osteonal bone using STEM and SAXS, and (2) assess the
damage induced by SAXS of bone tissue at the nanoscale. The presented research fulfilled one
of its initial objectives, which was to develop a correlative workflow to allow for the
characterization of osteonal bone using STEM and SAXS. This thesis also demonstrated that
according to STEM evaluation, SAXS did cause damage to the structural units of bone at the

nanoscale.

It is imperative to develop correlative microscopy techniques to characterize the intricacies of
bone ultrastructure. Our results demonstrate the potential of using traditional FIB TEM lift-out
methods to create functional samples for both TEM and SAXS analysis The workflow
presented in this thesis allows for visualization of the identical areas of bone tissue using both
sophisticated techniques, which has yet to be achieved prior to this work. Here, we
demonstrated that STEM is a valid method to visualized SAXS damage of mineralized bone
tissue, which has yet to be validated in the literature. Here, we demonstrated that STEM did
not detect any visual signs of SAXS induced damage to mineralized bone tissue. While it may
be possible that the SAXS experimental conditions and sample thickness limited damage, it
may also be possible that STEM is insufficient to measure the damage mechanism that is taking

place. Further research needs to be employed to determine how to better characterize the
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radiation damage of bone tissue after SAXS irradiation. However, we can confidently say that
the structural units as observed by STEM, are not visually altered by the SAXS technique.

6.1.2 PFIB of bone tissue

The research outlined in this thesis achieved another major objective, which was to test PFIB
tomography sample preparation methods to investigate mesoscale bone structures with
nanoscale resolution. To our knowledge, we are the first to visualize human bone tissue using
Xe sourced FIB, and currently present the largest volume at the highest resolution tomogram

of the osteocyte lacuna-canalicular network achieved by an SEM source.

PFIB tomography is an emerging technique that has not yet been thoroughly researched for
biological applications, including the characterization of bone tissue. This thesis determined
the optimal capping layer composition of the capping layer materials tested for mineralized and
demineralized bone tissue to be Pt and C, respectively, as curtaining was qualitatively
decreased with these layers. This work demonstrated the ability of the PFIB to visualize the
osteocyte lacuna-canalicular network in 3D in demineralized bone tissue. In addition, this work
has demonstrated the instrument’s potential to image the collagen network in 3D, but this was
not fully achieved in this work. The mineralized bone tissue was also not visualized in 3D,
however it was made apparent that only larger-scale or micron-scale features could be resolved
within the mineralized tissue. Due to these promising results, this thesis substantiates the notion
that PFIB could be considered a sophisticated 3D imaging tool for better understanding not
only healthy bone tissue, but perhaps diseased bone, and the bone-implant interface with many

engineered devices.
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8. Chapter 8: Appendix |

Here, the work titled “Advances in Multiscale Characterization Techniques of Bone and
Biomaterials Interfaces” published in ACS Biomaterials Science and Engineering in 2017 is
reprinted with kind permissions from the American Chemical Society [32]. This acts as a
review of imaging techniques used for imaging bone and bone-implant devices that are not

thoroughly discussed in this thesis.
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ABSTRACT: The mpooess of "[ﬂnﬂ" terial
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1. INTRODUCTION

Continned advanoes in | t and charac-
mmmmuiumﬂunmﬂforbumeﬁnlﬂemm
ﬁ:ﬁ:beﬂ::fmdlmﬂquﬂrnfhm One such fimue that
hiomateriaks technologies are still sought to repair & bone
tissne. Spedfic interest lies in bone angmentation or
regenemation, joint replacement, and dental restoration
technologies, whers maintenance of bone health and quality
in theme scenarios i integral to resioring daily fonctions such as,
skeletal mobility, and mastication.' Bome, however, is a
hierarchical material with bel:em!mm.: stmcture  and
di-unﬂq'mmuh[lelmgﬂin:ki. This complevity has
m:&lluﬂznlnimmtanﬂnnﬂu:hnﬂn!oﬁheahd:mmtof
boac to ingph J tegrafion, an ongoing
challenge
quﬁnbrﬂuhuﬂ'g;imoflimmﬂlmﬂ
asteagenic applications, we require 3 mmplete undestmding
of the mechanizms at the bone interfice, and alio the natural
i:bu'l)h:ﬂwilinﬂuhndhnet'-u.ﬁnimﬂfmennlu
described as the connection between two Jiffering
materiak, for example, with distinct differences in chemical or
maﬁdm,lnﬁxmﬂm@hiiﬁh
to an interface, the temm interphase has been used to describe
&ehﬂhmﬂbﬂetwm:kﬂnllmqmn,bwm this
junction i onm[rnﬂ of a !'.lﬂnal betwesn  twao
materiak compossd of comparable chemical consfituents or
materiak propertiss, 3 prime natural emple of this are the
interphases within teeth: the cementum-dentindunction and

vﬂﬁ.ﬂiﬂiﬁu © X6 Arrwrican Chemical Socesy A
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the dentin-enamel- iu.nd:inn." Cur group has contributed
toward this field by the development of multidimensional and
multilength scale characte rimations of osseointegrated materials
interficing to bone fimoe "

In this review, we 2im to provide insights into a wider armay
of novel approsches to investigate bane, its natural interphases,
and the bone—implant interfice. Afier o brief introduciion on
bone and grated implnts, the review i organized by
the length scale from the micon and cellular kevel, to the nano
anﬂabnni::ﬂl:,hlﬂldinelxmufnrﬂuhnﬂ";imcf
mineralizafion. Specil emphass & phoed on deciron, Xeray,
anﬂimheﬂim"n!;hdniqmlhﬂnh wed to resdve
bone structure and bone—implint interfices along, their many
hierarchical levely however, spectroscopic and mechanical
characterizations are also brisfly mentioned. This work aims to
highlight lesx conventional techniques that are making their
mﬂmhlm&upenfmcinh,ﬂimanﬂlﬁnﬂinﬂ:‘n-
tion research. The structure of the review, and breakdown of
techniques covered, is further outlned i this brief table of
contents:
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Figure L. Himarchical soctore of bone flom the macm- to le [A) At the b, bone & arganized into the well-known stroctares of
cortial or trabeolar bone. Moving 0 soccescvely smaller kength smbes, (B) ostons and tebeooke (not shown) mmprise the basic microscale
stroctnml onis of bone. Corticl bone is organized soch that mol tiple Hawersian canals ron ghroogh eadh st of conceniric osteonal lamellae The
cement huah;l:lrm-mahdmpnnmtdlh astean, which i the interphase between the asteon n.ndﬂt hnﬂldhntlng [Cj Onﬂn
nanoscale, bone i fibdls, where a p of bone 1]

patem of gap m.dnu'hpmﬂ, () ﬁln:ﬂ.llj"lt @nnection d'T?ptInﬂlﬂmmhniuuﬂleuﬂt heltrstrocmre
Panel ¢ adipted with permission fom ref 141 Copyright 2014 Elsevier.

Micro-Scale

T "

“anao-Scale

Macro-Seala

Irahsrb Harm

interfoes

" froem the maoro- to nanoascale Similar to bone, the connecion at
spans sevenal bengd scales As an example, (A) a titaniom hip joint or dentl implant in connecion with bone can be visnadined by (B)

Figure 2. 14 % il charar adon of

micommpoted mmography, demonstrating the owrall bone growdh oward the implant matenial, as well & tmbecolar and cortial microscas
stroctnme. () Uking SEM, the impostance of eliulr @tncdiment to the implant materid is dear, and (D) once forther magnified by TEM, a clear
nanaecale on s visnalized, where the bone and implant materid sesm & mix with one anogher with permizsion from oor works in
refs 6, 34, and 49, Copyright 3017 Amescan Chemical Sockety, 3015 Taylor & Francis, and 3015 Amerian Chemical Society.

2. Mineralized Interfices of Interest: topics inchide bone hydmoxyapatite (HA), carbonated-HA (cHA), or amorphous

structure  and organization, biomaterials for osecinte-

gration

3. At the Micron and Celluler Level: #chniques inchide
scanming electron microscopy & quantitative back-
scattered electron imaging, micro computed tomography,
foomed ion beam ] l]u'bdml:mm-ndnd:nm

 small angle Xoray scattering

4. At the Nam-n- and Atomic Scale: techniques inchude

tansmission electron mmcqry electron ‘bou'nnsnp]ry

atom probe tomogrphy, stomic force micoscopy,
ik )

5. In Real 'I':l:rn: td‘l‘utr.:l inchede ]n:r.ld cell 'l'.EM,
Y, magnetic e imaging

oy

2. MINERALIFED INTERFACES OF INTEREST

Bone: Structure and Organization. Pror to under
stnding how biomaterials integrate with bone tissue, it is
mpmmﬂmmﬂuhnn{ﬂulmmm]mﬂdwmn]

calcium phosphate (ACP).” By weight, bone consists of roughly
65% mineral and 35% cobgen This composite structure is
responsible for the optimal materials properties displayed by
bone, specifically, its inherent strength and tonghnes " These
core components of collagen and hydroryamtite form the
mineralzed collgen fibals that create the building Hods of
higher order architectures that are intricately organized on
multiple length sales, such 2 colbgen fibers and osteonal
Lbmellae *™ Some of these lerarchical features are qutlined in
Figure 1. At even higherlevel architectures, bone can be
sepamzted into two forms, tebecubr (cancellous) spongy bone
and corticd or compact bone This hisrarchical structure
further provides bone with incressed dumbiity, making the
skeleton less -.uoqrtl:-]: to sheletal fractures upon mild
impacts” In addition to mechanical integrity, bone hosts
many biclogical functions such as storing bone marmow, which
containg the adaptive immune response and governs blood cell
pcm-dtl:tim\.“ Furthermore, bone & 2 dynamic material,

ly remodeling throughout its lifetime to adpt to

organization of bone. Bone comprises two main comp
collagen, an whiquitous protein fund in many tisswes, and bone
mineral, specificlly a caldium phosphate in the fem of either
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mnnduu‘nn]ha:h and chemical signals "™ More recent works
that review bone hisrarchical structure are widehy availible "
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Table 1. Brief List of Imaging and Spectoscopic Techniques Used To Asvess Bone Tisue and Bone—Implant Interfaces and

Their Respective Benefits and Limitations

e vy ekt Terrorta S e s i
A2 ke Micren and Collder Levd
SEM. Tz T, sk T, T} isrrgiey. TR
sty e Somology potenti] dectron dusge
can b complal with eg. AFM and FIB Eeroe. moverit b chelpebrated
ood depth of bdd :qﬁ::ﬁ;wﬂ:tﬂ:i—h’-amlr
P
Macs- CT I viemalien o Sohen aolde Nemuy aflermiion afifats o st el desaty dilles, e
e, bt s sl
dry wnd wet comdisior Lereiterl] rosineafiom o avamal mmcs o [l iy
spnckmstron wearae)
FIB ID wiemlivasion o e g R
Temeqgraphy e renlet potentinl fo i bt dusiige 16 biskogiead it sl
A nhe M ter Liwad
i 2 ¥ =i Al
EAXE ﬁha—pﬂﬂ-, - pryer. Idu:-'hl-h-d:u- ﬂndh-
qmd-:l—“:-d"q—:l
TEM -a-ipl.;-u.-,la;mnl-{q,, BF, OF, HAADF, nterde sespde poe pust fon iy
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8 m B :"ﬂd d t.F ' = H - . 8 # LR R R e e T Y 11,1 DT D
wmogaphy  apley oo ry | oy wadge)
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Biomaterials for Osseocintegration. Branemark was the
httﬂmﬂnﬂ'ﬁetﬂ:‘nmmﬁepﬂ:ﬂmuﬂuﬁm
connection betwesn bone and im d-evmﬂm'ﬂulm
Since then, biomaterials have been investigated for their
wmummwﬂimmlmil
govemed not by surgical methodologies, but by the ahility of
bone-forming cells, osteoblasts, o seaete mineral towand and
on foreign oljects, integrating them within the native bone to
create an attachment to the implnt suface that supports
mechanical loading,

Several materials are used in grated imphnts, bt
titanitm has d the most attention as an imphntable
tooth los"™"" The success of this material relies on its
biocompatilility, which has been atiributed i the inherent
oxide yer on the metl surbee " In addition, the sitable
mechanical ies of titanium va:id-e the necessary
strength to allow the skeleton to maintin its structural
hugity.ljmmaphﬂtmn\fnﬂ!rmn]md!mﬂwﬁ:
bone :u'n]iau'rt materials are mgﬂ.‘uﬂy wmed, sometimes in
conjunction with fitanium implnts, induding bone grafis:
wither autografts, bone material from the host, or dlografis from
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a donor."** These grafts, and other natural bicmaterials such
s proteins and polymer matrices,” can either be directly
placed in wound sites or arcund titanium bone implnts, in
hnpﬂni:mrgbmuwwﬂimﬂdmmdymmzrg
dn-mefzcilm
elastic modules titenivom s i comparison to bone As
titanium is much stiffer than bone, it can overcompensate for
surromding bone tisue, resulting in the resoaption of host
tisse 2 proces termed stress-shiclding, further reviewed
elsewhere ™ However, it is believed that the formation of a
grachel interphase and strong integration between bone and
imphnt would allow tmnsfer of loading and effectively decrease
the effect of stress-shieldi

Similer to the timue with which it bonds, the bone—implant
interface is hemrchical in structure, Figure 1. Diespite great
imphntation practices, falure mtes among these materials
remain sufbiciently high, with implant lomsening or osteolysis
contributing to 2 Lrge portion of faiures” and increased
mﬂmkh:mﬁy:wﬁuwhmﬁm
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being engineered daily to solve these problems of integration,
asseszment of these with sitable techniques i constantly
dﬂ!]n])cinsud'ﬂ\ tﬂd‘uw]n-sj-nﬂaﬂiminlnﬂwan,}mdrm
and data handling methods. s to some less
conventional techniques to enable visualiation of this bone—
with some sxamples outlined initially in Figure 2

3. AT THE MICROMN AND CELLULAR LEVEL

Electrons, X-rays, and lons. Historically, interphases in
b-nutetumandl:mre—:mpluﬂnﬁﬂ:ﬁnﬂmmmutp‘bﬂd
using traditional life-science mi
light microscopy, and more cifically histology. These
methods were wsed to evaluate bone health through the
identifiation of relevant biclogical cells, such as osteoblasts and
ostecclasts ™+ However, while bun]-n-s;ﬂ]]y relevant, these
approaches are limited by the resclution of the light
microscope. The wse of X-mys, eectrons and ions as imaging
:ml}muﬂh}nﬂmimhmo\]ﬁ!‘g amd allowed
maore sdvanced imaging techniques that coud be used in both
clinical and research settings Herein, we will discoss novel
imaging approaches for undestanding festures of bone
structure and biominemlimtion that have emerged at the
micron scale and Jevel of cellllar structures in bone.

The micon scale, where bone units are represenied by
osteans and tmbeculae, is of interest for the evahmation of both
bone mthology and omecintegration. At this essential level, the
most basic characterization s inchde scanming
electron micros [SEM ), and mi tomography
(micro-CT ), with foomsed ion beam (FIB) microscopy bringing
the newest peopectives to the fidd A complete summary of all
ofﬂutﬂﬂuuiqtupmlﬂrbndatud\]uhsﬂilnlemhfmndin
Table 1.

SEM uses 2 fncused ele ctron beam rmstered across the surface
of 2 specimen to produce severd signals for imaging and
elemental analysis Secondary electrons that are g\u‘m‘bﬂd
within the ssmple are collscted to form images with
features, whereas backscattered electrons (BSE) that
from the dectron column and are rebounded from the fimst few
])mmi&liru#ﬂintn\mhﬁmuinbmummﬂlmhun]
content, where highly mineralized areas appear brighter. The
Xemy spectroscopy (ED¥S), whereby the interaction of the
electron beam within the sample relesses caraceristic X-mays
that are detected and can be quantified.

A citical SEM-based technique, quantitative backs cattered
electron (g-BSE) imaging has become a hdlmark for evauating
bone structure and bone—implnt contact on the micon level,
providing chemical information that can aid in mwhast estimaies
of bone quality. -BSE relies on interactions of the primary
electron beam with the mmple The quantity of BSE that
ﬂﬂ?eﬂulmhmﬂﬂmﬂwlgﬂmtﬁmu
upon interzction of the primary electron beam with higher
atomic number (£} dements, resulting in images captwing 2
contrast®” If the SEM & calilrated to standurds, the intensity of
that interacts with the beam™” More recently, the technigue
continues to prove vahable in the smemment of mthological
conditions in bone, mﬂuﬁ:rh& inves tigations cfmu]:-nmu'!,u
and rheumatoid disordess”” Although SEM has several
adhvantages including rebtively high resclution [~1 nm),
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compositional contrast, and abdity for elemental analysis, it is
bimited in dimensionality, that i, it i 2 20 imaging approach.
Mm-mu'n]:u‘bed mnwhy [micro-CT ) is 2 nondestructive
method of three -dimensional (30) imaging that can be used to
evalwte the overall bone growth arcund biomateriak, or bone
itself. With a slightly lower rescletion than SEM, micro-CT
offers the primary advantage of 30 imaging. The sample is
generally rotated around 360° or 180° and X-ray mi
are reconded at each angle, such that mathematical al gorithms
mhwﬁdmﬂmeiwmmmmﬂm
representation of the sample volume Mico-CT is made
possible by the attenuation of the X-rays danging as it pases
through the sample, with beam nmutrdmmgdep:n&ng
on the composition of the sample through which it inemcts
Advanced dota procesing and visualzation pipelines allow for
l]:l:ciﬁ.t'lm]u'ne mﬂlﬂ:nsauﬂllagnuﬂz‘hm‘b,u&nd\tﬂmune}r
aids in the quntification of the materials of intersst, for
example, surfice area and pore wlume mesmuremsnt. In
addition to imaging, Xomay based that
stuctural or chemical information can be combined with
mmpphynquﬂwmwmﬂutmu]]eqmppdﬁm
md'h?]: u'lh,-.nd'iu !'na]]amde Xeray scattering
(SAXS), a:nd X-my fluorescence (XEF). However, it is
important to note that these analyses may produce boge data
sets, which present challenges for storge 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 biocmaterials* ™ In the context of biomaterials, the
ﬁu‘h.mutypciﬂ]]y mut?'bﬂl by micoo-CT are uswlly macro-
sale porosity,™ quantification of bone growth around and into
ex vive imphnts or calodations of metrics to evaluate
mmﬁm-ﬂudﬂwﬂw bone area or
bone—implant contact™™ Stuctural Xerzy techniques are
usally reserved for evalwting the mineral compments of
b-mte,undiunr.iﬂrhﬁnmn{mtuuuﬂon]@ﬁkﬁ.‘u

Focused ion beam (FIB ) tomography, sometimes refered to
as FIB-SEM tomography, & a high-resclution destructive 30
imaging technique used to evaluate mabe riaks with the resolving
power simibr to SEM. A FIB mi is a dualbeam
microscope that combines the dectron column of 2 SEM, with
several functions, induding the stespecfic miling and
deposition of material inside the microscope. FIB tomography
relies on the use of a ine-ofsite process in which 2 smple is
nnmhnsa:mo&'imﬁzdm,uﬂ\id\aﬂlhnﬂuma
nanoscal e sandblaster, to precsely mill away a block for. The
milled surface i then sequentially imaged using the elsctron
bﬂutﬂm#amﬂnhro{l-ﬂ:’nﬂimag:ﬂmugmnﬂu
volume of the specimen, which are then reconstructed into the
3D volume of the materid ™

used extensively in the micreel ectronics industry,

the we of FIB in the biclogical domain i finally grining
muepmnpm&umduwutmiﬂutqu:w
limit beam-induced * and several

reports which highlight its use in biologicd imaging. 1w'ﬂu
wquu}mbmmdmhﬂ\hmnm]mmmmﬂ
inmommuurh]durh]implurh,“uﬂmh:&.ﬂumw
netwark in bone (fatured in more detad in the following
lvm:l:incrlu]'.“l

More recently, FIB tomography has received renewed
interest for ing some of the micostuctural features
of bmellr bone. For example, Renikov ot 2l have wsed the
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Figure A The osteocyte at the microscae Varins approaches are applied to wisndize the boona-anaicnlar network (LCN) (A) Novel resin cast
Mr‘mﬂmmimmMnm[mﬂmvpmlmmmmMmem
aetenoptes contebate to soooessfnl 'y [B) SANS nts of bone minesl [Tpﬂ.rﬂ:u.:trm.qx:l
owrlaid on the asteocye netark 4 srawe the in mineml fhidmess aroond ostencptes. (C) Using B smmaography, a d
lh:LENIIWlltqu.ldrdl.ﬂmilq:hﬂ:ﬂttmhmut[j'ﬂnujmdﬂnlml[p'ﬂjmnmmfmn R:Fndnmdult

permission fiom wefs 43, 50, and 54 Copyright 2011, 3016, and 1013 Eleevier.

ag:])mad\mdﬂyto: mzte'ﬂu,}ﬂvnhuuof]au‘nﬂhrm
bone,™ and human bone™" in great detail. These studies, that
encompas data sets of several microns cubed, with nanometer
mlnhﬁnm,:etﬂthurfn'FLBi:nut'?ﬁmu of minerds and
biomaterials by FIB wmogmphy. [t & important to note
however that this work has been performed on demineralized
:P:ch'n:mﬂna]i:mte::h: :inmm':inswwuml investigating
lese-manipulated bone dels, ie, materials that have not
undergane chemical altering methods such a5 presenvation,
demineralization, dehydraion, or freese—thaw cpcles that may
damage architectures.

Visualizing the Osteocyte Metworlk: A Complemen-
tary Approach. As with any intricate material, imaging
}ﬁ:randﬁﬁ]dchihnumhadﬁntdbya:nkudrﬁq:,ﬂuu
mqnmlsam'np]mr:ﬂofd\nmm

be applied When characterizing bone, the cdhﬂu’
mnpmmnmﬂumm:n]emduﬂra]loucfm
in particubar the osteocytes of bone which are responsible for
maintining its dynamic tum over proces, bone quelity,
strength and integrity** Once osteoblasts fulfill their mle in
bying down new bone matrix, they become embedded in the
tissue and terminally diferentizte into osteccytes ™ Osteccytes
are responsible for the mechanotansduction and signaling in
bone to initizte remodeling in the case of micofactures and
other defects in bone structure"**** The orientation of apatite
mineral in bone, which contribates o its overall strength and
meslience, & abo dependent o the orientation of mteocyte
lcunae.’” Therefore, osteocytes have been studied widely, and
are good candidates to exemplify multiple micron-scale
characterimtion

Osteccytes have abo been postulated to play a significant
role in omecintegmtion, 2 direct connections |between
muqrbﬂandimpluﬂnrﬁnﬂ}um!bautdmnmrmdhﬂ\
by tansmission electron micros (TEM) and a novel resin
ﬂdﬂdﬁgﬂﬂlqpmﬁdtu_ For instance, a2 ok of
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native bone wa reparted by Shah et al wsing novel resin cast
etching SEM, which suggests that nearing porous implant
features bone is Iu'nnde]ins differently EF:igu:re .]A}.m
Ulimately, clear visualiration of these netwarks i integral to
understading bone deling at ba iaks surfaces.

The osteocyte network or houna-canalicular netwark [LCN)
includes the sites that osteccytes cocupy, lacmae, and their
connections througheut bone, canalicoli The LON & 2 unique
feature of bone that illustates how a variety of microscale
analyses that we disoussed abowe can be employed to
investigate its architecture, some of which are highbghted in
Fi i

i‘u:n:mmuipmuﬂrmd by Schneider et al, Figure 3C, the
Lﬂi}uﬂmahﬂnd\mﬁﬁizdh,}ﬂ uga.uﬂyl:-amu:ocl:-a
h&.n{mp}mtmudmphpmpzmmcﬂndlﬁthﬂ\
resohrtion such as FIB-SEM serial sectioning ™ In
ﬂum},ﬂdﬁteideretalmagdﬂwﬂfﬂm,]ﬂmgﬂﬂr
SEM tomography, and affer formidable dta reconstructions
ﬁna]m‘bdu:ngy!]dadmlnhhnmmﬂuuﬂs,]ﬂmpmndng
authors with reconstructions that could aid in detﬂ.'mn'u:ng
LCN mophometry, deady identifying the connectivity
between the osteocyte lacma and the canalicdi ®

Pacureanu et al, have further demonstrated the value of
imaging the LCN in 30 through work applying synchrotron
radistion tomography, ﬂmammdmu‘mﬂ:icx-nybuuni!
traditional micro-CT.*" Resulting images have high levels of
noise, making it challnging to image cell dendrites and
therefore gRin infprmation :mpmlms bone tr.u]ity.“ These
authors have shown proof of concept that their tomography
data has the ability to incresse the signal-to-noise mtio of the
Lmﬂmiﬂ}ymafod]duulntﬂ.!mwmwof
relevant approsches to charcterize the LCN by 30 methods is
well-reviewed elsewhere. ™
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Mareover, additional synchrotron source X-ray analyses, such
a5 microtomography and small-angle Xeray scattering (SAXS)
t many advantages for the anahyis of bone minesl
anﬂr}rﬂuLﬂi hmmmﬁqmwm
structure with elemental or oystallogaphic nfonmation, 2=
seen in Figure 3B. Similady to SEM, during SAXS acquisition
of mineralized tissues, 2 focused X-ray beam is mstered over the
material, but instead of collecting electron indormation,
diffraction pattems are detected. Throughout this process the
mmnmﬁtdbllyvmunsh such that the entire mple
can be
Studies with SAXS, such as one completed by Kemschnitzld ot
osteocytes, and that mineral particle thickness varies in the
vicinity of osteocytes, after intense sing of the data is
completed ™ The authors demonstrated how bone architecture
s related to bone quality, and successfully showed that more
organized bone has smaller m:n-u:] ]:ucrhd: nuu:n'lg the
wsteocyte netwodk (Figue 38), g, less orgamized bone
has larger, more disorganized particles nearing these features,
not shown ™ This wuork is furthe r evidence of the importance of
muq'bemtmu:hmgnmnghwtpnhyauﬂﬂuueo{
cormelitive imaging methods to assess these cellular features in
30

4. AT THE NAND AND ATOMIC SCALE

Trarsmission Electron Microscopy. The mineralization
and osseoint egration ]au'uhﬂg:-e has been dominated by
observations with light-based methods such as histology and
histomorphometry, and lower resolution SEM imaging
However, to move toward an m'u‘lu:'l:'u‘l:i:rhs d-on]]agm
mineral interactions we need to move toward nanoscale and
atomic characterations, where TEM phys 2 key mle A
P]eﬂmo{obmwﬁmﬂut}uvelﬁdwmufm'
understanding oeseointegration of varicus bicmaterials have
been made using TEM in the 1990 = “'I']'b:pcru'm::nd:"l'.EM
:u'nag:ngm]:ﬂ on electrons pa-mgﬂmns}nmdm
mmﬂspﬂumﬂmﬂub&uhmiﬂm’,hﬂ\
used fvr imaging and &l ement] analysis. Traditional methods of
TEM imaging include bright ficld (BF) and dark fied (DF)
electrons, respectively. Maore recently, the uwse of scanning TEM
[STEM) and high angle annular dack-field (HAADF) &t-acbu::
}muubhdhmrmpnumu]mmhmumw In
ﬂu:magrgrmdqmagmtynm@hrpmpmumﬂm
2 (@omic i). T
between :'mnuz]auﬂlm:?mcm'npmmm amd-.dinﬂlt
contrast of collagen filrils without stining The presence of
nanocrystallinity in bone means that DF images can be used to
diffraction pattemns can abo be used to gain infomation on
texture. An added bensfit of TEM i abo its coupled =
analyses: u'bu:grdil]zm'w Xemy spectrosampy (EDS) and
electron energy lom spectoscopy (EELS) which detect
charcteristic X-mys or messure characteristic energy losses to
when moving toward higher resolution analyses, such as TEM,
is the mmple prepanation of tissues and specmens. Historically,
specimens have been prepared by slicing thin secions with a
dizmond blade, 3 proces called ultmmicrotory.

The advantages of using another echnique; called foouwsed
ion beam (FIB), a5 3 method to maintsin interbcial integrity
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b:rmnbunmnpwmuﬂathuw—mpluﬂm:ﬁnﬂw
in systems has been dearly demonstrated in recent

yem' 'ﬂulme-q:-aclﬁtaﬂmmd\a]hmﬁrnnh‘hm o a
region of interest several microns wide for bombardment with
gallium ons, extraction by an in situ micoomanipubtor or ex
situ method, and placement on 2 TEM grid for ferther wak
These specimens are typically 3 maximum of 300 nm thick,
allowing for electron tansparency with minimal physical
dmnaschﬂusm‘npk.Thbuﬁho{;ﬁgﬂﬁ:qumﬂ\a
commred o ulmmicotomy are widely demonstrated in
wvory,™ fluompatite—gelatin composites,” tooth,” biomaters-
al—cellinterfaces,**** and bone —implnt interfaces ** Schwanc
cta].}uw!tuﬂlimrmﬂhstnlnﬁﬂﬂtirmwmudﬂfm’ﬂu
ultmstructure of bone, highlighting the importance that
submequent studies to support o refute this wtmstructurs
l}m.ﬂ:ll:-edmum:ins similar m])]: methods **
FIB techniques are alse advantageous for both crganic and soft
tissues, uﬂupmnumﬂ]:rgmdunquemrmz:dum.‘pm
lcftt_uu, mﬂmﬂmhmﬂmdfm’wﬁhl
bmellar preparation & shown for :rml:m-mgm:m, a5 the
interest in muintsining the native state of hiclogical tisues
mmaduﬂﬂlf&mgmnﬁmﬂm

Utiliwing jon miling or focwsed ion beam milling new
observations supporting an increase an sbundance of
extrafibrilbr mineral in bone have been made by Schwane
and colleagues with TEM. ™" Ther modd of bone is
presented in our hiemrchical view of bone in Figure 1. Other
studies have also a]t]'bm.g}i to a leser extent, the
presence &H#mo{mﬁbﬁﬂxmhﬂaﬁﬁ
originally suggested by the fint uhrastructural models of bone
that place most of bone mineal within the gap zone of collagen
fibrils ™" Biomechanical smmbtions of bone l'h:uhsﬂ'b,d:f
ness, and finite element modeling experiments,™ have dso
indicated a higher kelihood that the majority of mineral is
hnmdmmmﬂumﬂasuiﬁhﬁ,uhsdrmueta].'l
model

Electron Tomography. Although many imoging techni-
ques can be used to evduaste the bone—implnt nterbice, an
provide a2 holisic view of the mineralzed tissue or bone—
imphnt nterface. Such advanced phtforms ndude the we of
mul tilength scal e and multidimensional imaging techniques that
m&tnhbmw—mﬂmﬂmhﬂmﬂumuhpk}n:ﬁmﬂuﬁ]
levels that relate to bone struchre”

ﬂwuﬂﬂhlmmm\]wm]]as\ui—m:z]im}m
been highlighted above, yet this yiclds two-dimensional images
alows the vismaliation of samples in three dimensions,
providing insight inte the orentation and connectivity at
bmrbu‘EDﬂT}umn]vuhh'lgmu'h:pkpmpchmmaFat
tion of the images to yield a 30 volume The bosics of electron
tomography are covered in detail ekewhers,™ induding
comprehensive meviews on electon tomography for applica-
tions in soft materials and biomaterials ™ In general, electron
tomography uses an approach that & quite simibr to that
employed in micro-CT. In both cases, projection images that
mammﬁcﬁﬂn{ﬂ:mp}:mqﬁrﬂdmﬂu
specimen, and then reconstructions are perfoomed using
mxﬂuruﬁdﬂ?dﬂuuzﬂum-ﬁghﬁnmﬁmiham
volume that can be siced through in the Zdirection or
vismmalized in 30}, Besides of course the obvious difference in
source (electrons versus X-rays ), the main difference between
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the two techniques is final resclution, which & dependent on
the spurce. Electron can be obtained down to even
atomicscale resdufion,” whereas the resolution of Xemy
tomography depends on the source, with synchrotron sources
approaching a few manmometers, and lab-bench vemions
hovering arcumd the microscale.

While electron tomography hes had foundtions in bone
ultmstructura observations, the finst pionesring works in this
area utilived either |:m;g]'rtf:1:| or ]'ng]\ \u]:tage tomogra-

7" Newer approadhes to electron tomography, specifi
cally 2 form that wses highengle anndar dark-field (HAADF)
images to gain compositional contrast, have been demonstrated
'bn:a.‘)]:m'tdacirm o&'mwtnh'mﬂmndakibmu,“
understand the odentation of bone adjpcent © oeteocyte
lacumae,** and to mderstand the orientation of collagen fibrils
and interfacial connections at hiomaterial interfaces, such as
hydmxyapatite—bone,™  titanium—bone, ™ and dental
cement—dentin interfices. ™

New&vﬂn]nnﬂﬁ:indnchmtoamsﬂp}rym:ﬂxbﬂlm
incressing the acomacy of reconstructions to allow more
quantitative undenstanding of interfaces, for emampls, by
mdﬂlgﬂﬁchﬁmﬂﬂmnmgwﬂly Irrmm'h'lgtoa
180 rotation tomography, called on-axis electron tom 3
This approach was o tated by us to show dear

maorphological festures of n rghened  titans oxide
integrating with human bone” Oither emerging  dire cfi cns
inchide simultaneons eectron tomogmphy and demental
mhmhcﬂer:rﬁnuuahmtmdmuta]npuk&unﬂ\

Wmd\nﬂﬂﬁmmy?hr ﬂ'bed-ndu]nnﬂmod"uﬂ'nd\mﬂ
remaining challenges are for nanoparticle systems**
This technique collacts EDS maps at sach imaging step during
similardy to images to gain 2 3D compositiona map A similar
approach using electron energy loss spectroscopy (EELS)

been demonstated on bone—implnt interfaces,
where the chemicl signatures assist in the differentistion of
collagen and mineral ,‘MEELSdemﬂumgy
lost from inelasticaly scattered electrons that are characteristic
to exch element.

Atom Probe Tomography. Shifting to yet smmaller length
scales, atom probe tomography (APT) offes extensive
capabilifies for highresolution imaging at the atomic scale
with 2 spatial resolution of sub-0.3 nm, while simultancously
:re‘l.u]mg chemical infrmation achieving a sensifivity of 1
PP\TIL The fmdamentals of APT rely on succemive field

i of atvms & jons from the specimen surface by an
applied high voltage field or 2 pulating laser. The we of electric
fﬂdispﬂhwi}rﬂ'nph}mdﬁwm]ﬂu d"]'ns]\d:d:'ra]
conductivity; meanwhile, the pubating laser enables field
evapoation of nonconductive material. The evaporated ions
are detecied laterally I:.r,‘y]- bya [positi omes ensi thve detector, and
due to the nature of the pulating bser, the exact atom
mmﬂmﬁﬂnjﬂmhmhmm

hination of thess r.ld:l: the exact =
-Dn-mdn'wbe-nd"ud\mauﬂl:ﬂ]zchw mass-to-charge (m/z}
mtin®”

While a technique nitially to be reserved for
muﬂrmﬂnnhgﬂﬂsuqﬂu,a]ieﬂw:nd:w]ta
tions for APT are arising in hology and biclogical materials
mepl:,dmuta]mappmgnfmmﬂimﬂd_aodklﬂ'
APT hxs been demmuh:'bﬂl as well three-dimensional
remnstructions of ferritin,™ dum,“m 2 host of other
biominerals inchuding various ag:nﬁts,alatdmlq_m
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Recently, we presented the first APT of luman bone, which
highlights the distribuion of tace dements, such a5 sodm,
interfices, not otherwise detectable with electron-based
analytical IP])CI“I’J'UEI.‘ Feaured in Figure 4A, our research
demonstrated the potential APT has in advancing the scentific
mﬂu:tlﬂln&'hme:mm:amdintﬂp}mﬂwiﬂﬁnmdmﬂ-
ized tissues, which could provide insight inte natural
bicminernlzation processes on the atomic scale

A

4

100 nm

Figore 4. Afom probe tomography of minerdized tismes and
assnintegrated irterfares (A) 3D wolume map shows the gradierss
nf&dﬂﬁﬂmﬂr\mﬂmtl‘mﬂnbme,ﬂ'lu bine represents a
ladk of Ca and red rep AN of Ca atoms_ (B)
Biright field TEM micrograph mdmmmmmq:ﬁmh‘dr
pesence of an in intexfare betwren homan bone and a
resrieved dendal implant (C) Similar dental implard and homan bone
interface amalyzed by o omelafive combimation of dectron

» EELS mmography, and APT highlights the integration
of Ca atnms into the sorfice omide of laser-maodified titaniom implanis.
Ruprodoced with permission from refs 5, 86, and %6 Copysght 2017

Natwre Poblishing Groop, 2015 Cambridge University Press, and 2017
Elsevier
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4 Imaging tased nanomechanical testing approaches for bonelike materials (A) l'.'rplnd m.lmsmprlnq:d’mlﬂlllﬁnl oteon and the
le stroctaral b

APM-based nanoindentation schematic meed o infer energy dissipation throngh
illars fabwicated in FIB were placed onder ondavial nmpudnnm determine properties of
‘disordered zones within bone () SEM image of the AFM
doced with pemmission from ref 101, 107, and 109 Copyright 2007 Natse Pohliching

mqinpﬂ. by Tai & a (B) In anoéher approad,
disting ordered)

fiber with a d AFM/ SEM it

outhining the prindpal methods
n i evalnate the tensile propesies of an individoal andler

Gromp, 016 Naore Pubilishing Grop, and 311 Royd Sedey of Chemistry.

APT}mahobmiappHdhﬂmﬁfb@edmatﬂ:ﬂlmﬂl
mmpnmtﬂtﬂ:umudmhuuﬂm'hmmmbmu, amd laser-
modified titanivm ad hman bone ™ Smndell et al. used APT
to imvestigate human bone—implnt intedfaces, where the
mn]wngpnw:rnft}:tqum]rm'ﬂdm:ghtmﬂundi
calcium ]ayerfun'b:ladﬂ'bel:mw—:mp]amt interface ™ Mean
wh]:,mh!ﬁrﬂwrduummdﬂzmlun{mpb
mentary techniques, where we have evaluated a retrieved
ﬂﬁf@zﬁaﬂﬁﬂﬂmﬂd\mbﬁmﬂﬁumbﬂﬂ\mﬁl
dmmnwhyuﬂhﬂ,miﬂinsahn]iﬁ:ﬁ:wmﬂu
fundional connection between bone and fitanivm from both
structural and chemical pemspectives® These two studies
fummdinf-jgmeﬂ,ﬂ,rqmuﬂﬂuﬁﬂmmmmﬂa
truly atomic scale chemical investigation of bone to implant
inberfoes.

Mechanical Testing at the Nanoscle. The mechanical
properties of mineralized fsmues and interfaces have often been
attributed to their whole bone hisrarchical architecture ™' ™
Rmmmduﬂn?ﬂ] advances in mechanical tﬂm'lg;auﬂl
muodeling methods have resulted in 2 trend toward nancscale
mqmnfbmumdm‘un]]nq:ﬂ'hﬂ both experimen-
tally with atomic force micoscopy (AFM}-nancindenta-
tion," ™™ and by simmbtions with finite dlement modeling,”
molecular dynamics, or fll atomistic models. """ Some of
these e:l:]:-er.im-enh] ag:-])ma:hu that Pcml:-e nano level
architectures of bone mineral or colbgen fibrils, and
incorporate image-based methods, are shown in Figure 5.

E:ﬂ,u:]:-u:mumh'Taucta],cnﬂnp]:ﬂ'ﬂ:med'AF_Mﬁt
both im. and nanomechanical determination of
bone ™" AFM, 2 high-resolution technique, wes 2 sharpened
probe that cither traces the suface at a defined height or

mechanically interacts with the surfice in contact mode. By
probing the surfor mechanically and measuring both the force
exerted back onto the tip and the displcement, AFM-based
manoindentation can acoumtely determine nanomaterials
properties "™ Using this approach, the stiffness of bone has
been reported ranging betwesn 2 to 30 GPa This variable
range is notable, a5 bone has natural interphases that could be
related to increased caldum mineral and therefore increased
siffnes.”" AFMbased nacind is therefore weful for
Pmbﬁghn]rmmkpmpﬂﬁﬂhhm?mthm.

Maoreover, micro or nanopillas ranging in diame 1 from 250
to 3000 nm can be extracted from regions in bone wing FIB for
::ite-:]:-aciﬁt MEATLO=C0NT PrEs S o tﬂm'lg.m Tertuliano et al
showed that from distinct regions of e structure
(oxdered, and disordered) pedformed similady under mechan.
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ical loading at both micro ad nano length scales, which was
possible through the uwse of 3 nancindenter equipped with a flat
plate. As noted in Figure 5B, experiments were mampleted until
failure, and the frchre mechanism was then deduced to be
buitt]em.'l]'bmu:ing; I:rmtﬂwm}."w.h'rbﬂ'ﬂ:ing}“ similar fihere
mechanisms and rates were observed among the various length
scales investigated however, the authors postulated that the
mnﬂymmydﬂumdhﬂarmwuﬂu}.q
determining factor for mechanical

At even smaller length scales, at the level of individual
collagen filris, the mle of minemlmation o mechanical
strength has been evaluated and modeled in situ wing a
microele ciromechanical device coupled to 2 confocal Raman
m:il:mmu]:-em q-rrt}ueh:m]]agm,."apad:u om'n]:-m:ﬂ:ﬂ."" This
work has shown the importance of degree of
mineralization on strength of bone, where specimens with
incressed apatite composition showed higher ehstic moduli, 2
mechanism nw'bﬂl‘bo be hased on the mn]:n.iau.':in!ﬂn-d:ins
of collgen fibrils mediated by the minerl e
Combined AFM and SEM imaging has also shed light on the
chctofminera]izadinmmmﬂ:]mﬁﬂ]PmPﬂﬁ:lo&'mﬂaFt
fibrils in bone-like antler tisme, where similar mineral content
had 3 homogeneous effect on initial tensle !'IIE'@‘]'LLW Thess
experiments udam:q}}ﬁﬁﬂdﬂ‘l om'nli:ng;
SEM and AFM, by which one single filril could be
attached to the AFM probe and slowly pulled untl] fracture,
r’iSJ.I.TE S'I:.mh'lu!;ingﬂ'bue two method allowed the authors
mpdnnnmmmqﬁmcfir@:m]hgmﬁhﬂ!,
mation methnds to sohve Biomaterial problems. Furthermore,
mhﬁ:dnﬂaﬁmuma]ml:mﬂerﬁtgﬂumpeo&'
mechanical influences in bone structure toward the collagen
fibril unit, where the rde of mineral in strengthening bone has
been further supported ™+

5. IN REAL TIME

In Situ Mineralization. The charcterimtion of established
mhﬂ:ﬂmhﬁmnhim@,ﬂm
is 2 scientific desire to visualize the formation of tisswes, or their
minerd components in redtime, hydated envirenments
Biomineral growth is wellknown to be templated by proteins

ltd.acnlhg:ylfgdmﬂaguwrmmmvﬂ:g
biomineral systems, H.HL:]I:I a&-‘bum-e, periodontal tisswes
and invertebrate "% Comventiond chservations of

hmtﬂdcﬁnndtmcp-nmh,uﬂtrcqngﬂnﬁ]]rnrhydﬂnn]
processes. Much progress has been made in understanding the
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Figure 6. Realtime in sitn biomineralization E;l:lllqud.[hnusmmtg-mnupshwlhe‘ ation of

in the presence of APT, anacre C-RING pr [B) Inverted atm

I branching in CaC0,

SEM allowed for cheervation of growsh of Cal0), with teanguolar habit in
&Mudmm&mﬂummm [C:Ihmphm.ifam

formed in Boquid phase TEM with inset &ffncson

patiern confirming their amorphoos stroctore Reprodoced with permission fiom ref 118, 119, and 127, Copyright 3013 Elsevier, 3015 Natre

P:I:Htl;l}mp,md!l]!.ﬁﬁm' dation for the Ad

t of S

role of collgen, noncollagenous proteins, and pohraspartic acd
in the mineral ation of collagen, in this way, presented in detail
in other reviews and recent words. "'

However, the dynamic proceses of aystal growth ae of
interest to further understand the mechanisms behind
biominemlization. Considerable progress has been made
mﬂmﬂquﬂummwn{rﬂdm;
such a5 calcium carbonate for example, by an approach called
liquid phase or in situ transmision electron micr e
T}i:ap]nmd\rd!:mﬂumed'aqmm]mﬂimhﬂdu
that encapsulates hiquid between elsctron-tansparent silicon
nitride or graphene membranes, enabling bquid to be sakely

'mﬂmﬂtmnd"aml“&lml apmoaches to
hiquid cell TEM for the inv of biominerds are
available, inchuding the simple encapsulation of hiquid in static
conditions, to the fiow of liquid via an inlet and oulet,™ or
even miring of different fvids within the TEM field of view.™*
This ap]nmd\ allows the pealtime observation of mineral
systems or molecules on their growth mechanism. O ptimiza-
tion of experimental Wmﬂu:tui:‘npam!runhﬁnm,:m]]
as the elucdation and elimination of electron beam-
interactions, and the development of approaches for
acquiring and procesing data remain key challenges. ™"

mqﬂm:mﬂurnhnfwudm?mcddmvﬂ
has been 2 central theme for real-time in situ olsenations of
biominemlzation, 2 varicty of which are highlighted in Figure &.
In these examples, the roe of proteins or crganic molecules on
minerlization delay and resulting mineral amembly were
investigated. Using 2 hguid flow TEM cell the nace-bke
caldium carbonate system was investigated o show that the
intraoystallne C-RING protein AP7 debys the onset of
]:uu'l:idu."r 'Dﬂwmgm'ﬁ:mdmﬂu such as ]:-u-]'fl:an'r]t acid)
(PAA) and poly(styrenesulionate-comalsic acid) (PSS-MA)
have been shown to similudy contribute to the fbomation of 2
transient mineral phase , and ultimately morphologial changes in
mineral formation of Ca(0; as oblwerved wnder atmospheric
conditions in 2 unigue inverted SEM instrument”™ Pohy
styrenesubonate (P55) has also been shown to inhibit the
nudeation of a tansition phase of unm])}m:i caldum
ﬂ:rl:-m'ute d:.m:ng i s:ﬂu TEM nlnmhcm:. "% These
andmnﬂmﬂﬂ&mnghmmnﬂahzﬂ:mmﬂmm\]yuuhhd
by the encapsultated biquid cells or novel SEM assembly.

Moving toward more bonelike minerals systems, we have
demonstrated the precipitation of hydroxyapatite-like calcium
phosphates in static liquid =0 TEM conditions'™ This may

3£

65

provide insights into the morphdogical and crystal transifions
interacting with its counterpart collgen through the real-time
mineralzation of collgen fibrls in solutio i of key interest to
the wmderstanding of bone mineralization in healthy and
pathological states In addition, elucidating and reducing the
role of the electron beam on the formation of biomineralined
structures is highly relevant, a5 bone minerl @ntent hos been
:}umbbem}yabﬂadlrr repeated or high energy exposure
to dlectron beams "™

Of course the experiments cxried out in hquid cell TEM
systems represent n'mp]iﬁd in vitro models for in vivo
mineralization. The other approach to mimicking an in vive
environment and minemlimtion is with relevant cell culture
systems, which will not be discmsed here, but is well-covered in
recent works and other reviews ™

Clinical Evaluation of Ossecintegration. Visualization of
the mechanisms of bone growth and attachment in real-time on
the nanoscale level, & described ahove, are smply not pomible
hcﬁ'ﬁﬂ]minmumd:k.hﬂﬂe:m,wmdt:w
measTes nd"maduu‘nn.] implant :tahﬂ!t“ﬁremp]: using
tp.mmmtuhﬂmnﬂ td‘mtp:s, amd lower resclution

nondestructive , such a nd:ngagiw,"“
u:m:l]nztﬂl tom (CT), and magnetic resonanoe
imaging (MRI)." Similar to high-resolution  lab-based

imaging, dmn]:m:gng]\a u:_p-u:u'bnedaﬂuﬁm emphasiz
from two-dim ] to three-di ] imaging modalities,
where technological advances in cone beam computed
tomography (CBCT ) are opening up 2 new realm of imaging
beam dose compared to conventional CT. However, review
studies report inconsistendes in radistion dose vahees,™* and
recommendations advise its sparing use, predominantly for
:ug;iﬂ]])hmting,uﬂ not as an evalwtion tool '™ Methods for
amessng bone quality, independent of bone implants, ane
similardy varied between noninvesive imaging techniques and
ouu'n])]:m::rrtary ex vivo studies, which are wel-detailed

elsewhere"*

6. COMCLUSIONS

Techmological advancements across the fields of jon, electron,
Xeray, and atom probe microscopies are resulting in an increase
in the use of multiscale and multidim ensional analyses for the
investigation of bone interphases and biomaterials interfaces. A
dear interest in moving towand multidimensional i

that captwre not only thresdimensional but alse relevant
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chemical signatures is now emerging. Progress toward capturing
red-fime mmu:]:mnm events :.l:mg: in sitn hguid
paving the way for further mechanistic olwenations in vitro.
With continwous developments in the imaging and character-
ization bndscape, we expect our view of biominerlized timues,
such as bone, and the complexity of their interphases, induding
those to biomateriaks, to continue i evole
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9. Chapter 9: Appendix |1

9.1 Human tissue preparation

9.1.1 Mineralized tissue

The full 5 mm thick section of bone was used for the mineralized bone sample. It was placed
through the same dehydration, embedding and polishing procedures outlined below for

demineralized tissue.

9.1.2 Demineralization procedure

Prior to demineralization, the 2 mm thick section of bone tissue was hand polished with 400,
800, 1200, and 2400 grit emery paper, and a 50 nm diamond suspension on a polishing cloth
(Buehler, Illinois, US) to a thickness of approximately 200 um, to ensure successful
demineralization. The bone tissue was immersed in a demineralization solution of 5%
ethylenediaminetetraacetic acid (EDTA) (Sigma Aldrich, Missouri, US), 2%
paraformaldehyde (PFA) (Sigma Aldrich, Missouri, US) in cacodylate buffer, pH 7, and placed
on a rocking table, until the bone became transparent. The demineralized bone tissue was then
washed using Milli-Q water for 4 hours in duplicate, followed by a 12-hour water rinse to
remove the residual EDTA. Demineralization of bone tissue allows for the removal of Ca/P
crystals, and thus preserves the cellular network and collagen fibrils as the only components of

the tissue.

9.1.3 Alcian blue staining and OTOTO staining

The demineralized bone was immersed in a saturated aqueous Alcian blue solution in a vial.
The solution within the vial was then heated to 40°C using a hot plate for 10 minutes. The
temperature was measured using a temperature probe. The vial was then left to cool to room
temperature. This heating and cooling cycle was repeated 10 times to ensure the stain diffused
into the sample. After staining, the tissue became dark blue in colour due to the stain

infiltration.
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The demineralized bone was immersed in a 1% OsOas solution in Milli-Q water for 1 hour to
provide Z-contrast during staining. The sample was subsequently washed with Milli-Q water
for 2 minutes, 5 times successively to ensure any unbound OsO4 was removed (the first ‘O’
step in OTOTO staining). A saturated solution of 0.5% thiocarbohydrazide was prepared in
Milli-Q water and filtered with a 0.25um-Millipore filter equipped with a syringe. The
demineralized bone sample was then immersed in this solution for 15 minutes and then washed
with Milli-Q water for 2 minutes, 5 times successively (the first ‘T’ step). The sample was then
immersed in the 1% OsOa solution in Milli-Q water for 15 minutes and then washed with Milli-
Q water for 2 minutes, 5 times successively (the second ‘O’ step). These last two steps, the
second O and first T staining were completed in a similar progression. The sample was then
rinsed in Milli-Q water again. The final samples were no longer transparent but remained dark

blue in colour due to the stain infiltration.

9.2 Dehydration and embedding

The demineralized sample was slowly dehydrated in a graded series of ethanol from 70% to
100% mixtures for 15 minutes each, followed by a 30-minute dehydration in 100% ethanol.
The samples were immersed in 100% propylene oxide (Sigma Aldrich, Missouri, US). Due to
the larger size of the mineralized sample, it was dehydrated the same series of ethanol for 24
hours at each concertation. The samples were placed in a mixture of Embed 812 resin
(Thermoscientific, Massachusetts) at a 4:1 volume ratio for 12 hours and placed in a rotary
mixer. The volume ratio was then decreased by one part (3:1, 2:1, and 1:1) for each successive
infiltration, until the sample was in 100% Embed 812 for 12 hours. The sample was then placed
into a small plastic mold in 100% Embed 812 and placed under vacuum using a vacuum oven
set to room temperature for 12 hours. Once all bubbles were removed from the sample the

sample was cured at 60°C for 48 hours.

9.3 Polishing

Both the top face and adjacent side of the samples were hand polished so that the bone was
exposed from the embedding resin and a 90° angle was maintained between the two surfaces.
The surfaces were hand polished using 1200 and 2400 grit emery paper, and a 50 nm diamond

suspension on a polishing cloth (Buehler, Illinois, US). Only the two smallest grit sized emery
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papers were used to ensure the sample was not completely polished away, and polish quality
was checked frequently using a stereomicroscope (Lecia Microsystems, Ontario, Canada). In
addition, it is important that the ROI is at the edge of the sample during PFIB milling. A high
magnification stereomicroscope (Lecia, Ontario, Canada) was used to ensure the bone sample

was at the edge of the resin during preparation.
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