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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 μm) 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 (μ-CT)  can image larger volumes (50 m3)  at a lower resolution, 

making the intricacies of the cellular network, mineral layers, and collagen components 
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unresolvable simultaneously [10]. Meanwhile, more advanced techniques such as electron 

tomography with TEM yield small volumes (1m3) 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; Ca10(PO4,CO3)6(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 I 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 
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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 
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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.    

 
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 I 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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2.2.1 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].  

 

 

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 
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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.   

 

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 
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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 m3, 

which is not large enough to fully understand the collagen network orientation with respect to 

the osteocyte lacunae network.  

 

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 um3 (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.  

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 
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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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Ga beams  [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 μm x 2 μm and approximately 2 μm in 

thickness were deposited using the GIS onto the interface of the two adjacent osteonal layers 

beside the 8th 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 ROI 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.  
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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 
One 

Characterization 
Technique Two 

Characterization 
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 
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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 

µm x 3 µm 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 II 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 ROI 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 μm 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. 
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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 

voltage 

(kV) 

Deposition 

beam 

current 

(nA) 

Demineralized Bone 

Exp. 1 Pure C Pure W Pure Pt 50% C to 

100% Pt 

80% C to 

100% Pt 

12 7.5 

Exp. 2 Pure C Pure W Pure Pt  

 

 12 1 

Mineralized Bone 

Exp. 3  Pure C Pure Pt 80% C to 

100% Pt 

90% C to 

100% Pt 

 12  65  

 

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 10 x 20 x 5 μm 10 x 20 x 5 μm 20 x 40 x 5 μm 

Ion milling trench conditions 1.5 µA, 30 keV 1 µA, 30 keV 1.5 µA, 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 

Ion milling serial section 

conditions 

4 nA, 12 keV 4 nA, 12 keV 2.5 µA and 30 kV 

Acquisition software  Slice and ViewTM Slice and ViewTM 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 ViewTM (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 μm x 47 μm x 5 μm 150 μm x 200 μm x 5 μm 

Capping layer material Pt C 

Ion milling trench conditions 1 µA, 30 keV 1.5 µA, 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 

Ion milling serial section conditions 4 nA, 30 keV 2.5 nA, 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 7th and 8th 

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 m x 7 m 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).  

 

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 regions 

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 30th and (D) the 31st 

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 

ViewTM (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.  



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

33 

 

 

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 μm x 40.95 μm x 9 μm, which is approximately 22,000  μm3.  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 7th and 8th 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. Ion 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 sp2 and sp3 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. µ-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 μ-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 
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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 I 

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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9.  Chapter 9: Appendix II 

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 µm, 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% OsO4 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 0.25µm-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% OsO4 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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