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Lay abstract 

Bone is a hierarchical material, meaning that smaller components are progressively organized into 

larger structures. This multi-level architecture is hard to visualize because different techniques are 

required to obtain information at different length scales. However, as the proverb says, “seeing is 

believing”, and our understanding of things is often better accomplished by looking at images. This 

thesis applies a characterization approach more typical of materials science to study the structure, 

composition, and repair of bone across multiple length scales. This characterization approach is 

multimodal because it uses different techniques, and multiscale because it targets different length 

scales in bone. In particular, this thesis focuses on bone in compromised conditions, namely 

osteoporosis, diabetes, and medication-related osteonecrosis, to understand the impact of disease-

induced changes in bone properties. It also examines how bone organizes itself at a fundamental level, 

which is a critical aspect to understand since bone is built from the bottom-up. 
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Abstract 

Seeing is believing. Our understanding of phenomena often involves their direct observation. However, 

bone architecture is challenging to visualize given its multi-level hierarchical organization. In this 

thesis, bone and bone interfaces are characterized via multimodal and multiscale platforms, combining 

different techniques across several length scales. Imaging techniques across the micro-nano 

continuum are complemented by spectroscopy methods to explore, respectively, the structure and 

composition of bone and bone interfaces, using both light and electron probes. By applying a 

characterization methodology more typical of materials science, this thesis aims to unveil structural 

and compositional abnormalities of bone induced by disease [Papers I-II], and bone response to 

functionalized biomaterials in compromised conditions [Papers III-IV]. Additionally, it expands three-

dimensional (3D) characterization opportunities at the nanoscale in both native and peri-implant bone 

[Papers V-VI]. 

This characterization approach uncovered changes in bone quality (structure and/or composition) in 

the compromised conditions under investigation in this thesis, i.e., leptin receptor (LepR) deficiency 

and medication-related osteonecrosis of the jaw (MRONJ) [Papers I-II]. In a preclinical model of 

LepR deficiency for type 2 diabetes/obesity, multimodal characterization of bone at the microscale 

showed structural abnormalities indicative of delayed skeletal development, despite unaffected bone 

matrix composition [Paper I]. A combination of multiscale imaging and spectroscopy techniques 

spanning the micro-to-nanoscale enabled a detailed study of the interface between necrotic bone and 

bacteria in a case of MRONJ, shedding light on possible mechanisms of bone degradation. When 

applied to bone-biomaterial interfaces, the application of a multimodal and multiscale characterization 

workflow informed perspectives on bone response to novel biomaterial solutions aimed to promote 

osseointegration in osteoporotic conditions via local drug delivery of phytoestrogens [Paper III] or 

anabolic agents [Paper IV]. This highlighted the importance of studying peri-implant bone at the 

mesoscale [Paper III] and of confirming biomaterial behaviour in vivo in the presence of surface 

functionalization [Paper IV]. Lastly, this thesis emphasized the importance of 3D imaging at the 

nanoscale with electron tomography to resolve bone ultrastructure at biomaterial interfaces [Paper V] 

and in native conditions [Paper VI]. Specifically, in Paper VI, artifact-free on-axis electron tomography 

resolved some long-debated aspects regarding the organization of mineralized collagen fibrils, the 

fundamental building block units of bone. 

Keywords: bone; osseointegration; characterization; mineralization; ultrastructure; diabetes; osteoporosis; MRONJ; 

surface functionalization; local drug delivery; titanium; bioactive glass; imaging; spectroscopy; microscale; nanoscale; 

micro-computed X-ray tomography; micro-Raman spectroscopy; scanning electron microscopy; transmission electron 

microscopy; PFIB-SEM tomography; electron tomography.  
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Introduction 

This chapter introduces relevant background information to the studies in this thesis. 

In the first section, the multiscale, hierarchical structure of bone is described, with a focus on the main 

components (collagen fibrils and mineral) and on the mineralized collagen fibril. Concepts related to 

how bones form, model, and remodel are also reviewed. Bone repair and regeneration following 

biomaterial implantation, i.e., osseointegration, are explained especially in relation to the two 

biomaterials examined in this thesis, i.e., titanium and bioactive glass [Papers III-V]. Some notions on 

surface functionalization for local drug delivery are also provided, given its relevance to this thesis 

[Papers III-IV]. 

In the second section, an introduction to bone density (quantity) and quality is provided, followed by 

their contextualization in the two diseased conditions relevant to this thesis, i.e., diabetes mellitus and 

osteoporosis. An overview of the main therapies used in osteoporosis is given, together with some 

reported side effects, specifically osteonecrosis of the jaw, as these aspects are relevant to Papers II-

IV. 

In the third and last section, technical information and example applications of the main techniques 

used in this thesis to characterize bone and bone interfaces are reviewed. 
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BONE 

Bones in the skeletal system of vertebrates play paramount functions in the body, from protecting 

internal organs, to working in concert with muscles and other connective tissues to allow the body to 

move; from storing minerals like calcium and phosphorus, to releasing them when needed1. To fulfill 

the requirements set by evolution, bones need to be lightweight, capable to adapt to the external 

stimuli and self-repair, and at the same time tough and strong2. It is this unique combination of 

strength (i.e., resistance to non-recoverable deformation) and toughness (i.e., resistance to fracture), 

which is hard to achieve in material design, that has prompted research to unveil structural-functional 

relationships in bone to learn from nature to inspire biomimetic design3. In a sense, nature has 

“engineered” bones with an exquisite architecture to serve specific structural demands, in addition to 

key biological functions. 

Bone matrix is composed of organic (24 wt%) and inorganic elements (70 wt%), together with water 

(6 wt%)4. The organic phase mostly comprises type I collagen (85-90%), in addition to a small fraction 

of non-collagenous proteins5. The inorganic phase is a calcium phosphate mineral similar to 

hydroxyapatite [Ca10(PO4)6(OH)2], substituted with carbonate [CO3
2-] (up to 6 wt%) and other 

elements (e.g., magnesium and sodium)6. It is the hierarchical organization of the organic and inorganic 

components across multiple length scales that imparts strength and toughness to the bone matrix7–9. 

Specifically, collagen and mineral contribute to elasticity and stiffness, respectively10. Water also plays 

a role, increasing the deformability of collagen5 and affecting the viscoelastic behaviour of bone11. The 

interplay between collagen and mineral makes bone a composite material, which has the “mineralized 

collagen fibril” as its building block unit at the nanoscale9,12. The term “bone” may actually be used in 

reference to a family of materials (more precisely, biogenic minerals) sharing the mineralized collagen 

fibril as their structural nanoscopic module7. Other than bone tissue in the vertebrate skeleton, other 

members of the bone family are dentin, cementum, and mineralized tendons. In this thesis, the term 

“bone” is used to indicate skeletal bone tissue, mostly in reference to bone matrix only. 

Bone hierarchical structure 

As mentioned above, the mineralized collagen fibril is just the building block for a highly complex 

hierarchical structure, as shown in Figure 1. At the molecular level, three polypeptide chains of type I 

collagen (two α1 chains and one α2 chain) are twisted in a right-handed triple helix, forming 

tropocollagen molecules that are 1.5 nm in diameter and 300 nm in length13. Tropocollagen molecules 

self-arrange in a quarter-staggered fashion creating a 67 nm-periodicity of alternating gap (40 nm) and 

overlap regions (27 nm)14. Such an assembly, 80-100 nm in diameter but with unspecified length, is 

commonly referred to as the “collagen fibril”9,15. 

Collagen fibrils are mineralized into what becomes the “mineralized collagen fibril”. The exact spatial 

relationship between mineral and collagen in the mineralized collagen fibrils has been debated over 

the years, leading to different ultrastructural models being proposed. Overall, it is now accepted that 

mineralization occurs both inside an individual fibril, mainly in the gap regions (intra-fibrillar 

mineralization)16, and on the fibril’s outer surface, hence in between neighbouring fibrils (extra- or 

inter-fibrillar mineralization)17. However, while early investigators suggested that most of the mineral 
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is located within the gap zones, eventually extending into the overlap regions16,18, others have indicated 

that mineral is mainly extra-fibrillar19,20, and it is organized in stacks of plates called “mineral lamellae”, 

which wrap around the fibrils21. More recently, the mineral phase has been shown to exceed the 

dimensions of a single fibril, spanning several fibrils instead (cross-fibrillar mineralization)22,23. 

However, none of the different models for the spatial organization of collagen fibrils and mineral 

crystals proposed to date has been fully adopted by the entire bone research community. This is 

studied in this thesis in Paper VI. 

Mineral crystals are aligned with their longest dimension, i.e., the c-axis of the unit cell, to the long axis 

of the collagen fibrils24,25. The crystals are typically described as plate-shaped, 50 nm in length26, 25 nm 

in width26, and 2-4 nm in thickness27, but varying dimensions and morphologies, specifically 

needles/rods instead of plates23,28–30, have also been reported6. Mineral plates aggregate into larger 

assemblies, becoming themselves a hierarchical structure23. At the mesoscale, i.e., at a level connecting 

the nano- and microscale, mineral aggregates have the geometrical shape of ellipsoids22,31,32. Mineral 

ellipsoids have been only recently identified, but they appear to be ubiquitously found in native bone 

and at bone interfaces in different species and anatomical locations, as reviewed by the author of this 

thesis (see reference 33). 

At the next levels in bone’s multiscale architecture, mineralized collagen fibrils are assembled in 

bundles, which in turn are organized in arrays whose pattern varies based on the type of bone, i.e., 

lamellar vs. woven vs. parallel fibered9. In lamellar bone, which is the dominant type in the skeleton of 

humans and other mammals8, fibril bundles 1-3 µm in size34 are organized in 2-6 µm thick sheets called 

“lamellae”5. In addition to lamellae in circumferential lamellar bone, two structural motifs can be 

identified in lamellar bone, i.e., trabeculae and osteons. Lamellae are organized in packets with slightly 

different orientations in the trabeculae, while they form concentric layers around blood vessels in the 

osteons9. In particular, secondary osteons, which form as a result of bone remodeling, are also 

sometimes referred to as the “Haversian system”, as the lamellae encircle the Haversian canal, which 

hosts blood vessels and nerves5. Osteonal lamellar bone is commonly described as a twisted/rotated 

plywood structure, where arrays of mineralized collagen fibrils are oriented at different angles in 

different (sub)lamellae35,36. However, other models have also been proposed37. 

Lastly, at the whole bone level, i.e., macroscopically, compact and trabecular bone can be 

distinguished. Compact bone is the outer, dense shell that encloses a porous, sponge-like interior, i.e., 

trabecular bone. 
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Figure 1. Schematic representation of bone hierarchical structure, starting from the two main components, i.e., collagen 

fibrils (A) and mineral (B). In A, arrays of tropocollagen molecules (1) are staggered to form a collagen fibril, 

characterized by alternating gap (dark-coloured) and overlap (light-coloured) regions with 67 nm periodicity. In B, 

mineral platelets (3) assemble in ellipsoidal-shaped structures (4). At the mineralized collagen fibril level (C), the 

collagen-mineral spatial relationship has been proposed to be mostly intra- (5), extra- (6), or cross-fibrillar (7). At the 

next levels (D), shown in detail for osteonal bone, arrays of fibrils (8) assemble in lamellae (9), which in turn are 

organized in a twisted/rotated plywood fashion in the osteons (10). At the whole bone level, cortical (11) and trabecular 

(12) bone can be distinguished. [Images numbered 4 to 7 are reproduced with permission from references 31, 38 (original 

from 18), 39, and 23, respectively. Images numbered 1-2 and 11-12 are created with icons from BioRender.com]. 

Bone formation, modeling, and remodeling 

Bones are primarily formed by either endochondral or intramembranous ossification40–42. 

Endochondral ossification proceeds through a cartilage template. As this cartilage matrix grows, it 

progressively calcifies and is replaced by bone tissue1. In intramembranous ossification, bone tissue is 

laid down directly (de novo) without the intervention of the cartilage precursor40–42. This ossification 

route is followed by several bones in the skull40. In general, bones grow by apposition of new tissue at 

the outer surface (periosteum). Long bones formed by endochondral ossification also grow 

longitudinally at the growth (epiphyseal) plate, which is the cartilage layer separating epiphysis and 

diaphysis until growth is complete in adulthood1. The counterpart of the growth plate in cranial bones 

formed by intramembranous ossification is represented by cranial sutures. Sutures act as centres of 

intramembranous bone growth, with new bone being deposited at their edge in response to signals 

from the expanding cranium43. 

During skeletal development, the size and shape of bones are adjusted through the process of “bone 

modeling”, where bone is formed or removed by two distinct types of bone cells, i.e., osteoblasts (the 

bone-forming cells) and osteoclasts (the bone-resorbing cells)40. Bone formation and resorption during 

modeling occur independently from each other and are mostly initiated in response to stimuli of a 
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mechanical nature, ensuring that the overall structure is adapted to the mechanical function5,40. This 

adaptation is exemplified by the fact that both osteons in cortical bone and trabeculae in trabecular 

bone are oriented along the direction of the principal stresses1,5. In the well-known law bearing his 

name, Wolff observed that the pattern of the trabeculae in the proximal femur is analogous to that of 

the stress trajectories in the Culmann crane44. Analogously, in long bones, osteons are parallel to the 

long axis of the bone1. 

Osteoblasts and osteoclasts work instead in a coupled manner in the process of “bone remodeling”, 

which is at the basis of bone’s dynamic nature. Every year, about 4% and 20% of cortical and 

trabecular bone, respectively, are replaced to remove microdamaged and old tissue, as well as to 

maintain bone mass and regulate mineral homeostasis1. A remodeling cycle is composed of five phases: 

i) activation, where osteoclasts are recruited at the remodeling site; ii) resorption, where bone is 

removed by the osteoclasts; iii) reversal, where the transition from resorption to formation occurs; iv) 

formation, where new bone is deposited by the osteoblasts, first in the form of an organic matrix, the 

osteoid, which later becomes mineralized; v) quiescence (resting), where formation stops and bone 

lining cells cover the quiescent bone surface40. 

Osteocytes and lacuno-canalicular network 

Increasing evidence points towards the osteocytes, i.e., the resident bone cells, as having a role as 

orchestrators of bone remodeling45. Osteocytes are the most abundant type of bone cells, constituting 

over 90% of bone cells in the mature human skeleton45,46 for an estimated total of 42 billion47. 

Osteocytes differentiate from osteoblasts as these become buried in their own mineralizing matrix48. 

Each osteocyte resides inside within a lens-shaped space called “lacuna” and connects with 

neighbouring osteocytes through its cell processes, which are housed in narrow channels, the 

“canaliculi”5. In osteonal lamellar bone, lacunae are primarily disposed in concentric layers around the 

Haversian canal, while canaliculi run in the orthogonal direction, i.e., perpendicular to the Haversian 

canal49. The extensive network of lacunae and canaliculi within the hierarchically structured bone 

matrix constitutes the so-called “lacuno-canalicular network” (LCN), which is key to the sensing and 

transmission of mechanical loads45,50. Specifically, osteocytes act as mechanotransducers, i.e., they 

sense mechanical strains to then coordinate the response of osteoblasts and osteoclasts51. Hence, 

osteocytes play an important part in regulating bone metabolism and bone quality48,50, not just in native 

bone, but also in bone forming at the interface with biomaterials52.  

Bone repair: biomaterials and osseointegration 

Bone tissue is a “smart material” capable of self-repair. Fracture healing and bone repair follow similar 

steps as embryonic skeletal development, specifically endochondral ossification, where bone 

formation is preceded by a cartilage matrix53. However, to augment or restore lost functions when 

self-repair is not enough, for example in the case of large and complex defects or compromised healing 

conditions, biomaterials are often needed. In addition to common biomaterial requirements such as 

biocompatibility, bone-interfacing biomaterials, such as hearing implants and endosseous dental 

implants, are selected also based on their ability to osseointegrate. The term “osseointegration” refers 

to “a direct – on light microscopic level – contact between living bone and implant”54, although it is 



Ph.D. Thesis - C. Micheletti; McMaster University - Materials Science and Engineering 

6 

now clear that this contact occurs at the (sub)nanoscale, at a level beyond what light microscopy can 

resolve55–57. Various ultrastructural arrangements of the bone-implant interface have been proposed 

over the years, but current interpretations emphasize the role of mineralized collagen fibrils as the 

building blocks of the interface, similarly to native bone56. Interestingly, peri-implant bone initially laid 

down as woven bone is remodeled to closely mimic its native status. The bone-implant interface is 

thus hierarchical in nature, with intermixing between implant surface elements and bone at the atomic 

level, and mineralized collagen fibrils oriented parallel to the implant surface at the nanoscale52,58,59. At 

the microscale, osteocytes connect through their processes to the implant surface, establishing a 

mechanosensing-based communication pathway with the implant itself60. 

The ultimate goal of osseointegration is to close the gap between the implant and native bone with 

new bone. New bone formation occurs over two fronts: one directed from native bone towards the 

implant (distance osteogenesis), and the other directed from the implant itself towards native bone 

(contact osteogenesis), for which it is important that the implant surface displays optimal 

physicochemical properties to promote formation of bone directly on it61. 

An important distinction should be made between degradable and non-degradable implant materials. 

In the case of degradable materials, the bone-implant interface is not in a fixed position in the peri-

implant compartment, but moves as the implant itself degrades56. In this thesis, both non-degradable 

titanium-based implants and degradable bioactive glass particles are used, hence more background 

information on these biomaterials are introduced in the following sub-sections. 

Titanium-based bone implants 

The mechanical properties of titanium, combined with its biocompatibility and corrosion resistance, 

make it a suitable candidate for load-bearing bone implants62. Commercially pure titanium (cp-Ti) and 

the alloy Ti-6Al-4V are extensively employed in dental and orthopedic applications, respectively56. 

Titanium spontaneously passivates in air forming a 5-10 nm-thick layer of titania (TiO2)
63. This surface 

oxide layer effectively renders the implant a “ceramic” material from the viewpoint of the host 

environment, and favours osseointegration thanks to its bioactive nature63. 

The physicochemical properties of the implant surface greatly affect osseointegration outcomes64. 

Implant surface topography is often modified to introduce micro- and/or nanoscale features, which 

are beneficial to osseointegration61,64–67. Common surface modification strategies include acid etching 

to add sub-micron texturing to the implant surface64. Micro-rough surface topography can be directly 

obtained without the need of post-processing by additive manufacturing (AM) via powder bed fusion 

techniques due to residual microparticles from incomplete melting/sintering of feedstock powders68. 

AM also offers highly customizable solutions, including engineered porous implants with precise 

control over pore size, volume, and architecture69,70. Bone ingrowth can occur within the pores, 

increasing the area of bone-implant contact (BIC), in turn improving implant stability and 

osseointegration71,72. 

Bioactive glasses 

Bioactive glasses are a class of silica-based bioceramics usually made of SiO2, Na2O, CaO, and P2O5. 

Specifically, the first developed bioactive glass, 45S5 Bioglass®, has the following composition by 
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weight: 45 wt% SiO2; 24.5 wt% Na2O; 24.5 wt% CaO; and 6 wt% P2O5 
73. This is analogous to 

Biogran® used in this thesis [Papers IV-V], which is a bioactive glass commercialized in the form of 

granules typically 300-360 µm in size. Biogran® granules are used in the clinical practice as fillers to 

augment bone volume, for example to elevate the sinus floor prior to implant installation in edentulous 

patients74. 

Bioactive glasses display high surface reactivity in vivo, making them chemically bond with bone. On 

the biomaterial side, five reactions take place: i) leaching, i.e., release of alkali and alkaline elements via 

ion exchange; ii) dissolution through breaking of –Si–O–Si– bonds; iii) formation of a SiO2-rich gel; 

iv) migration of Ca2+ and PO4
3- to the SiO2-rich surface and formation of a CaP-rich outer layer around 

the Si-rich gel core; v) crystallization of the CaP layer75. On the host side, phagocytosing cells reach 

the Si-rich core through cracks in the CaP-rich outer layer and start resorbing it76. Undifferentiated 

mesenchymal cells also migrate through these cracks and adhere to the CaP surface, which triggers 

their differentiation into osteoblasts, likely due to its bone-like composition76. Osteoblasts then start 

depositing new bone, promoting osseointegration via contact osteogenesis. 

Surface functionalization for local drug delivery 

Not only can the surface of biomaterials be modified to optimize its physical and/or chemical 

properties, but it can also be functionalized to deliver specific molecules and therapeutic agents locally 

at the implant site77. Local drug delivery presents advantages over conventional systemic 

administration in terms of tuning drug concentration and bioavailability at the site of interest, and 

avoiding adverse side effects in unaffected parts of the body. Enhancing bone response in the peri-

implant space by local release of therapeutics can especially be useful when systemic conditions 

compromise bone repair and regeneration78. For example, in a study by Bai et al., a porous titanium 

scaffold fabricated by AM was injected with a hydrogel loaded with a common medication to treat 

osteoporosis, which was released in vivo upon hydrogel degradation, in turn improving 

osseointegration in osteoporotic rabbits79. In this thesis, surface functionalization of two different 

biomaterials (titanium and bioactive glass) for local drug delivery purposes is explored to promote 

osseointegration in osteoporotic-like conditions [Papers III-IV]. The specific therapeutic agents used 

in those studies are introduced in the Osteoporosis section (see page 11). 
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BONE QUANTITY AND QUALITY IN DISEASE 

The hierarchical organization of bone and its maintenance through modeling and remodeling are 

essential to the mechanical functioning. Imbalances in bone remodeling, with bone resorption 

prevailing over formation, or vice versa, can lead to sub-optimal bone mass. A parameter routinely 

monitored in the clinical practice is bone mineral density (BMD), which represents the amount of 

bone mass per unit volume (expressed in g/cm3) and is typically measured by dual-energy X-ray 

absorptiometry80. However, BMD is not the sole determinant of bone fragility. In addition to this 

quantity-related metric, the concept of “bone quality” has been developed to encompass “the totality 

of features and characteristics that influence a bone’s ability to resist fracture”81. These features are 

mostly bone material properties related to its structure (e.g., shape, micro-architecture, micro-porosity) 

and composition (e.g., degree of mineralization, properties of bone mineral and/or collagen)82,83. 

The increase in bone fragility that accompanies aging and/or diseases can often be attributed to altered 

bone turnover, affecting bone quantity, and/or to structural and compositional changes deteriorating 

bone quality83,84. Hereinafter, abnormalities in bone quantity and quality will be reviewed in greater 

detail for diabetes mellitus, especially type 2, and osteoporosis, which are relevant to this thesis. 

Diabetes mellitus 

Diabetes mellitus is a “group of metabolic disorders characterized and identified by the presence of 

hyperglycemia in the absence of treatment”85. Chronic hyperglycemia is due to abnormal functioning 

of pancreatic β-cells, which are responsible for secreting insulin, the hormone controlling blood 

glucose levels. According to the World Health Organization, 422 million people were affected by 

diabetes mellitus in 201486. The vast majority (90-95%) of cases are of type 2 diabetes mellitus (T2DM), 

characterized by insulin resistance85. Other common forms of diabetes include type 1 diabetes, which 

is an autoimmune disease leading to β-cell destruction and insulin deficiency, and gestational 

diabetes85. 

The number of people with diabetes has been rising over the past three decades. In particular, T2DM 

is now considered epidemic, as sedentary lifestyles have contributed to an increasing prevalence of 

obesity, which is a significant risk factor for T2DM87. T2DM often co-exists not only with obesity, 

but also with other metabolic disturbances, creating a cluster of conditions labelled as “metabolic 

syndrome” (MetS), which increases the susceptibility to cardiovascular disease88. 

The metabolic changes caused by diabetes and/or obesity affect many organs and tissues, including 

bone. Individuals with T2DM are at greater risk of bone fractures, yet they often display a normal or 

even higher BMD compared to healthy individuals89. While this apparent contradiction could be in 

part attributed to collateral effects such as a greater likelihood of falls90, the overall reduction in bone 

strength can be explained by changes in bone material properties, i.e., bone quality84,91. A positive 

correlation between BMD and body weight, as well as fat and lean mass, is commonly reported92 and 

attributed to skeletal adaptation to mechanical stimuli, with increased loading promoting bone 

formation93. This regulation pathway of bone mass related to mechanical loading has been termed as 

the “mechanostat”94. 
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The accumulation of advanced glycation end-products (AGEs) in hyperglycemia is often indicated as 

one of the main culprits of the increase in skeletal fragility in T2DM91. Cross-linking types of AGEs 

like pentosidine induce non-enzymatic cross-linking of collagen, which causes fibril embrittlement95. 

Together with non-crosslinking types of AGEs, such as carboxymethyl-lysine, the interaction between 

AGE and its receptor induces oxidative stresses and inflammation96, with consequences on 

osteoblastic and osteoclastic activity. 

Hyperglycemia and obesity have been associated with a low rate of bone turnover. One of the possible 

explanations is that adipogenesis is favoured over osteoblastogenesis in obesity due to the preferential 

differentiation of mesenchymal stem cells in adipocytes rather than osteoblasts97. The AGE-AGE 

receptor axis and oxidative stresses play a role in bone formation, with higher levels of AGEs and 

oxidative stresses leading to reduced osteoblast proliferation and differentiation98,99. It remains 

controversial whether and how osteoclastic activity is affected by T2DM. Chronic inflammation in 

obesity appears to increase the production of pro-inflammatory cytokines that stimulate osteoclast-

induced bone resorption through the activation of the osteoprotegerin/RANKL (RANK-

ligand)/RANK (receptor activator of nuclear factor kappa-Β) pathway100. 

Leptin and bone metabolism 

Energy and bone metabolism are interconnected through the action of leptin. Leptin is an adipokine, 

i.e., a cytokine produced by the adipose tissue, responsible for controlling energy storage and 

appetite101. For example, low leptin levels during starvation stimulate appetite. Leptin acts directly on 

bone cells and indirectly on bone metabolism via the hypothalamus and sympathetic nervous 

system102. Inconsistencies in the indirect effects of leptin on bone mass have been reported. In general, 

leptin displays an anabolic action through the peripheral pathway and a catabolic effect through the 

central pathway103, although deviations from this behaviour have also been reported104. 

Given the effect of leptin on bone metabolism, various animal models employed in T2DM research 

have mutations in the gene encoding leptin (Lep) or its receptor (LepR). Abnormal leptin signaling 

results in hyperphagia, hence Lep/LepR-deficient animals become obese, in turn displaying 

hyperglycemia and impaired glucose tolerance analogously to T2DM conditions105. T2DM etiology in 

humans does not typically involve genetic mutations, but some rare cases of humans with Lep/LepR 

mutations, causing severe obesity at an early age, have been reported106–109. A novel monogenic obese 

rodent model, the Lund MetS rat110, is examined in this thesis [Paper I]. 

Osteoporosis 

Osteoporosis, or “porous bone disease”, has been defined as a “systemic skeletal disease characterised 

by low bone mass and microarchitectural deterioration of bone tissue with a consequent increase in 

bone fragility and susceptibility to fracture”111. Osteoporosis is typically associated with aging, although 

it can also develop as “secondary osteoporosis”, for example due to glucocorticoids therapies (steroid-

induced osteoporosis)112. Osteoporosis-related fragility fractures, i.e., fractures occurring at low-to-

moderate levels of trauma, account for around 60% of all bone fractures in individuals above 50 years 

of age113. As the aging population keeps surging across the globe114, the diagnosis, prevention, and 
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treatment of osteoporosis become increasingly important for the quality of life of the senior 

population, as well as the economic burden on the health care system. 

Osteoporosis is characterized by low bone mass. In the diagnosis of osteoporosis, BMD is typically 

expressed as the “T-score” in terms of standard deviation from the mean value in the young healthy 

population. A T-score below -2.5 is indicative of osteoporosis, between -1 and -2.5 determines 

osteopenia, and above -1 is considered normal80. Loss in bone mass in osteoporosis is due to 

imbalanced bone remodeling with bone resorption prevailing over bone formation112. This naturally 

occurs with aging due to the decline in hormone levels, especially estrogen, which affect bone 

metabolism. The effects of aging-related hormone deficiency on bone strength are especially apparent 

in postmenopausal women, and age-adjusted fracture risk is significantly higher in female than male 

individuals113. 

Estrogen is the main hormonal regulator of bone metabolism in both sexes115. Estrogen has direct 

effects on various bone cells, specifically decreasing apoptosis of osteocytes and osteoblasts, and, 

conversely, increasing apoptosis of osteoclasts and decreasing their formation and activity115,116. 

Estrogen appears to modulate strain sensing via the “mechanostat”94, and it is involved in the intestinal 

absorption of calcium and its renal conservation116. Collectively, direct and indirect effects of estrogen 

on bone metabolism make bone resorption outweigh bone formation in contexts of estrogen 

deficiency, such as after menopause116. In male individuals, estrogen bioavailability decreases with 

age117. Additionally, androgen levels affect bone remodeling. This is mostly noted in androgen 

deprivation therapy to treat prostate cancer (chemical/surgical castration), where lower levels of 

androgen lead to an increased rate of bone loss118,119. 

Because of the role of sex hormones in bone metabolism, widespread animal models used in 

osteoporosis research are subjected to gonadectomy surgery, i.e., ovariectomy (OVX) in females and 

orchiectomy (ORX) in males. The OVX rat is especially used to mimic postmenopausal 

osteoporosis120,121. While aged rats represent a more accurate model, mature rats are typically preferred 

due to their lower cost and greater availability121. The male counterpart is the ORX rat, which mimics 

conditions of androgen deprivation122. 

Not only bone density, but also bone quality is affected by osteoporosis. Deterioration in bone 

microarchitecture is especially apparent in the trabecular compartment, with reduction in bone volume 

and trabecular thickness and/or number121. Other changes have been reported in both bone structure 

and composition, e.g., increased cortical porosity, greater mineral crystallinity, and lower mineral 

heterogeneity83,84. 

Given the altered bone metabolism, it is reasonable to postulate that bone healing at a biomaterial 

interface may be compromised in osteoporotic individuals. However, there is no clear consensus on 

the effect of osteoporosis on osseointegration, and osteoporosis is not typically considered a 

contraindication to the installation of bone implants123. On the other hand, it is known that bone 

quantity and quality are key parameters to successful osseointegration124. The systemic alteration in 

bone metabolism, as well as the deteriorated bone structure, could affect primary implant stability and 

early biological fixation, in turn compromising osseointegration125. Slower osseointegration, higher 

failure rates and peri-implant bone loss, and lower values of BIC have been reported for implants 

placed in osteoporotic bone123,125–127. Bone healing and osseointegration in OVX/ORX rat models are 
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studied in this thesis in Papers III-IV, especially to examine the effect of local drug delivery on bone 

repair using some of the therapeutic agents described below. 

Common and emerging therapies 

Therapies to counteract bone loss are administered to both osteoporotic individuals and to those 

deemed at high risk of fracture in order to prevent this from occurring. Commonly used medications 

are anti-resorptive agents, but anabolic therapies are also available. The therapeutic agents to treat 

osteoporosis relevant to this thesis [Papers II-IV] are briefly discussed hereinafter. 

Anti-resorptive medications are the gold standard in the treatment of osteoporosis, acting to suppress 

bone resorption. In this group, bisphosphonates are widely used to treat skeletal disorders, not just 

limited to osteoporosis but also skeletal complications due to metastatic cancer128. With a composition 

similar to that of pyrophosphates, i.e., mineral inhibitors found in the body fluids129, bisphosphonates 

can inhibit mineralization and prevent the breakdown of hydroxyapatite crystals when bound to their 

surface130,131. Bisphosphonates also display toxicity towards osteoclasts, and limit their formation and 

activity128. 

Possible treatment alternatives are based on hormone replacement, specifically of estrogen, as bone 

loss post-menopause is primarily caused by estrogen deficiency112. However, hormone replacement 

therapy may have significant side effects, as an increased incidence of breast cancer has been 

reported132. Lower breast cancer rates have instead been noted for individuals consuming diets rich in 

phytoestrogens found, for example, in isoflavones in soybeans133. Therefore, phytoestrogens could 

offer an alternative treatment for osteoporosis while avoiding harmful side effects. An example of 

isoflavone used in this thesis is genistein [Paper III]. Genistein has shown a positive effect on bone 

mass on postmenopausal individuals treated in a randomized trial134. However, the use of genistein in 

bone applications has mostly been explored via systemic administration and not locally as investigated 

in Paper III. 

Differently from anti-resorptive medications, anabolic agents act by enhancing bone formation in the 

remodeling cycle135. The 1-34 fragment of parathyroid hormone (PTH), teriparatide (PTH 1-34), was 

the first anabolic drug approved for clinical use in osteoporosis. Its intermittent use has anabolic 

effects on bone, for example via promotion of osteoblastogenesis, suppression of sclerostin, and 

hinderance of osteoclast differentiation136. In this thesis, the influence of PTH 1-34 administration on 

osseointegration in osteoporotic-like conditions is studied in the context of local delivery in the peri-

implant space via surface functionalization of bioactive glass [Paper IV]. 

Side effects of bisphosphonates: osteonecrosis of the jaw 

A prolonged or high-dose intake of bisphosphonates has been associated with a greater risk of 

developing medication-related osteonecrosis of the jaw (MRONJ)137–140. According to the American 

Association of Oral and Maxillofacial Surgeons, MRONJ can be diagnosed when necrotic bone in the 

jaw does not heal within eight weeks after intervention in an individual without any metastasis or 

history of radiation therapy in that area140. The pathogenesis of MRONJ is still not fully elucidated due 

to its complexity and multi-factorial nature. Possible causes include the unresponsive status of bone 

where resorption is suppressed, and the impaired healing due to toxicity of bisphosphonates to cells 
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of the soft tissue and immune system141,142. Bacteria are commonly found at the necrotic sites in the 

jaw, but the causal/temporal relationship between infection and necrosis is not fully understood142–144. 

This thesis includes a study on the effect of bacteria on bone matrix properties and degradation in a 

case of MRONJ [Paper II]. 
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MULTISCALE ANALYTICAL TOOLS FOR BONE AND BONE INTERFACES 

Owing to its hierarchical architecture spanning from the macro- to the nanoscale, the structure and 

composition of bone, both native and at biomaterial interfaces, can be examined using a plethora of 

techniques, each addressing specific features of interest at certain levels in its hierarchy. In other words, 

comprehensive characterization of bone and bone interfaces is best done by adopting a multiscale 

approach, correlating information acquired over multiple length scales55,57,145,146. This thesis applies a 

multiscale characterization platform, which is often also multimodal, i.e., different techniques based 

on dissimilar working principles are used, and sometimes multidimensional, combining two- and 

three-dimensional (2D and 3D) data. Hereinafter, a review of the technical details of the main 

characterization tools used in this thesis is provided, together with relevant examples from the 

literature of their application in the study of bone and bone-biomaterial interfaces. The 

characterization techniques described are organized based on the nature of the main information 

provided, i.e., structural or compositional. The typical spatial (lateral) resolution and field of view 

analyzed are graphically represented in reference to bone structure in Figure 2. 
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Figure 2. Graph showing the typical field of view and spatial resolution for the main characterization techniques used 

in this thesis, in relation to relevant features in bone hierarchical structure. In the graph, the following abbreviations are 

used: micro-CT (micro-computed X-ray tomography); Raman (micro-Raman spectroscopy); SEM (scanning electron 

microscopy); PFIB (plasma focused ion beam); S/TEM (scanning/transmission electron microscopy); ET (electron 

tomography); EDX (energy-dispersive X-ray spectroscopy); and EELS(electron energy loss spectroscopy). 2D and 3D 

techniques are shown as rectangles and cuboids, respectively. A dotted pattern is used for the purely spectroscopy technique 

to differentiate it from the imaging techniques used for structural characterization (unless combined with spectroscopy as 

in SEM/STEM-EDX or STEM-EELS). 
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Characterization of bone structure 

Light probes: optical microscopy and micro-CT 

Visible light microscopy 

The most immediate tool to produce magnified images of bone structure is the optical microscope, 

or, more precisely, the visible light microscope. Imaging of bone with light microscopy dates back to 

the 17th century where some structural elements now known as lamellae and osteons were visualized9. 

In the 1960s, Brånemark’s discovery that bone can form a direct contact with titanium was based on 

light microscopy observations, and in fact the term osseointegration was first defined “on light 

microscopic level”54. Light microscopy remains the primary tool used in histology to examine bone 

tissue, including at biomaterial interfaces, both quantitatively and qualitatively. Quantitatively, bone 

histomorphometry provides information on four types of measurements, i.e., area, length (perimeter 

or boundary), distance between points/lines, and number of some features of interest (e.g., cells)147. 

Qualitatively, histological sections provide information on the general morphology and structural 

patterns (e.g., woven vs. lamellar bone), the state of the tissue (e.g., signs of necrosis), and which cells 

are present in it (e.g., bone cells, but also from nearby tissues other than bone), especially when specific 

features can be enhanced by appropriate stains57. 

 

Micro-computed X-ray tomography 

Bone histomorphometry is performed on 2D sections, and inferring 3D information using stereology 

has limitations147. A solution is offered by micro-computed X-ray tomography (micro-CT). Micro-CT 

is based on X-ray absorption imaging, where images, i.e., radiographs, are formed by the X-rays 

transmitted through an object, which are attenuated based on absorption and density differences 

within the object itself and its thickness. In micro-CT experiments, the sample is mounted on a 

rotating stage. The stage is rotated typically over 180°-360°, and a radiograph is acquired at each 

rotation step. These radiographs represent 2D projections of the object at different angular positions 

of the stage148. The projections are reconstructed by specific algorithms (e.g., back-projection) to 

obtain a 3D representation of the object. The term “topography” (tomos, “section”, and graphe, “to 

write”) refers to this specific type of imaging based on 2D slices (projections) that are then combined 

to reproduce the original 3D object55. Some important parameters that determine the quality and 

resolution of the micro-CT reconstruction include the X-ray energy, intensity, and tube potential, the 

voxel size (pixel size in x, y, z), the duration of each projection (integration time), the number of 

repeated acquisitions at each step (frame averaging), and the number of projections collected, which 

is related to the rotation steps149. 

Micro-CT reconstructions provide an accurate 3D representation of the overall geometry and 

microstructure of bone or bone-biomaterial interfaces55,57,146. In addition to qualitative observations, 

various morphometry parameters can be quantified in 3D. These parameters can characterize relevant 

structural properties of cortical bone, such as cortical thickness, cortical bone area, and cortical area 

fraction, as well as properties of the trabecular compartment, such as bone volume fraction, trabecular 

thickness, trabecular separation, and trabecular number149. In micro-CT volumes of a bone sample 



Ph.D. Thesis - C. Micheletti; McMaster University - Materials Science and Engineering 

16 

interfacing with a biomaterial, BIC can be quantified. However, metal implants typically induce 

artifacts in the reconstruction, especially at the bone-implant interface, due to beam hardening and 

scattering150, in turn challenging the reliability of BIC measurements151. While micro-CT primarily 

provides structural information, by using standards of hydroxyapatite of known density, it is possible 

to obtain a liner correlation between grey-levels and density, which can be used to estimate the tissue 

mineral density (TMD) of bone samples acquired with the same settings as the standard149. 

 

Electron probes: SEM, FIB-SEM tomography, S/TEM, and electron tomography 

Resolution in light microscopy is diffraction-limited, as first theorized by Abbe. In electron 

microscopy, thanks to the much smaller wavelength of electrons compared to light, a higher spatial 

(lateral) resolution can be achieved. The interaction between an electron beam and the atoms of a 

sample generates multiple signals that can provide several information, both of structural and 

compositional nature. This section focuses on electron signals used to obtain structural information, 

while signals employed in spectroscopy techniques are reviewed in the Characterization of bone composition 

section (see page 23). Despite focused ion beam-scanning electron microscopy (FIB-SEM) also 

involves the use of an ion beam, as explained below, this technique is included in this section as 

imaging is accomplished by the electron probe. 

 

Scanning electron microscopy 

SEM is based on the rastering of a finely focused electron beam across the surface of a sample placed 

in a high-vacuum chamber (<10-3-10-4 Pa) (Figure 3A). Some instruments can also be operated in 

higher pressure regimes (1-2000 Pa), for example by supplying water vapour. This type of SEM is 

known as low-vacuum or variable pressure SEM, or sometimes environmental SEM in the high 

pressure range, and it is especially useful to image insulating samples without any conductive coatings, 

otherwise necessary to reduce charging152. 

The interaction of the incident electron beam with the sample generates several signals (Figure 3B). 

Two of these signals, secondary electrons (SEs) and backscattered electrons (BSEs), are used to form 

SEM images. SEs are inelastically scattered electrons, corresponding to weakly bound electrons in the 

outer atomic shell that are ejected due to the energy transferred by the incident beam (i.e., the primary 

beam, hence the term “secondary” electron). BSEs are elastically scattered electrons, corresponding 

to the electrons in the incident beam that are deflected “back” out of the sample due to the interaction 

with the atomic electric fields. If BSEs have high enough energy to eject weakly bound outer shell 

electrons, they can also generate SEs when interacting with the atoms of the sample. SEs have low 

energy, hence only those produced close to the sample surface (few nanometers) can escape and reach 

the detector. On the other hand, BSEs come from deeper within the sample, up to hundreds-to-

thousands of nanometers below the surface152. 

The collection of SEs or BSEs by appropriate detectors produces an image of the sample surface. As 

the SEs that escape from the sample are those generated up to few nanometers below its surface, the 

contrast, i.e., the difference in intensity between two adjacent areas153, in SE-SEM images provides 



Ph.D. Thesis - C. Micheletti; McMaster University - Materials Science and Engineering 

17 

information on the surface morphology and topography. By optimizing the acquisition conditions, 

3D-like images with high depth of focus can be obtained. The number of BSEs produced (BSE 

coefficient) increases with the atomic number (Z), thus contrast in BSE-SEM images reflects 

variations in composition, with heavier elements appearing brighter, and, conversely, lighter elements 

appearing darker. This type of contrast is referred to as “Z-contrast” or “compositional contrast”152. 

SEM is widely used to characterize bone structure, especially in BSE mode as this allows for the easy 

identification of regions with dissimilar composition, for example, bone vs. embedding resin or bone 

vs. implant (Figure 3C). Other features like osteons and lamellae, as well as osteocyte lacunae within 

the bone matrix, can also be imaged154. Thanks to Z-contrast, areas with heterogenous levels of 

mineralization can be readily visualized. Specifically, if the grey-levels of BSE-SEM images are 

calibrated using a standard of known Z, it is possible to convert grey-levels into mineral content, 

expressing it as calcium content (wt% Ca). This technique, termed “quantitative backscattered electron 

imaging” (qBEI), can be used to map the BMD distribution. Standards for qBEI are typically made of 

carbon (Z = 6) and aluminum (Z = 13) and their average grey-levels are set to 25 and 225, respectively, 

during image acquisition to ensure a linear correlation between grey-level and calcium content in the 

compositional range relevant to bone155. 

SE-SEM images of bone are mostly useful when surface topography provides valuable information, 

for example in the case of fracture surfaces or when selected tissue components are removed, such as 

to examine marquise-shaped mineral aggregates post-deproteinization156. SE-SEM imaging can also 

be used to visualize the LCN after resin cast etching (Figure 3D), a treatment that removes both the 

inorganic and organic components of bone matrix, while preserving the resin-infiltrated LCN157.  
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Figure 3. Schematic representation of an SEM instrument (A) and signals generated of interest to this thesis with 

relative interaction volumes (B). The use of X-rays is discussed in the “Characterization of bone composition” section on 

page 23. Examples of SEM images in bone research: BSE-SEM image of a bone-implant interface (C) and SE-SEM 

image of an osteocyte lacuna after resin cast etching (D). [A is adapted with permission from reference 154, courtesy of 

Dr. Shah. C and D are reproduced with permission from references 158 and 157, respectively]. 

 

Focused ion beam-scanning electron microscopy tomography 

Although SEM is a powerful tool in bone research, SEM images are 2D and provide information on 

the sample surface only. On the other hand, by collecting a stack of 2D SEM images at successive 

intervals, it is possible to generate a 3D dataset. This is the working principle of FIB-SEM tomography, 

sometimes also referred to as “serial surface view”, “serial slice-and-view”, or “serial sectioning”159. 

This technique requires instruments equipped with two beams, i.e., an electron beam for imaging and 

an ion beam for milling. After milling with the ion beam a thin slice of material, typically in the 10 nm-

range, the exposed cross-section is imaged with the electron beam, and the SE/BSE signal is collected. 

This sequence of milling and imaging is repeated in alternating steps until a stack of 2D SEM images 

is obtained. This stack is then assembled to generate a 3D image of the area examined, i.e., where the 

sequence milling-imaging took place159. Conventional dual-beam instruments are equipped with a Ga+ 

ion column, but other ions can also be used offering different advantages and limitations. For example, 

instruments with a Xe+ ion column, like that used in this thesis [Paper III], also called plasma FIB 

(PFIB), allows for higher removal rates, yielding volumes hundreds of micrometers in size, as opposed 

to tens of micrometers for Ga+ FIB160. 

In bone research, FIB-SEM has been widely used to analyze the hierarchical organization of lamellar 

bone in relation to the arrangement of collagen fibril bundles161,162. Other applications relevant to this 

thesis include the examination of mineral ellipsoids at the mesoscale, accomplished using both PFIB-

SEM31 and conventional Ga+ FIB-SEM instruments22. FIB-SEM has also been used to probe 

nanochannels, i.e., a network of nanopores thought to transport ions and small molecules within 
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bone163,164. In the study of bone-implant interfaces, FIB-SEM tomography was first applied in 2005 to 

visualize bone growing into the pores of a dental implant165. FIB-SEM can be especially valuable to 

evaluate osseointegration in 3D to bridge the length scales probed by micro-CT and electron 

tomography55. 

Dual-beam instruments can be used not just for 3D tomography, but also for site-specific and 

minimally destructive preparation of electron transparent samples of bone and bone-biomaterial 

interfaces for transmission electron microscopy (TEM)166. As this is not a characterization-intended 

application, but a method for advanced sample preparation, it is more fitting to describe its working 

principle and use in this thesis in the Materials and methods chapter (see page 28). 

 

Scanning/transmission electron microscopy 

In TEM, an ultrathin sample (<100-200 nm) is illuminated by a (nearly) parallel electron beam, and, 

conversely from SEM, the signal used to form images is that transmitted through the sample. Various 

signals are generated from the electron beam-sample interaction, which are both back-scattered or 

forward-scattered, i.e., transmitted (Figure 4A). A dominant imaging mode in TEM is bright-field 

(BF), where images are formed by the direct electron beam that is transmitted, undeviated, through 

the sample. In BF-TEM images, the contrast originates from mass/thickness variations and 

diffraction. If only certain scattered electrons are selected, then a dark-field TEM image is obtained. 

Selection of a set of elastically scattered electrons to form dark-field TEM images can be done by 

placing an aperture (the objective aperture) over specific diffraction spots, instead of over the direct 

beam like in BF-TEM. The diffraction spots are visible when operating the TEM in diffraction mode, 

i.e., when imaging the back focal plane of the objective lens (reciprocal space). These diffraction 

patterns provide information on the crystal structure of the sample. Typically, electron diffraction is 

performed by illuminating a specific area in the sample using an aperture to collect diffraction 

information only from that region, hence the term “selected area electron diffraction” (SAED)153. 

Instead of a parallel beam like in traditional TEM, it is also possible to form a convergent electron 

probe. The convergent beam is rastered across the sample, and scattered electrons are collected at 

each point (pixel) on the sample. Due to the scanning nature of the probe, this imaging mode is called 

scanning TEM (STEM). Electrons used for STEM images are typically those incoherently scattered 

at high angles (Rutherford scattering), which are collected using high-angle annular dark-field 

(HAADF) detectors (Figure 4B). HAADF-STEM images are formed by Z-contrast, and the scattering 

intensity is roughly proportional to Z2 167. 

As electrons have smaller wavelength at higher energies, resolution achievable in S/TEM, with typical 

accelerating voltages ranging from 80 to 300 kV, is higher than in SEM. This makes S/TEM a 

powerful tool to image bone and bone interfaces with (sub)nanoscale resolution. BF-TEM has been 

extensively used to study the ultrastructure of bone, i.e., its nanoscale organization, for example to 

visualize the characteristic banding pattern of collagen fibrils and the spatial relationship between 

collagen fibrils and mineral, as well as the orientation of the mineral when combined with electron 

diffraction145. Since the pioneering work of Robinson, TEM has also been employed to study the shape 

and size of bone mineral26. Especially relevant to this thesis [Paper VI] was the use of BF-TEM and 
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HAADF-STEM to reveal distinct organizational motifs in bone sections based on the orientation of 

the collagen fibrils with respect to the image plane, i.e., parallel vs. perpendicular23,168–170, as shown in 

Figure 4C-E. In the context of bone implants, TEM imaging, often completed in HAADF-STEM 

mode, clearly demonstrated that osseointegration with several biomaterials, such as titanium58,65,171 and 

hydroxyapatite172, occurs at the nanoscale, redefining it as “nano-osseointegration”. 

 

 

Figure 4. Schematic representation of the signals generated in S/TEM of interest to this thesis (A), with a focus on 

HAADF-STEM (B). Characteristic HAADF-STEM images of sections of human femoral cortical bone oriented 

parallel (C) and perpendicular (D-E) to the long axis of the femur [reproduced with permission from reference 170]. 

 

Electron tomography 

While S/TEM images can provide structure-related information with nanoscale resolution, they suffer 

from the significant drawback of being 2D projection images of a 3D sample. In other words, all 

features along the sample thickness are projected onto the same plane, hence understanding their 

arrangement in 3D is not possible and can lead to misinterpretations of the spatial relationship 

between different components, for example, collagen fibrils and mineral in bone. Such a limitation 

can be overcome by electron tomography, which is based on the acquisition of S/TEM images at 

successive tilt angles, typically every 1-2°. This series of images, commonly referred to as “tilt series” 

in the field, is then aligned, e.g., by cross-correlation, and reconstructed into a 3D representation of 

the original object thanks to mathematical algorithms, such as simultaneous iterative reconstruction 

technique (SIRT)173,174. 

The quality of the 3D reconstruction is highly influenced by the number of projections, i.e., images 

acquired at different tilt angles. However, in conventional (single-tilt) electron tomography, shadowing 

of the sample holder and reduced size of the instrument chamber limit the tilt range typically to ±70°, 
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producing an unsampled region, called “the missing wedge” due to its shape, where no projections 

can be acquired173,174. Specialized holders allowing for ±90° tilt or even full 360° rotation exist to 

overcome this limitation when used in conjunction with rod-shaped samples. This technique is called 

“on-axis electron tomography” and eliminates missing wedge artifacts in the final reconstruction, 

leading to improved quality and fidelity175 (Figure 5). 

Electron tomography can be carried out in both TEM and STEM mode. An essential requirement is 

that the image intensity at every tilt angle is a monotonic function of a certain property in the sampled 

volume, as stated in the “projection theorem”. It follows that BF-TEM tomography cannot be used 

for crystalline samples, as diffraction contrast violates this theorem. On the other hand, samples 

containing crystalline phases, such as bone, can be successfully imaged using Z-contrast electron 

tomography, based on the acquisition of tilt series in HAADF-STEM mode176. 

In bone research, electron tomography has been a primary tool to probe collagen-mineral relationships 

in 3D and aid the formulation of the main ultrastructural models proposed to date18,23,177. Z-contrast 

electron tomography has also been applied to the study of osseointegration, demonstrating contact 

between bone and titanium at the nanoscale in 3D178. The use of Z-contrast tomography in 

osseointegration research has also encompassed on-axis electron tomography179. Moreover, by 

removing missing wedge artifacts, on-axis electron tomography presents several advantages for further 

elucidating bone ultrastructure at the nanoscale, especially collagen-mineral relationships, as 

demonstrated in this thesis in Paper VI. 
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Figure 5. Tilt range and examples of acquired projection images and final 3D reconstruction of a bone-implant 

interface in conventional (single-tilt) (A) and on-axis electron tomography (B). [Right images are adapted with permission 

from reference 179, courtesy of Dr. Wang]. 

Characterization of bone composition 

Despite BSE-SEM and HAADF-STEM images offering some insights into composition, they cannot determine which 

elements/compounds are present. Therefore, structural characterization should be complemented with spectroscopy 

techniques to determine compositional information in qualitative and/or quantitative terms. In this thesis, three 

spectroscopy techniques are employed, where the signals of interest are produced either using a light probe in the red 

range (micro-Raman spectroscopy) or an electron probe (energy-dispersive X-ray spectroscopy, EDX; and electron energy 

loss spectroscopy, EELS). 

Micro-Raman spectroscopy 

Raman spectroscopy is based on the Raman effect, i.e., the inelastic scattering of photons by matter. 

When photons of a single quantum energy (e.g., from a laser source) interact with the atoms of a 

sample, some photons (~1 in 107) experience a shift in quantum energy with respect to the source due 

to the transfer of part of their energy to molecules in the sample that become excited in vibrational 

states. The shift in energy, i.e., the Raman shift (expressed as frequency/wavenumber in cm-1) can be 

used to identify the molecular compounds in the sample, as the vibrational states are characteristic of 

each molecule. After the laser source has interacted with the sample, backscattered photons are 

collected by a spectrometer where a diffraction grating “splits” them in different components based 

on their energy. The signal intensity of each component is then recorded by a detector180. 

A schematic representation of the standard set-up of an instrument for Raman spectroscopy is given 

in Figure 6A. When a Raman spectrometer is integrated with an optical microscope, e.g., a confocal 

system, the technique is more precisely labelled as “micro-Raman spectroscopy”. Raman spectra can 

be acquired in specific points of interest on the sample surface, but hyperspectral mapping can also 
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be accomplished. This is done by recording a Raman spectrum at constant steps (pixels) over an area 

of interest, and then using a specific spectral parameter (e.g., peak intensity) to map its distribution 

and variation in the examined region. With transparent samples, hyperspectral mapping can be 

extended in the third dimension, i.e., the sample depth, to produce 3D maps180. 

Micro-Raman spectroscopy can provide information regarding bone quality, both in native and peri-

implant bone. The typical Raman spectrum of bone is shown in Figure 6B. Bone matrix composition 

is often expressed in terms of mineral-to-matrix ratio to evaluate the degree of mineralization181. This 

ratio is obtained from integral areas of bands characteristic of the mineral phase, i.e., the phosphate 

peaks, and of the organic phase, e.g., the amide peaks, which are mostly representative of collagen182. 

Another compositional metric is the carbonate-to-phosphate ratio, from which the extent of 

carbonate substitution, typically increasing with age, can be inferred181. Lastly, structure-related 

information can also be obtained, as the full width at half maximum of the phosphate band at 

~959 cm-1 is related to the mineral crystallinity, with higher crystallinity yielding sharper peaks181. 

 

 

Figure 6. Schematic representation of the typical configuration of a Raman spectrometer (A) and typical Raman 

spectrum of bone (B). [A and B are reproduced with permission from references 180 and 181, respectively]. 

 

Energy-dispersive X-ray spectroscopy 

The interaction of an electron beam with the atoms of a sample generates not only electron signals, 

but also X-rays. When the incident electron beam has a high enough energy, above the critical 

ionization energy, it can cause a core electron, i.e., an electron from an inner shell, to be ejected from 

the atom, leaving behind a vacancy. This hole can be filled by an electron from a higher energy shell. 

When this occurs, the excess energy is emitted as a photon, more precisely, an X-ray. These X-rays 

are called “characteristic” because their energy is unique to each element in the periodic table. This 

phenomenon is at the basis of EDX, where characteristic X-rays are detected to determine the 

elemental composition of the sample, also allowing for (semi)quantitative analysis152. EDX analyses 

can be completed in both SEM and TEM instruments if equipped with X-ray detectors. In TEM, 

EDX is carried out in STEM mode to acquire EDX spectra in specific points, across a line, or also 

over an entire region of the sample (spectral imaging)153. 

SEM-EDX can be used in bone research to examine bone matrix mineralization, for example in terms 

of the calcium-to-phosphorus ratio, or to evaluate trends in elemental variation across interfaces154. 

This can be especially applicable to the study of bone-biomaterial interfaces. STEM-EDX can have 
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similar applications, but offers a greater spatial resolution than SEM-EDX as the interaction volume 

is reduced compared to bulk SEM samples153. Some examples include the quantification of intra- and 

extra-fibrillar mineralization in native bone169, or the determination of chemical gradients within the 

interface between bone and metallic or ceramic implants171,172,183. Notably, this thesis includes a novel 

application of STEM-EDX in bone research, i.e., in tomography mode [Paper VI]. 

Electron energy loss spectroscopy 

In S/TEM, some of the incident electrons lose part of their energy due to inelastic scattering and are 

slightly deviated from their trajectory as they traverse the sample. These electrons, together with the 

unscattered ones (direct beam), can be collected by a spectrometer to generate a plot of the signal 

intensity (electron count) as a function of the energy loss. This type of spectroscopy, called EELS, can 

provide different information based on the region of the EELS spectrum considered, i.e., the zero-

loss, corresponding to the unscattered beam, low-loss, or high-loss region. The high-loss spectrum, 

also termed “core-loss”, which is employed in this thesis, corresponds to electrons scattered 

inelastically due to the interaction with tightly bound core electrons of the atoms of the sample. Hence, 

the energy loss in this region represents ionization edges that can be used for elemental fingerprinting. 

EELS is mostly coupled with STEM to acquire spectral images, where each pixel in the image 

corresponds to an EELS spectrum. EELS offers higher energy and spatial resolution than EDX, but 

it has strict requirements in terms of sample thickness as the signal collected is that transmitted 

through the sample153,184. 

The high spatial resolution of EELS has been employed to probe the chemical composition of 

nanoscale features in bone, specifically of low Z-contrast circular spaces that are interpreted as cross-

sectional views of collagen fibrils by some authors, who corroborated their hypothesis using EELS 

mapping of carbon and nitrogen as markers for collagen185,186. In the study of bone-implant interfaces, 

a notable application of EELS involved the acquisition of EELS data in tomography mode, i.e., 

collecting a spectral image together with a HAADF-STEM image at each tilt angle in the tomography 

experiment187. This made it possible to reconstruct the bone-implant interface in four dimensions 

(4D), i.e., combining 3D structural and compositional information, with nanoscale resolution. 
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Aim 

The overarching goal of this thesis is to apply multimodal and multiscale characterization approaches 

typical of materials science to understand abnormalities in the structure, composition, and repair of 

compromised bone, and to advance nanoscale analyses to elucidate bone ultrastructure. 

The specific aims are: 

1. To determine the structure and composition of bones formed by endochondral 

(femur) and intramembranous (calvarium in the parietal region) ossification in the 

Lund MetS rat, a novel animal model for LepR deficiency, obesity, and hyperglycemia 

(T2DM-like) [Paper I]. 

2. To resolve the interface between bone and bacteria from the micro- to the nanoscale 

in MRONJ to inform perspectives on the eventual role played by bacteria in the 

necrosis of the jaw [Paper II]. 

3. To examine the bone-implant interface and the LCN in peri-implant bone for a novel 

AM implant with engineered porosity and genistein functionalization for local drug 

delivery, in particular bridging micro- and nanoscale considerations via development 

of mesoscale analyses [Paper III]. 

4. To evaluate the effect of the local delivery of PTH 1-34, administered via surface-

functionalized bioactive glass, on bone repair and osseointegration in ORX rats [Paper 

IV]. 

5. To demonstrate a micro-to-nanoscale characterization workflow for bone-bioactive 

glass interfaces, including 3D high-resolution imaging with electron tomography to 

resolve and understand the interface and the ultrastructure of bone in its proximity 

[Paper V]. 

6. To shed light on bone ultrastructure, specifically the low-contrast spaces characteristic 

of the lacy pattern and the morphology and organization of the extra-fibrillar mineral, 

using correlative on-axis Z-contrast electron tomography and EDX tomography 

[Paper VI]. 
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Materials and methods 

BONE MODELS AND BIOMATERIALS 

Samples from human [Papers II, VI] and rat bone [Papers I, III-V] were examined in both healthy, 

i.e., without any known bone disease [Papers V-VI, plus control groups in Papers I-II, IV], and 

compromised conditions [Papers I-IV]. Different preclinical rat models were used, as described in the 

following section [Papers I, III-V]. This thesis includes samples from both male and female 

humans/rats, but both sexes were not evaluated in a same study. Bone samples were collected either 

from native tissue [Papers I-II, VI] or from the peri-implant compartment [Papers III-V]. 

Table 1 summarizes the main information on bone samples in terms of species, anatomical location, 

and sex, as well as eventual compromised conditions and biomaterials present. The use of human 

tissues and the animal studies were approved by the following committees: 

• Animal Research Ethics Committee of Gothenburg, Sweden (Dnr. 14790/2019) 

[Paper I]. 

• Regional Ethical Review Board of Gothenburg, Sweden (Dnr. 424-08) [Paper II]. 

• Ethics Committee on the Use of Animals (CEUA) at UNESP, Brazil (approval no. 

00733-2020) [Paper III]. 

• Ethics Committee on the Use of Animals (CEUA) at UNESP, Brazil (approval no. 

00199-2017) [Papers IV-V]. 

• Hamilton Integrated Research Ethics Board (HIREB) at McMaster University, ON, 

Canada (approval no. 12-085-T) [Paper VI]. 

Experimental animal models 

LepR-deficient model 

In Paper I, 20-week-old Lund MetS male rats were studied. Due to a LepR genetic mutation, these 

rats are a monogenic model of obesity with potential applications in T2DM research110,188. While 

LepR+/+ rats are lean and euglycemic, LepR-/- rats display severe obesity and hyperglycemia. Both 

LepR+/+ and LepR-/- animals were considered by analyzing structure and composition of their femurs 

and calvaria in the parietal region. 

Osteoporotic models 

In Paper III, 3-month-old OVX Wistar female rats were used. At 30 days after OVX surgery, the 

animals received Ti-6Al-4V implants in their tibia and were sacrificed 28 days after implant installation. 

In Paper IV, 6-month-old ORX Wistar male rats were used. Non-ORX rats, subjected to sham 

surgery, were also included as healthy controls. At 30 days after ORX/sham surgery, a defect was 
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created in the tibia of the animals and filled with bioactive glass (Biogran®), without and with PTH 1-

34 functionalization, prior to installation of a cp-Ti implant. Animals were sacrificed at 30 days after 

implant installation for electron microscopy experiments, and 60 days after implant installation for all 

the other analyses. One of the rats from the control group in Paper IV was used for the experiments 

completed in Paper V. 

Clinical samples 

In Paper II, necrotic and non-necrotic bone samples were retrieved from the upper and lower jaws of 

a 73-year-old female individual diagnosed with osteoporosis and MRONJ. The sampling procedure 

occurred 1.5 years after the interruption of a 23-year-long oral therapy with bisphosphonates 

(alendronate tablets). 

In Paper VI, cortical bone prepared from the femur of a 68-year-old male individual without any 

known bone diseases was examined. 

Biomaterials 

In Paper III, a Ti-6Al-4V implant with a porous mid-section (45% porosity, 500 µm pore size) was 

manufactured by laser powder bed fusion (L-PBF). The implant surface was acid-etched with sulfuric 

acid (H2SO4) and functionalized with genistein by an electrochemical layer-by-layer method [patent 

application BR 10 2021 019134 1, Instituto Nacional da Propriedade Industrial, Brazil]. 

In Papers IV-V, particles of Biogran®, a commercially available bioactive glass, were used to fill a 

surgical defect in the rat tibia prior to the installation of a cp-Ti (grade IV) implant. In Paper IV, some 

animals received Biogran® previously functionalized with PTH 1-34 by sonochemistry following the 

protocol described by Gomes-Ferreira et al.189. 

Table 1. Information on the bone samples used in this thesis in terms of species, anatomical locations, and sex. 

Implanted biomaterials and the type of compromised condition present are also reported when applicable (otherwise stated 

as not applicable, N/A). 

Paper Species 
Anatomical 

location 
Sex Biomaterial(s) Compromised condition 

I 
Rat 

(Lund MetS) 

Femur 

Calvarium 
Male N/A 

LepR deficiency, obesity, 
hyperglycemia 

II Human 
Maxilla 

Mandible 
Female N/A 

Osteoporosis 

MRONJ 

III 
Rat 

(Wistar) 
Tibia Female 

Ti-6Al-4V implant (porous, acid-
etched, genistein-coated) 

OVX 

IV 
Rat 

(Wistar) 
Tibia Male 

Bioactive glass (without and with 
PTH 1-34) 

Cp-Ti implant 

ORX 

V 
Rat 

(Wistar) 
Tibia Male 

Bioactive glass 

Cp-Ti implant [not studied] 
N/A 

VI Human Femur Male N/A N/A 
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SAMPLE PREPARATION 

Retrieval, preservation, and preparation of bulk samples 

In Paper I, femurs and calvaria were retrieved at 20 weeks of age, fixed, and dehydrated. Femurs were 

cut transversally to separate proximal and distal sections, which were then cut longitudinally. 

Longitudinal femur sections and calvaria were resin-embedded in LR White and polished. After 

embedding, the calvaria were cut along the coronal plane to have a cross-sectional view of the parietal 

region and the sagittal suture. 

In Paper II, samples were retrieved from the upper (left side: non-necrotic; right side: necrotic) and 

lower (right side: necrotic) jaws of a human subject. Samples were fixed, dehydrated, resin-embedded 

in LR White, and processed for a central histological ground-section stained with toluidine blue. 

Leftover blocks were polished. 

In Papers III-V, implants and peri-implant tissues were retrieved en bloc, fixed, dehydrated, and resin-

embedded in polymethyl methacrylate [Paper III] or Technovit [Papers IV-V]. Embedded blocks were 

sectioned longitudinally along the implant and polished. Sections for immunohistochemistry in Paper 

IV did not follow this preparation route, but were instead demineralized in 10% EDTA 

(ethylenediaminetetraacetic acid) after fixation, dehydrated, diaphanized in xylol, embedded in 

paraffin, and cut to a thickness of 5 µm. 

For samples in Papers I-V, fixation was done in 10% neutral buffered formalin, and dehydration took 

place in a graded ethanol series (steps differ in length and concentration in the Papers). 

In Paper VI, a section of human femur was fixed in 4% glutaraldehyde in a 0.1 M cacodylate buffer 

for one week, cut transversally, dehydrated in a graded ethanol series, resin-embedded in Embed812, 

and polished. 

Electron transparent samples for S/TEM 

Electron transparent samples for S/TEM experiments were prepared by in situ lift-out in dual-beam 

FIB instruments equipped with a 30 kV Ga+ ion column, a gas injection system to deposit a protective 

layer of carbon and/or tungsten over the region of interest (ROI), and a micromanipulator to lift-out 

and manoeuvre the sample. A schematic representation of a typical dual-beam instrument is provided 

in Figure 7A. 

In Papers II-VI, electron transparent samples were prepared in the conventional form of wedge-

shaped lamellae following existing protocols190, as schematically shown in Figure 7B-C. In short, after 

depositing a layer of carbon and/or tungsten over the ROI, typically 12 × 2 µm2, coarse trenches were 

milled around it at 30 kV and currents in the 6.5-65 nA range (lower currents closer to the ROI). The 

sample was then lifted-out using the micromanipulator, attached to a copper grid for TEM holders, 

and thinned to electron transparency at 30 kV and progressively lower currents (from at most 0.79 nA 

down to 40 pA), with a final step at low voltage (5-10 kV) and current (60-80 pA) to limit Ga+ 

implantation and amorphization damage. 
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In Paper VI, one sample was lifted-out in a plan-view fashion191. A large ROI, 15 × 15 µm2, was coated 

with a tungsten deposit. Similarly to the lift-out protocol described above, after coarse milling around 

the ROI, the sample was lifted-out and attached to a copper grid for TEM holders, which had been 

previously mounted horizontally in a specialized stub (described by Huang et al.192). Thanks to its 

design with two orthogonal pins, the stub was removed from the holder and re-inserted after a 90° 

rotation so that the copper grid became oriented vertically. Thinning to electron transparency then 

proceeded normally. 

In Paper VI, two rod-shaped samples were also prepared. The lift-out process was analogous to that 

for wedge-shaped samples, the main differences being the size of the ROI selected (3 × 3 µm2) and 

the use 1 mm cylindrical posts for TEM rotation holders, instead of conventional copper grids. 

Thinning to electron transparency was completed by annular milling at 30 kV and 40-150 pA (Figure 

7D). 

 

 

Figure 7. Schematic representation of the main components of a dual-beam instrument (A): stage (1); sample (2); 

electron beam column (electron beam is shown in green) (3); ion beam column (ion beam is shown in orange) (4), typically 

oriented at 52-54° with respect to the electron beam column; micromanipulator (5); and gas injection system (6) [Note: 

detectors are not shown for simplicity]. Main steps of sample preparation for S/TEM experiments (B-D): after 

depositing a protective coating (light blue) over the ROI via the gas injection system (step i in B) and milling coarse 

trenches around it (step ii in B), the sample is lifted-out with the micromanipulator and attached to a copper grid for 

conventional wedge-shaped samples (C) or to a cylindrical post for rod-shaped samples (D). Thinning to electron 

transparency is performed by milling on both sides in C, or by annular milling in D. 

Resin cast etching 

Resin cast etching was used in Papers II-III to expose resin-infiltrated elements below the surface 

such as the LCN, as well as bacteria in Paper II. In Paper II, samples were immersed in 9% phosphoric 

acid (H3PO4) for 30 s, while in Paper III a shorter immersion time (10 s) was employed, but in a more 

concentrated acid solution (37%). In both studies, after rinsing with deionized water, samples were 

immersed in 5% sodium hypochlorite (NaOCl) for 5 min, then rinsed again and let air-dry overnight. 
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The steps in phosphoric acid and sodium hypochlorite remove the inorganic and organic components 

in bone, respectively157.  
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X-RAY, ELECTRON, AND ION MICROSCOPY 

Micro-CT 

Micro-CT was completed in Papers I and IV, prior to resin embedding, to evaluated bone 

morphometry in 3D. In Paper I, micro-CT scans were acquired for femurs and calvaria to obtain 3D 

reconstructions of the overall bone geometry, as well as to gain microstructural information. 

Specifically, in the femurs, various morphometry metrics were quantified in cortical bone (cortical 

thickness, cortical bone area, total cross-sectional area inside the periosteal envelope, and cortical area 

fraction) and trabecular bone (bone volume fraction, trabecular thickness, trabecular separation, and 

trabecular number), together with TMD in both regions. In the calvaria, the analyses focused on the 

parietal region to measure its thickness and on the sagittal suture to evaluate its thickness and length. 

In Paper IV, micro-CT was used to assess various morphometry parameters in peri-implant bone 

(bone volume fraction, trabecular thickness, trabecular separation, and trabecular number), and to 

measure BIC in order to evaluate osseointegration. 

SEM 

Polished samples for SEM experiments were mounted on aluminum stubs using conductive tapes 

(silver/carbon) and/or paint (silver/nickel). In Papers II-VI, these samples were coated with either 

carbon or gold (~10-20 nm-thick) for imaging in high-vacuum conditions. 

BSE-SEM 

All the Papers in this thesis included the use of SEM imaging in BSE mode. In Papers III-VI, BSE-

SEM images were acquired in high-vacuum conditions, while in Papers I-II the SEM instrument was 

operated in low-vacuum regime (water vapour pressure of 1 Torr). Accelerating voltage ranged from 

5 to 20 kV. 

In the Papers, BSE-SEM imaging mainly served the following aims: 

• Examination of bone microstructure and differently mineralized areas [Papers I-II]. 

• Assessment of bone growth in the peri-implant space, e.g., to identify distance and 

contact osteogenesis and regions of bone-biomaterial contact [Papers III-V]. 

• Selection of ROIs for STEM sample preparation [Papers II-VI]. 

• Identification of ROIs for other analyses, i.e., SEM-EDX [Papers II, IV] and micro-

Raman spectroscopy [Papers I-II]. 

qBEI 

In Paper I, qBEI was completed to convert grey-levels in BSE-SEM images into mineral content (wt% 

Ca). The experimental set-up followed published protocols155, using a standard made of carbon and 

aluminum and adjusting the brightness and contrast in the BSE-SEM images of the standard to have 

average grey-levels equal to 25 and 225 in the carbon and aluminum regions, respectively. The 

following metrics were evaluated: weighted mean calcium concentration; peak height of the 
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distribution; peak position of the most frequent calcium concentration; full width at half maximum of 

the calcium peak; spread of the distribution on the low concentration side; and spread of the 

distribution on the high concentration side. 

SE-SEM 

In Papers II-III, SE-SEM images were acquired for bone samples after resin cast etching to visualize 

bone cells [Papers II-III] and bacteria [Paper II]. For the acquisition of SE-SEM images, microscopes 

were operated in high-vacuum conditions at 3-7 kV. 

S/TEM imaging and electron diffraction 

STEM 

Except for Paper I, all the other Papers included the use of HAADF-STEM imaging. This was 

completed to resolve bone ultrastructure [Papers II-VI] and/or the interface between bone and 

biomaterials [Papers III-V] at the nanoscale. The S/TEM instruments were operated at 200-300 kV. 

BF-TEM and SAED 

In Paper II, a S/TEM instrument was operated at 200 kV in TEM mode to acquire BF images and 

complete SAED experiments in a region of necrotic bone interfacing with bacteria-invaded resin. The 

insertion of the aperture illuminated an area of the sample approximately 250 nm in width from which 

the diffraction pattern was collected.  

STEM tomography 

In Paper V, conventional (single-tilt) Z-contrast electron tomography using a wedge-shaped electron 

transparent sample was completed to reconstruct the interface between bone and bioactive glass in 

3D, as well as the ultrastructure of bone at said interface. HAADF-STEM images were collected over 

a tilt range from -60° to +74° with 2° tilt steps. The S/TEM instrument was operated at 300 kV. 

In Paper VI, on-axis Z-contrast electron tomography using rod-shaped samples was completed. A 

specialized holder for rotation tomography was used to extend the tilt range compared to single-tilt 

electron tomography. Four tilt series were acquired in total: two over a ±90° tilt range, and two over 

a ±85° tilt range. The tilt step was equal to 2° in one tilt series, and 5° in the other three. In all tilt 

series, HAADF-STEM images were collected. In one tilt series, BF-STEM images were also acquired 

alongside HAADF-STEM images. In three tilt series, EDX maps were also collected at each tilt angle, 

as reported in more detail in the EDX section (see page 34). For all acquisitions, the instrument was 

operated at 200 kV. During the tilt series collection, focusing and image shifting were done 

automatically in the tomography acquisition software. Tilt series were aligned by cross-correlation and 

reconstructed using SIRT with 25 iterations. 
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PFIB-SEM tomography 

In Paper III, 3D imaging of a volume of implant and peri-implant bone was accomplished by PFIB-

SEM tomography using a dual-beam FIB instrument equipped with a Xe+ ion column. Ion milling 

was carried out at 30 kV and 4 nA, with a slice thickness of 30 nm. Imaging with the electron beam 

was done in BSE mode at 1.2 kV. The stack of BSE-SEM images was aligned to generate a 3D volume, 

which was mainly used to investigate mineral ellipsoids and the LCN in peri-implant bone.  
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SPECTROSCOPY 

Micro-Raman spectroscopy 

Micro-Raman spectroscopy was applied in Papers I-II to gain information on bone quality, primarily 

in relation to bone matrix composition. Specifically, in Paper I, Raman spectra were collected at each 

pixel over a rectangular area, in fact obtaining hyperspectral maps. In Paper II, line scans across the 

bone-resin interface were acquired instead. Raman spectra were acquired with varying step size (1 µm 

in Papers I-II; 10 µm in Paper I), exposure time (1 s in Paper I; 3 s in Paper II), and accumulations (2 

in Paper I; 5 in Paper II) using an instrument equipped with a 633 nm laser and 1800 g mm-1 grating. 

Spectra were baseline subtracted, cleaned of cosmic rays, and denoised. In Paper I, compositional 

measures, i.e., mineral-to-matrix ratio and carbonate-to-phosphate ratio, and crystallinity of bone 

mineral were evaluated in different ROIs in femurs and calvaria. In Paper II, only the mineral-to-

matrix ratio was measured. 

EDX 

Both SEM-EDX [Papers II, IV] and STEM-EDX [Papers III, VI] were completed in some of the 

studies included in this thesis. In particular, EDX was done in tomography mode in Paper VI. 

SEM-EDX 

In Paper II, SEM-EDX was used to compare mineralization gradients at the bone-resin interface in 

necrotic and non-necrotic bone, specifically evaluating trends in calcium, phosphorus, and carbon in 

line scans acquired across the interface. EDX acquisition was carried out in an SEM instrument 

operated at 20 kV in low-vacuum conditions (water vapour pressure of 1 Torr). In Paper IV, SEM-

EDX was used to evaluate compositional gradients within bioactive glass particles after ionic exchange 

and degradation taking place in vivo. This was done by mapping the amount of calcium, phosphorus, 

and silicon in bioactive glass particles, and extracting line profiles across them. For this analysis, a 

microscope operated at 10 kV in high-vacuum mode was used. 

STEM-EDX 

In Paper III, STEM-EDX was used to examine the compositional gradients across the bone-implant 

interface with nanoscale resolution, mapping the content in implant elements (titanium, aluminum, 

vanadium, oxygen) and bone elements (calcium, phosphorus). Maps were acquired with a pixel dwell 

time of 10 µs, integrating over 1000 frames. The microscope was operated at 200 kV, and the EDX 

signal was acquired using a Super-X detector, which is composed of four in-column silicon drift 

detectors. 

STEM-EDX tomography 

In Paper VI, STEM-EDX was coupled with tomography acquisition, i.e., EDX maps were acquired 

at each angle in the tilt series at the same time as HAADF-STEM images. Elemental maps were 

acquired for carbon and nitrogen as markers of type I collagen, and calcium and phosphorus as 
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markers of bone mineral. Maps were acquired with a pixel dwell time of 50 µs, integrating over 10 

frames. The tilt series of EDX maps of each element were aligned and reconstructed by SIRT (25 

iterations) based on the HAADF signal. Similarly to Paper III, EDX signal acquisition was carried out 

in a S/TEM instrument equipped with a Super X-detector and operated at 200 kV. 

EELS 

In Paper II, EELS was completed at the bone front interfacing with the bacteria-invaded resin space 

to assess mineralization gradients at the nanoscale. EELS spectral images were acquired at 300 kV, 

with 0.5 eV/channel energy dispersion, 5 nm pixel size, and 0.05 s exposure time per pixel. After 

background subtraction, elemental maps for calcium, phosphorus, and carbon were obtained from 

the EELS spectra by extracting the signal in the energy loss window characteristic of each element.  



Ph.D. Thesis - C. Micheletti; McMaster University - Materials Science and Engineering 

36 

OTHER ANALYTICAL TECHNIQUES 

This section briefly summarizes methodological details for the complementary analytical techniques 

used in this thesis, beyond the main characterization tools previously reviewed. 

Reference point indentation 

In Paper I, reference point indentation (RPI) measurements were completed on the periosteal surface 

of the proximal femurs using a microindenter to evaluate the following parameters: 1st cycle 

indentation distance; 1st cycle unloading slope; 1st cycle creep indentation distance; total indentation 

distance; indentation distance increase; average creep indentation distance; average energy dissipated; 

and average unloading slope. These measures are related to the resistance to indentation, hence they 

provide information on bone mechanical properties. 

Static/dynamic histology and immunohistochemistry 

In Paper II, histology was used to assess the presence of necrosis and bacterial infection, as well as 

other relevant cells (e.g., multinucleated cells). Ground sections stained with toluidine blue were 

imaged in a light microscope with ×4, ×10, ×20, and ×40 objectives.  

In Paper IV, dynamic histology was carried out by injection of fluorochromes during the animal study 

(calcein and alizarin red at 14 and 42 days after implant installation, respectively). Sections obtained 

from longitudinal cuts in correspondence of the third-to-fifth implant thread were imaged by confocal 

laser microscopy with a ×10 objective to measure fluorochrome area, daily bone mineral apposition 

rate, and neoformed bone area. 

In Paper IV, immunohistochemistry using TRAP (tartrate-resistant acid phosphatase) staining was 

performed to assess osteoclast activity. Immunolabelling was classified based on the percentage of 

positive immunolabels within the ROI as mild (25%), moderate (50%), or intense (75%). 

Removal torque 

In Paper IV, removal torque measurements were performed to quantify implant anchorage from a 

biomechanical perspective. Removal torque was applied counter-clockwise with increasing values until 

disruption of the bone-implant interface occurred. The maximum reverse torque value registered in 

this process was the one considered for inter-group statistical comparison.  

Gene expression 

In Paper IV, after the disruption of the bone-implant interface during removal torque measurements, 

bone tissue in the peri-implant compartment was collected, flash-frozen, and stored at -80 °C until 

further processing. Total RNA was extracted using a spin-column method, quantified with 
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spectrophotometry, and cDNA synthesized. qPCR (quantitative polymerase chain reaction) was 

performed to quantify the relative gene expression of alkaline phosphatase and osteocalcin.  
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IMAGE ANALYSIS 

Images were analyzed not just in qualitative terms, but segmentation of features of interest was also 

performed for quantification purposes or to identify specific ROIs for subsequent analyses. 

In Paper I, micro-CT data were analyzed using the ORS Dragonfly software. Femurs were evaluated 

with the “Bone Analysis” plug-in, where trabecular and cortical bone were segmented using the Buie 

algorithm193 to assess morphometry parameters in each compartment. In the parietal region, bones 

and sagittal suture were segmented to then evaluate their thickness using the “Volume thickness map” 

operation. Slice analysis in 2D was performed to evaluate sagittal suture length. Hyperspectral Raman 

maps were segmented by a clustering algorithm (K-means) using the “sklearn.cluster” library in Python 

3.8.10 to separate different ROIs (mineralized cartilage islands in the femurs and highly mineralized 

bone in the calvaria). Different Raman measures were then evaluated in each region separately. 

In Paper II, nanosized particles in HAADF-STEM images were segmented using Fiji194 to evaluate 

their average dimensions. Intensity profiles were also extracted from HAADF-STEM images to 

measure the periodicity of the banding pattern characteristic of collagen fibrils. 

In Paper VI, electron tomograms were visualized and analyzed using the ORS Dragonfly software. 

Data were segmented mostly based on grey-level thresholding to label both dark nanosized spaces 

within bone and the mineral phase to evaluate feature size and connectivity. EDX tomograms were 

also segmented to quantify the content of different elements within the segmented nanosized spaces. 

Manual segmentation followed by slice analysis in 2D was completed to measure the dimensions of 

the mineral plates. 

Segmentation was also carried out for visualization purposes, such as in Paper III where the LCN was 

segmented to better examine its organization within peri-implant bone. In Paper V, qualitative 

segmentation was completed by adjusting colour-levels and opacity in the 3D volume rendering to 

assess collagen fibrils orientation at the interface with bioactive glass. The ORS Dragonfly and Avizo 

software programs were used in Papers III and V, respectively. 
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STATISTICAL ANALYSIS 

In Papers I-II, two groups were compared, hence statistical significance was evaluated with the 

Student’s t-test or Welch’s t-test, or, alternatively, the non-parametric Mann-Whitney U test with small 

sample size and/or violation of normality distribution. Specifically, statistical significance of micro-

CT data in Paper I was assessed with the Student’s t-test (in the case of equal variance) or the Welch’s 

t-test (in the case of unequal variance or sample size) after verifying normality and homoscedasticity 

with the Shapiro-Wilk test and the Brown-Forsythe test, respectively. Micro-Raman spectroscopy 

results were compared with the Mann-Whitney U test in Papers I-II. This test was also used to evaluate 

statistical significance in qBEI and RPI data in Paper I, and SEM-EDX data in Paper II. 

In Paper IV, six different groups were compared, hence statistical significance was evaluated using a 

one-way ANOVA (analysis of variance) with a Tukey’s post-hoc test for data obtained from micro-

CT, removal torque, gene expression, and dynamic histology (mineral apposition rate and neoformed 

bone area). Fluorochrome area in dynamic histology was compared using a two-way ANOVA. 

For all statistical tests, significance level was set at α = 0.05. In Papers I-II, statistical analysis was 

completed in Python 3.8.10 using the “scipy.stats” library, while GraphPad Prism 8.1.1 was used in 

Paper IV. In all the Papers, data are reported as mean ± standard deviation. 
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Results 

PAPER I 

In this work, the structure and composition of bone in a novel preclinical model for LepR deficiency, 

hyperglycemia, and obesity, the Lund MetS rat, was characterized, focusing on bone material 

properties of femurs and calvaria at the microscale. A graphical summary of the main findings is found 

below in Figure 8. 

 

Figure 8. Micro-CT reconstructions of the trabecular compartment in the distal femurs, coloured based on trabecular 

thickness (Tb.Th) and of proximal femurs (right), together with bar plots of bone volume fraction (BV/TV) and femur 

length (A). qBEI images of the femurs where pixel intensity corresponds to mineral concentration (wt% Ca), with 

relative bar plots of mean calcium concentration (Ca-Mean) (B). BSE-SEM images of areas with mineralized cartilage 

islands with superimposed Raman maps of the ν1PO4
3- peak intensity (C). Micro-CT reconstructions of parietal bones 

in the calvarium coloured based on bone thickness (Th), with relative bar plot (D). qBEI images of calvaria in the 

parietal region, where pixel intensity corresponds to mineral concentration (wt% Ca), with relative bar plots of Ca-Mean 

(E). BSE-SEM images of areas with highly mineralized bone with superimposed Raman maps of the ν1PO4
3- peak 

intensity (F). Healthy (LepR+/+) and LepR-deficient (LepR-/-) animals are colour-coded in blue and red, respectively. 

Scale bars are 1 mm in B, 20 µm in C and F, and 500 µm in E. ** and *** denote statistical significance (p < 0.01 

and p < 0.001, respectively). [Adapted with permission from Paper I].  
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Results summary: Paper I 

LepR-deficient animals (LepR-/-) displayed severe obesity and hyperglycemia compared to the healthy 

control group (LepR+/+), as indicated by their statistically significant higher weight and blood glucose 

levels, respectively (p < 0.001). 

From the 3D micro-CT reconstruction of the proximal femurs, it was apparent that the femoral head 

and neck were incompletely developed in the LepR-/- animals. Caliper measurements of the entire 

femur showed that the bone was significantly shorter in the LepR-/- animals (p < 0.001). Morphometry 

analysis in the distal portion of the femurs revealed that the microstructure was altered in both cortical 

and trabecular regions of the LepR-/- rodents. Specifically, LepR-/- animals had thinner trabeculae 

(p > 0.05) and cortices (p < 0.001) than their healthy counterparts. The trabecular compartment was 

overall more porous in the LepR-/- group (p < 0.01), with fewer trabeculae (p < 0.05) and an increased 

trabecular separation (p < 0.01). Cortical bone area and area fraction were also smaller in the LepR-/- 

animals (p < 0.001 and p < 0.01, respectively). Calvaria also displayed altered morphology in the 

LepR-/- rats, which had thinner parietal bones (p < 0.001), while the sagittal suture was found to have 

a reduced length (p < 0.01) and width (p < 0.001). 

On the other hand, no differences in bone matrix composition between LepR-/- and LepR+/+ animals 

were detected in neither femur nor calvarium in the parietal region (p > 0.05). This similarity was 

consistently found regardless of the compositional metrics considered, i.e., TMD in micro-CT, BMD 

distribution in qBEI, and mineral-to-matrix and carbonate-to-phosphate ratios in micro-Raman 

spectroscopy. Resistance to indentation measured by RPI on the periosteal surface of the proximal 

femurs also displayed comparable results in LepR-/- and LepR+/+ animals (p > 0.05), indicating 

analogous mechanical properties of the bone matrix. 

Due to the compositional nature of the contrast in BSE-SEM images, some relevant microstructural 

features were noted in both femurs and parietal bones. These structures were identified as islands of 

mineralized cartilage in the femurs, given their appearance as more highly mineralized, osteocyte-free 

areas surrounded by “normal” bone matrix. In the cross-sectional views of the parietal bones, areas 

with a greater degree mineralization were mostly located in the central portion of the section and in 

the regions close to the sagittal suture. The higher mineral content of both mineralized cartilage islands 

in the femurs and highly mineralized bone in the parietal bones was confirmed by high-resolution 

Raman maps (1 µm), although the increase in mineral content compared to bone matrix was not 

statistically significant (p > 0.05). Moreover, the composition of these microstructural features did not 

display any differences when comparing LepR-/- and LepR+/+ animals (p > 0.05). qBEI data were 

examined in distinct intervals of wt% Ca to determine whether mineralized cartilage islands in the 

femurs and highly mineralized bone in the calvaria were differently distributed in the two animal 

groups. However, no differences were found (p > 0.05), indicating a comparable amount of these 

microstructural features.  
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PAPER II 

This study examined the interface between bone and bacteria in a case of MRONJ developed by an 

osteoporotic female individual after 23 years of treatment with alendronate, a common 

bisphosphonate. The interface was characterized using different techniques spanning from the micro- 

to the nanoscale. Figure 9 shows the main results, summarized in the following page. 

 

Figure 9. Histological section (A) and BSE-SEM image (B) of necrotic bone, showing a ragged surface (arrowheads 

in B). SE-SEM images of necrotic bone after resin cast etching (C), where bacteria are clearly visible in the resin space 

(magnified in C-2). HAADF-STEM image of the bone-bacteria interface (D), demonstrating the presence of a hyper-

mineralized band (dotted line in D-1) fading into a region of high disorder lacking crystallinity (marked by * in D-1), 

as confirmed by SAED (D-2). In the resin space, bacteria (dashed contour) and nanosized particulate can be observed 

(D-3). SEM-EDX indicates that the interface is narrower and more abrupt in necrotic bone (“MRONJ” label) (E), 

which micro-Raman spectroscopy confirms having a higher mineral content than non-necrotic bone (“CTRL” label), as 

shown by the higher mineral-to-matrix ratio (ν1PO4
3-/Phenylalanine, Phe) (F). EELS corroborates that calcium (blue) 

decreases across the bone bacteria-interface (G; left to right: HAADF image and EELS maps for calcium, in blue, 

and carbon, in red). Scale bars are 100 µm in A and B, 10 µm in C-1, 1 µm in C-2, 500 nm in D, and 200 nm 

in the blue inset in D-3 and G. ** denotes statistical significance (p < 0.01). [Adapted with permission from Paper 

II].  
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Results summary: Paper II 

Bone samples were retrieved from both non-necrotic and necrotic areas in the jaw of the individual 

diagnosed with MRONJ. Toluidine blue-stained histological sections confirmed the necrotic status of 

bone tissue sampled from the regions deemed necrotic in the oral cavity, while no signs of necrosis 

were evident in the non-necrotic sample. Bacterial colonization was also evident in the histological 

sections throughout the regions interfacing with necrotic bone. 

Bacteria were imaged at higher resolution in SE mode in SEM after resin cast etching. Rod-shaped 

bacteria like those identified by the microbial swab (Prevotella and Haemophilus-like rods) were found 

in significant amounts in the outer space surrounding necrotic bone, which was filled with resin during 

sample embedding. Conversely, bacteria were absent in the resin region surrounding non-necrotic 

bone. In this case, bone cells like osteoblasts and bone lining cells were instead found at the bone-

resin interface, while no such cells were noted in necrotic bone. 

While already visible in histological sections examined by visible light microscopy, BSE-SEM images 

better highlighted differences in the morphology of the bone surface in the necrotic vs. non-necrotic 

samples. Specifically, the surface profile was irregular and jagged in necrotic bone, but had a rather 

smooth appearance in non-necrotic bone. Some mineral nodules resembling magnesium whitlockite 

were sometimes noted in the osteocyte lacunae in necrotic bone. 

The degree of mineralization in bone close to the resin region was compared in necrotic and non-

necrotic samples through the mineral-to-matrix ratio measured in micro-Raman spectroscopy. A 

higher ratio was found in necrotic bone, indicating a higher mineral content of the bone matrix 

(p < 0.01). Variations in calcium, phosphorus, and carbon were measured across the bone-resin 

interface by SEM-EDX, which revealed a more abrupt and narrower interface for the necrotic 

samples, although not in statistically significant terms (p > 0.05). 

A region of necrotic bone interfacing with resin was resolved at the nanoscale by HAADF-STEM 

imaging. This made it possible to observe bacteria in the resin space, together with some high Z-

contrast particulate located in their proximity or interior. This particulate had dimensions in the 

nanometer range, with an average size of 24 ± 8 nm. Away from the interface with the bacteria-filled 

resin space, bone displayed a normal ultrastructure, indicated by the characteristic banding pattern of 

in-plane collagen fibrils. The interface itself consisted of two main areas, i.e., a hyper-mineralized band 

(towards the bone side) and a highly disordered region (towards the bacteria side). The lack of 

crystallinity in this disordered region, where mineral appeared loosely organized, was confirmed by 

the absence of diffraction spots/rings in SAED patterns. EELS maps of calcium and phosphorus 

confirmed the decrease in mineral content from the hyper-mineralized band towards the resin region.  
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PAPER III 

In this study, a multimodal and multiscale (micro-to-nano) characterization approach was applied to 

evaluate the bone response to a novel implant manufactured by L-PBF and designed to combine 

internal porosity, surface topography modification by acid etching, and surface functionalization with 

genistein for use in osteoporosis. Figure 10 summarizes the main observations. 

 

Figure 10. BSE-SEM image showing new bone growth in the peri-implant space (A-1), and examples of distance 

osteogenesis (A-2, where arrowheads mark the boundary between native cortical bone and new bone) and contact 

osteogenesis (A-2, marked by *) also within the implant pores in contact with surface microparticles (A-3). PFIB-SEM 

3D tomogram where an extensive LCN (pink) is present in peri-implant bone (bone is grey and implant is blue) (B) 

and an individual slice (C-1) where mineral ellipsoids display varying size (C-2; ellipsoids become larger in the direction 

of the arrow) and orientation (C-3; similarly oriented ellipsoids are enclosed by white lines). HAADF-STEM 

demonstrates osseointegration at the nanoscale (D-1, magnified in D-2) and STEM-EDX corroborates the gradual 

nature of the interface (D-3). Scale bars are 500 µm in A-1, 100 µm in A-2, 20 µm in A-3, 10 µm in B and C-1, 

5 µm in C-2 and C-3, 1 µm in D-1, and 200 nm in D-2 and D-3.  
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Results summary: Paper III 

Instances of both distance and contact osteogenesis were observed in BSE-SEM survey images in the 

peri-implant compartment. Distance osteogenesis was especially apparent thanks to the 

compositional-contrast of BSE-SEM, making it possible to distinguish older bone in the native 

cortices from newer bone formed as part of the osseointegration process. The most significant 

example of contact osteogenesis was provided by bone ingrowth in the internal porosity of the 

implant. Bone in contact with the implant was also noted in correspondence of surface microparticles 

characteristic of parts manufactured by L-PBF.  

Osseointegration was confirmed at the nanoscale by HAADF-STEM imaging and STEM-EDX. 

Specifically, bone and implant formed a continuous and gradual interface, where implant elements and 

bone elements intermixed. Such an intimate contact was mediated by the TiO2 passivation layer that 

spontaneously forms on titanium, as oxygen was also detected within the bone-implant interface. 

Bone regeneration in the peri-implant space was also assessed by examining the LCN. Despite a thin 

layer of resin or cracks being sometimes present at the bone-implant interface, SE-SEM images after 

resin cast etching demonstrated canaliculi extending towards the implant surface. This was better 

shown over a larger field of view and in 3D with PFIB-SEM tomography. Several osteocyte lacunae 

were present in the implant space, mostly co-aligned with each other and with their longest dimension 

parallel to the implant surface. Their canaliculi ran in the perpendicular direction, i.e., reaching towards 

the implant surface. 

Some high Z-contrast features resembling cell membranes enclosing intracellular bodies were also 

noted in the PFIB-SEM image stack. When these features were close to the bone front, they could 

offer insights into the direction of the mineralization front. Two fronts were noted, one directed 

towards the implant, and one away from it. One lacuna becoming progressively enclosed by the bone 

matrix was also observed, likely indicating that an osteoblast-to-osteocyte transition was taking place 

as osteoid mineralization proceeded. 

Mesoscale bone structure imaged by PFIB-SEM tomography revealed the presence of mineral 

ellipsoids with heterogenous sizes and orientations, as abrupt transitions from regions where they were 

cross-sectioned transversally vs. longitudinally were present throughout the 3D volume. Differing 

orientations were also confirmed at the nanoscale in HAADF-STEM images, where collagen fibrils 

transitioned from in-plane to out-of-plane views.  
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PAPER IV 

This work examined the effect of bioactive glass (Biogran®) functionalized with PTH 1-34 on bone 

repair and osseointegration in ORX rats (abbreviated as ORQ in the Paper). Both the biological 

response and the micro-to-nanoscale characteristics of peri-implant bone were studied. Figure 11 

shows some of the relevant findings. 

 

Figure 11. SEM-EDX maps of silicon (blue), phosphorus (red), and calcium (yellow) for Biogran® particles 

functionalized with PTH 1-34 placed in the control (SHAM BGPTH) and ORX groups (ORQ BGPTH), and 

relative line scans across the particles (white lines) (A). HAADF-STEM images of the bone-Biogran® (BG) interface 

for particles functionalized with PTH 1-34 in an ORX animal (B), where dissolution/reprecipitation can be observed, 

together with bone formation within the particle (magnified in B-2). Bar plots summarizing the measurements obtained 

for: BIC (C); neoformed bone area (NBA) and mineral apposition rate (MAR) (D); and gene expression of alkaline 

phosphatase (ALP) and osteocalcin (OC) (E). Labels indicate: SHAM - healthy animals; ORQ - ORX animals; 

CLOT - animals receiving no Biogran®; BG and BGPTH - animals receiving Biogran® without and with PTH 1-34 

functionalization, respectively. Scale bars are 100 µm in A, 500 nm in B-1, and 200 nm in B-2. Different letters 

denote statistical significance (p < 0.05). [Adapted with permission from Paper IV].  
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Results summary: Paper IV 

Rats were subjected to ORX or placebo surgery (SHAM). In both ORX and SHAM groups, one sub-

group did not receive Biogran® (CLOT group), while the surgical defect was filled with Biogran® 

without and with PTH 1-34 functionalization in the sub-groups labelled as BG and BGPTH, 

respectively, prior to implant installation. 

Contrast differences between the inner and outer portions of the Biogran® particles in the peri-implant 

space were often noted in BSE-SEM images. Compositional gradients were confirmed by SEM-EDX 

maps, showing that the particles were richer in silicon in their core, and in calcium and phosphorus 

towards their exterior. This was observed for both functionalized and non-functionalized particles. 

The silicon-rich core appeared more extended in the healthy animals than in the ORX ones, but sample 

size did not allow for statistical comparisons. 

The formation of a gradual interface between bone and Biogran® was confirmed at the nanoscale by 

HAADF-STEM imaging, demonstrating the presence of an interfacial layer created by dissolution and 

reprecipitation ranging from 150 nm to 900 nm in width. In two samples, SHAM BG and ORX 

BGPTH, bone ingrowth in cavities within the biomaterial was also noted. Regarding bone 

ultrastructure, collagen fibrils mostly oriented parallel to the Biogran® surface were observed in all 

groups. In the ORX samples, mineral ellipsoids were also distinguished. 

Micro-CT revealed higher bone volume in the animals receiving Biogran®, both with and without 

PTH 1-34 functionalization, accompanied by a lower trabecular separation and higher trabecular 

number than in the animals with implant only (p < 0.05). On the other hand, trabecular thickness was 

comparable in all groups (p > 0.05). Removal torque was overall lower in ORX than healthy animals, 

while higher values were measured in BG and BGPTH groups compared to CLOT for both healthy 

and ORX animals, especially in the SHAM BGPTH group (p < 0.05). Similar trends were found in 

BIC measurements. In this case, the use of functionalized Biogran® led to a statistically significant 

increase in BIC in both ORX and healthy animals compared to those receiving the implant only 

(p < 0.05). In both removal torque and BIC measurements, values in the ORX BGPTH group were 

comparable to those of the SHAM BG group (p > 0.05). This trend was also identified in the 

fluorochrome (calcein and alizarin red) analyses in terms of fluorochrome area, neoformed bone area, 

and mineral apposition rate. Additionally, values of neoformed bone area did not show any statistically 

significant difference between healthy and ORX animals that received functionalized Biogran® 

(p > 0.05). 

ORX animals that received functionalized Biogran® had a significantly higher expression of alkaline 

phosphatase compared to all the other groups (p < 0.05). Osteocalcin expression was greater in the 

ORX animals receiving Biogran®, regardless of the presence of PTH 1-34, compared to those with 

the implant only (p < 0.05). In ORX animals, TRAP (tartrate-resistant acid phosphatase) 

immunolabelling was discrete in the CLOT group, discrete-to-moderate in the BG group, and 

moderate in the BGPTH group. In the healthy controls, discrete-to-moderate labelling was found in 

the sub-groups receiving Biogran®.  



Ph.D. Thesis - C. Micheletti; McMaster University - Materials Science and Engineering 

48 

PAPER V 

This study provided a workflow for the characterization of the interface between bone and bioactive 

glass (Biogran®), as well as for the ultrastructure of newly formed bone, going from 2D microscale 

imaging to 3D reconstruction with electron tomography at the nanoscale. The main results are 

graphically summarized below (Figure 12). 

 

Figure 12. Area of new bone growing in close contact with a Biogran® (BG) particle (A; BSE-SEM image), where 

a ROI was selected to prepare a STEM sample by FIB in situ lift-out (B-1, yellow rectangle). The main sample 

preparation steps involved depositing a protective coating over the ROI (B-2), milling coarse trenches around it (B-3), 

lifting-out and attaching the sample to a copper grid (B-4), and thinning to electron transparency (B-5; final sample is 

marked by the yellow rectangle in B-6). HAADF-STEM images show bone-Biogran® contact at the nanoscale with 

bone ingrowth within Biogran® cavities (* in C-1) and the formation of a 120-200 nm-wide interfacial layer (C-2, 

white arrows). Nano-osseointegration is confirmed in 3D by electron tomography (D). Collagen fibrils can be seen out-

of-plane in individual reconstructed slices (E, white circles), and 3D rendering clearly shows they are parallel to the 

Biogran® surface (F; blue rods represent collagen fibrils). Scale bars are 20 µm in A, 5 µm in B, 1 µm in C-1, 200 nm 

in C-2, and 250 nm in E. The dimensions (x, y, z) of the 3D volume in E and F are 1231 × 1494 × 161 nm3. 

[Adapted with permission from Paper V].  
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Results summary: Paper V 

After the retrieval en bloc of the implant together with its peri-implant space, which included both new 

and native bone, as well as Biogran® particles, samples were prepared by embedding, sectioning, and 

polishing for electron microscopy experiments. A thin layer of conductive coating (carbon) was 

applied to minimize charging in high-vacuum imaging conditions. 

BSE-SEM imaging was completed to identify areas of new bone forming in contact with Biogran® 

particles. Bone and biomaterial displayed a similar contrast, as they both contain calcium and 

phosphorus. Bone was easily identified by the presence of osteocyte lacunae, while cracks were often 

observed running through the Biogran® particles. Compositional gradients within the Biogran® 

particles could be inferred from BSE-SEM images due to the presence of a darker core surrounded 

by a brighter outer layer. 

From the BSE-SEM survey, an area of bone-Biogran® contact on the microscale level was selected 

for the preparation of an electron transparent sample for STEM experiments. This was accomplished 

following a FIB in situ lift-out protocol in a dual-beam instrument, which allowed for the preservation 

of an intact interface, despite the different milling behaviour of bone and Biogran® posed some 

technical challenges. 

HAADF-STEM imaging confirmed that the contact between new bone and Biogran® was continuous 

at the nanoscale, beyond what could be resolved by BSE-SEM. The Z-contrast in HAADF-STEM 

images also made it possible to better visualize the compositional gradients present in such a gradual 

interface, for which the term “biointerphase” is perhaps more appropriate. This was further 

corroborated in 3D by Z-contrast electron tomography, especially when examining individual slices 

of the reconstructed volume. 

Nanoscale imaging in both 2D and 3D also provided information on the ultrastructure of bone 

forming in contact with Biogran®. Overall, new bone did not appear highly organized, but some 

distinct collagen fibrils could be distinguished. The fibrils appeared out-of-plane in HAADF-STEM 

images, but were better visualized and segmented in the 3D electron tomogram. This analysis 

confirmed that the collagen fibrils were oriented parallel to the biomaterial surface. 
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PAPER VI 

In this work, a correlative characterization approach combining on-axis Z-contrast electron 

tomography and EDX tomography was used to resolve nanoscale features in human bone, with a 

focus on the low-contrast nanosized spaces (termed “holes” in the Paper) typical of the lacy pattern 

of bone, and on the morphology and spatial organization of bone mineral, especially the extra-fibrillar 

component. Figure 13 provides an overview of the main results. 

 

Figure 13. 3D reconstruction (A-1) showing three representative mutually orthogonal slices where a “hole” in the xz 

plane (A-2, red) corresponds to banding pattern in the xy (A-3, green) and yz (A-4, blue) planes, demonstrating 

correspondence between “holes” and collagen fibrils. “Holes” have an average diameter going from 16.4 nm to 26.4 nm 

in the four tomograms (B, box plot) and are disconnected from each other (B, 3D rendering). Mineral structures appear 

plate-shaped when viewed in three mutually orthogonal planes (C). EDX reconstructed maps demonstrate presence of 

calcium and phosphorus both in the intra- and extra-fibrillar regions, although the signal appears stronger in the latter 

(D). The labels “i-a” and “i-b” refer to the naming convention used for the tomograms in the Paper. Scale bars are 

100 nm in A-2, C (right magnified panels), and D (top magnified panels), and 200 nm in A-3, A-4, C (left image), 

and D (bottom images). The dimensions (x, y, z) of the white boxes in the 3D reconstructions are 555.55 × 865.10 

× 457.15 nm3 in A-1 and 555.55 × 1611.30 × 457.15 nm3 in B.   
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Results summary: Paper VI 

Two rod-shaped samples were prepared from individual osteonal lamellae in the femoral cortex by 

FIB annular milling. The samples were almost cylindrical, with a diameter going from 200-300 nm at 

the top to 700 nm at the bottom. In one of the samples, the banding pattern of collagen fibrils was 

observed along the rod length at all tilt angles, confirming collagen fibrils oriented in-plane. In the 

other sample, the banding pattern was noted only at certain tilt angles, while disordered or more 

mineral-rich regions, resembling rosettes, were present at other orientations. These features, i.e., 

collagen banding pattern and rosettes, were also identified in three conventional wedge-shaped 

samples prepared by FIB in situ lift-out. These samples, having known orientations with respect to the 

osteonal axis, confirmed the characteristic longitudinal and lacy motifs observed in bone in mutually 

orthogonal sections. Correspondence between the longitudinal and lacy motifs was confirmed by the 

electron tomography 3D reconstructions when reslicing along representative orthogonal planes. This 

demonstrated the reciprocity between the “holes” in the lacy motif and the collagen banding pattern 

in the longitudinal motif. In particular, “holes” appeared to mostly match the overlap regions of the 

collagen fibrils. 

Segmentation of the “holes” in 3D over the entire tomograms showed that their shape is 

approximately that of rods. These rods were mostly disconnected from each other, and aligned with 

their long axis in the direction orthogonal to the banding pattern, i.e., in the same direction as the 

collagen fibrils. The average diameter of the “holes” in the four datasets examined varied from 

16.4 nm to 26.4 nm. In one tomogram where a partial mineral ellipsoid was observed, the 3D 

segmentation of the “holes” showed that these features were mostly located outside the ellipsoid 

around its periphery. 

Simultaneously to Z-contrast electron tomography acquisition, EDX tomography was completed to 

acquire elemental maps of calcium and phosphorus, representative of the mineral phase, and carbon 

and nitrogen, representative of the organic phase (type I collagen). EDX maps of carbon and nitrogen 

appeared quite noisy due to the overall weak signal, hence they proved to be inconclusive in 

determining the composition of the “holes”. Nonetheless, the intersection analysis between the 

segmented “holes” and the reconstructed EDX maps showed higher spatial correspondence of the 

“holes” with the maps of carbon and nitrogen over those of calcium and phosphorus. 

From the reconstructed EDX maps it was possible to observe the presence of calcium and 

phosphorus in the gap zones of the collagen fibrils, demonstrating intra-fibrillar mineralization. 

However, the signals of these two elements appeared more intense in correspondence with the extra-

fibrillar component. In the extra-fibrillar space, some individual mineral structures were segmented, 

showing that bone mineral is in the form of plates with dimensions around 5-9 × 33-43 × 100 nm3. 

The extra-fibrillar mineral also seemed to be mostly interconnected and spanning over multiple 

collagen fibrils. 
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Discussion 

Two conditions affecting bone quantity and/or quality were subject of study in this thesis: LepR 

deficiency, associated with hyperglycemia (T2DM-like) and obesity in the Lund MetS rat model110,188 

[Paper I]; and osteopenia/osteoporosis, typical of the aging population and mimicked by hormone 

deficiency in OVX/ORX animal models120,121 [Papers III-IV]. An extreme case of impaired bone 

metabolism, i.e., necrotic bone, resulting from anti-resorptive therapy (MRONJ) was also examined 

[Paper II]. 

Abnormalities in the overall energy metabolism, such as in the combination of hyperglycemia, obesity, 

and LepR deficiency102, or more specifically in bone metabolism, such as imbalanced bone remodeling 

in osteoporosis112, can impact not just biological functions, but also structural and compositional 

properties of the bone matrix. These changes in material properties can be reflected at various levels 

of bone’s architecture, in turn affecting bone strength83,84. In the studies included in this thesis, a 

characterization approach typical of materials science was thus adopted, often combining different 

tools (multimodal characterization) to access information across several length scales (multiscale 

characterization), with a focus on the micro-nano continuum. The need for such a multimodal and 

multiscale approach stems from the trade-off between the volume of material that can be analyzed 

and the spatial resolution achievable159,195,196; the higher the resolution required, the smaller the volume 

that can be analyzed, especially when acquisition time matters. 

The following sections discuss in more detail the application of multimodal and multiscale tools in 

probing bone quality-related aspects in compromised conditions affecting native bone (first section 

of this chapter) and osseointegration (second section of this chapter). A discussion on advanced 

characterization techniques and their implications on our understanding of bone ultrastructure 

concludes this chapter. 
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MULTIMODAL AND MULTISCALE 

CHARACTERIZATION OF DISEASED BONE 

An example of multimodal characterization applied to bone is offered by Paper I. Therein, such an 

approach was selected to determine structural and compositional properties of bone matrix at the 

microscale in a novel preclinical model for T2DM/MetS, the Lund MetS rat110,188. To this author’s 

knowledge, this is the first study examining skeletal attributes of the Lund MetS rat, originally 

investigated for diabetic vascular complications110,197,198. Rat models are frequently employed in 

preclinical research due to their low cost and good availability, although some dissimilarities in bone 

metabolism compared to human bone exist, such as the lack of Haversian remodeling199. Hence, when 

a new model is developed, a better understanding of its bone structure and composition is necessary 

to understand potential translation into human bone research. Interestingly, the LepR-deficient Lund 

MetS animals examined in Paper I displayed similar microstructural alterations to those commonly 

reported in widespread monogenic models of obesity with LepR deficiency, i.e., the Zucker fatty and 

Zucker diabetic fatty rat200–202. A deteriorated architecture in the trabecular compartment has also been 

reported in humans with T2DM203. The structural changes observed in the LepR-deficient animals 

encompassed both the overall bone geometry, with shorter femurs and thinner parietal bones, and the 

microstructure, with thinner cortices and fewer trabeculae, as well as shorter and less interdigitated 

sagittal sutures. All these alterations point towards a delayed skeletal development in the LepR-

deficient rodents, independently on the ossification mechanism, i.e., endochondral in the femur and 

intramembranous in the parietal bones of the calvarium. Humans with congenic Lep/LepR deficiency 

also display severe obesity and delayed growth107–109, hence suggesting that the Lund MetS rat could 

find applications in this translational research context. 

Regarding the characterization of bone structure, the use of micro-CT in Paper I confirmed the 

advantages of quantitative morphometry in 3D over 2D, as microstructural differences between 

groups were not apparent in BSE-SEM images. On the other hand, the greater resolution of SEM 

compared to micro-CT, combined with the compositional- contrast in BSE-SEM, made it possible to 

attest to the presence of mineralized cartilage islands in the femurs and highly mineralized bands in 

the parietal bones. Mineralized cartilage islands, in particular, are a relevant structural feature in rat 

bone, but are absent in larger mammals, including humans, as they are likely removed by Haversian 

remodeling204,205. Hence, more attention should be paid to better characterize these islands in the 

future. 

In both Paper I and Paper II, direct imaging to qualitatively/quantitatively probe structural aspects 

was combined with compositional analyses, primarily using spectroscopy, but also based on calibration 

of BSE-SEM images using a qBEI approach in Paper I. Specifically, in Paper I, characterization of 

bone composition was accomplished in a truly multimodal way, combining three techniques with 

different probes (red light, X-rays, electrons) and targeting progressively smaller fields of view at 

increasingly smaller pixel/voxel size, exemplifying the compromise between volume analyzed and 

resolution. This helped confirm the comparable bone matrix composition in LepR-deficient and 

healthy animals, ruling out technique-dependent limitations in capturing eventual differences. Not 

surprisingly, the comparable composition was reflected by analogous resistance to indentation, as RPI 

is more sensitive to local structural/compositional properties of the bone matrix206. 
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Paper II expands the multimodal characterization approach by encompassing length scales from the 

micro- to the nano-level. Specifically, nanoscale imaging provided valuable insights into the impact of 

MRONJ on bone, beside the necrosis already apparent on a “macroscopic” level in the oral cavity. In 

a sense, necrotic bone can be considered as an extreme case of diseased bone. In this context, it is 

relevant to shed light on what happens where the necrotic bone front interfaces with the surrounding 

environment, where biofilm formation is commonly observed142–144. Bacterial colonization in necrotic 

bone in Paper II was confirmed by histology, a more traditional examination, as well as by SE-SEM 

imaging after resin cast etching. Treatments to remove or preserve specific elements can provide 

additional information compared to what an embedded and polished bone sample can reveal154,157. For 

example, in Paper II, resin cast etching was used, for the first time, to expose bacteria in a case of 

MRONJ. This confirmed the extensive bacterial colonization at a much higher resolution than that of 

visible light microscopy, allowing for a better visualization of the rod shape of the bacteria, while 

excluding the presence of mineralized bacteria seen instead in dental calculus207. Moreover, after resin 

cast etching, the presence of osteoblasts and bone lining cells in non-necrotic bone, or better, their 

absence in necrotic bone, could be noted, indicating no ongoing mineralization at the necrotic bone 

front. This qualitative observation was supported by the determination of compositional gradients 

across the interface between bone and resin (filled with bacteria in MRONJ) using SEM-EDX, and of 

bone mineral content close to said interface using micro-Raman spectroscopy. 

A multiscale imaging approach similar to that used for bone-biomaterial interfaces, involving 

microscale imaging with BSE-SEM followed by nanoscale analyses with HAADF-STEM57, was 

applied to probe the interface between necrotic bone and the bacteria-invaded resin in Paper II. This 

nanoscale resolution of the interface provided new insights into the role of bacteria in MRONJ. The 

structure and composition of the interface, consisting of both a hyper-mineralized band and a 

disordered and amorphous region, together with particulates around and within the bacteria, suggests 

that bacteria may have an active role in degrading bone in vivo. It is especially relevant for this 

discussion section to point out that, while SEM-EDX and micro-Raman spectroscopy indicated 

mineralization abnormalities in necrotic bone, only direct imaging at higher resolution by HAADF-

STEM made it possible to determine the nature of the bone-bacteria interface, further corroborating 

the importance of multiscale characterization. 
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MULTIMODAL AND MULTISCALE CHARACTERIZATION OF BONE 

INTERFACES 

An intriguing possibility is that of using bone implants as drug-eluting platforms to promote 

osseointegration and/or suppress undesired phenomena such as inflammation and infection. 

Currently, clinical applications are limited, but in vitro and preclinical research on the subject is quite 

extensive77. In this thesis, two different systems for local drug delivery aiming to counteract the 

increased bone resorption in osteoporosis, which may affect osseointegration125, were investigated: an 

AM Ti-6Al-4V implant functionalized with genistein, a phytoestrogen [Paper III]; and particles of 

bioactive glass (Biogran®) functionalized with PTH 1-34, an anabolic agent [Paper IV]. Both these 

drugs offer an alternative to bisphosphonates, for which side affects like MRONJ have been 

reported137–140, as also highlighted in Paper II. 

Bone response to the biomaterial solutions for local drug delivery proposed in Papers III-IV was 

evaluated with a multiscale and multimodal characterization approach to examine osseointegration in 

a comprehensive way across several length scales of interest. This characterization workflow is well 

exemplified by Paper III, where analyses focused on both the bone-implant interface and the LCN in 

peri-implant bone going from the micro- to the nanoscale. At the microscale, BSE-SEM images 

provided information on new bone formation in the peri-implant space, especially in regard to the 

osseointegration “direction”, i.e., distance vs. contact osteogenesis61. Beyond the microscale, HAADF-

STEM images and STEM-EDX confirmed nano-osseointegration. Although these analyses are not 

routinely performed in osseointegration studies, their application has been demonstrated 

before171,172,183. The main element of novelty in Paper III lies within bridging these two length scales 

with examinations targeting the mesoscale. This was enabled by PFIB-SEM tomography, a relatively 

new tool in bone research with limited applications to date31,208. Compared to traditional FIB-SEM 

tomography using a Ga+ ion beam, bigger volumes of material can be probed with Xe+ PFIB-SEM, 

while preserving a good spatial resolution31,160. At the bone-implant interface, this means being able to 

examine the peri-implant space at greater distances from the implant surface and over bigger depths 

(where “depth” refers to the direction perpendicular to the image plane). In Paper III, seven osteocyte 

lacunae and relative canaliculi were distinctly visualized in the PFIB-SEM volume. As osteocytes have 

an important function in mechanotransduction, including when connected to the implant surface60, 

PFIB-SEM tomography can find applications in the study of their organization in newly formed bone, 

offering complementary information, and an additional dimensionality, to 2D SEM images after resin 

cast etching. 

The advent of P/FIB-SEM tomography in bone research has also opened possibilities in the 3D 

characterization of bone hierarchical structure at the mesoscale, where features are smaller than those 

resolved with micro-CT and span a larger field of view than those available with electron tomography. 

Recent studies using this technique have shown that bone mineral forms ellipsoidal aggregates22,31, 

which tessellate the collagen matrix in a cross-fibrillar pattern22. These features were identified and 

reviewed by the author of this thesis in HAADF-STEM images of both native and peri-implant bone 

(see reference 33). Hence, given their increased recognition, examination of mineral ellipsoids was 

undertaken in Paper III. Therein, the mineral ellipsoids showed varying sizes, in some instances 

displaying transverse cross-sections larger than those reported in previous studies22,31. This could be 
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due to the systemic impairment in bone regeneration in OVX rats and/or to the local release of 

genistein. Sudden changes in ellipsoid orientation from longitudinal to transverse views within the 

image plane were also noted, confirming what was found in the only other PFIB-based work 

examining ellipsoids in peri-implant bone to date208. The origins and implications of size and 

orientation variations of the mineral ellipsoids are not known, hence P/FIB-SEM tomography should 

increasingly be implemented in the osseointegration characterization workflow. Transverse cross-

sectional views of mineral ellipsoids, i.e., rosettes, were also observed in HAADF-STEM images of 

the bone-bioactive glass interface in Paper IV, providing yet further evidence of their ubiquitous 

nature. 

A similar approach to that presented in Paper III was applied in Paper V, which placed additional 

emphasis on nanoscale characterization using electron tomography to resolve the bone-biomaterial 

interface in the third dimension, limiting overlapping artifacts in 2D S/TEM projection images. Two 

very dissimilar biomaterials, i.e., a permanent Ti-6Al-4V implant and a degradable bioactive glass, were 

studied in Paper III and Paper V, respectively, showcasing the versatility of multiscale characterization 

workflows for bone-biomaterial interfaces. However, these investigations were limited one/two 

samples, which is often the case in osseointegration studies, in particular when targeting the nanoscale. 

This workflow can be used as a first approach to minimize the number of animals required when 

gaining insights into bone response to specific biomaterials, for example for novel implant designs 

such as that in Paper III. However, the biological response to biomaterials should also be determined 

in a more quantitative way. In Paper IV, the micro-to-nanoscale evaluation of the bone-implant 

interface was implemented in a broader characterization context to assess biomechanics, 

mineralization dynamics, bone resorption, and gene expression. From these analyses, it emerged that 

Biogran® functionalized with PTH 1-34 could be a promising solution to improve osseointegration in 

osteoporotic conditions. In fact, ORX rats receiving the functionalized particles often displayed a 

similar behaviour as the control group receiving non-functionalized Biogran®. Conversely, PTH 1-34 

functionalization did not seem to play any additional role in promoting bone repair in healthy animals. 

A similar preclinical investigation should be conducted for the genistein-functionalized implant in 

Paper III, although a pilot study (unpublished) demonstrated improvements in bone repair. 

Despite its wide clinical use, there are not many studies focusing on the bone-Biogran® interface at 

the nanoscale. This lack was compensated for by Paper V, where both 2D STEM and 3D electron 

tomography experiments were completed. Compared to previous work where the interface between 

bone and bioactive glass was resolved in BF-TEM209, Z-contrast in HAADF-STEM better captured 

the compositional gradients at the interface. Individual cross-sectional slices in the reconstructed 

electron tomogram corroborated that the dissolution/reprecipitation layer is characteristic of this type 

of interface, and not an artifact arising from feature overlap in 2D HAADF-STEM images. By using 

electron tomography, it was also possible to better visualize collagen fibrils and their orientation 

relative to the biomaterial surface in 3D. Nanoscale resolution of the bone-Biogran® interface by 

HAADF-STEM was also employed in Paper IV. This confirmed that the formation of a gradual 

interface was not affected by the functionalization with PTH 1-34, nor by systemic changes induced 

by ORX. 

The effects of biomaterial implantation are not limited to the host, but changes also occur in the 

biomaterial itself210. In Paper V, these changes were evident in BSE-SEM images of Biogran® particles 



Ph.D. Thesis - C. Micheletti; McMaster University - Materials Science and Engineering 

57 

where compositional gradients from the core to the outer regions and extensive cracks were observed 

in the particles, overall confirming known mechanisms of ion exchange and dissolution of bioactive 

glasses75,76. In Paper IV, SEM-EDX showed that neither PTH 1-34 functionalization nor hormone 

deficiency due to ORX altered the behaviour of Biogran® in vivo. Interestingly, ion exchange appeared 

slightly enhanced in the ORX rats. Further analyses, e.g., involving a greater sample size, should be 

completed to confirm this enhancement and determine eventual causes, possibly related to differences 

in local pH or availability of calcium and phosphorus. 
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EXTENDING THE FRONTIERS OF NANOSCALE CHARACTERIZATION IN 

BONE RESEARCH 

A powerful prospect in multiscale/multimodal characterization stems from the possibility of 

correlating structural and composition information in 3D, opening avenues into “4D 

characterization”, where the fourth dimension refers to the chemistry55. At the nanoscale, 4D 

characterization can be accomplished by combining S/TEM electron tomography to acquire images 

and resolve structural details, with spectroscopy tomography, using energy-filtered TEM, STEM-

EDX, or STEM-EELS to obtain elemental maps in 3D211,212. In bone research, the correlative use of 

Z-contrast electron tomography and EELS tomography has been applied at the interface between 

human bone and a dental cp-Ti implant, revealing nanoscale integration between bone elements and 

the TiO2 surface oxide187. In this thesis, on-axis Z-contrast electron tomography was instead combined 

with EDX tomography to address some of the debated aspects regarding bone ultrastructure [Paper 

VI]. Despite EELS typically yielding higher spatial resolution than EDX184, EDX tomography was 

chosen over EELS tomography in Paper VI to simplify the acquisition workflow, as well as to avoid 

the strict limitations in sample thickness in EELS. In fact, the rod-shaped samples used in Paper VI 

were thicker than common electron transparent bone samples (e.g., 100-200 nm in Papers III-V), with 

diameters up to 700 nm. This made it possible to reconstruct more information in the direction 

perpendicular to the image plane (z direction), while preserving the nanoscale resolution typical of 

electron tomography. Resolution in Paper VI was further improved due to the on-axis nature of the 

electron tomography acquisition, where rod-shaped samples are mounted on a specialized holder that 

allows to access the missing wedge region forbidden in conventional single-tilt experimental set-ups 

(i.e., beyond ±70°)173,175. Previous electron tomography work on bone-implant interfaces showed that 

extending the tilt range to encompass high tilt angles, up to ±90°, led to a greater fidelity and quality 

in the final reconstruction179. This was confirmed in Paper VI, despite the larger diameter of the rod-

shaped samples used. Improvements in the reconstruction in on-axis electron tomography vs. 

conventional electron tomography were also observed when comparing Paper VI with Paper V, where 

elongation artifacts typical of the missing wedge were present. 

Overall, Paper VI showcased a new technique to expand the characterization toolbox for bone 

research where artifact-free 3D reconstructions of structure and composition can be obtained for 

relatively thick samples. Most importantly, this technique also offered new insights into bone 

ultrastructure. This is especially significant considering the essential role of the mineralized collagen 

fibrils as building block units not only of native bone9, but also of bone-biomaterial interfaces56. The 

spatial organization of collagen fibrils and mineral, together with the morphology of the mineral phase, 

can indeed influence the mechanical properties of bone213, but also determine diffusion pathways 

within the bone matrix. 

One key aspect investigated in Paper VI was the nature of low-contrast regions, the “holes”, 

characteristic of the lacy pattern of out-of-plane collagen fibrils169. It is worth pointing out that these 

“holes” were deemed to be cross-sectional views of collagen fibrils in Papers IV-V (chronologically 

antecedent to Paper VI), adopting the interpretation proposed by several authors21,168–170,177,214. 

However, this correspondence is not universally accepted in the bone research community, and other 

authors have identified the “holes” as nanochannels163,164, intra-fibrillar unmineralized spaces hosting 
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macromolecules215, or provided no clear explanation other than their unlikely correspondence to 

collagen fibrils23. Thanks to on-axis electron tomography in Paper VI, direct confirmation of the fact 

that most “holes” are collagen fibrils seen in cross-section was obtained. Dissimilarly from previous 

work assessing this relationship in a more global way through the reciprocity of longitudinal and lacy 

motifs169,170, Paper VI provided direct evidence of the collagenous nature of the “holes” in a nearly 

point-specific manner by slicing the electron tomography reconstructions in mutually orthogonal 

planes. This demonstrated that the “holes” correspond to dark bands, i.e., overlap zones, in the 

banding pattern of in-plane fibrils. Interestingly, the rod-like appearance of “holes” segmented in 3D 

can also be observed in the visualization/segmentation of the electron tomogram in Paper V. 

However, the more optimal orientation of the samples in Paper VI and their rod shape, together with 

the removal of missing wedge artifacts thanks to on-axis electron tomography, allowed for more 

detailed analyses of the “holes”. 

In Paper VI, EDX tomography proved to be more suited to the analysis of bone mineral rather than 

of the organic phase. By considering individual 2D slices in the 3D reconstructed maps of calcium 

and phosphorus and correlating them to the corresponding HAADF-STEM slices, it was possible not 

only to confirm intra-fibrillar mineralization, but also to reveal higher signal intensity for the extra-

fibrillar mineral. Conversely, reconstructed maps of carbon and nitrogen appeared rather noisy and 

could not be well correlated to specific structural features such as the “holes”. A 4D characterization 

tool not explored in this thesis which could overcome this limitation is atom probe tomography (APT), 

where compositional information is spatially resolved in 3D by exploiting field ion microscopy and 

mass spectrometry216. APT combines ppm (parts per million) chemical sensitivity with nanoscale 

spatial resolution216, making it possible to study individual collagen fibrils, as demonstrated by Lee et 

al. in leporine bone217. Other uses of APT in bone research have focused on resolving bone-implant 

interfaces at the atomic scale187,218,219. These and other applications of APT in bone and other 

biominerals were reviewed by the author of this thesis and co-workers (see reference 196). 
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Conclusions 

Overall, the multimodal and multiscale characterization approach applied in this thesis revealed 

structural and compositional changes of bone in the compromised conditions examined, informed 

perspectives on biomaterial functionalization strategies to improve bone response in the presence of 

disease, and shed light on the ultrastructure of bone in both native tissue and at biomaterial interfaces. 

In Paper I, the multimodal characterization of bone structure and composition highlighted geometrical 

and microstructural abnormalities in LepR-deficient Lund MetS rats, indicating a delay in their skeletal 

development which did not seem to affect bone matrix composition. 

In Paper II, the multiscale investigation of the bone-bacteria interface in a case of MRONJ, especially 

when considering nanoscale information, demonstrated the existence of a hyper-mineralized band 

fading into an amorphous and disordered region. This suggests that, together with uncontrolled 

precipitation of calcium and phosphorus from the surrounding environment, bacteria actively degrade 

bone in MRONJ. 

In Paper III, micro-to-nanoscale characterization of the interface between bone and an AM porous 

implant, acid-etched, and functionalized with genistein, showed a promising bone response despite 

the compromised bone repair in OVX rats. Moreover, Paper III highlighted the importance of 

including mesoscale analyses to investigate the LCN in 3D and the organization of mineral ellipsoids 

in peri-implant bone. 

In Paper IV, microscopy-based analyses of the interface between bone and bioactive glass confirmed 

nano-osseointegration and unaffected dissolution/reprecipitation mechanisms in the presence of 

PTH 1-34 functionalization and altered bone metabolism in ORX rats. Quantitative evaluation of the 

biological response showed promising results in terms of bone repair in ORX rats when using 

bioactive glass functionalized with PTH 1-34. 

In Paper V, a workflow to characterize the bone-bioactive glass interface was demonstrated, 

introducing 3D analyses at the nanoscale with electron tomography that further corroborated the 

gradual nature of the interface and highlighted that collagen fibrils are oriented parallel to the interface. 

In Paper VI, on-axis Z-contrast electron tomography and EDX tomography were combined for the 

first time to resolve bone structure and composition at the nanoscale. This provided a direct 

identification of the low-contrast nanosized spaces seen in the lacy pattern as collagen fibrils. 

Additionally, it showed the extra-fibrillar mineral to be made of thin platelets merging in larger 

aggregates spanning over several fibrils. 
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Future perspectives 

The multiscale and multimodal approach adopted in this thesis captured relevant information on bone 

structure and/or composition in the cases under investigation. However, many of the studies lacked 

quantitative investigations and statistical comparisons. This was mostly due to the small sample size 

(n = 1-2) especially in electron microscopy experiments (PFIB-SEM tomography, S/TEM, and 

electron tomography) [Papers II-VI]. Restrictions in sample size are indirectly related to high 

experimental costs, as well as lengthy protocols. Automating at least part of the experimental workflow 

could mitigate these limitations. For example, tools for automating STEM sample preparation by FIB 

lift-out have already been developed, demonstrating high sample quality and throughput220. However, 

they have yet to be tested on more complex materials like bone and bone-biomaterial interfaces. In 

the future, it would be interesting to implement these procedures to afford a higher sample size. For 

example, this would make it possible to examine broader records of MRONJ-affected individual to 

corroborate the observations in Paper II. 

Even with the implementation of automated sample preparation workflows for S/TEM experiments, 

technical challenges would persist due to the electron beam sensitivity of biological samples like bone. 

These challenges become especially relevant when high beam doses are required such as in EDX or 

EELS, and in long experiments such as electron tomography. The compromise between resolution 

and exposure is exemplified by Paper VI, where large tilt increments and short dwell times were 

selected for EDX tomography to limit sample damage, albeit leading to sub-optimal EDX maps. 

Reconstruction algorithms like compressed sensing could be explored in future work, as they allow 

for under-sampling, requiring fewer projection images to produce high-quality 3D reconstructions221. 

Faster and more sensitive detectors could also mitigate challenges in electron tomography of beam-

sensitive materials. As the acquisition of HAADF-STEM tilt series in ~360 s has been shown222, it 

would be interesting to apply this fast electron tomography approach to bone. 

There are also opportunities to improve tools for image analysis. Deep learning has emerged as a 

powerful aid to examine features of interest in large/multidimensional datasets, (semi)automating 

image segmentation to extract quantitative information223. However, complex structures like that 

found in bone at the nanoscale are difficult to be accurately segmented by algorithms. For example, 

in Paper VI, it was necessary to segment individual mineral plates manually. Improvements in machine 

learning algorithms could make it possible to analyze features with greater complexity and to examine 

larger amount of data, while also limiting operator bias in feature selection. 

A main limitation of the characterization tools used in Papers III-IV stems from the inability to 

visualize the biomaterial surface functionalization, i.e., the layer of genistein or PTH 1-34. At this time, 

it is not possible to determine how much of the drug coating is still present at the time of retrieval, or 

if it has all been released in the peri-implant space. This could not be determined by EDX due to the 

similar elements present in both the drugs under investigation and bone, as well as the embedding 

resin. Other approaches should then be explored. In a previous study, 14C radiolabelling was used to 

assess the release of bisphosphonates by autoradiography ex vivo, correlating the autoradiographs with 
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BSE-SEM images224. Hence, similar methodologies based on tagging the therapeutics used in Papers 

III-IV with easily identifiable signals could be tested. 

Apart from technical limitations, some biology-related questions remain unanswered in this thesis, 

calling for further investigations. In Paper I, mechanistic insights into the origins of the altered 

microstructure in the LepR-deficient animals are needed, especially to decouple LepR deficiency, 

obesity, and hyperglycemia, as well as to study bone remodeling, with a specific focus on mineralized 

cartilage islands. These features should also be examined at smaller length scales, for example by 

P/FIB-SEM tomography and S/TEM, in particular to highlight how type I and type II collagen 

interface. In Paper I, structure-function relationships should also be better confirmed, for example by 

mechanical testing on whole bones. In Paper III, a preclinical study involving a greater sample size 

should be undertaken to quantify the effect of genistein functionalization on osseointegration, 

combining microscopy with other analytical techniques as done in Paper IV (e.g., biomechanics, 

mineralization dynamics, and gene expression). 

This thesis mainly focused on assessing changes in bone structure and composition in the presence of 

disease [Papers I-IV]. In Paper V, a characterization workflow encompassing electron tomography 

was highlighted, and an advanced electron tomography approach was demonstrated in Paper VI. The 

high-resolution, artifact-free, 3D reconstruction of bone ultrastructure offered by on-axis electron 

tomography, especially when correlated with compositional information using EDX tomography, 

could find broader applications in bone research, for example to probe disease-induced changes in 

bone quality at the nanoscale. 

Lastly, the multimodal and multiscale characterization approach adopted in this thesis only involved 

ex situ analyses. While developments in electron microscopy are aiming to get closer to native and 

dynamic conditions with liquid imaging225, they still lack clinical relevance. More work needs to be 

done to implement materials science characterization workflows in clinically relevant contexts, for 

example identifying metrics that correlate to those measurable in vivo. 
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