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Abstract 

Metallic bone implant devices are commonly used to tackle a wide array of bone failures 

in human patients. The success of such implants relies on the biomechanical and 

functional bonding between the living bone tissue and implant, a process defined as 

osseointegration. However, the mechanism of osseointegration is still under debate in the 

scientific community. One efficient method to help understand this complex process is to 

characterize the interface between human bones and implant devices after the 

osseointegration has been established, while another approach is to visualize 

mineralization in real-time under simulated body conditions. Both of these approaches to 

understand mineralization have been explored in this thesis. 

 

Firstly, due to the inhomogeneous nature of bone and complex topography of implant 

surfaces, a suitable sample geometry for three-dimensional (3D) characterization was 

required to fully understand osseointegration. Electron tomography has been proven as 

an efficient technique to visualize the nanoscale topography of bone-implant interface in 

3D. However, resulting from the thickness and shadowing effects of conventional 

transmission electron microscope (TEM) lamellae at high tilt angles and the limited 

tilt-range of TEM holders, “missing wedge” artifacts limit the resolution of final 

reconstructions. In Chapter 3, the exploration of a novel sample geometry to explore 

osseointegration is reported. Here, on-axis electron tomography based on a 

needle-shaped sample was applied to solve the problem of the “missing wedge”. This 

resulted in a near artifact-free 3D visualization of the structure of human bone and 

laser-modified titanium implant, showing bone growth into the nanotopographies of the 

implant surface and contributing to the evolution of the definition of osseointegration 

towards nano-osseointegration.  

 

One of the key issues regarding the mechanism of osseointegration that remains is that of 
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the chemical structure at the implant interface, namely distribution of calcium-based and 

carbon-based components at the interface and their origins. Thus, the second objective of 

this thesis aimed to push characterization techniques further to four dimensions (4D), by 

incorporating chemical information as the fourth dimension after the spatial X,Y,Z 

coordinates. In Chapter 4, correlative 4D characterization techniques including electron 

energy-loss spectroscopy (EELS) tomography and atom probe tomography (APT) and 

other spectroscopy techniques were used to probe the nanoscale chemical structure of the 

bone-implant interface. This work uncovered a transitional biointerphase at the 

bone-implant interface, consisting of morphological and chemical differences compared 

to bone away from the interface. Also, a TiN layer between the surface oxide and bulk 

metal was identified in the laser-modified commercial dental implant. Both findings have 

implications for the immediate and long-term osseointegration. 

 

Since bone formation at the implant interface is a dynamic process, which includes 

calcium phosphates (CaP) biomineralization as a basis of these reactions, the third 

objective of this work focused on exploring real-time mineralization processes. 

Liquid-phase transmission electron microscopy (LP-TEM) is a promising technique to 

enable real-time imaging with nanoscale spatial resolution and sufficient temporal 

resolution. In Chapter 5, by using this technique, we present the first real-time imaging of 

CaP nucleation and growth, which is a direct evidence to demonstrate that CaP 

mineralization occurs by particle attachment. 

 

Overall, this thesis has applied state-of-the-art advanced microscopy techniques to 

enhance the knowledge and understanding of osseointegration mechanisms by 

investigating established biointerfaces and real-time mineralization. The developed 

correlative 4D tomography workflow is transferable to study other interfacial 

applications in materials science and biological systems, while the LP-TEM work forms 
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a basis for further mineralization research. 

 

Key words: Osseointegration, bone-implant interface, electron tomography, atom probe 

tomography, liquid-phase TEM, 4D 
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Chapter 1 Introduction 

1.1 Research Motivation 

Bone is a vital biomineralized tissue in the human body exerting important functions of 

ion storage, locomotion, support and protection.
1
 In order to functionally repair bone 

tissue, various biomaterials have been developed and applied as bone implants.
2
 Bone 

implants have been widely used worldwide, and in US alone 1 ~ 2 million dental 

implants and over 600,000 hip and knee replacement implants are placed annually.
3
 The 

success of these reconstructive and regenerative orthopaedic and dental surgeries is based 

on the long-lasting bonding with biomechanical functions between the living bone and 

implants, which is the phenomenon termed osseointegration.
4
 Many factors have been 

demonstrated to affect osseointegration, such as chemical composition of implant surface, 

biochemical molecules attached to the implant surface, and surface topography.
5
 

Therefore, a complete characterization and understanding of the interface between 

human bone and implant offers valuable insight into the mechanisms of osseointegration 

in order to optimize implant surface modification.
5
 

 

Due to the hierarchical structures of bone, correlative multiple length scale 

characterization techniques are needed. Research has developed dramatically from 

histological observation with the aid of the light microscope, to micron-scale resolved 

SEM, and further to nano-scale investigation using transmission electron microscopy 

(TEM).
6–8

 Despite the advancement in spatial resolution, two-dimensional (2D) 

characterization techniques constrained to 2D projections do not properly present the 

inhomogeneous nature of bone and complex topography of implant surfaces interface. 

Thus, it is necessary for osseointegration characterization to progress from 2D to 

three-dimensional (3D) analyses. X-ray micro-computed tomography (micro-CT),
9–13

 

serial sectioning with focused ion beam (FIB) dual-beam microscope,
14–22

 and 

transmission electron tomography
23

 are well-developed tomographic characterization 
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techniques with spatial resolution from the microscale to nanoscale. Among them, of 

great interest is electron tomography using scanning transmission electron microscopy 

(STEM) in high-angle annular dark-field (HAADF) imaging mode, since it provides not 

only superior nanoscaled resolution, but also compositional contrast.
24–27

 However, due 

to the thickness and shadowing effects of conventional TEM lamellae at high tilt angles
28 

and the limited tilt-range of TEM holders, an artifact called the “missing wedge” is 

observed
25

, which leads to elongation in the direction of the missing wedge so as to limit 

the resolution in the final reconstruction.
23

 On-axis electron tomography is a promising 

method to solve the missing wedge problem and acquire high-fidelity reconstructions of 

osseointegration for a more quantitative analysis.
29–32

  

 

Even though, based on electron tomography, the original definition of osseointegration 

has developed into nano-osseointegration,
26

 the mechanism of osseointegration is still 

under debate. One of the key issues is the distribution of calcium- and carbon-based 

materials, or mineralized and organic components, at the bone-implant interface and their 

origins. Thus, it is also vital to understand the nanoscaled chemical structures at human 

bone implant interfaces in 3D. Electron tomography should step further to four 

dimension (4D) by adding spectroscopic data as the fourth dimension.
25

 Based on the 

needle-shaped sample geometry, on-axis electron tomography provides possibilities to 

correlate electron tomography to spectral information (e.g. electron energy loss 

spectroscopy (EELS)) since specimen thickness remains constant at high tilt angles. 

 

Besides spectroscopic electron tomography, atom probe tomography (APT) is another 

4D tomography technique that could be applied to probe the elemental distribution at 

bone-implant interfaces. APT is based on field evaporation and the implementation of an 

ultraviolet laser has expanded its application into biological samples, such as chiton teeth 

or human bone.
33,34

 Physico-mechanical interdigitation and bio-chemical bonding have 
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been reported as the potential contact mode at bone-implant interfaces.
35

 Due to its 

atomic spatial resolution, APT is efficient to determine whether there is atomic continuity 

at the bone-implant interface, which supports that the interface bonding mode is not 

merely limited to mechanical interdigitation. In addition, owing to its superior chemical 

sensitivity (down to 1 ppm) across the entire periodic table,
36

 APT is able to identify the 

trace elements (e.g. Na) and their distribution in bone, which could help further 

understand the bonding mechanism of bone and implant.  

 

The two advantages of APT mentioned above are a nice complement to spectroscopic 

tomography. Meanwhile, it is also necessary to correlate APT reconstructions with other 

techniques, such as STEM images or electron tomography
37

, considering the problems 

related to uneven evaporation during APT data acquisition due to the inhomogeneous 

nature of biological specimens
38

. In this way, the correlated APT and spectroscopic 

tomography could support and complement each other to strengthen the concept of 4D 

tomography. However, 4D tomography only provides the information on the spatial 

distribution of elements but not their chemical state. To overcome these issues, 

spectrometric studies of near edge X-ray absorption fine structure (NEXAFS) on 

scanning transmission X-ray microscope (STXM) and electron energy-loss near-edge 

structure (ELNES) using STEM are able to correlate to the 4D tomography to investigate 

chemical states of individual elements by identifying the information such as valence and 

local coordination, based on the fine structural features at the absorption edge.
39

 

 

The main mineral constituent of bone is hydroxyapatite, whose biomineralization process 

is the basis of bone remodeling, as well as osseointegration. Since hydroxyapatite is a 

phase of calcium phosphate (CaP), understanding the mechanism of CaP 

biomineralization is critical for research on both pathological bone diseases and 

osseointegration mechanisms.
40

 Although the studies based on cryogenic TEM 
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(cryo-TEM) have proposed that CaP nucleates and grows via particle attachment 

mechanisms, direct experimental support by real-time observation is still needed to 

demonstrate this hypothesis.
40,41

 Liquid phase (LP)-TEM, with the ability to record 

biomineralization processes in situ with nanoscaled spatial resolution and sufficient 

temporal resolution, is a promising technique to image dynamic nucleation and growth 

process of CaP and unveil its mechanism of biomineralization. Furthermore, the in-situ 

TEM research on CaP biomineralization could lay a foundation for applying LP-TEM 

techniques to explore the unsolved issues of bone biomineralization, such as the effects 

of extracellular matrix on mineralization
42

 or the function of non-collagenous proteins 

during the mineralization process.
43

 

 

1.2 Research Objectives and Hypothesis 

 The overall aim of this thesis is to enhance the knowledge and understanding of 

osseointegration mechanisms by applying suitable multi-dimensional microscopy 

techniques, with the eventual aim that these techniques and conclusions could then be 

used downstream to improve the surface modification of next generation implant 

materials. The detailed objectives are summarized as following: 

(1) To understand nano-osseointegration at interfaces by using on-axis electron 

tomography to circumvent missing wedge artifacts. 

(2) To develop correlative nano- and sub-nanoscaled 4D tomographies, with chemical 

information as the fourth dimension, in order to probe the chemical characteristics of 

the biointerphases between human bone and commercial titanium dental implant. 

     (a) To visualize nanoscaled chemical structures at interface by applying EELS 

tomography. 

     (b) To experimentally demonstrate the atomic continuity of osseointegration at 

interface by using APT. 

     (c) To optimize APT experiment parameters for characterizing natural biominerals 
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and biointerface samples. 

(d) To establish the correlative 4D tomography workflow based on the same needle 

sample, which is transferable to other applications in materials science or 

biological systems. 

(3)  To study CaP biomineralization mechanism via in-situ liquid TEM. 

(a) To image dynamic nucleation and growth process of CaP by using in-situ 

LP-TEM. 

(b) To lay a foundation for applying LP-TEM technique to explore CaP 

biomineralization in more complex organic–inorganic physiological solutions. 

 

The first two sections of this thesis are founded on the hypothesis that 

hierarchically-structured bone bonds to the engineered implant surface on multiple length 

scales, from the macroscale down to atomic scale, containing a transition layer with 

different morphologies and chemical structures from mature bone directly at the 

bone-implant interface. During this osseointegration process, CaP biomineralization may 

occur at the implant surface. Therefore, the second part of this thesis focuses on the study 

of CaP initial nucleation and growth as a first step to lay down a foundation for future 

research on CaP biomineralization at implant surfaces. In this section, real-time 

observations of this dynamic process were conducted with the hypothesis is that CaP 

crystalizes by particle attachment. 

 

1.3 Thesis Outline 

Chapter 1: Introduction. This chapter provides a general introduction to this 

research, which states study motivations, clarifies detailed research objectives and 

summarizes the thesis outline. 

Chapter 2: Literature Review. This chapter reviews relevant literature and 

fundamental principles related to this thesis. It includes: fundamental principles of bone 
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structure and osseointegration, and an introduction to state-of-the-art characterization 

techniques as applied to osseointegration and biomineralization research, including 3D 

and 4D tomographies (EELS tomography, APT), and in-situ liquid TEM. 

Chapter 3: “3D Characterization of Human Nano-osseointegration by On-Axis 

Electron Tomography without the Missing Wedge”. This chapter presents the first 

application of on-axis ET for investigation of human bone and laser-modified titanium 

implant interfaces without the missing wedge. This work demonstrates a near 

artifact-free 3D visualization of the nano-topographies of the implant surface oxide layer 

and bone growth into these features. This approach serves as direct evidence of 

nano-osseointegration and as a potential platform to evaluate differently structured 

implant surfaces. This work has been published in the Journal of ACS Biomaterials 

Science & Engineering.
44

 

Chapter 4: “Biomineralization at Titanium Revealed by Correlative 4D 

Tomographic and Spectroscopic Methods”. Based on the needle-shaped sample geometry, 

this chapter reports the first correlative 4D chemical tomography study of a bone-implant 

interface, including on-axis electron tomography, EELS tomography, and APT performed 

on the same sample. The combination of these methods reveals both nano and atomic 

scale information needed to understand biomineralization at the bone-implant interface. 

The workflow of these correlative 4D tomographic methods presented here are also 

applicable to other biological systems or materials science applications. This manuscript 

has been submitted for publication. 

Chapter 5: “Biomineralization of Calcium Phosphate Revealed by in situ 

Liquid-phase Electron Microscopy”. This chapter presents the first real-time imaging of 

CaP nucleation and growth with in situ LP-TEM, which is a direct evidence to 

demonstrate that CaP mineralizes by a particle attachment mechanism. This work lays 

the foundation for further real-time investigation of CaP biomineralization in more 

complex organic–inorganic physiological solutions. This work has been written in 
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manuscript for publication. 

Chapter 6: Concluding Remarks. This chapter summarizes key findings, defines 

major contributions and explores future work for this research. 
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Chapter 2 Literature Review 

2.1 Bone 

Bone is a mineralized tissue that serves as the mechanical support and protection for vital 

organs, and also as the reservoir of calcium (Ca) and phosphorous (P) ions for vertebrates. 

Its structure, composition, and formation have been important research topics in the 

fields of physiology and medicine.
45

 In addition, as a hierarchical self-assembled 

composite material with distinct mechanical properties, bone also attracts lots of attention 

in materials research.
46

 The studies presented in this thesis focus on the materials 

perspective. 

 

2.1.1 Bone Composition 

Bone consists of 60% (weight percent) of mineral phase, 30% (weight percent) of 

organic components and 10% (weight percent) water.
47

 The mineral phase of mature 

bone is primarily carbonated hydroxyapatite (Ca10(PO4,CO3)6(OH)2) with the carbonate 

ions substituting either phosphates or hydroxyl ions in a hexagonal crystal structure. 

These mineral crystals have an elongated plate shape with dimensions of 2-6 nm thick, 

25-50 nm wide and 50-100 nm long.
48

 Recent multinuclear magnetic resonance (NMR) 

studies proposed that this plate-like morphology of apatite nanocrystals in bone was 

stabilized by strongly bound citrate on the surface of crystallites.
49

 The organic 

components of bone contain mainly Type I collagen fibrils and non-collagenous proteins 

(NCPs). The triple-helical collagen molecules that comprise collagen fibrils are also on 

the nanoscale with dimensions of 1.5 nm in diameter and 300 nm in length.
48

 Collagen 

molecules assemble into arrays to form collagen fibrils with 40 nm gap zones and 27 nm 

overlap zones, which are observed as characteristic collagen banding of 67 nm in 

transmission electron microscope (TEM) images.
43

 The collagen fibrils and the NCPs 

form what is referred to as the extracellular matrix.
50

 Also, the NCPs are functional 

proteins that mediate bone mineralization processes by signaling apatite nucleation.
51

 In 
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addition to the main elements that comprise the mineral and organic components of bone 

(i.e. C, H, O, N, P, Ca), trace elements of Na, Mg, Sr and Zn are also detected in 

bone.
52,53

 Mg is reported to incorporate into the hydroxyapatite crystal structure, which 

functions as a growth factor to promote bone formation in early stages of osteogenesis.
54

 

Even though the function of Na in bone is still unclear, its co-localization with organic 

parts of bone has been observed by atom probe tomography study (APT) in previous 

studies.
34

 Zn is present in bone calcified matrix playing an essential role in bone 

metabolism.
53

 Chemically similar to Ca, Sr is suggested to influence bone turnover 

processes.
53

  

 

2.1.2 Bone Structure 

2.1.2.1 Hierarchical Structure 

Bone has a distinct hierarchical structure organized from the millimeter to nanometer 

scale. Generally, seven levels are classified in bone architecture from the bottom up 

(Figure 2-1).
55

 The basic building units of bone structure are apatite crystals and 

tropocollagen molecules, which are both on the nanoscale. The collagen fibrils generate 

from the staggered arrays of tropocollagen molecules and then become mineralized as 

bone matures.
56

 These mineralized fibrils align along their long axis to form bundles and 

arrays which are collagen fibres. Organized in various patterns such as parallel, tilted 

woven or circularly rotated arrangements, these collagen fibres then generate the higher 

hierarchy of lamellae structure on the micro-scale. The concentric lamellae form the 

characteristic cylindrical motif called osteons with vascular channels in the middle and 

osteocytes in lacunar-canalicular networks. At the macrostructure level, the whole bone 

is made up of compact bone which is the dense outer shell and the interior sponge-like 

trabecular bone.  
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Figure 2-1. (a) Hierarchical levels of bone structure from nano- to macro-scale. (b) the schematic of 

collagen banding, (c) the structure of osteons, (d) compact bone and trabecular bone structures. (a) 

was reproduced from reference
56

 with permission of the American Institute of Physics. This image 

was adapted from the original source, reference
55

. And (c,d) was reproduced from reference
46

 with 

permissions. 

 

2.1.2.2 Ultrastructure Model 

The ultrastructure of bone is related to the nanoscaled spatial organization of mineral 

crystals and collagen fibrils. The conventional ultrastructural model insists on the 

presence of intrafibrillar mineralization, that is apatite crystals mineralized within the gap 

zones of collagen fibrils with their alignment parallel to the long axes of fibrils (Figure 

2-2(a)).
57

 However, the mineral phase is known to take up around 50% by volume of 

bone, which is much larger than the space available in the gap zones of collagen fibrils.
58

 

Recent studies therefore also suggest the existence of interfibrillar minerals between 

adjacent collagen fibrils and extrafibrillar minerals external to collagen fibrils.
59

 Based 

on TEM and electron tomography observations by Schwarcz et al., a new model of bone 
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ultrastructure was proposed.
60,61

 As shown in Figure 2-2 (b), in this new model stacks of 

mineral lamellae with the approximate dimensions of 60 nm wide, 5 nm thick and 

hundreds of nm long are packed around the collagen fibrils in the diameter of 50 ± 20 nm. 

The fibrils are wrapped by multiple mineral lamellae and with the distance between 

adjacent mineral lamellae less than 1 nm. 
58

  

 

Figure 2-2. (a) Schematic diagram of intrafibrillar ultrastructure (A), interfibrillar 

ultrastructure formed by minerals extending into adjacent overlap zones (B);
57

 (b) schematics 

of the extrafibrillar ultrastructure, orange sheets represent mineral lamellae and gray 

cylinders represent collagen fibrils. (a) was reproduced from references
57 

and (b) from 

reference
58

 with permissions. 

 

2.1.3 Bone Remodeling  

Bone is not only a composite material with hierarchical structure, but also a living tissue 

with cells responsible for its metabolism and maintenance. Living bone is remodeling 

throughout life to heal microfractures, adapt to mechanical changes, and maintain 

homeostasis of calcium and phosphorous. Bone remodeling is a complex process of new 

bone replacing older bone as the result of coordinated activity of bone cells. 
47

 (Figure 

2-3) 
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2.1.3.1 Osteoblasts and Bone Formation 

Osteoblasts, originating from mesenchymal stem cells, are clusters of cuboidal cells with 

the function of bone matrix synthesis. Generally, two steps are included in new bone 

formation by osteoblasts: (1) secreting osteoid, which is the extracellular organic matrix 

made up of Type I collagen, non-collagenous proteins and proteoglycans, and (2) the 

subsequent mineralization of osteoid. Nearing the end of bone formation, some mature 

osteoblasts are trapped in the bone matrix and differentiate into osteocytes which reside 

inside a space referred to as the lacunae where they act as mechanosensors, others 

become flat lining cells. 
1
 

 

2.1.3.2 Osteoclasts and Bone Resorption 

Osteoclasts, with the characteristic feature of a ruffled border, are giant multinucleated 

cells responsible for bone resorption. After attachment to the bone matrix, osteoclasts 

form a sealed compartment between the cell and the bone surface for surrounding 

acidification. The bone matrix and mineral crystals encapsulated within this sealing zone 

are resorbed by osteoclasts by acidification and proteolysis. This resorption surface of 

old bone has a highly complex morphological structure in 3D at the sub-micron length 

scale so as to help with the interdigitation and interlock between old and new bone.
62

 

 

2.1.3.3 Mechanism of Bone Remodeling 

Considering morphological differences, bone remodeling is classified as the Haversian 

remodeling inside cortical bone and the endosteal remodeling on the trabecular bone 

surface. But, both types of remodeling follow the same coordinated cellular events with 

the sequence of activation, resorption, and formation. In the initiation stage, as the result 

of a certain signal, a group of stem cells are recruited to a definite area of the bone 

surface and then differentiate into osteoclasts for bone resorption. After old bone matrix 

is resorbed, osteoclasts are detached from the resorption surface and a layer of 
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mononuclear cells cover it to generate a cement line there. The cement line, an electron 

denser layer by electron microscopy study, acts as the interface between old and new 

bone. This is the so-called reversal (or transition) phase. Then, pre-osteoblasts are 

activated and differentiate into mature osteoblasts for new bone formation. An initial 

extracellular matrix (osteoid) is formed and then mineralized into new bone. The initially 

deposited bone is unorganized and referred to as woven bone
63

, which continues to 

remodel over time into organized lamellar bone
64

. The evidence of bone remodeling can 

be found in bone morphological observations The newly formed osteons cut through the 

old ones in compact bone.
1,65

 During each remodeling cycle, bone resorption takes 

around 2 to 4 weeks while bone formation needs almost 4 to 6 months to accomplish.
66

 

An understanding of bone formation and remodeling is essential to then apply this 

concept to bone growth at a synthetic implant interface. 

 

Figure 2-3. Schematics of coordinated cellular events with the sequence of activation, 

resorption, reversal, formation and quiescence during bone remodeling. The figure adapted 

from reference
67

 

 

2.2 Bone-Implant Interface 

2.2.1 Bone Implants 

Every year millions of dental, hip and knee replacement implants and even customized 

3D printed bone implants are placed in human body. In Canada, the number of hip 

(51,272 cases) and knee (61,421 cases) replacement surgeries has increased around 20% 
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in 2014-2015 compared to five years prior.
68

 The majority of commercially available 

bone implants are made of alloys such as cobalt chromium (Co-Cr) alloys, stainless steel, 

commercially pure titanium (cp-Ti) and titanium alloys (specifically, Ti6Al4V).
2
 Among 

them, cp-Ti has been used extensively in dental and orthopaedic reconstructive surgeries 

as the result of the excellent corrosion resistance and biocompatibility of the oxide layer 

on its surface. 
69

 All the samples in this thesis are cp-Ti dental implants with an oxide 

layer produced via modification by laser ablation.
70,71

 

 

cp-Ti is classified into 4 grades depending on the weight percentage of minute 

contaminants. Cp-Ti consists of α-phase (hexagonal close-packed structure). When 

heating up to 883 ℃ and above, cp-Ti will transform from α-phase into β-phase 

(body-centered cubic structure) and it can be stabilized by adding alloy elements such as 

Al and V (Ti6Al4V). The mechanical properties of these metallic implant materials are 

based on the thermomechanical treatments including annealing and aging which changes 

their microstructures.
69

 A thin and amorphous oxide film forms spontaneously on the 

surface of titanium metal.
72

 This surface oxide layer is biocompatible and bioinert. Its 

physicochemical characteristics and topographies are critical for biomineralization and 

osseointegration.
73

 Rutile is the naturally stable crystalline phase of TiO2. Due to the 

lower isoelectric point (5.9) compared with body fluids pH (7.4), the rutile surface tend 

to deprotonate and consequently attract Ca
2+

 ions, which is beneficial to 

biomineralization precedence.
74

 Compared with the conventional implant surface 

modification methods such as acid-etching, grit-blasting and anodic oxidation, laser 

surface modification has multiple merits including precision machining, low 

contamination and ability to form hierarchical topography.
73

 It has been reported that the 

laser-induced micro- and nano-scaled oxide features on the surface of cp-Ti implant 

decreased the attachment of inflammatory cells 
75

 and contributed to bone-implant 

interlocking.
71
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2.2.2 Osseointegration 

Despite the vast developments towards improved bone implant devices, there are still 

appreciable implant failures demanding revision surgeries. Most of these failures are 

caused by the lack of a long-lasting bonding between the bone and implant devices.
3
 This 

bonding was initially defined as osseointegration by Brånemark et al. in the 1950s 
4,76

 

and has motivated decades of research since then. With the development of 

characterization techniques, osseointegration at nanometer length scales has been 

observed by using TEM and electron tomography. Therefore, the original definition of 

osseointegration has developed from histological perspectives into 

nano-osseointegration.
26

 This term is used to describe not only the morphological 

phenomenon of bone growing into the nanoscale topography of implant surfaces so as to 

interdigitate and mechanically interlock with implants, but also the chemical 

characteristics of the biointerface at the nanoscale. 

 

Osseointegration is believed to be the result of both distant osteogenesis, where bone first 

approximates the implant surface, and contact osteogenesis, when new bone first forms 

on the implant surface.
77

 Both types of osteogenic processes follow the same cellular 

processes as bone remodeling. However, what constitutes the direct contact layer, the 

so-called ‘true’ interface, 
78

 is still debated. Many conflicting theories of osseointegration 

mechanisms have been proposed. 

 

Davies et al. proposed the theory of osseointegration where a non-collagenous 

hypermineralized layer similar to a cement line is generated at the bone-implant 

interface.
62,79

 This sub-micron layer is the conserved extracellular matrix interdigitating 

new bone with old bone or implant surfaces.
78

 In this theory, a highly complex 

microscale topography is necessary for either implants or old bone surfaces to initiate 

bone bonding.
79

 In contrast, a “proteoglycan-rich” layer was proposed to directly bond 
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bone with implant surfaces by other researchers.
80

 Proteoglycans exist in the extracellular 

matrix with the physiological function of coordinating cellular activities and stabilizing 

growth factors in the bone mineralization process.
80

 At the ultrastructural level, 

Albrektsson et al. observed a three-zone-structure at the interface between bone and pure 

titanium layer coated on polycarbonate rods.
81

 The zone intimately contacted with the 

metal surface consisted of a 20-40 nm proteoglycan-rich ground substance, which was 

followed by the second zone with randomly distributed collagen fibrils and organized 

collagen fibers in the third zone.
81

 Steflik et al. confirmed and further developed this 

bone-proteoglycan implant interface model.
82

 They observed the existence of a 20-50 nm 

electron-dense layer at the interfaces of both titanium and ceramic (alumina oxide) 

implants by TEM.
82

 This layer directly bonding bone and implant surface was 

determined to be glycosaminoglycan in nature. However, Mckee et al. showed the 

existence of osteopontin-containing cement lines at titanium and hydroxyapatite implant 

interfaces in rat model experiments. They have theorized that osteopontin in cement lines 

acts as an interfacial adhesion promoter in both bone-bone and bone-implant bonding.
83

  

 

Based on these above observations, the mechanism of osseointegration is still 

inconclusive. One of the key remaining issues is the distribution of calcium-based (i.e. 

inorganic) and carbon-based (i.e. organic) components, at the bone-implant interface and 

their origins. In Chapter 4, the chemical structure of human bone-implant interface was 

investigated at both nano- and sub-nanoscale in 3D. We observed morphological and 

chemical changes at the interfaces from mature bone to the oxide layer on the surface of 

commercial titanium dental implant. An intervening transition zone was defined with 

disorganized apatite-rich substrate. Both Ca and C were proven distributing intimately at 

implant surface. The phase of Ca was identified as amorphous calcium phosphate by 

spectroscopy characterizations, while the phase of C is not fully understood and requires 

further research. 
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Many factors have been demonstrated to affect osseointegration, such as implant 

chemical compositions, functionalization with biochemical molecules, and topography of 

implant surfaces.
5
 The hierarchical implant surface topography with nano-, micro-, and 

macroscaled roughness was reported both in in vitro and in vivo studies to improve 

osseointegration via distinct biological mechanisms related to each length scale.
79

 On the 

nanoscale, it was demonstrated that the cement line matrix proteins can be deposited 

inside the interstices of implant surfaces and undercut to form bonding.
78

 On the 

microscale, the cement line occupies the implant surface features for bone implant 

interlocking. On the macroscale, the collagen fibres of new bone wrap around implant 

surface features and are then mineralized to form a functional interface.
79

  

 

After the initial bone-implant osteogenesis events described above, osteogenic cells lay 

down the osteoid layer, which later mineralizes to result in the initial woven bone 

surrounding implant devices.
79

 With further bone remodeling, this unorganized initial 

bone is overturned and replaced by mature bone with hierarchical structures.
77

 Grandfield 

et al. have visualized the arrangement of collagen near the bone-implant interface in 

three-dimensions (3D), and noted that the collagen is oriented parallel to the interface. 

24,25,27
 Shah et al. confirmed a similar parallel alignment of collagen at bone-implant 

interface and natural interface (bone-osteocyte interface).
84

 Further work to investigate 

the 3D nature of the bone-implant interface will be explored in this thesis. 

 

2.3 Three-Dimensional (3D) Characterization of Bone-Implant Interface 

With the development of characterization techniques, we further understand the 

mechanisms behind the topological and chemical factors influencing osseointegration.
5,78

 

On one hand, these techniques are used to interpret spatial and chemical structures of 

bone-implant interfaces to explain how living bone bonds to synthetic biomaterials. On 

the other hand, these developed techniques are also useful tools to characterize and 
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evaluate whether certain implant surfaces contribute to faster and better osseointegration 

in in vitro and in vivo experiments, so as to provide valuable suggestions for implant 

designs and surface modifications. 

 

From light microscopy (LM), scanning electron microscopy (SEM), to TEM, multiple 

length scale imaging techniques have aided researchers to investigate bone-implant 

interfaces from microscaled observations, such as cell behavior at the interface 
84

, to 

nanoscaled descriptions of complex events, such as mineralization
62,79

. However, these 

predominantly two-dimensional (2D) imaging techniques constrained to 2D projections 

do not properly present the inhomogeneous nature of bone and complex topography of 

the bone-implant interface. Thus, tomography for 3D structure analysis has been 

identified as strategic priority. Figure 2-4 shows different tomographic characterization 

techniques and their associated resolution and analysis volumes.
17

 This thesis will 

highlight four distinct tomography approaches: micro-computed X-ray, focused ion beam, 

electron and atom probe tomography. 

 
Figure 2-4. Tomographic characterization methods mapped with respective spatial resolution and 

analysis volume. The figure was reproduced from reference
17

 with permissions. 



Ph.D. Thesis – Xiaoyue Wang                     McMaster University – Materials Science and Engineering 

19 
 

2.3.1 X-ray Micro-Computed Tomography 

Micro-computed tomography (Micro-CT) is a nondestructive 3D technique with spatial 

resolution from millimeter to micrometer.
13

 It is not only widely used in clinical 

applications, but also in materials research such as to image alloys after deformation or 

mechanical testing.
85

 In micro-CT systems, samples are rotated 360°, and X-rays are 

used to acquire 2D projections for later 3D reconstruction based on the physical principle 

of the attenuation of X-rays through different materials.  

 

In osseointegration research, micro-CT reveals the trabecular structure and microscale 

nature of bone ingrowth surrounding implanted devices. Thorfve et al. used micro-CT 

visualization to compare in vivo implant samples from 7 days and 28 days inserted in rat 

tibia, to highlight the organization and maturation of bone over time. In 28 day samples, 

the trabecular bone structure had grown toward the implant. But, the 7 day samples only 

showed woven bone formation and bone fragments from surgery around the implant.
12

 In 

addition, complex topography of modified implant surfaces is also revealed by this 

technique.
71

 Micro-CT has several advantages; it is nondestructive and also offers a large 

view of a sample, but it is limited in spatial resolution, meaning this technique cannot 

visualize bone ultrastructure in 3D. If synchrotron radiation is used as a light source, 

micro-CT can achieve finer resolution down to 100 nm due to the high-intensity parallel 

beam.
11

 Arvidsson et al. used synchrotron radiation-based computed microtomography 

(SR-μCT) to measure bone implant contact and bone area in ex vivo retrieved implants. 

Compared with 2D quantitative histomorphometry using light microscopy, SR-μCT is 

nondestructive and also provides information of the entire 3D sample.
10

 Another 

technique used to image bone ultrasctructure in 3D is, synchrotron based scanning 

transmission soft X-ray microscope (STXM), which not only supplies higher spatial 

resolution but also spectroscopic information of near-edge X-ray absorption fine 

structure spectroscopy.
86

 Buckley et al. used STXM to map the distribution of inorganic 
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(Ca) and organic (C) phase in rat bone.
87

 With the ability to visualize the 3D structure of 

large volume of samples nondestructively, micro-CT has been demonstrated as one of the 

most efficient 3D characterization techniques for bone-implant interface research. 

 

2.3.2 Focused Ion Beam Tomography 

Focused ion beam (FIB) tomography, also known as FIB-serial sectioning, is a technique 

in which an ion beam sequentially removes thin layers of material in a few nanometer 

thickness from a sample’s cross section, while a scanning electron beam images each 

layer. After images are acquired, these images are aligned, reconstructed, and visualized 

in a 3D volume. Secondary electron (SE) and backscattered electron (BSE) images can 

be acquired simultaneously to improve phase segmentation and analysis.
18

 FIB 

tomography can encompass sample volumes as large as 1000 μm
3
 combined with voxel 

resolution in tens of nanometers, which covers a length-scale gap among modern 

tomography techniques.
17

 This 3D technique was initially used in studies of fuel cells and 

battery electrode materials, and materials of high porosity
18

, but it is now also widely 

used in biomaterials and bone research.
16

 Based on the FIB tomography of demineralized 

rat bone, Reznikov et al. discovered that lamellar bone is composed of two unique type 

structures. One predominant structure is the well-known ordered arrays of collagen fibrils 

and the other is poorly oriented individual type Ⅰ collagen fibrils with abundant 

non-collagenous organic materials.
21,88

 Also, canaliculi and their cell processes are 

notably confined within this disordered structure.
21,2288

 Schneider et al. was the first to 

accomplished a quantitative 3D assessment of lacuna-canalicular network of mouse bone 

achieving a resolution of 30 nm by using FIB tomography.
19

 Later, Giannuzzi et al. 

applied this technique into bone-implant interface research on a patient retrieved 

commercial implant TiUnite.
16

 Bone was observed growing into the microscale porous 

structure of the implant coating. This work has demonstrated the usefulness of FIB 

tomography to characterize bone-implant interfaces, but the resolution is limited as 
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images were of the interface on the microscale; leading to the loss of interesting 

information such as collagen fibril orientation and mineral crystal distribution near the 

human bone-implant interfaces.
16

 Energy dispersive X-ray spectroscopy (EDS) can also 

be correlated with FIB tomography to help phase segmentation and chemical structures 

visualization in 3D.
14,15

 After appropriate sample preparation such as demineralization 

and staining, FIB tomography is a promising 3D characterization technique to visualize 

nanoscale structure of bone-implant interface with an intermediate sample volume.  

 

2.3.3 Electron Tomography 

2.3.3.1 Principles 

Electron tomography collects 2D projections obtained by TEM over a small angular 

increment tilt series to reconstruct 3D objects. The projection-slice theorem is a principle 

of tomography, which confirms the equivalence of the Fourier transform of 2D 

projections of a 3D object with the central sections of the object’s 3D Fourier transform 

(Figure 2-5). Thus, the 3D object in its entirety can be retrieved by the inverse Fourier 

transform of the 2D projections of this object. 
89

 

 

Electron tomography provides superior spatial resolution (voxel) in the nanoscale, which 

is not only related to the spatial resolution (pixel) in the 2D projections acquired in TEM, 

but is also limited by the number of projections and tilt range according to the Crowther 

criterion
90

. The resolution of the dimension X parallel to the tilt axis only depends on the 

microscope or sample, whereas the resolution of the dimension Y perpendicular to the tilt 

axis follows the equation below: 

    (1) 

Where D is the diameter of the object and N is the number of acquired projections. In the 

third dimension, the Z direction, the resolution is reduced by the limited tilt angle range: 
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  (2)        (3) 

Where  is the elongation factor and α is the maximum tilt angle. 
91

 

 

 

Figure 2-5. Schematic of the principle of electron tomography reconstruction. FT is short for Fourier 

transform and IFT is short for inverse Fourier transform. In single tilting axis, a series of 2D 

projections of the 3D object at different tilt angles are recorded. According to projection-slice theorem, 

the 3D FT of the object can be acquired by combining the FT of the series of 2D projections. Then the 

3D object is reconstructed by an IFT. The figure was reproduced from reference
89

 with permissions. 

 

2.3.3.2 Imaging Modes 

Both TEM and scanning TEM (STEM) have been employed as the imaging modes of 

electron tomography acquisition in material and biology studies.
91,92

 Figure 2-6 shows 

the different electron beam paths of TEM and STEM. Samples are probed by a parallel 

electron beam in TEM; whereas, in STEM, a focused beam is used for raster scans across 

samples. STEM enables dynamic focus at high tilt angles, which optimizes image focus 

at each raster and compensates for the focus change of tilted samples. High-angle annular 

dark-field (HAADF) imaging mode in STEM is used for all electron tomography work 
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presented in this thesis, as, the implant portion of samples are titanium, which has 

diffraction contrast in TEM. STEM HAADF can eliminate diffraction contrast and 

Fresnel fringes, which do not satisfy the projection criterion and can cause serious 

artifacts in reconstruction. Furthermore, the HAADF detector collects elastically 

scattered electrons so that its signal intensity approximately proportional to the square of 

atomic number, which provides compositional contrast. 
92

 

 

 

Figure 2-6. Schematic diagrams of the electron beam path in TEM and STEM imaging modes. The 

main difference between the operation modes is that a broad and parallel electron beam is used to 

illuminate the interested region of samples in TEM while a fine and highly focused electron beam is 

used to scan over the samples in STEM. The figure was reproduced from reference
89

 with 

permissions. 

 

2.3.3.3 Workflow  

Usually, the workflow of electron tomography contains three steps: acquisition, 

reconstruction, and visualization (Figure 2-7). When acquiring 2D projections, the 

sample is typically tilted up to ± 70° with the step of 1°or 2° under electron beam. Many 

commercial software packages have been developed for automating the acquisition 

process of focusing, imaging, tilting, and tracking. After data collection, the stacks of 

images are aligned by either a cross correlation method or alignment of fiducial markers 
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(usually gold nanoparticles). Then, the images are reconstructed into a 3D volume using 

mathematical algorithms. The weighted back-projection (WBP) algorithm and 

simultaneous iterative reconstruction technique (SIRT) are the most commonly used 

reconstruction algorithms. 
89

 All of the reconstructions in this thesis work used SIRT, 

which is the re-projection of the reconstructed 3D model is compared to the initial 

projections to find the projection difference, and then reiterated until the difference is 

reduced. This has advantages over WBP, such as reducing noise and containing all 

frequency information. Based on inverse Radon transform, WBP corrects the local 

over/undersampling frequency information by applying weighting filters.
93

 It works fast 

on large set of data but has edge-enhancement effects. Lastly, the reconstructed 3D 

objects are visualized by several approaches: volume rendering, isosurfaces or 

orthoslices through the use of visualization softwares, such as Avizo. 

 

 

Figure 2-7. The three steps of electron tomography: acquisition (a), reconstruction (b) and 

visualization (c). (a,b) were reproduced from reference
23

 with permissions. 

 

2.3.3.4 Missing Wedge 

For conventional lamellar TEM samples, there is a limitation of high tilt angle as the 

result of the microscopy geometry, and sample thickness and shadowing effects. Thus, a 

“missing wedge” is created and leads to artifacts and elongation in the direction of the 

missing wedge in the final reconstruction, as explained mathematically in Eqn. (1-3) and 

shown graphically in Figure 2-8 (a). One of the most reported solutions to this problem is 

dual-axis electron tomography, in which a second tilt-axis perpendicular to the original 

one is employed.
94–96

 Although the so-called missing pyramid (Figure 2-8 (b)) left by this 



Ph.D. Thesis – Xiaoyue Wang                     McMaster University – Materials Science and Engineering 

25 
 

method is considerably reduced compared to the original missing wedge in single-axis 

electron tomography, it is not the most optimum or practical solution considering that it 

fails to eliminate the missing wedge completely and needs additional experimental 

protocols including increased acquisition time. On-axis electron tomography (Figure 2-8 

(c)), in which a needle shaped specimen is rotated and imaged through 180°, is a 

promising method to solve the missing wedge problem. In Chapter 2, on-axis electron 

tomography was used to visualize a human bone-implant interface without missing 

wedge artifacts. 

 

 

Figure 2-8. Schematics of missing wedge (a), missing pyramid (b) and on-axis tomography (c). (a,b) 

were reproduced from reference
25

 with permissions. 

 

2.4 Four-Dimensional (4D) Characterization of Bone-Implant Interface 

The topography and chemical composition of the bone implant surface are both key 

factors which influence implant osseointegration. Electron tomography enables 

visualization of the nanoscale structures of the bone-implant interface in 3D, but is 

unable to provide chemical information at the interface. The nanoscale elemental 

distribution at this interface can indicate the type of bonding between bone and implant, 

or the presence of an organic or inorganic intermediate layer. Thus, electron tomography 

can be extended to 4D with the addition of chemical information as the fourth 

dimension.
25
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2.4.1 Spectroscopic Electron Tomography 

Spectroscopic electron tomography has been reported as a 4D characterization technique 

to visualize nanoscale chemical structures in 3D in both material and biology studies.
97

 

Energy filtered TEM (EFTEM) images, STEM-EELS spectrum images and energy 

dispersive X-ray spectroscopy (EDS) elemental maps can be combined with electron 

tomography to generate spectroscopic tomography. This is feasible because these 

element-sensitive images and spectroscopic signals both comply with projection theorem 

and thus can be utilized in tomography reconstruction.
91

 

 

EFTEM tomography was the first exploited 3D chemical imaging method and has been 

widely employed in biology and biomaterials research due to the enhanced elemental 

contrast, light element detection sensitivity and comparatively lower electron beam dose 

exposure compared to other spectroscopic tomography techniques.
98

 EFTEM is based on 

EELS with imaging filter to only collect the inelastic scattered electron within a selected 

energy window.
99

 The method of three-window elemental mapping is often used to 

extract the elemental maps of interest for reconstruction.
98

 The intrinsic drawbacks of 

EFTEM tomography, such as offset in alignment of different elements, single element 

information collected at each acquisition and limited resolution, sometimes limit its 

applications.
100

 

 

Due to the development of high-acquisition-rate detectors and high-brightness 

electron-sources, EELS and EDS tomographies have become experimentally practical 

with reasonable electron beam dose exposure over an acceptable acquisition time.
91

 One 

of the key limitations of EDS tomography is the traditional single detector which results 

in X-rays being detected within a narrow range of specimen tilt angles. Advances in new 

designs of detector geometry such as the Super-X detector with four separate detectors 

placed around the optical axis in symmetry enables a wider range of tilt angles and a 
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shorter acquisition time.
101

 This technique has been applied to visualize nanoscale 

structures of transistors
102

 and nanoparticles.
101,103

  

 

In addition to the challenges provided by detector geometry and detection rate, the 

increased thickness of specimens at high tilt angles has a negative impact on the quality 

of spectroscopic signals for tomography reconstruction, especially EELS, which is 

particular sensitive to specimen thickness.
91

 The use of needle-like sample geometry can 

help to solve this problem by maintaining the same projection thickness at all tilt 

angles.
104

 Through use of this sample geometry, EELS tomography has been applied to 

probe the nanoscale chemical structure of semiconductor devices
104

 and catalyst 

nanoparticles
105–107

 in 3D. In comparison to EFTEM, EELS tomography is based on 

spectrum images in which each pixel contains a full EELS spectrum in a wider energy 

range, and thus provides not only elemental distribution information in 3D but also 

chemical and electronic structure information.
104

 At the data acquisition stage, the 

spectrum images of the interested region of sample over a series of tilt angles are 

collected together with dark field STEM images. Afterwards, this EELS data can be 

processed by two methods. One is to extract chemical distribution maps of certain 

relevant elements from each spectrum image and then reconstruct them into a 3D 

elemental volume following the same reconstruction approaches as traditional electron 

tomography.
106,107

 In Chapter 4, this type of EELS tomography was applied to explore 

the distribution of the mineral and organic components of bone at the bone-implant 

interface in 3D. The second type is to use the full 4D dataset consisting of three spatial 

dimensions and energy loss as the fourth dimension to reconstruct the EELS spectrum 

volume (Figure 2-9) in which each voxel contains a complete EELS spectrum.
105

 

However, this approach demands intensive computation and is more useful for detecting 

unknown elements in 3D instead of studying the interested element distribution. 
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Figure 2-9. Schematic of the EELS spectrum volume. The 4D dataset shown here combines three 

spatial dimensions (X, Y, Z) with the energy loss as the fourth dimension. The figure was reproduced 

from reference
105

 with permissions. 

 

Additionally, spectroscopic X-ray data and EELS spectra images can be acquired 

simultaneously in HAADF STEM imaging mode. Thus, the simultaneous EDS and 

EELS tomography on the same specimen allows for correlative data while decreasing 

electron beam dose exposure. This correlative technique has been used to investigate the 

distribution of trace elements Na and Yb in Al-Si alloys.
108

 The complementary use of 

the two analytical electron tomographies not only validates the presence of elements and 

their distribution but also builds towards nanoscale compositional quantification analysis 

in 3D.  

 

2.4.2 Atom Probe Tomography 

Atom probe tomography (APT), different from electron-based imaging instruments, is 

another promising 4D tomography technique which combines the capabilities of 3D 

imaging with sub-nanometer scale spatial resolution with equal chemical sensitivity for 

all elements at ppm mass resolution.
109,110

 Evolving from the field ion microscope (FIM), 

APT is based on the time-controlled field evaporation of atoms at the specimen surface. 

The APT samples are prepared in a sharp needle shape with a tip radius approximate to 

50 nm so that the high electrostatic field in the range of 10
10

 Vm
-1

, which is necessary for 

field evaporation, can be produced at the sample tip surface by biasing the sample to a 
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few kilovolts.
111

 Figure 2-10 shows the schematic view of APT and briefly outlines the 

data acquisition process.
109,111

 In an APT experiment, a needle-shaped sample tip is 

subjected to a direct current (DC) voltage field which is just below threshold of atom 

evaporation. Additional energy, in the form of pulsed voltage for conductive materials or 

laser pulses for non-conductive samples, is superimposed onto the DC electrostatic field 

to enable pulsed field evaporation. The evaporated ions are accelerated by the electric 

field and fly through the counter-electrode to hit the 2D position-sensitive detector. The 

time from pulse to impact on the detector is recorded as time of flight tflight. According to 

conservation laws, in this system the kinetic energy of an ion equals to its electric 

potential energy. Thus, 

   (4) 

Where m is the mass of the ion, v is the velocity of the ion flight, n is the charge number 

of the ion, e is the elementary charge and V is the voltage of the electrostatic field. 

Also, 

   (5) 

where Lflight is the distance of the ion flight. After rearranging these two equations, it is 

shown that the mass to charge ratio of an ion is proportional to the time of flight. 

   (6) 

Thus, APT enables the elemental identification of the pulsed evaporated ions by using the 

time-of-flight mass spectrometry. Following data acquisition, the time-of-flight and 2D 

position of each ion recorded by the position-sensitive detector are reconstructed into a 

3D point cloud where every point represents an elementally identified ion that has been 

positioned in the sample volume. This reconstructed volume can be further analyzed in 

the Integrated Visualization and Analysis Software (IVAS
TM

) to extract and visualize the 
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nanoscale structural and chemical features of samples in 3D.  

 
Figure 2-10. Schematic view of APT data acquisition. Ions are evaporated from the top tip of 

needle-shaped samples by the pulsed-voltage or pulsed-laser. Then, the evaporated ions are 

accelerated in the electric field and fly to hit the position-sensitive detector. The figure was 

reproduced from reference
109

 with permissions. 

 

APT data acquisition demands a strictly sharp needle-shaped sample geometry. The most 

prevalent sample preparation method is electrochemical polishing which is mostly 

feasible and reliable for conductive materials.
112

 Advances in sample preparation using 

dual beam FIB SEM has expanded the range of APT applications to non-conductive 

materials such as semiconductor or biological samples.
113

 Figure 2-11 shows an example 

FIB-based APT sample preparation protocol. A specific site of sample for lift-out is 

selected and protected by a layer of Pt or W deposition. This region-of-interest (ROI) is 

lifted out by a micromanipulator after being trenched on both sides to form a triangular 

wedge. This wedge is mounted on the Si microtip posts which are prefabricated on a 

silicon wafer and annularly milled by the Ga ion beam accelerated with 30 kV voltage. 

At the final sharpening and polishing step, a lower acceleration voltage in the range of a 

few kilovolts is used to minimize Ga implantation.  
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Figure 2-11. FIB-based APT sample preparation protocol. After an interested region is selected, a 

layer of tungsten is deposited for protection. Then the rough trenches are milled away for lift-out. The 

wedge is lifted out and mounted on the posts for annular milling to a final needle-shaped APT sample. 

Scale bars are 40 μm (a), 4 μm (b-e) and 200 nm (f) respectively. The figure was reproduced from our 

work in reference
34

 with permissions. 

 

Current studies are increasingly correlating APT results with other characterization 

techniques to refine APT reconstructions and provide complementary information. 

Correlative APT has been defined as conducting multimodal microscopy and 

spectroscopy analyses together with APT on the same needle sample.
110

 One important 

motivation for correlative APT analyses is to improve the accuracy of APT 

reconstructions. SEM images, especially TEM or STEM images, can provide additional 

information about the specimen such as tip tangent or orientations of nanoscale features 

which can serve as reconstruction parameters or markers to assess or improve the 

accuracy of reconstructions.
38

 It is also useful to correlate APT with TEM to understand 

the artifacts caused by trajectory aberration, as complex heterogeneous materials often 

evaporate unevenly in an APT experiment. Another significant motivation for correlative 

APT analyses is that APT can only provide elemental distribution in 3D but not chemical 

state or electronic structure information, which can be complemented by EELS or other 
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spectroscopy techniques.
110

 In Chapter 4, we correlated APT with on-axis electron 

tomography, EELS tomography and spectroscopy techniques to probe the nanoscale 

chemical structure of the interface between human bone and a commercial titanium 

dental implant. The sample preparation for APT-TEM correlative studies follows the 

same FIB-based APT sample preparation protocol, but lift-outs need to be mounted on 

specimen holders which are compatible with a TEM. Electropolished W wire and 

pre-sharpened FIB half-grids have been reported as feasible specimen holders for this 

correlative technique.
114

 In addition, mounting a heterogeneous specimen with the lower 

evaporation field value at the tip, i.e. bone before titanium, has higher probability of 

running smoothly in the APT. A specialized stub with two stems perpendicular to each 

other was designed to accomplish mounting lift-out wedge with expected orientation in 

FIB.
115

 

  

Advances in instrumentation to implement laser-pulsing enabled the examination of 

non-conductive materials including biological samples and biomaterials in APT.
36

 

Gordon et al. used APT to visualize 3D chemical maps of organic fibres with 

surrounding nano-crystalline magnetite in chiton, from which they noticed the 

co-localization of sodium or magnesium within these fibres.
33

 Additional research on 

elephant tusk dentin and rat bone also identified the preference of ion (Na
+
) bonding with 

organic fibres.
116

 Karlsson et al. applied APT to rat bone-implant interface research and 

observed Ca atoms contacting the implant surface directly, which supports the pure 

inorganic interface theory of osseointegration.
117

 They also complemented APT results 

with TEM imaging in the study of a clinical-retrieved Ti-based dental implant with a 

sand-blasted acid etched surface to reveal the atomic structure of the human 

bone-implant interface.
118

 Dental enamel has also been studied with APT as researchers 

have shown Mg-rich amorphous calcium phosphate (ACP) in the grain boundaries of the 

hydroxyapatite nanowires both in unpigmented rodent enamel
119

 and mature human 
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dental enamel
120

. Despite significant progress of APT applications in biomaterials 

research, especially biominerals, there are still challenges. Firstly, these biominerals have 

poor thermal conductivity which leads to thermal tails in the mass spectrum. These 

thermal tails can mask peaks and can also influence quantitative analysis by contributing 

to a high background signal. Metallic coating or embedding the biomaterial samples in 

metallic matrix have been reported as efficient methods.
121

 Gordon et al. embedded 

ferritin in a sandwiched Au-Pd metal matrix and presented the first 3D compositional 

structure of individual ferritin molecules.
122

 In the study of human bone structure with 

APT, we sputter coated a 50 nm-thick Ag film on the surface of sample needles so as to 

improve the conductivity of samples and reduce the thermal tails in the mass spectrum.
34

 

Secondly, the heterogeneous nature of biomaterials results in uneven ion evaporation 

which leads to artifacts and aberrations in the reconstruction.
110

 Correlating APT results 

with other imaging techniques has been regarded valuable in biomaterials APT research 

to conquer this challenge. In Chapter 4, the correlation of on-axis electron tomography 

with APT is presented.  

 

2.5 In-situ Liquid Cell Transmission Electron Microscopy (TEM) Applications in 

Biomineralization Research 

2.5.1 Introduction of Liquid Cell TEM 

Liquid cell TEM has expanded the applications of TEM from imaging and analyzing 

solid samples to investigating real-time processes in the liquid state.
123

 Advances in 

equipment and experimental techniques have enabled its wide applications in material 

science and biological research.
124

 The key part of the liquid cell TEM equipment is the 

enclosed liquid cell which encapsulates a thin liquid layer within the vacuum of the 

TEM.
125

 Figure 2-12 shows the schematic diagram of a liquid cell for TEM.
124

 The 

commercialized modern microfabricated liquid cells are made of silicon chips containing 

vacuum-tight silicon nitride membranes that act as electron-transparent windows.
126

 Two 

of such chips are sealed in the liquid cell holder with membrane windows aligned to 
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confine the liquid in a thin layer for imaging. The liquid is traditionally placed between 

chips by static or flowing approaches. In static cells, a limited volume of liquid is 

dropped on the window of one chip and then the other chip is placed on the top of it, 

sealing the liquid. This static experiment method was used to study the nucleation and 

growth process of calcium phosphate presented in Chapter 5. In flow cells, two liquid 

reagents are pumped separately at controlled speeds through fluid tubes into the liquid 

cell, allowing for the solutions to mix close to the upstream of the liquid cell. After 

imaging, the mixed solution exits the liquid cell through a third fluid tube as waste. The 

schematic drawing of a dual-inlet liquid flow holder was shown in Figure 2-13.
127

 

 

Apart from encapsulating a thin layer liquid for imaging, the functions of liquid cell have 

been extended to investigate more complex processes by adding electrochemical 

electrodes and a controlled heater.
124

 The apparatus that incorporates electrochemical 

electrodes enables the observation of ongoing electrochemical reactions, which has aided 

in the research of batteries and fuel cells.
128

 Based on the heater coils patterned on chip 

membranes, the heating capability of liquid cells allow for the evaluation of the impact of 

temperature on the structural evolution of nanoparticles
129

 and provide 

temperature-controlled liquid environment for temperature-sensitive biological studies.
130

 

Another significant ongoing development in liquid cell TEM is the correlative 

application of analytical microscopy including EDS, EELS, and diffraction patterns to 

reveal the chemical information and phase of samples.
131

 

 

Despite the remarkable progress in technique development, liquid cell TEM has two 

intrinsic limitations: low image resolution and electron beam effects.
124

 The thickness of 

the liquid cell that contains the liquid layer and two window membranes is the main 

reason imaging resolution is reduced. In addition, the membrane bulging effect, caused 

by the different pressure of the interior of the liquid cell from the microscope vacuum, 
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usually increases the thickness of liquid cell, in some cases up to several microns at the 

center of the windows.
126

 In order to mitigate this deflection, many strategies have been 

made on window fabrications, e.g. fabricating long and narrow windows or using thicker 

and stiffer membranes with small wells as imaging windows. The second key limitation 

of liquid cell TEM is the radiation damage and artifacts caused by the electron beam. The 

radiolysis products of liquid including water, e.g. OH radicals, hydrated electrons, have 

complex effects on sample structures or processes under study.
132

 They may also induce 

nanoparticle growth from solvated species.
133

 Thus, it is important to determine the 

threshold of beam dose for each specific liquid cell experiment,
134

 and also validate the 

results by comparing with ex-situ experiments.
124

 The low-dose imaging method 

originally well-developed for cryogenic TEM (cryo-TEM) has been applied in liquid cell 

TEM experiments to limit the beam dose exposure of samples.
135

 

 

Figure 2-12. Schematic drawing of a liquid cell for TEM. The static or flowing liquid is confined 

between two electron-transparent silicon nitride membranes for imaging and spectroscopic analysis. 

This typical liquid cell for TEM has been applied in physical, biological and materials research. The 

figure was reproduced from reference
124

 with permissions. 
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Figure 2-13. Schematic diagram of dual-inlet liquid flow holder. Two liquid reagents in syringes are 

pumped separately into the liquid cell through fluid tubes. They mix to react within the liquid cell 

region and exit the liquid cell through a third fluid tube as waste. The figure was reproduced from 

reference
127

 with permissions. 

 

2.5.2 Applications in Biomineralization Research 

Biomineralization, the process by which minerals nucleate and grow under the direction 

of organic matrices, has widespread impacts on environmental, pathological, and 

materials research.
127

 One of the most prevalent biominerals, calcium carbonate (CaCO3), 

significantly influences the carbon cycling on a global scale.
136

 In mammals, calcium 

phosphate (CaP) is the key component of mineralized tissues i.e. bones and teeth.
43

 It is 

also involved in the pathological calcification processes of kidney stones and vascular 

calcification.
137

 Biominerals usually have exquisite hierarchical structure and distinctive 

mechanical properties, which inspires studies on unveiling their biomineralization 

mechanisms, to allow us  to synthesize biomimetic functional materials.
138

 Since 

biomineralization is a dynamic process, in-situ X-ray microscopy
139

 and spectroscopy
140

 

techniques have been applied to record the transition of morphology and phases during 

this process. However, considering that the early events of biomineral nucleation and 

growth are all on the nanometer length scale, these X-ray based characterization methods 

fail to provide enough spatial resolution. Cryo-TEM with the nanoscale spatial resolution 

has been proven as a useful technique to image the biomineralization process at different 

time points.
40,51,141

 However, these snapshots over comparatively long time intervals 

cannot be direct evidence to elucidate pathways of nucleation and growth.
41

 In-situ liquid 

cell TEM, combining nanoscale spatial and adequate temporal resolutions, allows for 
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real-time observation of initial particle formation from solvated states and subsequent 

morphology transformation.
127

 Nielsen et al. reported the first real-time observation on 

CaCO3 nucleation process using liquid cell TEM.
142

 Multiple nucleation pathways were 

demonstrated to occur simultaneously, including the direct formation of crystalline 

phases (vaterite, aragonite, and calcite) from solution, and the indirect pathways 

transforming from amorphous calcium carbonate (ACC) into crystalline phases (vaterite 

and aragonite). Organic matrices have been known to play significant roles in directing 

biomineralization.
143

 Smeets et al. used in-situ liquid cell TEM data to illustrate the 

precise functions of a macromolecular matrix of polystyrene sulphonate (PSS) in CaCO3 

biomineralization process.
134

 By binding Ca ions, PSS forms hydrated globules which act 

as preferred nucleation sites to generate metastable phase ACC. In Chapter 5, we also 

applied the liquid cell TEM to study the initial nucleation and growth process of CaP. 

Since CaP biomineralization is the basis of bone formation at implant surface, this work 

provides the foundation for further investigating the dynamic bone mineralization 

process on implant interfaces in liquid. 
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Chapter 3 3D Characterization of Human 

Nano-osseointegration by On-Axis Electron Tomography 

without the Missing Wedge 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Chapter 3, all experiments and data analysis were conducted by myself with aid from 

Dr. Kathryn Grandfield. The manuscript was initially drafted by myself, and edited by 

Furqan A. Shah and Dr. Anders Palmquist, and was edited to the final version by Dr. 

Kathryn Grandfield. This chapter has been published in ACS Biomaterials Science & 

Engineering, 2017, 3, pp 49-55. DOI: 10.1021/acsbiomaterials.6b00519. Permission 

from © 2016 American Chemical Society. 
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Chapter 4 Biomineralization at Titanium Revealed by 

Correlative 4D Tomographic and Spectroscopic Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Chapter 4, the project design was performed by myself with consultation from Dr. 

Kathryn Grandfield. Electron tomography experiments were conducted by myself. Dr. 

Andreas Korinek provided assistance with EELS tomography data collection. Dr. 

Matthieu Bugnet aided with ELNES data collection. Dr. Brian Langelier performed APT 

experiments and Dr. Adam Hitchcock performed STXM-XAS experiments. All data 

were analyzed by myself with much useful discussion with Dr. Matthieu Bugnet, Dr. 

Brian Langelier and Dr. Adam Hitchcock. This manuscript was written by myself and 

edited by Dr. Kathryn Grandfield, Furqan A. Shah and Dr. Anders Palmquist. The final 

revisions and proofreading were kindly provided by all authors. This manuscript version 

of chapter has been submitted for publication in 2018. 

 



Ph.D. Thesis – Xiaoyue Wang                     McMaster University – Materials Science and Engineering 

56 
 

Biomineralization at Titanium Revealed by Correlative 4D 

Tomographic and Spectroscopic Methods 

Xiaoyue Wang1, Brian Langelier2, Furqan A. Shah3, Andreas Korinek2, Matthieu Bugnet4, Adam P. Hitchcock5, Anders 

Palmquist3, Kathryn Grandfield1,6＊ 

 
1. Department of Materials Science and Engineering, McMaster University, Hamilton, L8S 4L7 Canada. 
2. Canadian Centre for Electron Microscopy, McMaster University, Hamilton, L8S 4L7 Canada. 
3. Department of Biomaterials, Sahlgrenska Academy at University of Gothenburg, Göteborg, 405 30 Sweden. 
4. University of Lyon, INSA Lyon, UCBL Lyon 1, MATEIS, UMR 5510 CNRS, 69621Villeurbanne Cedex, France. 
5. Department of Chemistry and Chemical Biology, McMaster University, Hamilton, L8S 4M1Canada.  
6. School of Biomedical Engineering, McMaster University, Hamilton, L8S 4L7 Canada. 

 

4.1 Abstract  

Biominerals often have intricate hierarchical structures linked to the physiological 

functions of living organisms. Calcium phosphate (CaP), a typical example, is a building 

block of the bones and teeth of vertebrates. The biomineralization of CaP at biomaterials 

interfaces plays a key role in the interlocking of living bone with dental or orthopaedic 

implants. However, the exact bonding mechanism between bone and implants is still 

unclear. The distribution of both the mineralized and organic components of bone at the 

interface, and their origins, requires improved characterization. Here, we report the first 

correlative application of on-axis electron tomography, electron energy-loss spectroscopy 

(EELS) tomography, and atom probe tomography (APT), as well as spectroscopy 

techniques to probe the nanoscale chemical structure of the biointerface between human 

bone and commercial titanium dental implant in four dimensions (4D). The correlative 

4D tomography workflow established is transferable to other applications in materials or 

biological sciences. 

 

4.2 Introduction 

Biominerals are abundant natural materials formed from the interaction of organic and 

inorganic components mediated by living organisms.
1
 Their intricate hierarchical 

structure and distinctive mechanical properties have attracted interest to unveil their 

formation mechanisms, as these mechanisms could form the basis for model systems for 
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the design and synthesis of biomimetic materials.
2
 Calcium phosphates (CaP) are one of 

the most highly researched classes of biominerals since the carbonated apatite crystal is 

the building block of both bones and teeth of vertebrates, and consequently, they have 

extensive biomedical applications.
3
 The mechanism of CaP mineralization in bone is not 

fully understood. A transient phase of amorphous calcium phosphate (ACP),
4
 and the 

mediating roles of collagen
5
 and non-collagenous proteins

6
 have been reported from both 

in vivo and in vitro studies. Bone regeneration and remodeling play a key role in the 

maintenance of healthy bone quality, for example in repairing naturally occurring 

microfractures, maintaining ionic balance, and enabling the interlocking of living bone 

tissue to artificially synthesized biomaterial surfaces, i.e. in the case of dental or 

orthopaedic implants. Every year, millions of dental implants, hip and knee replacements, 

prosthesis, and even 3D-printed customized bone implants are placed in human bodies.
7
 

One key to the success of these dental and orthopaedic surgeries is whether mineralized 

bone is able to form at these artificial interfaces to form a long-lasting and 

biomechanically load-bearing bond, termed osseointegration.
8,9

 The research on 

osseointegration not only explores the strategies of bone-implant design and modification 

to accelerate bone regeneration
10

, but also helps to shed light on the mechanism of 

biomineralization at these interfaces between natural organisms and engineered 

biomaterials.  

 

However, the mechanism of osseointegration is still debated. Physico-mechanical 

interdigitation and bio-chemical bonding have been reported as the potential contact 

modes at bone-implant interfaces.
11

 Davies et al. proposed a non-collagenous 

hypermineralized layer similar to the cement line as the layer responsible for direct 

bonding of bone and implant.
12,13

 Steflik et al. observed the existence of proteoglycans at 

the interface which are highly polyanionic and able to bind Ca
2+

 by electrostatic bonding 

so as to generate an initial amorphous Ca-rich layer.
14,15

 McKee et al. showed that 
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osteopontin in cement lines acts as an interfacial adhesion promoter in bone-bone 

bonding and bone-implant bonding.
16

 In addition, an osseohybridization model was 

recently put forward suggesting the potential presence of a CaTiO3 hybridized layer at 

the titanium dental implant-bone interface.
17

 One of the key remaining issues is the 

distribution of calcium-based (i.e. inorganic) and carbon-based (i.e. organic) components, 

at the bone-implant interface and their origins. Until now, this has not been fully 

understood, particularly with spatial and chemical clarity at the nanometer scale. 

 

Owing to the hierarchically structured nature of bone and the inhomogeneous 

topographical quality of the implant surface, multiple-length-scale three dimensional (3D) 

visualization characterization techniques have been exploited to visualize bone-implant 

interfaces
7
. The understanding of osseointegration has also evolved with breakthroughs 

in discerning finer structures at the interface. X-ray micro- computed tomography (X-ray 

CT) enables visualization of large volumes with micron resolution to reveal microscaled 

bone ingrowth surrounding the implant for histological-like quantitative analysis.
18

 The 

concept of nano-osseointegration was put forward based on electron tomography (ET) 

observations with scanning transmission electron microscopy (STEM) high-angle 

annular dark-field (HAADF) imaging mode that enhanced compositional contrast.
19

 

Recently, the atomic continuity at the bone-implant interface was also investigated by 

atom probe tomography (APT).
20,21

 However, in order to contribute to the unresolved 

mechanisms of osseointegration, both nanoscale structural and elemental distribution at 

the bone-implant interface is needed across three dimensions. Thus, spatial 3D 

characterization techniques should step further towards so-called four dimensional (4D) 

techniques by adding chemical information as the fourth dimension.
22

 

 

Spectroscopic electron tomography is a recently developed 4D technique to visualize 3D 

chemical information with nanometer resolution.
23

 Based on acquiring energy filtered 
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images or spectroscopic images at different tilt angles, it comprises either energy-filtered 

TEM (EFTEM) tomography, or more recently energy-dispersive X-ray spectroscopy 

(EDS) tomography, or electron energy-loss spectroscopy (EELS) tomography in STEM 

mode.
24

. With the development of detector technology, EELS tomography is able to limit 

the electron beam dose exposure to biological specimens and has high sensitivity to light 

elements.
25

 Atom probe tomography (APT), another 4D imaging technique, is based on 

field emission of surface atoms under a strong electric field or pulsed UV laser 

illumination. APT combines sub-nanometer spatial resolution with chemical sensitivity 

across the entire periodic table.
26, 27

 APT has been successfully applied to study 

biomaterials such as biominerals
28, 29

, dentin
30

, and human bone
31

. X-ray absorption 

spectroscopy (XAS) in soft X-ray scanning transmission X-ray microscopes (STXM) 

provides speciation-based chemical mapping in 2D
32

 and 3D
33

 with better than 30 nm 

spatial resolution and has been applied to several biomineralization systems,
34,35

 including 

bone.
36

 Furthermore, STEM-EELS and STXM-XAS are able to probe the chemical states 

of each element at the nanoscale on the basis of characteristic fine structural features at 

the core level excitation edge. However, considering the complex nature of biomaterials 

and the limitations of each single technique, correlative characterization using 

complementary techniques is essential for reliable analysis and validation.
37–39

 

  

Here, we report the first correlative application of on-axis ET, EELS tomography, and 

APT, as well as complementary electron energy-loss near-edge structure (ELNES), and 

STXM-XAS to acquire nanoscaled structural and chemical information from the intricate 

biointerface between human bone and titanium dental implant to provide insights on 

bone attachment mechanisms.  

 

4.3 Results and Discussion 

Osseointegration on multiple length scales 

Human bone has complex hierarchical structures with nanoscaled building units of Type 
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I collagen and carbonated hydroxyapatite crystals. After a titanium implant is placed in 

vivo, new bone forms along the implant surface to generate a biomechanically functional 

integration. Due to the hierarchical character of bone, this integration should also exist on 

multiple length scales. As revealed in Figure 4-1, correlative tomographic reconstructions 

of the same sample sharpened into a needle can be used to visualize the human 

bone-implant interface from nanometer to atomic length scales. Figure 4-1 (a) shows the 

reconstructed 3D volume from on-axis HAADF-STEM ET, which provides Z- (atomic 

number) contrast to differentiate the Ti implant (the brightest structure), collagen fibrils 

(the darkest structure), and apatite (the intermediate contrast flake-like structures).
40

 The 

continuous incorporation of bone structure with the nano-topographic oxide layer on the 

surface of this laser-modified commercially pure titanium (cp-Ti) dental implant is 

visualized in 3D, providing experimental evidence of nano-osseointegration. Since this 

implant has been placed in the human body for 47 months, the bone near the interface 

has likely been remodeled and the ultrastructure of mature bone can be identified in 

orthoslices of the reconstructed volume (Supplementary Figure 4-1, Video S1 in the 

Supplementary Information). On-axis ET not only circumvents the “missing wedge” 

problem, which causes artifacts and limits the resolution of 3D reconstructions
40

, but it is 

also suitable to correlate with 4D EELS tomography (Figure 4-1 (b)) and APT (Figure 

4-1 (c)) due to its needle-like sample geometry.  

 

The EELS tomographic reconstruction (Figure 4-1 (b)) of the same needle, after 

sharpening to 100 nm in diameter to enable spectroscopy, complements the nano-scale 

chemical distributions to the 3D structures at the interface. Even though the Z-contrast of 

HAADF imaging in ET helps to differentiate the different phases in the sample, the 

EELS elemental reconstructed volume offers more accurate chemical visualization. Ca 

concentrated areas (in green), representing bone apatite, are distributed complementary to 

C concentrated areas (in red), representing organic components of bone. For APT 
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characterization, the same needle was further sharpened down to around 50 nm in 

diameter using focused ion beam (FIB). The 3D reconstructed APT volume (Figure 

4-1(c)) is rendered in ions and both Ca and C were shown in direct contact with the oxide 

layer, suggesting osseointegration at the atomic level. This correlative tomography 

workflow helps to visualize the inhomogenous and hierarchical bone-implant interface, 

and it is also applicable to the investigation of other complex biointerphases.  

 

 

Figure 4-1. Correlative tomographic reconstructions of the human bone-implant interface from the 

same sample needle. (a) On-axis electron tomographic reconstruction of the bone (top)-implant 

(bottom) interface with 3D renderings in grey scale. (b) A representative 3D on-axis EELS volume, 

where red represents Carbon (C), green represents Calcium (Ca) and white represents Titanium (Ti). 

(c) Atom probe tomography 3D reconstruction with Ca-containing ions displayed in green, 

C-containing ions in red, TiO ions in bright blue, TiN ions in dark blue and Ti ions in grey. 

 

Nanoscale elemental distribution in 3D 

Based on the conflicting mechanisms of osseointegration, elucidating the elemental 

distribution at the bone-implant interface is a vital piece of experimental evidence. 

Two-dimensional EELS or EDX elemental mapping has been the gold-standard to 

present elemental distribution at interfaces. However, these spectroscopic methods in 

TEM are based on 2D projections of a 3D sample, which are therefore difficult to 

interpret as many overlapping features in the sample volume are collapsed into 2D. EELS 
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tomography enables visualization of elemental distribution in 3D reconstructed volumes, 

and much more clearly correlates the chemical information to the structures identified by 

HAADF STEM tomography than the granular and sparse 2D EELS maps. Figure 4-2 (a) 

and (b) show a comparison between 2D EELS elemental maps and EELS tomography 

reconstructions, respectively. Collagen fibrils, visualized as the higher contrast, highly 

C-concentrated areas, are clearly identified from the 3D EELS orthoslices (Figure 4-2 (c)) 

as structures distributed parallel to the implant interface throughout the bone (highlighted 

in the yellow box), while other collagenous structures are more randomly distributed near 

the interface (highlighted in the red box). This morphology change could be described as 

a transitional layer, where bone structure is less ordered, with randomly distributed 

collagen fibrils and denser bone apatite distribution directly at the oxide layer surface 

(Supplementary Figure 4-2, Video S2 in the Supplementary Information). The titanium 

oxide layer is highlighted by two blue dotted lines through the 3D EELS orthoslices 

(Figure 4-2 (c)). Both C and Ca were observed penetrating this oxide layer, which 

correlates with our observations presented in Figure 4-1 from APT (elaborated in Figure 

4-3), supporting an atomic-scale integration of bone constituents into the surface oxide.  

 

Due to the considerable electron beam exposure during the EELS tomography 

acquisition, the effect of beam damage should be taken into consideration. A clear 

beam-induced hydrocarbon contamination shell was observed on the surface of the 

sample needle (Figure 4-2 (c)). Since bone is an organic and inorganic composite 

material, it acts as a local source of hydrocarbons. Studies have proven that this thin C 

contamination layer covering the sample could act as a C coating to reduce mass loss.
41

 

By comparing EELS tomography with electron tomography, no obvious structural 

artifacts, besides the formation of the C shell, are seen. This C shell has been cropped 

from reconstructed volumes for easier visualization (Figure 4-2 (b)). 
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Figure 4-2. Representative elemental distribution of bone-implant interface revealed by on-axis EELS 

tomography. (a) EELS elemental distribution 2D maps of C (red), Ca (green) and Ti (white) from the 

0° tilt angle. (b) The corresponding 3D reconstructed elemental volumes from EELS maps acquired 

over a tilt range of ±70°. (c) XY orthoslices extracted from the 3D reconstructed EELS tomograms 

showing the elemental distribution of Ca, C and Ti inside of the sample volume. The implant oxide 

layer is highlighted by blue lines, and the ordered collagen fibrils are highlighted by the yellow box, 

with an intermediary unorganized zone in red. 

 

Atomic level mapping of osseointegration 

Figure 4-3 (a) shows another representative APT reconstruction of the interface between 

human bone and oxidized Ti implant. Both Ca, which represents bone mineral, and C, 

which represents organic components, are shown in direct contact with the oxide layer, 

corroborating the observations in our correlative EELS tomography and previous APT 

datasets mentioned above. From the proxigram (Figure 4-3 (c-d)), the gradient 

concentration change of Ca and Ti across the interface provides authenticity to the atomic 

continuum of osseointegration. Other APT studies on different implant surfaces, such as 

mesoporous titania coatings
21

 and a sand-blasted acid etched (SLA, Straumann)
20

 also 

showed Ca immediately adjacent to titanium implant surfaces.  In this work, a small N 

enrichment is noted between Ti metal and oxide layer, which may be attributed to the 

laser surface modification process carried out in ambient air. Although APT provides 

atomic scale 3D visualization of element distributions, it is unable to determine the exact 

chemical environment of each element, which is complemented by a more detailed 
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spectroscopic study in the following section. However, due to the high sensitivity of APT 

(down to 1 ppm), trace elements of magnesium (Mg) and sodium (Na) were detected at 

the interface. Previous APT research on human bone has demonstrated the 

co-localization of Na with C-rich regions in bone structure.
31

 This result agrees well with 

observations from secondary ion mass spectroscopy (SIMS), which stated that abundant 

Na exists largely in organic material in bone.
42

 Na
+
 plays a key function in ion exchange 

and transportation during cell activations involved in the bone generation process. 

Inorganic phosphate (Pi) is an essential component for bone mineralization, which has 

been known to be accumulated and transported by sodium-dependent (NaPi) transporters 

in osteogenic cells.
43

 Also, a similar functional protein sodium-dependent citrate 

transporter is reported to regulate citrate take-up and release in osteoblasts.
44

 Citrate has 

been reported to bind strongly on the surface of apatite to regulate crystal growth 

orientation and size.
45,46
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Figure 4-3. Atom probe tomography of the human bone-implant interface. (a) 3D reconstructed APT 

volume with Ca-containing ions displayed in green, C-containing ions displayed in red, TiO ions 

displayed in bright blue/cyan, TiN ions in purple and Ti ions displayed in grey. Atomic-scale 

integration of Ca ions with the oxide layer is noted. (b) Overlay of Ca, C, and Na ion positions on 

oxygen concentration maps. (c) Supporting proximity histograms across the implant-bone interface 

showing the integration of Ca within the oxide, and (d) the presence of trace elements like Mg and Na 

in the bone structure which presents immediately adjacent to the oxide lay of the implant.  

 

Transient mineral phase at bone-implant interface 

Hydroxyapatite or its carbonate-substituted form is generally accepted to be the inorganic 

constituent of bone, which, evidence suggests, passes through different apatite phase 

transitions during its mineralization process. Different apatite phases have significantly 

different Ca/P concentration ratios, and thus Ca/P ratio is a traditional method to 

differentiate apatite phases.
47

 However, the atomic ratio determined by APT is 

quantitatively unreliable for such inhomogeneous composites. Due to the comparatively 

high background and thermal tails in the APT spectra, which are caused by the low 

thermal conductivity of the sample, many small peaks are obscured, thus reducing the 

accuracy of quantitative analysis. This is particularly important for quantification of P, as 

it has a tendency to form numerous complex ions when evaporating during the APT data 

acquisition stage.
31

 However, ELNES can probe the local environment of Ca atoms so as 

to differentiate different apatite phases, combining superior spatial resolution with high 

energy resolution.
48

 Figure 4-4 (c) compares Ca-L2,3 ELNES from bone (blue box in 

Figure 4-4 (a)) and the bone-implant interface (red box in Figure 4-4 (b)). The double 

peak spectrum can be deconvoluted into four components by Gaussian fitting 

(Supplementary Figure 4-3). While the two main spin-orbit split peaks L3 (peak 3), and 

L2 (peak 1) are positioned identically among different apatites, the positions of peaks 2 

and 4 are characteristically used to identify the apatite phase.
49

 The detailed peak 

positions of interest together with reference apatites are listed in Table 4-1
49

. A slight 

shift in peak 4 is discerned by comparing the Ca-L2,3 ELNES of bone (Figure 4-4 (c) blue 

line) and the interface (Figure 4-4 (c) red line). Based on the comparison with reference 
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apatites in Table 4-1, the Ca of bone should originate from hydroxyapatite (HA), whereas 

the Ca at the interface is similar to amorphous calcium apatite (ACP). ACP has been 

suggested as a transient phase during mineralization processes by many studies. e.g. 

mouse tooth enamel
49

,  and zebrafish fin ray bone
50

. Here, the transient phase of ACP 

was observed displaying direct contact with the implant oxide layer at the human 

bone-implant biomineralization interface. The existence of a different Ca species at the 

interface is also supported by STXM-XANES of Ca-L2,3 (Supplementary Figure 4-4).  

 

 

Figure 4-4. ELNES comparison of Ca-L2,3 from bone and interface. HAADF-STEM images of 

mature bone (a) and interface (b). (c) Ca-L2,3 edges of bone (in blue) and interface (in red) are 

extracted from the regions highlighted by the dashed squares in corresponding colors in (a) and (b). 

Four discernable peaks are indicated by arrows and their accurate positions are included in Table 1. 

 

Table 4-1. Energy positions of four main peaks Ca-L2,3 ELNES. The energy separation () of peaks 3 

and 4 highlights the crystalline nature of the minerals. 

 Peak 1 

position (eV) 

Peak 2 

position (eV) 

Peak 3 

position (eV) 

Peak 4 

position (eV) 

 peak3 - 

peak4 (eV)  

Reference HA 352.6 351.6 349.3 348.4 0.9 

Reference ACP 352.6 351.6 349.3 348.8 0.5 

Bone 352.6 351.6 349.3 348.4 0.9 

Interface 352.6 351.6 349.3 348.7 0.6 

 

TiN layer in the commercial dental implant 

A distinct N-rich layer was observed between the oxide layer and Ti metal in the APT 3D 

reconstructed volume (Figure 4-5 (d)). In order to identify the origin of N in this layer, 
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the N-K edge was studied by STXM-XANES on a similar lamellar TEM sample from the 

same specimen to gain a large-scale overview of the spatial distribution of N-containing 

species. The optical density difference map (Figure 4-5 (b)) shows an obvious N-rich 

layer which is correlated to the APT results. From the STEM-HAADF (Figure 4-5 (a)) 

and STXM (Figure 4-5 (b)) images, this N-rich layer distributes perfectly along the 

interface. XANES spectra extracted from representative regions of the bone (green), 

N-rich layer (blue), and implant (red) (Figure 4-5 (e)) were used to fit the N-K edge stack 

(images at 50 energies from 395 to 421 eV) to derive component maps of the 3 distinct 

N-containing species. These component maps are presented as a combined rescaled color 

coded composite (Figure 4-5 (c)). Spectroscopically, the narrow double peak around 400 

eV in the N-K edge spectrum of the N-rich layer (blue in Figure 4-5) is the characteristic 

“fingerprint” of TiN.
51

 The N-K edge spectrum of the implant region (red in Figure 4-5) 

has a completely different fine structure with only one sharp peak followed by a broad 

signal in the N-K continuum. The shape of the N-K edge spectrum of localized band in 

the implant region matches that of the hexagonal Ti2N phase.
52

 The implant used in this 

study is made from commercially pure titanium (cp-Ti)
40

, which has a hexagonal 

close-packed atomic structure. Nitrogen is soluble in the hexagonal structure to a limited 

extent.
53

 The N-K edge spectrum of the bone region (green in Figure 4-5) is likely the 

mixture of signals from different organic components of bone 
48

, such as collagen and 

other functional non-collagenous proteins. The fine structure in the 400 to 403 eV region 

is typical of N-K edge XANES of proteins, which are dominated by N 1s  *peptide 

transitions.
54,55

 The map of the bone component and a comparison to the N-K edge 

spectrum of collagen are shown in supplemental Figure 4-7. 

 

In order to investigate whether this N-rich layer was formed in vivo, the same dental 

implant prior to implantation was characterized by EELS. A similar N-rich region was 

also discernible from the elemental mapping (Supplementary Figure 4-5), suggesting that, 
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as suspected, it was formed during the laser modification of the implant surface in an 

ambient air environment. In other studies, a titanium hydride layer has been reported as a 

result of argon plasma treatment, sand-blasting and acid-etching of titanium implant 

surfaces.
56,57

 However, this is the first time that this N-rich layer localized on the 

sub-surface of a commercial dental implant has been observed. Due to the different 

mechanical properties and biocompatibility of TiN compared to titanium dioxide, the 

introduction of TiN during machining should be considered during implant design.  

 

In addition, the spectra of the C-K, Ti- L2,3 and O-K edges were also investigated by 

STXM-XANES over the area displayed in Figure 4-5 (b). Different types of TiOx signals 

are observed in the bone-implant interface region in both the Ti-L2,3 and O-K edges. 

They are subtly different but reliably fit two separate regions distributed at the implant 

oxide layer: one region in connection with the bone, and the other directly adjacent to the 

implant surface (Supplementary Figure 4-6). This finding indicates the need for further 

investigation on the formation of these different phases of the oxide layer, in particular, 

to determine whether they are formed in vivo or during implant surface modification by 

laser. As for the spectra of C-K edge, two distinct C spectral signatures were found in the 

bone region, showing the existence of two species of C: carbonate and collagen 

(Supplementary Figure 4-7). However, the possible effects of electron beam damage in 

TEM and ion beam in FIB should be taken into consideration when analyzing the fine 

structures of C spectra. 
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Figure 4-5. Correlative APT and XANES characterization of the human bone-implant interface. (a) 

HAADF-STEM image of the bone-implant interface. (b) Optical density difference map (OD400 eV 

–OD396 eV) showing N-rich band. (c) Color coded map of 3 N-containing components: N-rich layer 

(blue), bone (green) and implant (red), derived from the fit of N-K edge stack to the N spectra in (e). 

The N-rich interfacial layer is also observed in the APT 3D reconstructions in (d) showing the atomic 

concentration of N and O. (e) N-K edge XANES spectra from the N-rich layer, bone region and 

implant region, extracted from the regions indicated in (b).  

 

4.4 Conclusion 

This paper reports the first correlative 4D chemical tomography study of a bone-implant 

interface, including on-axis electron tomography, EELS tomography, and APT performed 

on the same sample. The combination of these methods reveals both nano and atomic 

scale information needed to understand biomineralization at the bone-implant interface. 

Based on morphological and chemical changes, observed by correlative 4D tomographic 

methods with supportive ELNES and XANES analyses, evidence for the existence of a 
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transitional biointerphase at the bone-implant interface was demonstrated. On this 

particular laser modified Ti dental implant, this intervening transition zone consisted of a 

disorganized apatite rich material, which was identified as ACP immediately at the oxide 

surface by ELNES. In addition, the correlative APT analysis and spectroscopy 

characterizations provided new insights on the implant modification process and 

identified a TiN layer between the surface oxide and bulk metal of the commercial dental 

implant. Both findings have implications for the immediate and long-term 

osseointegration of dental implants. The correlative 4D tomographic workflow presented 

here for the bone-implant interface is applicable to other biological systems or materials 

science applications. 

 

4.5 Materials and Methods 

Implant and human bone interface sample preparation. The sample used in this study 

was from Biobank 513 at the University of Gothenburg, Sweden and was a dental implant 

(BioHelix™, Brånemark Integration AB, Mölndal, Sweden) retrieved from a 66-year old 

female patient after 47 months in service. This study was conducted under the ethical 

approval from the Hamilton Integrated Research Ethics Board at McMaster University. 

This screw-shaped commercial pure titanium dental implant was partly laser-modified in 

the thread valleys via a Q-switched Nd:YAG laser (Rofin-Sinar Technologies Inc., 

Plymouth, USA) at an infrared wavelength of 1064 nm and spot size 100 μm, in ambient 

air. The implant with the surrounding human bone was fixed in formalin, dehydrated in a 

graded series of ethanol, embedded in plastic resin (LR White, London Resin Company, 

UK) and cut longitudinally for further study.  

 

On-axis electron tomography, EELS tomography and APT sample preparation. A 

dual-beam FIB instrument (Zeiss NVision 40, Carl Zeiss AG) equipped with a 30 kV 

gallium ion column, FEG SEM, carbon and tungsten gas injector system (GIS), and 

Kleindiek micromanipulator (Kleindiek Nanotechnik GmbH) was employed to prepare 
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all TEM lamellae and needle-shaped samples for on-axis electron tomography, EELS 

tomography and APT following published protocols
40

. A site of interest at the 

bone-implant interface was selected from the thread valleys where the implant was 

laser-modified, and was protected by a layer of tungsten deposition (10 µm x 2 µm x 0.5 

µm). After rough milling of trenches, a wedge-shaped sample was lifted out and attached 

to the top of electropolished tungsten wires mounted in 1.8 mm copper tubes. The 

mounted wedge was annularly milled into needles to a final diameter of approximately 

200 nm using a 30 kV ion beam at successively lower currents (150-10 pA). A final low 

keV beam (10 kV, 80 pA) polishing step was performed to reduce surface damage and Ga 

ion implantation. After on-axis electron tomography, the needle-shaped sample was put 

back into the FIB and milled to 70 nm in diameter, which was suitable for both EELS 

tomography and APT using a low keV beam (10 kV, 80 pA). After the EELS tomography, 

FIB was also used to remove the surface C contamination using the same low beam of 10 

kV and 80 pA.  

 

On-axis electron tomography methods. The prepared needle of 200 nm diameter on the 

tungsten wire was mounted a Model 2050 on-axis rotation tomography holder (E.A. 

Fischione Instruments, Inc., Export, PA) and rotated through ± 90° with an angular step 

size of 2° in the scanning transmission electron microscope (STEM) (Titan 80-300, 

operated at 300kV). This tomographic tilt-series was acquired using on a high-angle 

annular dark-field (HAADF) detector which provides Z contrast and by using FEI’s 

Explore 3D software. The post-acquisition image alignment via cross-correlation and 

reconstruction with simultaneous iterative reconstruction (SIRT, 20 iterations) were 

completed with the Inspect 3D (FEI Company, The Netherlands) software. The 

reconstructed volume was visualized via volume rendering and orthoslices using 

software Avizo (FEI Company, The Netherlands). The reconstructed volume was cropped 

by a custom MATLAB script (The Mathworks, Natick, MA). 
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EELS tomography and ELNES methods. A series of STEM-EELS spectrum images 

and corresponding dark-field images of the prepared 70 nm diameter needle were 

acquired in the tilt range ±70° with 2° tilt increment on a FEI Titan 80-300 microscope 

(FEI Company, Eindhoven, The Netherlands), operated at 300 kV. The microscope is 

equipped with a CEOS Probe Corrector, CEOS Image Corrector (CEOS GmbH, 

Heidelberg, Germany), and Gatan Quantum energy filter (Gatan Inc., Pleasanton, CA). 

The collection semi-angle was 40 mrad and the probe current was ~30 pA. The pixel size 

in the object plane was set to 1.56 nm, the exposure time for each pixel was 5 ms. The 

high-speed acquisition capability of the Quantum energy filter reduced acquisition time 

to about 2 minutes per spectrum image. Elemental distribution maps were extracted for 

Ca, C, Ti and O from EELS spectrum images at every tilt angle using a power-law 

background model. For reconstruction, the alignment of the dark-field images was 

completed via cross-correlation by the software Inspect 3D (FEI Company, Eindhoven, 

The Netherlands) and the same shifts were applied to stacks of the chemical distribution 

maps of each element. The reconstruction of all stacks was performed using Inspect 3D 

with SIRT (25 iterations). The reconstructed volumes were visualized using Amira. The 

reconstructed needle showed a shell of carbon contamination which accumulated on the 

needle’s surface during data acquisition. In order to better visualize the carbon signal 

from the interior of the needle, the outside shell was removed by manually segmenting 

the needle surface and removing the outside carbon signal using a custom MATLAB 

script (The Mathworks, Natick, MA). 

 

For ELNES, the spectrometer was set to an energy dispersion of 0.1 eV/channel to obtain 

the best energy resolution at the zero-loss peak (0.3 eV). The collection angle and 

convergence angle were 55 mrad and 19 mrad, respectively. The collection aperture was 

5 mm in radius and a dwell time of 0.015 sec/pixel was used. Linear least-square fitting 

was used to remove background with a power law model. 
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APT methods. Before APT, the needle-shaped samples were cleaned in the FIB and 

sputter coated with 15 nm of Ag. The atom probe experiments were conducted on a 

LEAP 4000XHR atom probe microscope (CAMECA Scientific Instruments, Madison, 

WI). A laser pulse (λ = 355 nm, 120 pJ, 100 kHz) was used to incite field evaporation 

from the sample with a base temperature of approximately 43.4 K and the chamber 

pressure of 4.0x10
-9

 Pa. The evaporation rate was maintained around 0.005 ions/pulse 

(0.5%) by controlling the direct-current potential on the sample. Reconstruction and 

analysis was completed using the Integrated Visualization and Analysis Software 

package (IVAS) v3.6.8 (CAMECA Scientific Instruments, Madison, WI) assuming the 

shape was a hemispherical tip on a truncated cone. The reconstruction was spatially 

defined by assuming the tip radius to evolve as a function of a constant specimen shank 

angle. The input parameters for this algorithm of initial tip radius and specimen shank 

angle were obtained from STEM images of the sample, taken both before and after the 

APT experiment. This is critical for ensuring the accuracy of the reconstruction. 

 

STXM-XANES analysis. The soft X-ray spectromicroscopy beamline 10ID1 (SM)
58

 at 

the Canadian Light Source (CLS, Saskatoon, SK, Canada) was used for the 

STXM-XANES study. STXM methodology has been described in detail previously.
32

 

Briefly, monochromated X-rays are focused to ~30 nm by a Fresnel zone plate. The 

sample is positioned at the focal point and mechanically x-y raster scanned (1 ms/pixel) 

while recording the transmitted X-rays. Spectral data at the C-K, Ca-L23, N-K, Ti- L23, 

and O-K edges was collected by image sequences over the area displayed in Figure 4-5 

(b). All data was analyzed by aXis2000.
59 
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4.8 Supporting Information 

 

Supplementary Figure 4-1. On-axis electron tomographic reconstruction of the implant-bone 

interface. (a) 2D HAADF-STEM image of the bone-implant interface. (b) 3D renderings in color, and 

orthogonal slices through the reconstructed volume in the (c) XY, and (d) YZ planes.  
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Supplementary Figure 4-2. On-axis EELS tomography of the bone-implant interface. (a) 

Representative EELS elemental distribution 2D maps from the 0° tilt angle for elements present in 

bone and at the bone-implant interface. (b) The corresponding 3D reconstructed elemental volumes 

from EELS maps acquired over a tilt range of ±70°. The yellow box highlights the mature bone region 

with ordered collagen fibrils and the white box highlights the transition layer bonding to implant. 
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Supplementary Figure 4-3. ELNES of Ca-L2,3 from bone (a, b) and interface (c, d). The peaks are 

deconvoluted into four peaks by Gaussian fitting. 

 

 

Supplementary Figure 4-4. STXM-XANES at the Ca 2p edge. (a) Ca 2p spectra of bone and the 

interface extracted from the Ca 2p stack. Component maps of (b) bone and (c) interface derived from 

a fit of the spectra of (a) to the Ca 2p stack after excluding images at the energies of peak saturation.
1
 

While most of the Ca 2p signals were absorption saturated, changes in the unsaturated subsidiary 

peaks (seen at 348 eV and 351 eV) at the interface allowed differentiation of an interface component 
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from unsaturated bone calcium. The interface spectrum was extracted from the interface region and 

40% of bone signal was subtracted. 

 

 

 

Supplementary Figure 4-5. Spatially-resolved EELS spectra and elemental distribution maps of 

native Ti implant. (b) Spatially-resolved EELS spectra extracted from regions marked in the HAADF 

STEM image (a) by red, yellow and blue rectangles. In the red spectrum (bulk Ti region), the Ti 

L2,3-edge is clearly visible. In the yellow spectrum (the start of titanium oxide region), both Ti 

L2,3-edge and N K-edge are discernible. In the blue spectrum (the surface oxide region), both Ti 

L2,3-edge and O K-edge are detected. (c-e) Complementary EELS elementary distribution maps. The 

N-rich layer can be discerned from (d). 
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Supplementary Figure 4-6. STXM-XANES at the Ti 2p and O 1s edges. (a) Ti 2p spectra of two 

differentiable TiO2 species, extracted from the Ti 2p stack, and that of the bone region. (b) O 1s 

spectra of two differentiable TiO2 interface species and bone. Component maps of (c) TiO-a (d) TiO-b, 

from Ti 2p stack, and (e) TiO-a (f) TiO-b, from O 1s stack. The signal from the main Ti implant 

region is saturated throughout the Ti 2p region. The Ti-L23 spectra of the interface are partially 

saturated but the TiO2-a and TiO2-b signals are clearly differentiable. The O 1s signals are unsaturated, 

except in the thick part of the implant. The characteristic Ti oxide O 1s signatures complement the Ti 

2p results, allowing differentiation and spectral characterization of two interface components. The 

absorption by main implant Ti metal signal is grossly saturated, and has been masked so as to not 

obscure the analysable interface and bone signals. 
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Supplementary Figure 4-7. STXM-XANES at the C 1s and N 1s edge. (a-d) Analysis of C 1s stack: 

(a) (left) Comparison of spectra of two distinct components in the bone region, extracted from the C 

1s stack compared to reference spectra of CaCO3 and collagen. The stack spectra are on the indicated 

OD scale while the CaCO3 and collagen spectra are offset, rescaled. (right) N 1s spectra of bone, bulk 

implant and the TiN layer (with 0.7 OD subtracted) extracted from the N 1s stack, compared to the N 

1s spectrum of collagen (offset, rescaled). Component maps of (b) C signal from carbonate containing 

species (Bone-B), (c) C signal from non-carbonate species (Bone-A), (d) Map of bone-N 1s signal 

from collagen in bone. The carbonate containing species might be the mineral components 

(carbonated hydroxyapatite) of bone and the non-carbonate species might be the collagen. The 

carbonate-rich region (c) overlaps with the N rich region (d) (highlighted by yellow arrows), which 

provides further evidence. The N 1s map of the TiN layer is presented in Figure 4-5.  
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Chapter 5 Biomineralization of Calcium Phosphate Revealed 

by in situ Liquid-Phase Electron Microscopy 
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5.1 Abstract 

Calcium phosphate (CaP) biomineralization is essential to the formation of bones and 

teeth, and other pathological calcifications. Unravelling the mechanism of CaP 

nucleation and growth contributes significantly to understanding diseases caused by 

pathological mineralization, and also to designing biomimetic materials with suitable 

properties. Recently, CaP was proposed to mineralize following a non-classical crystal 

growth pathway of pre-nucleation cluster aggregation. However, all observations have 

been based on ex-situ studies which are not sufficient evidence to prove the existence of 

this dynamic formation process. The advent of liquid-phase transmission electron 

microscopy (LP-TEM) allows for recording dynamic processes in liquid. Here, by using 

this real-time imaging technique, we present the first direct real-time evidence to 

demonstrate that CaP mineralization from simulated body fluid occurs by particle 

attachment, shown with nanoscale spatial resolution and sufficient temporal resolution. 

This work lays the foundation to investigating mineralization in other relevant biological 

systems in humans and vertebrates.   
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5.2 Introduction 

Biominerals are diverse natural minerals formed by living organisms. Their elaborate 

hierarchical structure, distinctive mechanical properties and varied physiological 

functions have motivated decades of research on their mineralization processes.
1,2

 

Calcium phosphates (CaP) are one of the most highly researched classes of biominerals, 

for the reason that the carbonated calcium phosphate apatite crystal is the essential 

mineral component of both bones and teeth of vertebrates.
3
 Also, CaP deposition plays an 

important role in several pathological calcifications (e.g. arteriosclerosis, and physical 

calculus).
4–6

 Therefore, understanding the mineralization process of CaP will aide in 

unveiling biomineralization mechanisms of healthy tissues such as bone, dentin and 

cementum, pathological calcifications (e.g. kidney stones), and also contribute towards 

research in applied sciences related to human health, such as the development of 

biomimetic materials and realization of mineralization mechanisms toward synthetic 

implant systems.
5
 

 

Currently, the mechanism of CaP nucleation and growth is not fully understood. Based 

on Cryo-TEM
7
 and Atomic Force Microscopy (AFM) studies

8
, CaP was suggested to 

mineralize through complex pathways involving pre-nucleation cluster aggregation, 

sequential morphological transformations, and finally traversing into the crystalline 

phase.
7–9

 Amorphous calcium phosphate (ACP) has been reported as the transient phase 

in both in vivo and in vitro studies.
10–12

 It has been proposed that the existence of ACP 

pre-nucleation clusters decreases the energy barrier to nucleation and enables biominerals, 

such as CaP, to mineralize following a non-classical crystal growth process defined as 

crystallization by particle attachment.
13

 In this process, the pre-nucleation particles, 

which are regarded as building blocks, are initiated from the solvated state and aggregate 

with each other to form clusters with chain-like or branched morphology. These 

pre-nucleation particles could vary from multi-ion complexes to nano-crystals in 

different mineralization systems.
13

 Although these chain-like or branched morphologies 
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of the formed particles captured at defined time points provide important evidence to 

infer mineralization by attachment-based growth,
7,8

 they alone are not sufficient evidence 

to prove the existence of this dynamic formation process. However, most studies on 

crystallization by particle attachment are still based on these ex-situ observations of 

crystals made after the pathway of initial nucleation.
9
 Therefore, the need arises for a 

technique to render real-time observation of this dynamic process with nanoscale spatial 

resolution and necessary temporal resolution.
13–15

 

 

Liquid-phase transmission electron microscopy (LP-TEM), with the ability to record 

events in confined liquid between two electron-transparent membranes with nanoscale 

spatial resolution and real-time temporal resolution,
16,17

 is a promising technique to image 

dynamic nucleation and growth process of CaP. This approach has been used to study the 

nucleation and growth of CaCO3 
13,14,18

 and provided direct experimental evidence for the 

existence of indirect formation pathways through the transformation of amorphous or 

crystalline precursors.
15

 Also, the dynamic process of calcium ions binding to 

biopolymers in the formation of metastable amorphous calcium carbonate was recorded 

via in situ LP-TEM observation.
14

 Looking beyond nucleation mechanisms of CaP, the 

functions of non-collagenous proteins (NCPs)
19

 and the collagen matrix
20,21

 on crystal 

nucleation and subsequent growth are also poorly understood. Therefore, in situ TEM 

research on CaP nucleation and growth could lay a foundation for applying LP-TEM 

techniques to explore these unsolved issues of bone biomineralization. 

 

In this study, we present the first real-time imaging of CaP nucleation and growth with in 

situ LP-TEM, which provides direct evidence to demonstrate that CaP mineralization 

occurs by particle attachment. 
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5.3 Results and Discussion 

 

Figure 5-1. Schematic of the in situ liquid cell in scanning TEM and CaP mineralization process. 

 

In order to perform real-time imaging inside the TEM, an in situ scanning LP-TEM 

system was used to visualize the mineralization process, as shown in the schematic 

drawing in Figure 5-1. The in situ system, composed of two overlapping silicon nitride 

membranes on silicon chips, confines a limited amount of solution to form a miniaturized 

cell. The in situ observations were conducted by scanning the focused electron beam 

across an area of interest where mineralization occurred in the solution, and capturing 

video of these events.  

 

The free radicals generated through radiolysis of aqueous solution, such as hydrated 

electrons, H
.
, OH

.
, and so on, can interact with existing active species from solution as 

reducing and oxidizing agents. These reactions are determined by the concentration of 

the generated radicals, which are further dependent on the conditions of the microscope 

and liquid cell, including beam dose rate, solution composition, and temporal and spatial 

concentration evolution by diffusion and reaction.
22

 It has been reported that 

beam-induced species below a certain concentration result in negligible radiolysis-related 

reactions.
23

 For the system in this study, having a solution with a stable pH of 7.4, a 

beam dose rate of 21 electrons/frame.nm
2
 was identified to reduce the beam effect and 

maintain sufficient spatial resolution at the same time. Furthermore, the beam dose 

chosen for this in situ study was much lower than the threshold value of beam induced 
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crystallization reported in previous studies
24

. In addition, the presence of a buffer 

solution may have contributed to the maintenance of a stable pH which helped to reduce 

the chemically active species interacting with calcium and phosphate ions contained in 

the solution to produce beam-induced crystals.  

 

The membranes between which liquid is encapsulated have been reported to bulge
25

 due 

to pressure difference between the liquid inside the cell and the vacuum environment in 

TEM, as shown encircled in Figure 5-1. This bulge contributes to the reduction of the 

resolution based on an increased thickness of the liquid layer and multiple scattering of 

the electron beam. In order to reduce the liquid layer thickness and consequently enhance 

the resolution, the thinnest liquid layer was used (50 nm spacers) and imaging was 

always preferred at the corner of a liquid cell where the bulging is minimal. In this study, 

the bottom chip was patterned with micro-wells (400 µm x 200 µm each well), which 

helped to decrease interference among each individual micro-well by confining the 

generated radical species to each well.
22, 25, 26

 Based on the in situ setup shown in Figure 

1, a series of in situ studies were performed and followed by characterization and 

analysis of the products formed. 
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Figure 5-2. In situ BF-STEM images showing initial nucleation and growth of CaP over 60 min. 

(a–d), continuous mineralization from 0–14 min, showing the nucleation and growth of CaP particles 

(e), final branched particle morphology after 60 min (f), BF-TEM image of ex-situ mineralization 

with similar resulting particle size and morphology after the same growth time. The scale bars in the 

insets represent 200 nm. 

 

Real-time observation of the morphological evolution of CaP mineralization 

With the help of in situ scanning LP-TEM, the CaP nucleation and mineralization process 

was recorded by bright-field (BF) scanning TEM (STEM) images with time-resolved and 

nanoscale spatial resolution (Figure 5-2). After a delay of around 2 min, small particles 

appeared and began increasing in quantity. At around 4 min (Figure 5-2 (b)), these 

particles were clearly discernable and their average diameter measured 10 nm. These 

particles had the ability to move and aggregate with each other in solution 

(Supplementary Video 1). Initially, they aggregated with the nearby particles to randomly 

generate branched particle assemblies (Figure 5-2 (c)). After the branched assemblies 

were formed, smaller particles continued to move towards the assemblies and aggregate. 

With increasing time, these branched assemblies increased in size, and at 14 min 

aggregated sphere-like particles were obvious (Figure 5-2 (d)). In order to limit the 
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electron beam dose exposure to the in situ mineralization solution, we blocked the 

electron beam by closing the microscope column and let the in situ mineralization 

continue without electron beam exposure. The column was then reopened, and a single 

image was taken at 60 minutes (Figure 5-2 (e)), showing the final branched assemblies 

formed during this time period. We performed a beam-blank comparison to validate that 

the in situ morphology observations were not solely artifacts of the electron beam. A 

bright-field TEM image of an ex-situ synthesized and mineralized sample after 60 

minutes is shown in Figure 5-2 (f) with similar particle size and branched assembly 

morphology.  

 

The initial morphology evolution observed in situ agrees well with results of cryo-TEM 

studies on similar CaP systems.
7,21

 In those studies, pre-nucleation clusters of calcium 

triphosphate ions were proposed to exist as the nanometer-sized building blocks for CaP, 

which decreased the energy barrier for nucleation. These pre-nucleation precursors can 

aggregate into branched polymeric structures. However, cryo-TEM investigations can 

only infer the morphology evolution according to images at segregated time points and is 

unable to record the dynamic mineralization process. In our in situ study, we observed in 

real-time the nucleation, movement, and morphology evolution of CaP nanoparticles, 

which provides direct evidence to demonstrate the active mobility of CaP nucleation 

clusters and supports that CaP mineralizes by particle attachment. It has been suggested 

that the CaP pre-nucleation precursor is the initial phase formed during the bone 

mineralization process to be delivered into the extracellular matrix.
10,19

 Here, real-time 

recording with sufficient temporal and spatial resolution showed the active mobility of 

initial CaP clusters, which also supports the possibility of their movement towards 

collagen fibrils in aqueous environments for their eventual mineralization. This work lays 

the foundation for further investigation of the mediating functions of the extracellular 

matrix, as well as non-collagenous proteins on CaP mineralization in situ. 
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Figure 5-3. CaP growth and morphology after 3 h pre-mineralization. (a), BF-TEM images of 

flake-like particles that resulted after ex-situ mineralization on E-chips without exposure to the 

electron beam, (b–f), corresponding in situ BF-STEM images showing CaP growth progression after 3 

h, and the growth of dark particles with roughened borders. 

 

In addition to initial nucleation and growth, it is also critical to investigate the particle 

morphology after longer growth times, since CaP biomineralization involves sequential 

morphological transformations which could serve as indications of phase changes.
8,9

 In 

in vitro CaP mineralization studies, the morphology of ribbon-like structures was 

observed after 3 hours
8,27

, also noted here in a similar ex-situ experiment of Figure 5-3 (a) 

flake-like particles developed. This phase of CaP mineralization was also studied here by 

another representative in situ TEM experiment shown in Figure 5-3. In this experiment, 

the silicon nitride microchips patterned with discrete micro-wells were used. After 3 hrs 

the electron beam was moved to a new micro-well that had not experienced electron 

beam exposure and the images in Figure 5-3 (b-f) were captured. This enabled the 

capture of mineralization events after the initial nucleation and growth period. While this 

approach assumes that the liquid is confined to each separate micro-well, and therefore, 
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at time t=3hrs represents growth that was not beam induced, recent works have shown 

that radiolysis products are largely beam-confined
22

 and unlikely to effect a neighboring 

micro-well. Now, sphere-shaped aggregates that were larger than those formed during 

initial nucleation under electron beam exposure at time zero were observed (Figure 5-3 

(b)), which during further real-time TEM imaging (Figure 5-3 (c-f)), grew into 

aggregated assemblies (Figure 5-3 (c)) with roughened borders arising from their 

needle-like nature, which grew darker (Figure 5-3 (d)), and larger while they rotated 

within the liquid (Figure 5-3 (e) and (f)). After around 6 minutes, the aggregates still had 

the ability to move by rotation in the liquid, and by 10 minutes further darkened and 

grew slightly due to what appears to be conventional crystal growth. Since the particle 

morphology from ex-situ experiments, shown in Figure 5-2 (f) and 5-3 (a), so closely 

matches the events shown in situ after 1 hr and 3 hrs, respectively, we can assume that 

the beam effects on the mineralization pathway are not substantial. 

 

Based on our real-time in situ investigation of this dynamic process, the early 

mineralization of CaP can be divided into several stages. Initially, nanoscale particles 

appeared after around 2 minutes, these continued to aggregate to form branched 

assemblies within 1 hr. In other works, these assemblies were proposed to directly 

assemble into ribbon aggregates
8
. Here, we see this transformation after 3 hrs, where the 

formation of similar needle-like aggregates occurs by particle attachment, and 

subsequent continued growth takes place by seemingly conventional methods.  

 

 

Figure 5-4. Post-situ characterization of the in situ synthesized particles. (a–c), HAADF STEM 
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images of (a), the in situ region of interest and (b), the same area once the silicon nitride microchips 

have been opened, and shown at (c), higher magnification and as (d), an EELS Ca-map as extracted 

from the post-situ (e), EELS spectra of the Ca-L2,3 edge which demonstrates these particles are 

Ca-based. The Ca L2,3-edge was identified inside mineralized particles (red), and absent in the 

surrounding regions (blue). 

 

Post-situ correlative chemical composition analysis  

Due to the relatively thick liquid layer in LP-TEM compared to conventional TEM 

specimens, spectroscopy characterization in situ is a challenge. Here, we exploited 

several so-called post-situ, or post in situ correlative spectroscopy characterization 

approaches to probe the mineralization products, specifically X-ray photoelectron 

spectroscopy (XPS) and electron energy loss spectroscopy (EELS) on the removed in situ 

chips. After the in situ experiment presented in Figure 5-1, the silicon nitride microchips 

were removed from the liquid TEM holder and dried for post-situ characterization via 

XPS. XPS (Supplementary Figure 5-1) showed the existence of Ca and P, and the 

high-resolution spectrum of P contains the peak at 133.89 eV which matches with the 

photoelectron line of P in CaP. In addition, the quantitative elemental ratio of XPS 

analysis showed the Ca/P is ~0.67, which has a nice agreement with the calculated Ca/P 

ratio range of 0.55  to 0.75 in other studies
8
. This same sample was then probed by 

EELS, where Figure 5-4 (a) and (b) highlight the region of interest in situ and after 

drying, respectively. An EELS spectrum image (Figure 5-4 (d)) and extracted Ca-L2,3 

edges (Figure 5-4 (e)) confirm the presence of Ca inside mineralized particles and 

absence in the surrounding regions which demonstrates these particles are Ca-based. The 

correlative post-situ chemical analyses by XPS and EELS provide strong evidence that 

the in situ mineralized particles are CaP-based. Also, the Ca/P ratio from the XPS 

quantitative data reported as 0.67 from the one-hour in situ mineralized sample suggests 

that the phase of these branched assemblies is not amorphous calcium phosphate (ACP) 

whose Ca/P ratio is 1.5. ACP was considered as the nanometer-sized building blocks of 

CaP in other studies.
8
 Due to the large liquid layer, and small particle size, obtaining a 
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reliable diffraction pattern in situ to determine the exact phase of the CaP formed was not 

possible.  

 

5.4 Conclusions 

For the first time, the real-time observation of CaP mineralization was recorded, which is 

a direct demonstration that CaP initially mineralizes by particle attachment. 

Complementary in situ, post-situ characterization and ex-situ beam-blank experiments 

were designed to support this claim. According to post-situ TEM-EELS and XPS 

analysis, the in situ mineralized particles were confirmed to be CaP-based. The samples 

mineralized in ex-situ beam-blank experiments follow similar morphologies as in situ 

samples, which validates that the in situ morphological observations were not solely 

artifacts of electron beam dose. This study lays the foundation for further investigation of 

CaP biomineralization involving more complex organic-inorganic physiological 

interactions. 

 

5.5 Materials and Methods 

Mineralization solution The CaP mineralizing solution was prepared according to 

Lausch and co-workers
20,28

 who have demonstrated selective remineralization on 

demineralized murine dentin with this solution. The solution was made up of two parts: 1) 

a phosphate solution (9.5 mM Na2HPO4 (Sigma-Aldrich, USA) in 125 mM NaCl, 50 mM 

Tris (Sigma-Aldrich, USA), pH 7.40), and 2) a calcium solution (1.7 mM CaCl2 in 125 

mM NaCl, 50 mM Tris, pH 7.40). All reagents were purchased from Sigma Aldrich and 

dissolved in Milli-Q water. These two solutions were mixed and filtered through a 0.2 

μm acrodisc syringe filter right before sealing in the liquid TEM holder for in situ 

experiments or placing in the beakers for ex-situ experiments at room temperature.  

 

In situ STEM The in situ TEM holder (Poseidon 500, Protochips Inc., Raleigh, NC, 
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USA) used in this study contains a liquid cell placed at the holder tip. Two 

microfabricated silicon nitride microchips with 50 nm silicon nitride membranes were 

sealed inside the liquid cell and in situ imaging was performed by electrons passing 

through the overlapped silicon nitride membranes. A small amount (2 μL) of CaP 

mineralizing solution was put in between the two membranes, one of which was 

patterned with microwells, which assists in maintaining a relatively stable solution 

during the in situ mineralization process, and reducing beam effect interference between 

the individual microwells. The E-chips used in this study were commercially available 

bottom large chips (ETP-42A1, Protochips Inc., Raleigh, NC, USA) containing an 8 x 16 

array of 10 µm x 10 µm microwell on a 400 µm x 200 µm SiN membrane and top chips 

of 300 µm x 90 µm SiN membrane without spacers (ECB-39A, Protochips Inc., Raleigh, 

NC, USA). Real-time imaging was performed using a JEOL 2010F TEM operated at 200 

kV. Bright-field scanning transmission electron microscopy (BF-STEM) mode was used 

under beam dose of 2.198 x 10
3
 e/Å

2
·s. In situ images were acquired using DigiScan II 

(Gatan, model 788) unit with a BF detector with time resolution of 0.555 s/frame. The 

whole in situ process was recorded by a CCD camera and series of in situ images were 

either extracted from the in situ video or captured every 4 s by blanking the electron 

beam in between. 

 

Post-situ and ex-situ TEM To confirm mineralization products formed were similar to 

those formed without the interaction of any electron beam, so-called ex-situ experiments 

were performed completely outside of the TEM. To confirm 1 h experiments, 

mineralization products were acquired by dropping dispersed mineralized solution after 1 

h onto carbon-coated TEM copper grids followed by immersion in methanol to halt any 

further particle development. For the confirmation of products after 3 h under 

confinement, the same amount of CaP mineralization solution (0.2 µl) was sealed inside 

the in situ TEM liquid cell for 3 h, but not placed under the electron beam. The E-chips 
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were then taken out, washed with methanol to terminate further mineralization, and 

viewed in the TEM. 

 

After the in situ experiment, the E-chips were removed from the liquid TEM holder, 

separated and then dried for further post-situ characterization. The post-situ experiments 

were conducted sequentially, with XPS performed first (detailed below), and EELS 

performed after mounting the sample to a molybdenum grid to mount on a standard 

double-tilt holder. As for all experiments, a JEOL 2010F TEM with the accelerating 

voltage of 200 kV was employed to characterize the post -situ mineralized samples on 

the dried E-chips, as well as the ex-situ mineralized samples above in both TEM and 

STEM bright field imaging modes, and by STEM-EELS. Principle component analysis 

(PCA) was used to decrease noise in the Ca elemental distribution EELS map.  

 

X-Ray Photoelectron Spectrometry (XPS) Both in situ mineralized samples on the 

dried E-chips and ex-situ mineralized samples on TEM grids were characterized by an 

imaging and scanning X-ray photoelectron spectrometer (PHI Quantera Ⅱ, Physical 

Electronic, MN). The time-dependent ex-situ mineralized samples were prepared by 

spin-coating dispersed mineralized solution onto cleaned silicon wafer substrates and 

then immersing them in methanol to wash away NaCl. All the selected regions of interest 

were scanned by monochromated Al Kα (280 eV) with 5 sweeps for 200 micron beam 

(50 power) and 20 sweeps for 7.5 micron beam (0.8 W power). 55 eV pass energy 

scanning with 200 micron beam and 120 sweeps was used for the P1s high resolution 

spectra. Dual beam neutralization was used to prevent samples from charging. 

Calibration was done by calibrating to a clean piece of silver foil. 
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5.8 Supporting Information 

 

Supplementary Figure 5-1. The in situ synthesized particles are characterized by post-situ XPS. The 

deconvoluted P high energy resolution peak matches with the photoelectron line of 2p3/2 of P in CaP.  
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Chapter 6 Concluding Remarks 

In this thesis, correlative multi-dimensional microscopy techniques have been applied to 

investigate the origins and distribution of calcium-based (i.e. inorganic) and 

carbon-based (i.e. organic) components at the bone-implant interface. Understanding 

these concepts are some of the key remaining questions needed to completely understand 

the mechanism of osseointegration. The morphological and chemical changes observed 

by these correlative characterizations revealed the existence of a transitional 

biointerphase at the bone-implant interface. This thesis also demonstrated the application 

of liquid-phase transmission electron microscopy (LP-TEM) to investigating the dynamic 

process of calcium phosphate (CaP) biomineralization so as to subsequently to 

understand the mechanism of bone formation and osseointegration. This thesis has 

explored the application of state-of-the-art advanced microscopy in mineralized 

biological samples while optimizing experimental strategies and this lays a foundation 

for future studies on biomaterials using these advanced techniques. 

 

6.1 Key Findings and Contributions 

The research objectives proposed in Chapter 1 were achieved, and the detailed key 

findings and contributions of this work are listed as follows: 

1. The first application of on-axis electron tomography (ET) of human bone and 

laser-modified titanium implant interfaces was presented. By circumventing the 

missing wedge artifacts, this technique visualized a quantitative 3D reconstruction of 

the nanotopographies of the implant surface oxide layer and bone growth into these 

features. 

2. The 3D visualization of human bone-titanium implant interface using on-axis ET 

(based on needle-shape samples) was compared with that by conventional single-axis 

ET (based on lamellar samples). The on-axis ET is capable of circumventing missing 

wedge artifacts, while the lamellar samples allow for a larger field of view of the 
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interface. Both ET techniques reveal useful and complementary information about 

the bone-implant interface, such as 3D visualization of nanoscaled features of implant 

surface oxide layer and bone growth into them. 

3. Electron energy loss spectroscopy (EELS) tomography was applied for the first time 

to characterize the nanoscale elemental distribution at the human bone-implant 

interface in 3D. Both Ca and C were observed to distribute at the interface in 

immediate vicinity to the oxide layer of implant, while collagen fibrils were observed 

in close (~100nm) proximity. Also, the Ca at the interface was revealed to originate 

from amorphous calcium apatite (ACP) by electron energy-loss near-edge structure 

(ELNES), while that in bone was hydroxyapatite. 

4. The atomic level 3D chemical mapping of human bone-implant interface was 

visualized with atom probe tomography (APT). Both Ca (representing bone mineral) 

and C (representing organic components) are shown in direct contact with the oxide 

layer at implant surface, which corroborates the observations from correlative EELS 

tomography. The gradient concentration change of Ca and Ti across the interface 

provides a vital piece of experimental evidence to the atomic continuum of 

osseointegration. This also involved exploration and optimization of APT 

experimental parameters and sample coating strategies for characterizing natural 

biomineral and biointerface samples.  

5. Both APT and X-ray absorption spectroscopy (XAS) in soft X-ray scanning 

transmission X-ray microscopes (STXM) demonstrated the existence of a distinct 

N-rich layer between the oxide layer and Ti metal of the commercial pure titanium 

dental implant (BioHelix™). This N-rich region was considered to be formed during 

the laser modification of the implant surface in an ambient air environment. And the 

origin of N in this layer was identified as TiN by STXM X-ray absorption near edge 

structure (XANES). 

6. This thesis presented the first correlative 4D chemical tomography study of a 
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bone-implant interface, including on-axis electron tomography, EELS tomography, 

and APT performed on the same sample. The correlative 4D tomography workflow 

based on the same needle-shape sample was established here, which is transferable to 

other applications in materials science or biological studies. 

7. The first real-time observation of CaP nucleation and growth was recorded by using 

LP-TEM. This is direct experimental evidence to prove that CaP initially mineralizes 

via particle attachment. Also, in-situ, post-situ characterization and ex-situ 

beam-blank experiments were designed to support and complement each other. 

 

Therefore, based on these observations, this thesis supports most closely, but not 

identically, the three-zone-structure at the bone-implant interface proposed by 

Albrektsson et al. As the first zone, both Ca and C were shown distributing intimately at 

the implant surface, but for the first time at the atomic level by APT. An intervening 

transition zone was defined as the second zone by EELS tomography observation, 

connecting the fibrillary mature bone and implant surfaces. The organized collagen fibrils, 

representing the mature bone structure, appeared 100 nm away from the implant surface, 

which also matched with the description of Albrektsson et al. of the third zone. However, 

this work also unveiled new information on the bone-implant interface based on the 

spectroscopic characterizations carried out. Specifically, the phase of Ca directly 

distributed at the implant interface was confirmed as amorphous calcium phosphate. 

However, the phase of C is still not fully understood and requires further spectroscopic 

studies to determine whether its origin is collagenous or proteoglycan-based as proposed 

in the other theories of osseointegration. 

 

6.2 Future Work 

In this thesis, correlative 4D tomography techniques have been explored and successfully 

applied to characterize the interface between human bone and a commercially pure 
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laser-modified titanium implant. The established workflow of correlative tomographies 

can be applied to study and evaluate other type of implants with different surface 

modifications, such as implants made of Ti6Al4V titanium alloy or titanium implants 

with mesoporous titania coatings doped with Ca or Sr. In this way, the general 

characteristics of the nanoscale chemical structure at bone-implant interfaces can be 

elucidated, which helps to understand the mechanism of bone growth onto different types 

of implant surfaces. Moreover, exploring these techniques on time-resolved animal 

studies would shed light on the dynamic process of bone formation at implant surfaces. 

This workflow would also be greatly advanced by the introduction of cryogenic sample 

preparation techniques, which avoids the need for potentially damaging fixation, 

dehydration and embedding procedures. Substantial technical development is still needed 

to enable cryogenic transfer between all the microscopes involved in this thesis.  

 

Also, the phases of carbon-based (i.e. organic) components at the bone-implant interface 

are crucial evidence to unveil the osseointegration mechanisms, which was not fully 

investigated in this thesis. STXM-XANES is an efficient spectroscopic technique to 

differentiate different phases of C, including collagen, so as to determine whether 

collagen directly contacts with implant surfaces. Additionally, further work to understand 

the crystallinity and phase of bone mineral apatite throughout the transition layer from 

the mature bone to implant surface is also important information for osseointegration 

research, which could be explored by convergent beam electron diffraction. Suitable 

standards would need to be determined for the apatite phases, and it is expected that 

several phases may overlap due to the limited spatial resolution of the technique, 

requiring efforts to separate multiple patterns appearing from spatially overlapping 

phases.  

 

The in-situ LP-TEM research on CaP mineralization presented in this thesis has laid a 
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foundation for exploring complex bone mineralization processes. Looking beyond CaP 

nucleation and growth, bone mineralization also includes various dynamic 

organic-inorganic physiological interactions which have significant effects on 

mineralization outcomes. Thus, LP-TEM will be a promising technique to achieve 

real-time recording of these dynamic processes and help to understand the mechanism of 

bone mineralization. 
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Appendix 1 High-Resolution Visualization of the Osteocyte 

Lacuno-Canalicular Network Juxtaposed to the Surface of 

Nanotextured Titanium Implants in Human 

 

 

 

 

 

 

 

 

This paper presented the investigation of osteocyte lacuno-canalicular network adjoining 

the nanotextured surface of a clinical-retrieved titanium dental implant. Osteocytes, 

whose mechanotransduction function was reported to play a key role in bone remodeling, 

are also believed to influence on the maintenance of long-term osseointegration. With 

advanced electron microscopy and electron tomography, this work visualized the direct 

connection of osteocyte processes onto the implant surface and their ultrastructures, 

which could be used to infer the cellular events at the bone-implant interface. This work 

is a complementary approach to studying the mineral-organic structure of interface to my 

thesis. The electron tomography experiments and data analysis were performed by 

myself. Also, I helped with revising the manuscript. This paper has been published in 

ACS Biomaterials Science & Engineering, 2015, 1, pp 305-313. DOI: 

10.1021/ab500127y. Permission from © 2016 American Chemical Society. 
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Appendix 2 Atomic Scale Chemical Tomography of Human 

Bone 

 

 

 

 

 

 

 

 

 

 

This paper presented the first atomic-length-scale visualization of human bone structure 

with elemental distribution overlaid in three dimensions (3D). In this work, the atom 

probe tomography (APT) experimental parameters for human bone samples were 

optimized and the mass spectra of human bone were provided as reference for future 

research, which laid down the foundation to apply APT to study the more complex 

sample bone-implant interface in the thesis. The APT experiments and data analysis were 

performed by Dr. Brian Langelier and myself. Dr. Kathryn Grandfield and I performed 

electron microscopy. The manuscript was drafted and edited to the final version by Dr. 

Kathryn Grandfield, Dr. Brian Langelier and myself. This paper has been published in 

Scientific Reports, 2017, 7:39958, pp 1-9. DOI: 10.1038/srep39958. Permission from © 

The Author(s) 2017. 
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Supplementary Information: 
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