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Lay Abstract 

Metallic implants are widely used in dental and orthopedic applications but can be 

prone to failure or incomplete integration with bone tissue due to a breakdown at 

the bone-implant interface as defined by clinical standards. In order to improve the 

ability of the implant to anchor itself into the surrounding bone tissue, it is possible 

to use novel three-dimensional (3D) printing approaches to produce porous metals 

with an increased area for direct bone-implant contact. This thesis examines 

strategies to design porous implants that better mimic the structure of human bone, 

possible coating materials to accelerate early bone growth at the implant interface, 

and the microscale-to-nanoscale origins of bone formation within the interior of 

porous materials. 
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Abstract 

The field of implantology is centred around interfacial interactions with the 

surrounding bone tissue. Assessing the suitability of novel engineering materials as 

implants for clinical application follows a preliminary workflow that can be 

simplified into three main stages: (i) implant design, (ii) in vitro compatibility, and 

(iii) in vivo compatibility. This thesis is subdivided to mirror each of these three 

themes, with a specific focus on the multiscale features of the implant itself as well 

as appositional bone tissue. In Chapter 3, a biomimetic approach to generate porous 

metallic implants is presented, using preferential seeding in a 3D Voronoi 

tessellation to create struts within a porous scaffold that mirror the trabecular 

orientation in human bone tissue. In Chapter 4, cytocompatible succinate-alginate 

films are generated to promote the in vitro activity of osteoblast-like cells and 

endothelial cells using a methodology that could be replicated to coat the interior 

and exterior of porous metals. In Chapter 5, two types of porous implants with 

graded and uniform pore size are implanted into rabbit tibiae to characterize the 

biological process of osseointegration into porous scaffolds. In Chapter 6, these 

same scaffolds are probed with high-resolution 2D and 3D methods using scanning 

transmission electron microscopy (STEM) and the first-ever application of plasma 

focused ion beam (PFIB) serial sectioning to observe structural motifs in 

biomineralization at the implant interface in 3D. This thesis provides new 

knowledge, synthesis techniques, and development of characterization tools for 

bone-interfacing implants, specifically including a means to: (i) provide novel 

biomaterial design strategies for additive manufacturing; (ii) synthesize coatings 

that are compatible with additively manufactured surfaces; (iii) improve our 

understanding of mineralization process in newly formed bone, with the ultimate 

goal of improving the osseointegration of implants.  
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Figure 5-8: Fluorochrome labelling of calcification loci. (A-D) Fluorochrome images of 
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closely with tissue in the H&E section at twelve weeks. (E-H) Calcein fluorochrome and H&E 

stain showing correlative bone apposition at two and four weeks in (E-F) G300 and (G-H) 

FG600 implants. Fluorescent signals are bright throughout the implant interior where bone 

matrix is present, indicating that mineral transport is consistently occurring within the scaffold 

interior within the first two weeks and corresponds with regions of connective tissue in the H&E 

micrographs. Scale bars 1 mm. 

Figure S5-1: Convolutional neural network training on micro-CT data. (A) Training slice from 

FG600 implant retrieved after four weeks. (B) Grayscale-assisted manual classification of bone 

inside the scaffold, bone outside the scaffold, titanium implant, and resin/void space for the 

slice presented in (A). (C) Training iterations of the convolutional neural network from ten 

slices of a FG600 scaffold and ten slices of a G300 scaffold. Loss values and validation loss 

values both decrease through successive epochs of training. 
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column were implanted bilaterally in the same rabbit, taking into account the effect of strong 

and weak responders. Common themes in all implants include inflammatory response occurring 

at the apex of the implant, cortical integration at the crown of the implant, and spindles of bone 

forming with microvasculature in the implant interior. 
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103 

Figure S5-4: Interior pore of a H&E stained section from a G300 implant after twelve weeks. 

Red blood cells propagate in vasculature along the centerline of the pore, while a suspected 

megakaryocyte (denoted with an asterisk) produces platelets to preserve vascular response 

inside the scaffold. 
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Figure 6-1: Workflow of PFIB-SEM tomography workflow at the bone-implant interface. (A) 

Regions of interest were extracted at near-surface pores in the cortical region after 12 wk and 

at regions of trabecular ingrowth after 4 wk. (B) Serial sectioning takes place after the region 

of interest is carefully prepared to avoid excessive ion damage and provide a means for 

accurate post-process image stack alignment and feature detection. 
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Figure 6-2: HAADF-STEM imaging at the implant interface after 12 wk. (A) Specimen 

orientation and sampling location for FIB liftout. (B) Site overview in the FIB liftout showing a 

cross-section from the location in (A). Two windows with direct-bone contact were thinned to 

electron transparency. (C-E) HAADF-STEM image at the bone-implant interface. Mineral 

ellipsoids have an alternating orientation of their long axis, packing in (O) out-of-plane 

orientation and (I) in-plane arrays with noted collagen banding in (E). (F-H). HAADF-STEM 

image at the bone-implant interface, showing a second ellipsoidal motif. Mineral clusters near 

the titanium pack with their long axis parallel to the implant interface (G), while a rotational 

shift occurs as the distance from the implant interface increases (H). 
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Figure 6-3: Sectioning planes in a 3D mineral ellipsoid. Sectioning planes of varying angular 

orientation in a mineral ellipsoid show different ellipsoidal motifs depending on the viewing 

angle. The marquise motif in (A) and rosette motif in (C) are parallel and orthogonal to the tip-

to-tail vector of the ellipsoid, respectively. Oblique sectioning planes tend to create egg-shaped 

projections as in (B). 
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Figure 6-4: STEM-EELS of de novo bone formation at the implant interface. (A) Site overview 

of bone-implant near cortical interaction with the crown of the implant after 12 wk. (B-C) 

Calcium and carbon EELS maps overlaid with the STEM image at the implant interface. (D-F) 

Titanium, calcium, and carbon EELS maps at the implant interface. Carbon-rich areas tend to 

overlap with calcium-deficient regions. A mineral-dense zone (*) is present in the tissue at the 

interface of the titanium. (G) EELS intensity profiles across the mineral-dense zone. Slight 

carbon depletion occurs in this zone in addition to slightly higher calcium content. 
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Figure 6-5: Representative slices from PFIB-SEM tomography and data reconstructions. (A) 

3D representation of the PFIB-SEM image stack of the implant interface retrieved after 4 wk. 

Bright regions are indicative of titanium, dark regions are indicative of carbon- or resin-rich 

material, and intermediate grayscale regions are mineralized bone matrix. Osteocyte lacunae 

are denoted with arrowheads and carbon-rich regions are denoted with asterisks. (B) 3D 

representation of the PFIB-SEM image stack at the implant interface acquired 12 wk after 

implantation. Segmentation of the bone matrix, implant volume, and LCN is achievable after 4 

wk (C) and 12 wk (D). After 4 wk, canaliculi orient towards the mineralization front. Scale 

bars: 10 μm. 
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Figure 6-6: High-contrast regions in the extracellular matrix beyond the mineralization front. 

(A) Sequential application of Gaussian smoothing, contrast-limited histogram equalization, 

Gaussian smoothing, maximum filtering, and Gaussian smoothing to highlight cell membranes 

beyond the mineralization front. (B) Location of possible cells outside of the mineralized matrix. 

(C) Insets showing the morphology of nearby cells in the osteoid or extracellular matrix. Scale 

bars: (A,C) 1 μm (B) 10 μm. 
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Figure 6-7: Mineral evolution and topographies at the boundary of the mineralized tissue after 

4 wk. (A) Two neighbouring regions at the periphery of the mineralized bone matrix. (B) 3D 

view of the bone-implant interface. (C) 3D topography of a granular or active mineralized 

surface adjacent to the implant interface, with distinct shapes attributed to evolving mineral 

clusters. (D) Smoother 3D topography, with only small protrusions, at a dormant mineralized 

surface near the implant interface. (E) 3D reconstruction of select mineral clusters at the active 

site of mineralization, detailing their heterogeneity in size and shape. (F-H) Size, distance to the 

bulk of mineralized tissue, and aspect ratio of these 3D mineral clusters (n = 116 ellipsoids). 
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Figure 6-8: Disordered packing arrays of mineral ellipsoids at the implant interface at 4 wk. 

(A) 3D view of bone appearing at the titanium interface. (B-D) Cropping to remove the titanium 

reveals two separate packing arrangements of mineral ellipsoids with a sharp orientation shift 

between, and a size gradient across one packet. (E-F) Cropping slightly further into the tissue 

shows that this misorientation is quickly resolved with increasing distance from the implant 

interface. 
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Figure 6-9: Ellipsoidal heterogeneity near naturally-occurring interfaces and in new bone 

tissue. (A) Large clusters of void space or organic component are present adjacent to a 

hypermineralized band at 4 wk, disrupting the natural marquise or rosette patterns on either 

side. (B) Variation in ellipsoid orientation and organic/void distribution in the bulk of the tissue 

at 4 wk, separated into regions with common ellipsoid motifs. (C) The size of mineral rosettes 

varies widely across only a few microns and is small near where the collagen direction shifts 

after 12 wk. (D) Disorganized ellipsoids residing within a largely disordered organic matrix at 

12 wk. (E-F) Further evidence of size variance in mineral ellipsoids within bone forming near 

the implant interface. Scale bars 1 μm. 
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Figure S6-1: Location of PFIB-SEM tomography in the implant retrieved after 4 wk. (A) Broad 

site overview. (B) Bone-implant interface with deposition of protective carbon layer for PFIB-

SEM. 
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Figure S6-2: Location of PFIB-SEM tomography and site of the FIB lift-out for STEM-EELS 

analysis in the implant retrieved after 12 wk. (A) Crown of the implant, showing sampling 

locations for STEM-EELS and PFIB-SEM. (B) Rotated inset showing bone-implant interface 

sampled for PFIB-SEM. (C) Higher magnification of the PFIB-SEM region. (D) Rotated inset 

in the crown of the implant showing location of the TEM lift-out. 
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Chapter 1: Introduction 

1.1 Research Motivation 

The development of a structural and functional connection between bone and an implant is 

known as osseointegration [1,2]. Titanium and its alloys are among the most commonly 

employed materials for osseointegration in dental and orthopaedic applications. Recently, 

additive manufacturing has enabled the production of porous titanium geometries for bone 

integration. The general biocompatibility of implants is characterized using in vitro 

methods (with simulated body environments [3] or cells) while osseointegration is assessed 

in vivo using pre-clinical animal models to observe the regenerative capabilities of bone [4] 

around implants. Both of these approaches have their limitations with respect to predicting 

osseointegration in humans but provide important information about how novel 

engineering materials could clinically translate. Broadly speaking, osseointegration within 

the period immediately following surgery is associated with favourable long-term 

outcomes and implant survival [5,6]. However, unfavourable interaction with the host may 

necessitate revision surgeries, which account for a high percentage of all hip replacements 

in the 10 years following initial implantation of the prosthesis [7] as an example. This places 

an unnecessary burden on healthcare systems worldwide, including in Canada. 

Understanding how material design, especially in the case of porous metals, can encourage 

osseointegration is pivotal for reducing the incidence of revision surgery. Related to this, 

suitable methods to functionalize implant surfaces and characterization tools for porous 

implants are needed to evaluate or improve their potential clinical success. The work in this 

thesis presents three themes: a sequence of design, modification, and microscale-to-

nanoscale characterization to better control and understand the osseointegration of porous 

metallic implants. 

1.1.1 Designing Bioinspired Porous Implant Structures 

The size and shape of a metallic implant can be designed to follow the geometry of the 

bone itself. As an example, small screws are often used for dental prostheses in the jaw 

while larger hip replacements are designed to mimic the shape of the acetabulum or femur. 

The substructure of these materials is often inspired by naturally occurring materials 

themselves [8]. Trabecular bone, for instance, is composed of an architecturally-complex 

network of rods and plates [9] and its porous nature can be replicated with several new 

materials processing techniques. One problem is that the overall architecture of cancellous 

bone varies greatly depending on its sampling location within the body [10], e.g., trabecular 

bone patterns within the femoral head and vertebral body are substantially different. 

Loading regimes within the tissue tend to govern these large structural changes within the 

bone tissue itself [11], and also dictate the service environment of an endosseous implant. 

When considering the design of porous metallic implants (as summarized in my review in 
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Appendix 1), most implant geometries are designed with a uniform pore and strut 

architecture. As a result, there is renewed interest in developing easily-modifiable design 

protocols for implants that can be modified to account for the natural anisotropy within the 

existing tissue. The work presented in Chapter 3 develops a method to introduce tunable 

forms of isotropy using a selectively-seeded 3D Voronoi tessellation approach. 

1.1.2 Modifying Metallic Implants with Coatings 

The physical and chemical properties of the implant surface govern the dynamic response 

of osseointegration. Surface modification strategies such as coating application can also 

follow the principles of biomimetics, where biologically-derived materials can improve 

adhesion to the implant surface [12]. These coatings can integrate molecules that alter the 

host response to improve bioactivity [13] or antibacterial response [14]. Physical 

modification of the implant surface to add texture at the nanoscale and microscale can also 

improve the host response by increasing the amount of direct bone-implant contact area 

[15]. Techniques such as acid-etching, grit-blasting, or laser surface modification can 

induce roughness at the microscale or nanoscale [16]. While the current literature depicts 

these methods as highly-suitable for conventional implant materials, their extension to 

intricate pore networks, including those inside additively manufactured (AM) materials is 

of great interest. The work presented in Chapter 4 details one such material development 

strategy that may be applicable to pore networks for encouraging vascular ingrowth and 

osteogenesis within the interior of porous AM metals. Where my previous work has shown 

that dip coating techniques can permeate the interior of porous metals (Appendix 2), the 

films in Chapter 4 elute disodium succinate from surface-bound alginate in a way that can 

modify the peri-implant environment of porous metallic implant materials using a coating-

based approach. 

1.1.3 Characterizing Osseointegration in Porous Implants at the Microscale 

With the discovery of a new structural feature in bone – the mineral ellipsoid – there is 

potentially a gap in our understanding of osseointegration near an implant. Since these 

clusters of mineral form at intermediate length scales between the microscale and nanoscale 

[17], plasma focused ion beam (PFIB) microscopy has been shown to be able to analyze 

their structure in 3D over large volumes at high resolution as in Appendix 3 [18], but has 

not yet been applied at the bone-implant interface. Similarly, the sequential biological 

response in porous implants has not yet been fully characterized to see how 

osseointegration and bone ingrowth differs inside and outside the pore network. The works 

in Chapters 5 and 6 highlight classical histological and histomorphometric observations at 

the macroscale and microscale, and develop a method to observe mineral packing across 

the multiscale continuum using optical, X-ray, and electron microscopy techniques to better 

understand the process of osseointegration in porous titanium. 
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1.2 Research Objectives 

This thesis aims to improve our understanding of osseointegration within the context of 

additively manufactured porous implants as a long-term goal. The broad research 

objectives are focused on three themes: strategies for designing porous materials, modifying 

porous materials, and characterizing the response to porous materials. The specific 

objectives are: 

(i) To develop biomimetic implants with anisotropic pores. One technique for matching 

the anisotropic nature of bone is presented in Chapter 3. 

(ii) To develop surface modification strategies that can influence biological response 

inside a pore network. A solvent casting technique for adding biofunctionalized molecules 

to a surface film is presented in Chapter 4. 

(iii) To characterize the biological performance of porous implants at the microscale. A 

myriad of 2D and 3D characterization techniques are presented in Chapter 5 to thoroughly 

analyze osseointegration. 

(iv) To characterize the structure of newly formed bone in porous implants in 3D. 

Electron microscopy techniques, including plasma focused ion beam protocols, are used to 

assess ultrastructural features in newly formed bone in Chapter 6.  

1.3 Thesis Chapter Summary 

The research objectives presented in Section 1.2 are summarized within the following 

chapters of the thesis: 

Chapter 2: Background and Literature Review. This chapter contextualizes later work 

in the thesis based on existing literature, with specific focus on implant design 

considerations, additive manufacturing technology, hierarchical bone structure, 

osseointegration, and multiscale imaging modalities. 

Chapter 3: Selective Voronoi Tessellation as a Method to Design Anisotropic and 

Biomimetic Implants. This chapter presents a workflow to create porous metals using a 

3D form of Voronoi tessellation with an asymmetric seeding approach to mimic the natural 

anisotropy within the human femur. This showcases an opportunity for anisotropy-graded 

porous structures by modifying the distribution of seeds within a subregion of the porous 

volume. 

Chapter 4: Fabrication of Succinate-Alginate Xerogel Films for In Vitro Coupling of 

Osteogenesis and Neovascularization. This chapter presents a coating strategy for 

implant materials to encourage early endothelial cell activity by rapidly releasing disodium 

succinate in the local environment of the implant. This in vitro work highlights the 
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importance of a holistic approach to osseointegration, as bone apposition only occurs 

following other forms of biological response such as vascularization. 

Chapter 5: Osseointegration of Functionally-Graded Ti6Al4V Porous Implants: 

Histology of the Pore Network. This chapter presents microscale histological and 

histomorphometric observations of both functionally-graded and uniform pore structures 

implanted into rabbit tibiae. This in vivo work is among the first to highlight trends 

occurring over time in the two types of triply-periodic minimal surface scaffolds. 

Chapter 6: Characterizing Mineral Ellipsoids in New Bone Formation at the Interface 

of Ti6Al4V Porous Implants. This chapter presents the first application of PFIB-SEM 

tomography to the bone-implant interface. STEM and PFIB-SEM are used to gain an 

understanding of how mineral ellipsoids self-assemble near an implant during 

osseointegration. 

Chapter 7: Conclusions. This chapter presents the links, commonalities, and conclusions 

for each of the preceding works to emphasize the key findings and present avenues for 

follow-up study.  
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Chapter 2: Background and Literature Review 

This thesis is centred on the biomimetic design, modification, and characterization of bone-

interfacing porous biomaterials to improve early outcomes of osseointegration. Additive 

manufacturing technology serves as a useful tool to produce intricate designs that are often 

not possible with conventional subtractive techniques. These parts can be further modified 

with a number of post-processing techniques to optimize the host response. To understand 

how the implant fabrication and subsequent modification affect the formation of new bone 

tissue, it is also important to understand the biological processes by which bone forms and 

the inherent multiscale structure of bone itself. Lastly, it is important to understand that a 

combination of characterization techniques is often required to probe each level in bone’s 

hierarchical structure. This chapter provides relevant background for the research presented 

in this thesis, explaining themes in additive manufacturing technology, implant surface 

modification, bone structure and formation, and multiscale imaging modalities – with some 

adaptation from my first-author review paper in Appendix 1. 

2.1 Bone-Interfacing Implants 

The number of hip, knee, and dental implants placed into Canadians has seen a staggering 

rise in recent years (Table 2-1), in part due to an aging population. Roughly one in every 

twelve arthroplasty procedures is to replace an existing implant, highlighting the necessity 

for innovation in design to improve implant lifespans. Some of the common implant failure 

modes include aseptic loosening, implant instability, peri-prosthetic bone fracture, implant 

wear, and implant fracture among others [19]. In part, these all share a common theme – a 

breakdown at the bone-implant interface caused by complications in the material.  

Table 2-1: Incidence of hip and knee replacement surgeries in Canada across a five year 

period. Data obtained from the Canadian Joint Replacement Registry [19]. 

Year 
Number of Hip 

Replacements 

Number of Knee 

Replacements 

2015 – 2016 53,244 64,118 

2016 – 2017 55,981 67,169 

2017 – 2018 58,492 70,502 

2018 – 2019 62,016 75,345 

2019 – 2020 63,496 75,073 

 

Many of these failure modes can be attributed, at least in part, to the material properties of 

the implant itself. Aseptic loosening, for instance, is often attributed to the accumulation of 

debris from wear that can result in osteolysis or resorption of the tissue [20]. Accelerated 
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by the amount of micro-mechanical motion, the loss of implant fixation over time can 

exacerbate this loosening phenomenon [20]. Similarly, primary implant stability is derived 

from the initial post-operative mechanical interaction with the bone, while secondary 

implant stability further anchors the implant in place through regeneration of the tissue 

[21]. Generally speaking, if neither of these stabilizing mechanisms occurs, the implant is 

at risk of failure. Fracture of the bone tissue adjacent to the implant (peri-prosthetic) is also 

prone to occur with low-energy trauma (e.g., falls), but stress amplification or osteolysis 

can arise from the implant design itself [22]. In rare instances of high-energy trauma, it is 

also possible for the implant itself to be damaged or become loosened where factors such 

as implant location, load distribution, size, and material selection can influence the 

likelihood of fracture [23]. 

What some of these failure modes have in common is a lack of osseointegration between 

the implant and surrounding bone. As a result, there is a need to improve the overall design 

of implants using novel engineering strategies to modify the mechanical properties of the 

implant and promote long-term osseointegration. 

2.1.1 Low-Stiffness Implants 

When it comes to the design of implant materials, special consideration should be given to 

the stiffness of the implant, which is governed by both material-specific and geometry-

specific factors. When a metallic implant is used for arthroplasty, the resulting loading state 

in the joint is shared between both the remaining bone and the newly inserted implant. A 

stiffness mismatch between the low-stiffness bone and high-stiffness implant decreases the 

amount of physiological load exerted on the bone tissue in a phenomenon known as stress-

shielding. Stress-shielding can serve as a mechanism for bone resorption near the implant 

[24] and persists over longer-term follow-up studies [25]. Reducing the intensity of the 

stiffness mismatch between the metal and bone is possible using two techniques: modifying 

the composition of the implant material to change its elastic modulus (which governs the 

stress-to-strain relationship for a specific material) or modifying the overall geometry of 

the implant design (i.e., porosity and pore size). Comparison of the elastic moduli offers 

one approach to examine stiffness in the bone-implant system. Cortical bone, for instance, 

has an elastic modulus on the order of 5 – 20 GPa [26], depending on sampling location 

and patient-specific factors. Implant materials such as commercially pure titanium (103 

GPa) [27], Ti-6Al-4V alloy (114 GPa) [27], and cobalt-chromium (200 GPa) [28] naturally 

have higher elastic moduli than bone tissue in their unmodified state 

Recent advances in material design have lowered the elastic modulus of several biomedical 

alloys where high-zirconium, high-niobium, and other alloys of β-phase titanium [29,30] 

have achieved elastic moduli that approach the range of cortical bone. However, advances 

in implant geometry offer a higher degree of customization to the implant – especially 

considering that variations in stress fields may occur depending on location and local 
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anisotropy. In particular, the development of porous implant materials [31–33] enables a 

geometry-derived global stiffness reduction [34,35] for known biocompatible alloys such 

as Ti-6Al-4V although the local stress transfer is likely more complex and may change 

depending on the extent to which bone has formed. Generally, the porosity-stiffness 

relationship does not necessarily follow a ‘rule-of-mixtures’ approach, where many models 

use power or exponential relationships to describe this mechanical response [36]. 

 

Figure 2-1: Examples of varying types of porous geometries that can be applied to implant 

materials. Reproduced from [37] with permission. 

The pore structure in a porous implant material can be classified based on its repeating 

geometry (Figure 2-1). Reticulated forms of porous scaffold have a unit cell that repeats 

evenly in three-dimensional space. Stochastic or trabecular-like scaffolds do not contain a 

repeating topology, and instead have quasi-random strut orientation through the porous 

interior. Functionally-graded materials are a subset of porous materials that have some 

spatial variation in property along one of their principal axes (in Cartesian, cylindrical, or 

spherical coordinate systems). In porous materials, it is common to alter the size of the 

struts in the scaffold thereby changing the diameter and porosity of the implant along a 

specified gradient [38] while maintaining the same general architecture or topology of the 

unit cell. Recent works have also investigated functionally-graded (FG) chemical 

composition along the length of the implant [39]. By changing the implant geometry to 

include fully porous or partially porous regions, it may indeed be possible to improve the 

host response to the implant material. 
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2.1.2 Additive Manufacturing Technologies 

As the material chemistry and the material geometry becomes more complex, so too must 

the manufacturing method. The intricate strut architecture within porous materials does not 

lend itself well to subtractive materials forming processes. Instead, the best approach is to 

leverage metallic AM processes to construct porous materials. Powder bed fusion (PBF) 

and directed energy deposition (DED) are the two main additive manufacturing processes 

for metals [40]. 

PBF processes use a layer-by-layer approach [41] under inert gas to build input parts from 

a computer-aided drawing (CAD) file with either an electron beam or laser as an energy 

source [42]. Selective laser melting (SLM) – one form of PBF – works by spreading a thin 

layer of powder (20-100 μm) onto the target build platform within the chamber. A laser 

then scans a pre-programmed pattern to melt along its track in a single layer of the 3D 

object, where the molten pool then solidifies to form the part [43]. The build platform then 

lowers to accommodate subsequent powder deposition to fabricate the next layer in the 3D 

geometry. Throughout the build, the unmelted powder provides a stable supporting 

structure to hold any overhanging portions in the future layers [44] – a characteristic that is 

not possible in DED. SLM also affords better fabrication of complex parts compared to 

current DED processes [45]. 

DED processes work by instantaneously guiding the feedstock material directly under the 

pathing of the energy source to build layer-by-layer without the use of a powder bed. In 

DED processing, metallic powder is blown towards the substrate, or a metal wire feedstock 

is fed directly underneath the laser spot as it scans [46], where the material melts and 

resolidifies into a solid layer. By linking the Cartesian coordinates of the feedstock 

deposition and laser pathing, complex implant geometries can be fabricated on the build 

platform [47]. DED techniques typically have faster deposition times than SLM [45] and 

also typically produce little waste [48]. 

Due to implant sizing constraints, there are appropriate restrictions that must be considered 

for the AM of porous implant materials. The interplay between net pore size and implant 

porosity can be tuned by adjusting the corresponding size of the unit cell and scaffold struts 

(Figure 2-2). An increase in strut diameter with a constant unit cell size or a decrease in 

unit cell size with constant strut diameter will both result in smaller pore diameter. With 

respect to the osseointegration of implants, the resulting pore size is an important 

consideration. Bone ingrowth can occur in pores as small as 50 μm in diameter [49], but 

further description of pore size in implants is complicated and highlighted in both Section 

2.1.5 and Appendix 1. For AM processes, the minimum strut size possible in the porous 

material is dependent on the feedstock characteristics and optics of the energy source [50]. 

Often, the smallest fabricable strut size in SLM processes is on the order of 200 μm [51] 

and melt pools in DED tend to be larger than those in SLM [52]. After PBF, the resulting 

surface morphology of the part has a characteristic micro-rough texture with partially-
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melted powder fused to the surface [53]. This native surface can be modified through a 

variety of post-processing techniques to add topography at other length scales or introduce 

macromolecules for local release at the site of the implant. Other forms of post-processing 

can be applied to additively manufactured components to compensate for poorer 

mechanical properties and any increased fracture risk of the material. For instance, 

additively manufactured parts can be more prone to fatigue failure than wrought 

counterparts in the scope of current AM technology [54]. Post-process hot isostatic pressing 

can reduce the number of internal defects in AM parts and help increase their overall fatigue 

strength [55]. 

 

Figure 2-2: Effect of altering design parameters on the resulting scaffold design in porous 

materials. Reproduced from [37] with permission. 

2.1.3 Surface Modification Strategies 

Surface modification strategies are often used to improve host response and offer the 

potential to alter both surface chemistry and surface topography. Titanium substrates 

generated through additive manufacturing can be further improved to promote 

osseointegration through these post-processing techniques. 

The surface chemistry directly influences the innate host response with both short-term and 

long-term consequences. The mitigation of ion release in certain metals, as an example, can 

aid in preventing corrosion and toxicity within the local implant environment [56]. In 

addition to creating non-toxic implants, modifications to the surface chemistry directly 

relate to the hydrophilicity of the implant [57]. With respect to the surface composition, 

various forms of bioactive glass and calcium phosphate bioceramics can form apatite at 

their surface [58]. On the surface of metallic implants, organic-inorganic composite 

materials can be integrated using bioceramic nanoparticles with the addition of a binder or 

within a polymeric matrix material [59]. Similarly, other physiologically-relevant materials 
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including antibacterial materials [60], proteins [61], or other macromolecules can also be 

integrated via chemical modification of the implant surface. 

However, assuming the use of a biocompatible material, adding topographical features to 

the surface can prove more beneficial than minor changes in surface chemistry [62]. As 

some AM techniques rely on the fusion of molten powder particles, their native surface 

after fabrication contains an array of partially-fused powder, with sizes on the order of 30-

45 μm [63]. It has often been shown that implant materials with multiscale roughness result 

in better osseointegration [64–66] due to the increase in net area available for deposition of 

mineralized tissue and migratory-enabling characteristics of adsorbed biological entities on 

the implant surface. In particular, the collective combination of sub-micron (< 1 μm), 

microscale (< 10 μm), and coarse-microscale (> 10 μm) features improve the overall 

integrity of the bone-implant interface [15,67] compared to surface structures that are 

missing topography at any of these length scales [68]. The post-processing steps to induce 

this form of multiscale topography are essential for any fabrication procedure to improve 

both the short-term and long-term performance of the implant, and several surface 

modification techniques can be applied to conventionally manufactured titanium [60]. 

In an ideal situation, modifying both the surface chemistry and surface topography is 

possible to expedite bone growth in porous scaffolds [69]. However, performing these 

simultaneously in porous materials proves to be a challenge. Some processing techniques 

such as grit blasting [70,71], laser modification [72,73], or plasma spraying [74,75] rely on 

line-of-sight application to modify the implant surface. While these techniques are suitable 

for altering the exterior of an implant, any porous interior remains predominantly 

unmodified. Acid etching techniques [76,77] provide a method of altering the surface 

topography within the interior of a porous implant material but lack the combinatory effect 

of substantial chemical modification. Micro-arc oxidation offers a means to modify both 

the chemistry and topography of the surface but is restricted to deposition of only oxides 

of the base metal, calcium, and phosphorus [78,79]. 

Coating techniques are highly suited to the surface modification of porous materials due to 

their ability to introduce organic-inorganic composite materials [80] and alter the surface 

structure to achieve dual-scale topography in the interior of the pores [81]. The 

development of novel composite materials, such as the succinate-alginate gel-based films 

presented in Chapter 4, offers a way to locally introduce relevant biomolecules to any 

potential sites of new bone growth. 

2.1.4 In Vitro Characterization of Materials 

The first step in assessing the potential for osseointegration of implant materials often uses 

in vitro characterization with simulated body fluids or cell culture. Work from Davies 

highlights some of the key benefits to in vitro modeling of the bone-implant interface, 

including aspects of organic matrix secretion and mineralization [3] but cytocompatibility 
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assays also offer benefits to quantitatively assess the biocompatibility of implant surfaces. 

To assess the compatibility with osteoblasts, many cell lines are available to characterize 

cell-material response. Primary cells extracted from human or animal tissue and 

immortalized cell lines (including Saos-2, MG-63, or MC3T3-E1 cells) are all widely used 

to characterize the interaction of osteoblasts and biomaterials, where Czekanska et al. 

outline the various advantages and disadvantages of each cell type [82]. The Saos-2 cell 

line, used in Chapters 4 and 5 of this thesis, is derived from human osteosarcoma cells but 

possesses many osteoblastic properties and has the added benefit of rapid growth [83]. 

Despite being smaller than human osteoblasts (both adherent and in suspension), the Saos-

2 line is similar to human osteoblasts in that alkaline phosphatase is produced [84]. The 

alamarBlue assay, based on the reversible conversion from resazurin to fluorescent 

resorufin, is compatible with the Saos-2 cell line, acting as an intermediate electron 

acceptor in the electron transport chain during aerobic respiration and thereby a marker of 

metabolic activity and cell proliferation [85]. Another measurement of cell activity, the 

bicinchoninic acid (BCA) assay relies on amino acids and the biuret reaction to convert 

Cu2+ ions to Cu+. BCA has a high affinity for the free Cu+ ions, producing a colorimetric 

change upon reaction that is detectable via absorption measurement between 550-570 nm 

[86]. Other cells, including human umbilical vein endothelial cells (HUVECs), can model 

relevant vascular development processes in vitro. When seeded on extracellular matrix or 

its synthetic counterpart (as in Chapter 4), these cells form capillary-like tubes with 

neighbouring cells to rapidly build a provisional vascular network, which is often used to 

assess the angiogenic activity of various macromolecules [87]. 

These forms of in vitro assay are important to minimize the number of animals required for 

the assessment of implant materials and have been extensively applied to porous scaffolds 

of varying material composition in the form of 3D cell culture [88]. Ultimately, while these 

types of tests serve as an excellent first step in the characterization of porous metals or 

surface coatings, in vivo trials provide the most accurate environment to assess biomaterials 

since they can examine the simultaneous interaction of all relevant cell types and 

macromolecules at once. As a result, in vivo studies are the only true way to assess 

osseointegration. 

2.1.5 In Vivo Characterization of Porous Scaffolds 

The pre-clinical performance of porous materials is best characterized using animal models, 

with implantation often occurring in the long bones or calvaria of animals. The respective 

size of the bone, physiological loading conditions, rates of bone formation, and even 

multiscale structure can differ between animal models, often making it difficult to select a 

meaningful site for implantation [4]. Some of the most common models for in vivo 

biomaterial assessment include murine (rodent), leporine (rabbit), canine (dog), ovine 

(sheep), porcine (pig), and caprine (goat) [89]. Each of these has its benefits and drawbacks 

as it relates to modeling human bone regeneration. Leporine bone, as one of the most 
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common in vivo models for bone regeneration [90], is conveniently used due to ease of 

handling and relatively young age of skeletal maturity (where growth plate closure occurs 

at roughly six months, on average) [91,92]. Rabbits, much like humans but unlike some 

smaller mammals, also undergo a phenomenon called ‘secondary remodeling’ where 

populations of osteoclasts and osteoblasts work to sequentially resorb existing bone tissue 

and redeposit new bone in its place [93]. However, the small size of rabbit bones, 

physiological loading conditions [94], and comparatively fast rates of bone turnover or 

apposition [95] limit its direct extrapolation to bone regeneration in humans. 

Within the rabbit, there are several anatomical locations (tibia, femur, calvaria, ulna) [89] 

that can be used to assess bone growth. When sizing implants for each of these locations, 

the guidelines typically follow that of critical-sized defects (CSDs). A CSD is often defined 

as the smallest size of a bone defect that will not spontaneously heal over the lifetime of 

the animal [96], although its efficacy is somewhat disputed [97]. Based on the anatomy and 

physiology of the leporine skeleton, the CSD for the long bones of the New Zealand White 

Rabbit tibia is roughly 1.4 cm in diameter [98]. When designing implants for pre-clinical 

implantation, this represents the minimum diameter of the implant that can be used to 

reliably assess the kinetics and quality of bone regeneration. 

Looking at the timeline for leporine bone formation in porous materials, it is necessary to 

pick relevant time points to assess bone formation within the porous interior. For 

meaningful investigation of leporine bone evolution inside porous titanium, early endpoints 

often examine bone structure at four weeks of implantation [99–101] although regions of 

bone can begin to form after only two weeks of recovery [99,101]. Later stages of bone 

growth in this implant model are commonly assessed up to twelve weeks following 

implantation [100]. 

Concerning porous materials in particular, it is important to understand the interaction 

between any design parameters and potential influences on bone regeneration. Two factors 

of interest are the pore size of the implant and net porosity of the implant interior [102]. 

For stochastic and trabecular-like scaffold structures, the pore size can vary slightly 

throughout depending on design parameters [103]. Due to the design constraints imposed 

by additive manufacturing technologies, pore sizes for leporine implants are often between 

100-1000 μm in diameter with net porous volumes ranging from 30-90% [37]. While still 

widely disputed, metallic implants with pore diameters between 300-500 μm have shown 

improved outcomes when characterizing bone regeneration in leporine [104] or canine 

models [105] but no definitive observations have been agreed upon in the literature. The 

net porosity of the implant has been less thoroughly investigated, but several 

histomorphometric measurements tend to be improved when the interior porosity ranges 

from 50-70%, indicating greater implant stability [37]. 
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2.2 Bone Structure 

The multiscale hierarchy of bone structure governs its robust mechanical properties. 

Ubiquitous structural entities, each with their own characteristic arrangement, exist within 

each layer of the hierarchy to assemble the unique framework of organic, water, and mineral 

components in the tissue [106]. When designing bone-interfacing materials, it is necessary 

to consider how each structural entity within the hierarchy is influenced by the implant to 

develop a structural and functional connection during osseointegration [107]. An overview 

of the hierarchical levels, ranging from millimeter to nanometer length scales, can be found 

in Figure 2-3. 

 

Figure 2-3: Overview of the hierarchical structure in lamellar bone, spanning from 

macroscale to nanoscale. Reproduced from [106] with permission. 

2.2.1 Bone Structure at the Macroscale 

At the macroscale, the long bones can be subdivided into their cortical and 

cancellous/trabecular components. As a whole, the human skeleton is composed of 80% 

cortical bone and 20% trabecular bone [108]. The cortical fraction is highly dense by nature 

and surrounds the internal marrow cavities of the bone. In contrast, the trabecular fraction 

occupies the marrow space in a highly porous rod-plate network. The porous nature of 

trabecular bone has led to the development of bioinspired metallic implant materials [109] 

for the next generation of implants in the orthopaedic and prosthodontic sectors. 

However, a closer examination of trabecular bone shows distinct variation and anisotropy 

depending on the location in the body [110]. Dividing the femur into epiphyseal 

(proximal/distal ends of the whole bone), diaphyseal (shaft in the midsection), and 

metaphysis (intermediate region between epiphysis and diaphysis) can offer insight into the 
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trabecular organization in these regions. Specifically, looking at the transition from the 

femoral head into the femoral neck shows distinct patterns in trabecular organization in 

computed tomography (CT) datasets (Figure 2-4). 

  

Figure 2-4: (Left) Computed tomography section along the frontal plane of the femoral 

head displaying osteopenia. (Right) Regions of distinct trabecular co-alignment are seen 

in varying locations within the bone. Figures adapted from [111] with permission. 

Patterns in trabecular alignment were first explained by Julius Wolff, who surmised that 

trabecular bone adapts over time based on its mechanical loading regime [112]. In 

particular, this can manifest in the angular arrangement of trabecular bone under prolonged 

exposure to changes in directional strain [11]. These local variations in strain directionality 

create an inherently anisotropic organization within the femur, where mechanical properties 

vary depending on specific location and age [26]. Physiological markers used as 

mechanical axes in the lower extremity, such as the Mikulicz line [113] or femoral 

mechanical axis [114], can be used for realignment in arthroplasty to improve implant 

durability and reduce the likelihood of problematic conditions such as aseptic loosening 

[114]. The complexity of contouring porous materials to better adapt to local mechanical 

cues in bone tissue can extend beyond looking at the global axis of the long bone, taking 

into account the aforementioned patterns in trabecular bone orientation. Unidirectional 

functional-grading or reinforcement of porous implant materials does not take into account 

the dynamic and complex local strain fields within the tissue, and as a result, is unable to 

adaptively model trabecular orientation along the femur. Novel methods to design porous 

implants, much like the asymmetrical Voronoi tessellation illustrated in this thesis, are 

required to accurately model the strain-derived physiological patterns from the resected 

bone tissue. 

2.2.2 Bone Structure Below the Macroscale 

Within human cortical bone lies a Haversian substructure, where the repeating fundamental 

unit is the osteon. As illustrated in Figure 2-3, the osteon consists of concentric lamellae 

arranged around a central Haversian canal (HC). Each lamella within the osteon is offset 
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by neighbouring lamellae in a periodicity of 5-7 μm, and the constituent microfibrils in a 

lamella are angularly offset by 5-25° in a ‘twisted plywood’ arrangement [115]. The 

interconnected network of Haversian and Volkmann canals in cortical bone [116] contains 

both blood vessels and nerve fibres, aiding in nutrient delivery,  oxygen transport, and as a 

signal transduction pathway through the existing tissue. 

At the lower end of the microscale, extending into the mesoscale, lies the interconnected 

network of resident osteocyte cells that serve as a mechanotransduction pathway to report 

any changes within the local environment of the tissue [117]. The osteocytes reside within 

cavities known as lacunae, with a diameter of 5-20 μm [118] and are known to change their 

shape depending on the maturity of the bone tissue [119] and loading conditions [120]. 

Extensions from the main body of the osteocyte lacuna radiate outward to form an 

interconnected network of canaliculi within the tissue with a diameter of roughly 350 nm. 

The combination of lacunae and canaliculi join to compose a connected system known as 

the lacuno-canalicular network (LCN), responsible for the strain-driven transport of fluid 

and biochemical stimuli throughout surrounding tissue [121]. 

Mineralized collagen fibrils self-organize themselves into a distinct bundled form 

[122,123]. Mineralization can occur within these collagenous bundles, nucleating as small 

mineral crystallites [124] or calcospherulites [125] and growing along the collagen fibrils 

into ellipsoidal forms of mineral [18,122]. Below the level of the microfibril or fibril bundle 

lies the single mineralized collagen fibril. The characteristic banding pattern commonly 

observed in transmission electron microscopy (TEM) is composed of overlap zones (27 

nm) and gap zones (40 nm) [126]. The exact spatial location and nucleation kinetics of 

mineral at this length scale is still often disputed, where evidence exists to support both 

intrafibrillar [127] and extrafibrillar [128] mineralization patterns. Based on its rapid 

deposition during bone apposition, the earliest form of bone tends to have a disorganized 

collagen structure [129]. The constituent mineralized collagen fibrils have minimal co-

alignment to each other or any of the structural features (including lacunae and vascular 

spaces) in this form of bone termed ‘woven bone’ [130] and the tissue is mechanically 

weaker in comparison to mature bone tissue. This woven bone undergoes remodelling over 

time and the collagen fibrils begin to show periodicity in their alignment, gradually altering 

by as much as 90° across osteonal lamellae as an example [115,131,132]. This ordered form 

of bone, termed ‘lamellar bone’, is robust in nature, giving bone its inherent mechanical 

properties. 

Each of these hierarchical features has been summarized in the literature with respect to 

their appearance in mature bone tissue and even at simple implant interfaces, but what 

remains to be determined is if structural changes occur in mineral ellipsoids – an often 

overlooked feature of bone composed of several fibril bundles – when interfacial bone 

growth inside and outside of the porous metallic substrate is characterized using modern 

electron microscopy. 
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2.3 Osseointegration at the Implant Interface 

The initial deposition and development of new bone tissue around an implant consists of 

key transitional and formative processes before reaching its most mature form. Holistically, 

these processes determine when, where, and what type of bone will interface with a metallic 

implant. The spatial and temporal characteristics of each process are important for the 

timeline of osseointegration, where short-term implant success is often correlated to long-

term implant success. 

2.3.1 Cells in the Peri-Implant Environment 

Much of the process of osseointegration depends on the recruitment, migration, and 

secretome of specific cells in the peri-implant environment. Analysis of the cell and 

extracellular matrix components during osseointegration is often conducted through 

histology, where specific staining procedures can be used in conjunction with microscopy 

methods to evaluate the process of bone formation at the implant surface [133]. A list of 

cells with high abundance in the peri-implant environment, some of which are seen in 

histology sections in Chapter 5, can be found in Table 2-2 with a brief description of their 

primary function. 

Table 2-2: List of select cell types in the peri-implant environment. Images generated in 

BioRender. 

Cell Primary Function Reference 

Bone and Progenitor Cells 

Osteoblast 

 

Depositing of collagen-rich osteoid during matrix 

formation, which later becomes mineralized. 
[134] 

Osteocyte 

 

Mechanosensation and homeostasis of the 

mineralized bone tissue. 
[134]  

Osteoclast 

 

Resorbing mineralized bone tissue, critical for repair 

of damaged or old tissue. 
[134]  

Mesenchymal 

Stem Cell 

 

Non-specialized cells that are a precursor to 

osteoblasts, adipocytes, or other specialized cells. 
[135] 

Immune Cells (Granulocytes/Agranulocytes) 

Lymphocyte 

 

Regulation and recruitment during the immune 

response; antibody production. 
[136] 
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Neutrophil 

 

Phagocytosis, degranulation, and trapping of 

microbes during the immune response. 
[137] 

Vascular-Associated Cells 

Endothelial 

Cell 

 

Innermost lining cells of capillaries and blood vessels; 

facilitating mass transport through the tissue. 
[138] 

Pericyte 

 

Facilitating transport and leakage at the vascular wall; 

governance of endothelial proliferation. 
[139] 

Erythrocyte 

 

Delivery of oxygen throughout a biological tissue to 

maintain homeostasis. 
[140] 

Marrow-Associated Cells 

Adipocyte 

 

Passive component within marrow stroma; possible 

energy storage or mediator of lipid metabolism.  
[141] 

Megakaryocyte 

 

Platelet production in the bone marrow. [142] 

 

2.3.2 Osteoinduction, Osteogenesis, and Osseointegration 

With respect to new bone formation at defective sites, the two predominant forms of bone 

formation at an implant surface can be divided into competing processes of distance and 

contact osteogenesis [65,143]. In the process of distance osteogenesis, new bone forms by 

nucleating on the surface of pre-existing bone and propagating inward to fill a defect site 

with mineralized tissue [62]. During contact osteogenesis, however, apposition of de novo 

bone tissue occurs directly on the implant surface by differentiating cells and propagates 

outward to span the bone defect [62]. The process by which osteogenesis is initiated, termed 

osteoinduction [107], encompasses the transition of mesenchymal stem cells to that of an 

osteoblast lineage for bone formation and is tightly intertwined with physical [144,145] and 

molecular stimuli [146,147] at the implant surface. The recruitment of osteoblasts and 

tissue formation along the implant surface continues via osteoconduction after the 

osteoinductive process has taken place [107], leading to tissue apposition that self-

propagates along the implant surface. In the context of porous scaffolds, the 

osteoconductive process includes the guided penetration of bone growth into the pores 

along the struts of the scaffold [148]. While all of these biological processes have 

importance in developing a means for implant survival, expedited recovery is chiefly 

dependent on the ability for load transmission at the bone-implant interface, making early 

and complete osseointegration one of the all-important metrics for implant success. 
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In general, distance osteogenesis is not viewed as favourably as contact osteogenesis, 

although both can occur simultaneously at sites of new bone growth [149]. In cases where 

distance osteogenesis is predominant, direct contact between the bone matrix and the 

implant is less prevalent due to an intervening layer of cells [62]. As a result, sites of 

distance osteogenesis encapsulate the implant with bone but tend to lack a primary bone-

implant connection. However, in instances of contact osteogenesis, the deposition of bone 

matrix occurs directly onto the implant [62], developing a stronger functional connection 

as the bone matrix and implant can integrate more intimately. The development of the 

structural and functional connection, or osseointegration, of an implant should consist of 

immobilization of the implant under loading, the apposition of new bone adjacent to the 

implant without fibrous tissue, the absence of motion between the tissue and the implant, 

and normal bone/marrow zones at the microscopic level [106]. While each of these has 

been previously shown to occur in the centre of porous Ti6Al4V scaffolds [149,150], 

topological designs have not yet been optimized and the best geometry may indeed differ 

depending on the animal model. 

In the timeline of peri-implant healing, Dondossola and Friedl summarize the general 

wound healing process into three distinct stages [151], drawing some similarities to the 

fracture healing cascade [152]. First, in the initial period of wound healing, local trauma 

caused by the insertion of the implant results in bleeding at the implant site and the rapid 

deposition of fibrin on the implant surface. This stage also includes an acute inflammatory 

response, with recruitment of neutrophils and macrophages to the implant site. The second 

period of wound healing is primarily centred around the sprouting of neovessels in the peri-

implant environment based on the secretion of growth factors in the first phase, providing 

a template for tissue homeostasis. Lastly, the inflammatory response begins to subside as 

osteoblasts are derived from their mesenchymal progenitors and bone matrix is deposited, 

with osteoblast migration enhanced by the properties of the initial fibrin layer [62]. This 

cascade is known to apply at the bone-implant interface of traditional metallic implant 

materials, but what remains to be seen is whether this sequential process occurs at both the 

exterior and interior of complex porous geometries, like those produced via additive 

manufacturing in Chapter 5 of this thesis. 

2.3.3 Implant Neovascularization 

The distribution of macromolecules in the peri-implant environment is dictated in part by 

how new blood vessels form networks near the implant surface during the 

neovascularization stage in implant wound healing. Most biological processes in the body 

depend on the transport of growth factors, proteins, or other macromolecules through these 

blood vessels. One possible mechanism for recruiting pre-osteoblast or mesenchymal 

progenitors at the implant interface is from the perivascular cells that line the wall of this 

newly-formed vessel network [153]. Examining tagged locations of Runt-related 

transcription factor 2 (RUNX2), a key protein involved in osteoblast differentiation, has 
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additionally shown some early evidence of localization in close proximity to the vascular 

network [154]. Implant surface design has a profound effect on how these new vessels 

branch within the peri-implant environment. Examination of implants with nanoscale 

surface topography has shown higher vessel densities through longitudinal imaging of the 

implant compared to surfaces with lower nanoscale roughness, with the largest changes 

tending to occur within the first 15 days [155]. 

Pro-angiogenic proteins are essential for helping build this provisional vascular network to 

aid in the process of osseointegration. Vascular endothelial growth factor (VEGF), and the 

VEGF-A isoform in particular, is one such protein involved in angiogenesis. VEGF is 

known as a mitogen for endothelial cells, regulating both cellular migration via 

chemoattraction and proliferation through kinase activation [156]. The migratory behaviour 

of osteoblasts has also been shown to be induced by elevated VEGF levels [157]. Platelet-

derived growth factor (PDGF) also has direct applications with respect to the angiogenic-

osteogenic environment. PDGF, and the PDGF-BB isoform in particular, is known to play 

a role in vascular development by increasing early vascular area [158] and can aid in the 

recruitment of mural cells (including pericytes) to stabilize the vascular wall after 

development [159]. One possible mechanism has also been proposed that outlines the 

pathway from perivascular cell to mesenchymal stem cell to pre-osteoblast using elevated 

PDGF levels as a driving force [160]. Both of these pro-angiogenic factors can be 

upregulated in hypoxic environments, where a lack of oxygen causes rapid vascular 

development [161]. Prolonged exposure to these ischemic conditions is problematic, as 

major disruptions to blood flow to the tissue can lead to necrosis [162]. As a result, there is 

a need to develop novel materials, like the alginate-succinate implant coating presented in 

this thesis, to safely induce neovascularization at the implant surface. 

2.4 Multiscale 3D Imaging Techniques 

The relatively large size of the implant and small size of some sequential biological 

processes makes 2D and 3D characterization of the bone-implant interface a challenge. Due 

to the hierarchical nature of the bone tissue itself and limitations in resolution or sample 

size, there is truly no ‘one-size-fits-all’ imaging modality to simultaneously view the 

structural features in bone or at implant interfaces with sufficient resolution for feature 

detection. As a result, correlative strategies using multiple imaging techniques are required 

to achieve a complete picture of bone and bone-implant interactions in three dimensions. 

An overview schematic detailing the structural levels in bone and imaging modalities is 

shown in Figure 2-5, and some techniques (X-ray microcomputed tomography, Xe FIB-

SEM, and Ga FIB-SEM) are described further in this section.  
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Figure 2-5: (A) Multiscale imaging modalities for bone with associated feature and voxel 

sizes for each. (B) Hierarchical structure of bone between the level of a single collagen 

fibril and the osteon. FIB-SEM: Focused ion beam – scanning electron microscopy; APT: 

Atom probe tomography; (S)TEM: Scanning transmission electron microscopy. 

Reproduced from [163]. 

2.4.1 X-Ray Microcomputed Tomography 

X-ray imaging techniques are at the forefront of bone characterization for assessing skeletal 

regeneration in both clinical and research settings. X-ray microcomputed tomography 

(Micro-CT) is one of the more common laboratory methods for quantitatively assessing 

bone architecture and histomorphometry. 

Working with a polychromatic beam from a fixed source, the sample of interest rotates with 

a fixed angular step. Based on the absorbance of X-rays within the sample, a 2D projection 

is obtained at a given angle where regions of high intensity correspond to high X-ray 

transmittance through the sample. The process is repeated over a 180° or 360° rotation of 

the sample to achieve a complete rotation series, where the angular projections can later be 

reconstructed to form a 3D image [164]. 

With respect to bone histomorphometry, three common imaging indicators for 

osseointegration are percent bone area (BA), percent of bone-implant contact (BIC), and 
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bone volume fraction (BV/TV). These metrics can all be obtained from micro-CT 

reconstructions or other means to quantify the secondary stability of the implant following 

osseointegration. BV/TV measurements are usually performed by taking the number of 

voxels attributed to bone and dividing by the total number of voxels available for bone 

growth within the defect [165]. Similarly, BA measurements measure the fraction of bone-

like pixels in the 2D image series as a fraction of the area available for bony ingrowth [166]. 

BIC measurements are concerned with the immediate vicinity of the implant and are 

measured as the total surface fraction of the implant that is in direct contact with bone tissue 

[167] – albeit with some dependence on the resolution of the specific imaging technique. 

Within a porous implant, histomorphometric assessment is critically associated with the 

porous interior. Regions of abundant bone apposition appear immediately outside the 

implant and within the exterior pores, while more sparse bone apposition occurs deep 

within the implant interior [150]. For purposes of characterizing histomorphometry in 

porous materials, the segmentation workflow often benefits from subcategorizing the 

porous region into interior and exterior regions. 

Micro-CT measurements are excellent as a first, non-destructive step in characterizing the 

osseointegration potential of regenerative treatments and implant materials. Computational 

techniques exist for the reduction of micro-CT artifacts such as beam hardening phenomena 

[168] and ring artifacts [169] to produce high-quality 3D images of the bone-implant 

interface. With the addition of statistical analyses, morphometric data relating to bone 

apposition can be used to assess the efficacy of various porous implants or treatment 

strategies. However, without the use of synchrotron facilities, micro-CT can be restricted 

by limitations in resolution. To obtain higher-resolution maps of the bone-implant interface 

and assess osseointegration across the multiscale, other forms of 3D imaging are required. 

2.4.2 Focused Ion Beam Serial Sectioning 

Focused ion beam (FIB) technology offers a higher-resolution, complementary 3D imaging 

technique to micro-CT via serial sectioning and subsequent imaging with scanning electron 

microscopy (SEM) [170]. In FIB-SEM systems, the microscope is equipped with both an 

ion source for directed milling of user-specified areas and an electron beam for backscatter 

(BSE) and secondary (SE) electron imaging modes. Similar to most methods of electron 

microscopy, the process takes place under vacuum meaning that specific sample 

preparation protocols are required prior to data collection. As examples, bone samples are 

both naturally hydrated and non-conductive [171]. Serial dehydration and proper sputter 

coating of the material can mitigate problems attributed to these respective effects in the 

SEM chamber [172].  

In FIB applications, incident ions interact with the target material to create a sputtering 

effect, where a single ion will knock several target atoms out of their respective locations 

to remove a small amount of material (Figure 2-6) [173]. Over several minutes of exposure 
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to the ion beam, the amount of removed material can be on the order of several microns. 

This is sufficient to prepare and thin electron-transparent lamellae for transmission electron 

microscopy or tomography acquisition [174]. Among the most common ion sources for 

milling is the gallium liquid metal ion source [175], but recent advances have developed 

ion sources that utilize xenon plasma in a form of microscopy known as PFIB microscopy. 

The use of Xe ions as an inductively coupled plasma source can achieve much higher beam 

currents (up to 10 μA) than the average Ga liquid metal ion source (up to 50 nA) when 

holding the accelerating voltage constant [176]. On a per coulomb basis, PFIB is able to 

remove more material than traditional Ga FIB due to the higher collision energy of the 

incident ion [177]. The combinatory effect of these phenomena means that PFIB-SEM 

tomography acquisition can probe significantly larger volumes and has an overall higher 

milling efficiency than the typical Ga FIB-SEM process with equal milling times (Figure 

2-7A). 

 

Figure 2-6: Sputtering behaviour under the ion beam during milling. Incident Xe ions in 

the PFIB result in higher sputter yields than Ga in FIB. Reproduced from [178] with 

permission. 

The workflow for most FIB-SEM and PFIB-SEM tomography procedures generally 

follows a similar format, albeit with some flexibility in the order of operations (Figure 2-

7B): 

(i) Deposit a protective capping layer on the top surface of the region of interest 

(ROI) via ion-assisted or electron-assisted deposition to prevent excess ion damage 

to the cross-section; 

(ii) Create fiducial markers for image alignment and spatial tracking during 

tomography acquisition; 
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(iii) Mill trenches on either side of the ROI to accommodate milled material during 

3D data acquisition; 

(iv) Use low-current milling protocols to prepare the cross-sectional face; 

(v) Iteratively mill and image the cross-section to produce a stack of 2D images. 

         

 

Figure 2-7: (A) Comparative sizing of Ga FIB tomography volumes and PFIB tomography 

volumes with respect to the LCN in cortical bone. (B) Stages of FIB-SEM tomography 

preparation including deposition of capping layer and fiducial, with subsequent milling to 

isolate the region of interest. Reproduced from [18] with permission. 

While FIB-SEM and PFIB-SEM tomography is usually successful in homogenous 

materials, including seminal work in bone tissue [179] and at the bone-implant interface 

[180], any mismatch in milling rates in heterogeneous materials can cause complications. 

Milling across composite materials can often produce a curtain structure on the cross-

section of interest [181], which can be mitigated by periodically changing the angle of 

orientation of incident ions with respect to the sample or through image post-processing. 

Specifically, studies of the bone-implant interface with FIB-SEM or PFIB-SEM, like the 

study in Chapter 6, have not been extensively conducted, possibly due to the added 

challenge of mismatched rates in milling of the interfacial titanium and mineralized bone 

tissue. Furthermore, the microscale mineral packing arrangement in the interfacial tissue 

inside porous scaffolds has not been fully described. 3D imaging modalities offer an 

additional means of describing the osseointegration process using these multiscale 

characterization modalities. 

2.4.3 Deep Learning Segmentation Workflows 

In the realm of 3D image acquisition using electron and X-ray techniques, it is often 

important to render specific features in 3D for both qualitative and quantitative analysis. 

Depending on the dataset, it may be useful to employ semantic or instance segmentation 

techniques. In semantic segmentation approaches, all items of the same class (e.g. osteocyte 

lacunae) are broadly combined into the same voxel/pixel cloud [182] irrespective of their 

number or independence. Instance segmentation techniques go a step further in specificity, 
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segmenting multiple items of the same class into objects with discrete boundaries from one 

another [182]. This allows for the application of a unique identifier to objects of the same 

type (e.g. Lacuna #1, Lacuna #2, etc.) while still recognizing their commonalities. The 

development of deep learning workflows for image classification has been productive in 

the field of biomineralization research, with successful segmentation strategies applied to 

mineral clusters [18,122], the LCN [18], and the osseointegration of porous materials 

[182,183]. 

The most common deep learning framework in medical imaging is UNet [184], named 

aptly after the shape of its encoding and decoding branches. Training a UNet classifier to 

segment datasets first requires the input of a ground truth, a manually segmented series of 

images in most cases, as training material to identify common semantic features within the 

image series. The classifier contains multiple layers to downsample the image in the 

encoding branch and upsample the image in the decoding branch. Contained within each 

layer of the framework is a series of filter matrices, with random values upon initialization 

that are iteratively changed to minimize the value of a loss function. The application of 

these filter matrices to the image serves as a convolution, to look for specific patterns within 

the dataset with respect to individual weighting factors in the matrix. Deeper layers within 

the neural network are able to look for more complex patterns within the data as the image 

becomes pooled, and the results from each layer in UNet are concatenated to form a single-

channel image in the ascending branch. Overall, the application of deep learning classifiers 

to 3D datasets, like the micro-CT dataset in Chapter 5, provides an efficient and accurate 

way to render the complex and hierarchical nature of bone mineral apposition at the implant 

interface. 

Linking the design, modification, and multiscale characterization of porous implants lies 

at the intersection of biological science and materials science. This thesis builds on the 

known literature presented in this section to provide further insight into the development 

of materials, with the end goal of improving and understanding the osseointegration of 

porous metals. 
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Chapter 3: Selective Voronoi Tessellation as a Method to Design 

Anisotropic and Biomimetic Implants 

 

Summary: 

Trabecular bone within the femur varies greatly in its directionality along the length of the 

bone, but implant design strategies lag in accounting for this anisotropy. In this chapter, an 

approach to design anisotropy-graded porous implant materials is introduced. Partial 

asymmetrical re-seeding of a Voronoi tessellation followed by polyhedral edge conversion 

to scaffold beams was used to generate varying degrees of anisotropy within the porous 

material and the resulting inter-trabecular angle was compared to an isotropic form of 

Voronoi tessellation. The selectively re-seeded Voronoi tessellations had inter-trabecular 

angles similar to native trabecular bone and to isotropic Voronoi tessellations, where the 

mean intertrabecular angle is instead dependent on the number of intersecting trabeculae. 

Controlling scaling factors for the beam size enabled the generation of implant structures 

within the tolerance of metal additive manufacturing processes and near the upper threshold 

of what is seen in trabecular bone. This work contributes to the field by developing an 

algorithm to rapidly prototype porous implants with multidirectional and transient 

anisotropy gradients in the material using only moderate computational resources. 
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The link to Grasshopper scripts and STL files for the isotropic, 3-5 SPP, 5-7 SPP, and 8-10 

SPP implant structures can be found below. The Grasshopper plug-in for Rhino 6 modelling 

software is required to run the scripts, but STL files can be opened with any modelling 

software. 

https://github.com/j-deering/Anisotropic-Implants-by-Voronoi-Tessellation 

   

https://github.com/j-deering/Anisotropic-Implants-by-Voronoi-Tessellation
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Chapter 4: Fabrication of Succinate-Alginate Xerogel Films for In Vitro 

Coupling of Osteogenesis and Neovascularization 

 

Summary: 

Part of the peri-implant healing response in bone involves the early formation of a vascular 

network near the implant surface before substantial bone apposition. Much of the 

innovation for bone-interfacing implant surface modification focuses on the osteoblast-

implant interaction rather than any preceding biological response. This chapter explains the 

development of surface films to promote the activity of endothelial cells in addition to 

osteoblast-like cells using an alginate matrix to release varying concentrations of disodium 

succinate. The release rate was characterized via pH measurement to find that elution of 

the succinate occurs within the first few hours. In vitro exposure of endothelial cells to 

succinate-conditioned media resulted in a coarser tube network and higher baseline protein 

production, without significant depletion or production of two vascular growth markers. In 

xerogel form, the films produce a micro-rough cobblestone-like morphology that 

transitions to an intermittently wrinkled surface after rehydration. This work relates to the 

themes of the thesis by developing surface modification strategies for future application to 

porous additively manufactured materials. 
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Abstract 

The osseointegration of metallic implants relies on a cascade of molecular interactions and 

the delivery of macromolecules to the implant environment that occurs before substantial 

bone formation. Early blood vessel formation is a requisite first step in the healing timeline 

for osteoid formation, where vascular development can be accelerated as a result of 

controlled hypoxic conditioning. In this study, alginate-derived xerogel films containing 

varied concentrations of disodium succinate salt which has been shown to induce 

pseudohypoxia (short-term hypoxic effects while maintaining an oxygenated environment) 

were developed. Xerogels were characterized for their morphology, succinate release over 

time, and cellular response with osteoblast-mimicking Saos-2 and human umbilical vein 

endothelial cells (HUVEC). Scanning electron microscopy revealed a multiscale 

topography that may favour osseointegration and alamarBlue assays indicated no cytotoxic 

effects during in vitro proliferation of Saos-2 cells. pH measurements of eluted succinate 

reach 95% of peak value after 7 hr of immersion for all gels containing 10 mM of succinate 

or less, and 60% within the first 40 min. In vitro exposure of HUVECs to succinate-

conditioned media increased the net concentration of total proteins measured by 

bicinchoninic acid (BCA) assay and maintains stable vascular endothelial growth factor 

(VEGF) and extracellular platelet-derived growth factor (PDGF) for vessel formation 

through comparison of enzyme-linked immunosorbent assays (ELISAs) of the culture 

media and cell lysate. Tube formation assays also showed a sustained increase in tube 

diameter across the first 48 hr of HUVEC culture when succinate concentrations of 1 and 

10 μM in the xerogel. Overall, the succinate-alginate films serve as a prospective organic 

coating for bone-interfacing implant materials which may induce temporary 

pseudohypoxic conditions favourable for early angiogenesis and bone regeneration in vivo 

at succinate concentrations of 1 or 10 μM.  
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4.1 Introduction 

At the core of total joint replacement and dental procedures, success is contingent on the 

integration of implant materials with existing bone and connective tissue in a process 

termed ‘osseointegration’ [1]. Failure of classical implants has sparked the development of 

biomaterials and bioactive agents that mimic and support the growth of bone tissue while 

addressing root causes of implant failure, especially where improvement in short-term bone 

ingrowth and direct bone-implant contact has been correlated to long-term implant success 

[2]. Coating deposition offers a means to improve the bioactivity of the native implant 

surface and techniques including electrodeposition [3,4], dip coating [5,6], plasma spraying 

[7,8], or vapour deposition [9,10] are available to apply organic, ceramic, or composite 

films to a metallic prosthesis. In particular, immersion-based strategies can be better than 

line-of-sight techniques for coating the entirety of materials with complex or porous 

geometries. Matrix materials such as chitosan [11,12], alginate [13,14], and hyaluronic acid 

[15,16] exhibit the capacity to deliver biomolecules directly to the bone-implant interface 

while simultaneously mimicking the structure of the natural extracellular matrix in 

hydrogel form [17]. Integration of nanoceramics, therapeutic drugs and growth factors, 

and/or antimicrobial agents into these gel-based coatings may improve long-term outcomes 

of the implant. However, the early osteoinductive pathway begins long before any form of 

bone mineral apposition with the formation of a blood vessel network.  

Neovascularization within the surgically resected volume is one step within the 

osteoinduction process, where the development of new blood vessels is pivotal for driving 

local cell recruitment and potentiating macromolecular transport [18]. Aside from 

facilitating waste transport and oxygen delivery, the formation of new blood vessels allows 

for direct migration of osteogenic progenitor cells and relevant growth factors [19], where 

angiogenic growth factors such as vascular endothelial growth factor (VEGF) or platelet-

derived growth factor (PDGF) can serve as osteoblastic and osteoclastic chemoattractants 

on the surface of implant materials [20,21]. The exogenous addition of these compounds 

has resulted in favourable vascular development in general tissue engineering [22] and 

cardiac-specific [23] applications. Tumour angiogenesis can also be attributed to these 

factors [24]. Elution of angiogenic growth factors in the peri-implant environment has been 

shown to increase proliferation and differentiation of cells during the development and 

remodelling of blood vessels in a generalized manner [25–27]. Specifically, the presence 

of VEGF influences cell fates in a complex, time-dependent manner. Early in the 

angiogenic cascade, VEGF can encourage survival of cells with an endothelial origin [28] 

but prolonged exposure can cause leakage in more mature vascular networks [29]. 

Angiogenic agents have been incorporated into materials in various studies to facilitate 

formation of new blood vessels both in vivo and in vitro [30–33], but the recombinant form 

of growth factors can be sensitive to handling/storage [34] and their efficacy depends highly 

on structural preservation of subunits [35] making them difficult agents to incorporate into 

biomaterial coatings.  

The family of hypoxia-related genes, which are stimulated in oxygen-starved 

environments, is regulated by the transcription factor hypoxia-inducible factor 1-alpha 
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(HIF-1α) [36]. Upstream stabilization of HIF-1α has been shown to have direct 

consequences on activating hypoxia-responsive elements (HREs) in the nucleus and can 

result in further endogenous upregulation of angiogenic growth factors (PDGF and VEGF) 

and angiogenesis as a whole [37]. Within normoxic environments (Figure 4-1i), existing 

HIF-1α within the cellular domain is tagged with a hydroxyl group by prolyl hydroxylase 

2 [38] and HIF-1α is subsequently subjected to proteasomal degradation after its 

ubiquitination with von Hippel Lindau [39]. In hypoxic environments (Figure 4-1ii), the 

absence of oxygen allows the HIF-1α complex to bypass the hydroxylation step of the 

typical degradation process and translate to activate nuclear HREs, resulting in increased 

levels of angiogenic proteins [40]. Extending to an in vivo setting, prolonged hypoxia and 

ischemia can have more far-reaching negative consequences. In bone especially, ischemic 

mechanisms are commonly the final stage in avascular necrosis of the tissue [41]. However, 

it is possible to alter the HIF-1α pathway without disrupting oxygen levels in the tissue. 

The stabilization of HIF-1α with precise administration of cobalt chloride is something that 

has been recently investigated for angiogenic applications and has resulted in upregulation 

of VEGF and activation of vascular cell progenitors [42–44], although its long-term health 

effects are still being observed. Due to its potentially hazardous nature [45], it is important 

to establish viable alternatives for controlled coupling of angiogenesis and osteogenesis at 

the implant surface. Succinate, a naturally-derived metabolite, offers the capability to 

produce a similar pseudohypoxic response (Figure 4-1iii) within the cell where it serves as 

both a competitive inhibitor and product of prolyl hydroxylases [46]. With respect to 

cellular transport, a local abundance of extracellular succinate can be uptaken into 

mammalian cells to create intracellular pseudohypoxia using sodium-dependent SLC13 

transporters [47]. In theory, tuning the local release profile of succinate within the implant 

environment can temporarily control how much HIF-1α bypasses the hydroxylation stage 

and translocates to activate HREs. 

In this work, we assess the viability and in vitro response of alginate – a known 

biocompatible material [48] – with added succinate as a coating material for implants. By 

isolating cell studies to assess osteocompatibility and endothelial activity, we aim to 

characterize the in vitro influence of succinate-stabilized HIF-1α as a tool for fabricating 

tunable implant surfaces and implicate corresponding responses for bone mineral 

apposition rates. 
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Figure 4-1: Pathways for HIF-1α under: (i) Normoxic conditions, where prolyl 

hydroxylase tags HIF-1α with a hydroxyl group for subsequent ubiquitination, and there is 

no corresponding activation of hypoxia responsive elements. (ii) Hypoxic conditions, where 

the absence of oxygen allows high amounts of stable HIF-1α to be translated to the nucleus 

and upregulate the production of angiogenic factors. (iii) Pseudohypoxic conditions, where 

the addition of succinate serves as a competitive inhibitor for prolyl hydroxylase and 

partial translation of HIF-1α to the nucleus occurs as a result. 

4.2 Methods 

4.2.1 Xerogel Synthesis 

Stock solution of 3 wt% alginic acid sodium salt (1.56 mannuronate-to-guluronate ratio, 

MilliporeSigma) in deionized water was prepared by mixing at 800 RPM for 20 min until 

a notable viscosity change was observed and the solution appeared homogenous. For each 

following experimental protocol, the corresponding mass of succinic acid disodium salt 

(162.05 g/mol, MilliporeSigma) was added to aliquots of the alginate stock solution to 

produce solutions with succinate concentrations of 100 mM, 10 mM, 1 mM, 100 μM, 10 

μM, and 1 μM,  pipetting up and down at least fifteen times to mix thoroughly. Xerogels 

were formed by solvent casting the mixture onto the substrate and drying in air at room 

temperature for 48-72 hr, until no visible liquid remained. 

4.2.2 Scanning Electron Microscopy 

Alginate-succinate coatings were cast directly onto aluminum stubs wrapped in aluminum 

tape to form a bowl shape for containment (300 μL of casting solution for each 12.7 mm 

diameter stub). Substrates were left to dry in air for 48 hr prior to imaging. Xerogels were 

imaged without sputter coating at an accelerating voltage of 5 kV with a JSM-6610LV 

microscope (JEOL). Gels were rehydrated with 100 μL of 4 vol% choline lactate 

(SigmaMillipore) in deionized water to add conductivity to the gels in addition to 

maintaining hydration under microscope vacuum. Imaging of the hydrated gels was 

performed at an accelerating voltage of 20 kV. 
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4.2.3 Succinate Release Profiles 

2 mL of each alginate-succinate solution (100, 10, 1, 0.1, 0.01, and 0.001 mM succinic acid 

disodium salt) was cast into 20 mL borosilicate scintillation vials and allowed to dry 

completely in air (typically 7 days). 18 mL of deionized water was added to the vials and 

pH measurements were recorded at 5 min intervals over a span of 36 hours using a pH of 

7.00 as a starting point – ensuring the pH probe was left in solution for the entire duration. 

As succinic acid is classified as a weak acid, the complementary sodium salt produces a 

minor pH increase upon solubilization. Two replicates were run for release studies in each 

succinate concentration and the average profile was reported.  

4.2.4 In Vitro Osteoblast Culture 

1 mL of each alginate-succinate gel (100, 10, 1, 0.1, 0.01, 0.001, and 0 mM succinate) was 

pipetted into individual wells of a 24-well tissue culture polystyrene plate, with six 

replicates for each test condition, and left to dry for 48 hr. Saos-2 (HTB-85, ATCC) 

osteoblast-mimicking cells were seeded onto each gel and uncoated wells at a density of 

10,000 cells/cm2 in McCoy’s modified 5A media supplemented with fetal bovine serum 

and penicillin-streptomycin as described elsewhere [49]. Plates were incubated at 37°C and 

5% CO2 for metabolic measurement at 1 and 4 days. At these time points, metabolic activity 

was assessed by incubating in a 5% mixture of alamarBlue™ dye (Life Technologies Inc.) 

in culture media for 60 min and corresponding fluorescence readings at an excitation-

emission wavelength of 540-580 nm. Following the 1-day measurements, culture media 

was restored to the wells, and the same culture was assessed at the 4-day endpoint, with 

subsequent statistical analysis using a two-way ANOVA and p < 0.05. 

4.2.5 In Vitro Endothelial Culture 

Green Fluorescent Protein-tagged Human Umbilical Vein Endothelial Cells (GFP-

HUVECs, Angio-Proteomie) were cultured in a 0.2% w/v gelatin (Sigma Aldrich) coated 

flask with a mixture of Endothelial Cell Growth Media (ECGM2, PromoCell) and disodium 

succinate. To observe vascularization at the implant interface, a 96-well plate was filled 

with 30 μL of growth-factor reduced Matrigel (Corning) into each well. Immediately after 

adding Matrigel, the plate was incubated at 37°C and 5% CO2 for 30 minutes to allow 

gelation. After gelation, 200 μL of the cell suspension (30,000 cells/cm2 for ELISAs and 

10,000 cells/cm2 for other analyses) was added on top of the Matrigel in each well. 

Vascularization was imaged using an image cytometer (BioTek Instruments Inc.). 

Bright-field images were processed in Dragonfly 2020.1 (Object Research Systems) by 

application of a Sobel filter for edge detection of the tube network and a high-pass grayscale 

filter for segmentation of the vascular network. Thickness maps were generated from the 

segmentation for each biological replicate and timepoint in Dragonfly. Maps were overlaid 

onto the Sobel-filtered images for visualization and raw data was exported for quantitative 

measurements of the tube network. Coarsening of the tube network for each succinate 

concentration was assessed using a one-way ANOVA with a significance value of 0.05. 

Branching behaviour was operationalized by creating a skeletonization of the tube network 
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in Dragonfly, examining the total number of branching locations, and normalizing with 

respect to other culture conditions. 

After 48 hr of culture and succinate exposure, endothelial cells were lysed with 250 μL of 

0.1% Triton X-100 in phosphate-buffered saline for 10 min to permeabilize the cell 

membrane and release intracellular proteins. Three technical replicates containing 25 μL of 

lysis solution from each well were mixed with 200 μL of bicinchoninic acid reagent and 

incubated for 30 min. Absorbance readings were measured at an incident wavelength of 

562 nm and converted to total protein content via a standard calibration curve generated 

from known concentrations of bovine serum albumin.  

HUVEC cells were cultured at a density of 3 x 105 cells/cm2 in endothelial growth medium-

2 with 100 μM, 10 μM, and 1 μM of added disodium succinic acid salt for VEGF-A and 

PDGF-BB enzyme-linked immunosorbent assays. Cultures were conducted with four 

replicates and two samples were extracted from each well for ELISAs. ELISAs were 

conducted according to manufacturer instructions using 20 μL of culture media for 

intracellular PDGF-BB determination, 20 μL of lysate solution for extracellular PDGF-BB 

determination, 50 μL of culture media for intracellular VEGF-A determination, and 50 μL 

of lysate solution for extracellular VEGF-A measurement. Absorbance measurements were 

converted to concentrations using standard calibration curves and compared using a one-

way ANOVA with significance defined as p < 0.05. 

4.3 Results and Discussion 

4.3.1 Scanning Electron Microscopy 

Dehydrated alginate films with and without exogenous succinate addition were solvent cast 

to assess their morphology using secondary electron imaging in the scanning electron 

microscope (SEM). In Figure 4-2A, the dehydrated film of alginate alone shows a layered, 

fibre-like structure on the surface of the organic coating, with a series of nanoscale wrinkles 

that propagate across the entirety of the surface. The optimal surface for osseointegration 

is described to contain dual-scale topography with both microscale and nanoscale features 

aiding in the recruitment of osteoblasts and osteoblast progenitors [50], consistent with the 

topography shown in the dehydrated alginate gels. The wrinkled nature of the alginate 

xerogel is similar to what has been seen before from dehydrated forms of alginate [51] or 

other xerogels [52], which appear to contain a continuous network of fibres at their exterior 

and fulfil the intermediate length scale between nano- and microscale topographies. In the 

xerogel form, the alginate coatings appear to have a cobblestone-like appearance with 

consistent long-order patterning (Figure 4-2A) and a fragmented morphology with 

intermittent cavities at slightly higher magnification (Figure 4-2B). Additions of succinate 

across the millimolar and micromolar range (Figure 4-2C-H) to the gel casting solution 

retain this level of multiscale topography, with similar spacing between filaments in the 

fibrous backbone and similar size of ‘fragments’ in the xerogel. In all of the alginate-based 

xerogels, there appear to be circular-appearing regions that are consistent with shrinkage 

cavities. These are surrounded by concentric fragments within the xerogel and could be 
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regions of step-wise solidification within the alginate gel. Additions of succinate do not 

appear to significantly alter the surface morphology of the xerogel, and the lack of visible 

succinate aggregates indicates relatively uniform dispersion throughout the coating 

material. 

Inducing vascular development at an implant site has also been shown to be sensitive to the 

surface topography of the implant. Metallic surface modification techniques such as acid 

etching or grit-blasting with roughness values on the order of a few microns have been 

shown to increase the amount of in vitro VEGF and PDGF being expressed at a wound site 

via increased platelet adhesion [53]. Similarly, the introduction of nanoscale features on an 

implant surface has shown stark increases in vascular regeneration after only seven days of 

in vivo growth [54]. Independent of any pseudohypoxic response, the topography of the 

alginate gels has a similar magnitude to that of a grit-blasted or acid-etched metallic surface. 

The cobblestone-like morphology of the films provides elements favourable for prospective 

aid in both osteogenesis and angiogenesis. 

 

Figure 4-2: SEM of dehydrated succinate xerogels on metallic substrates with the 

following concentrations of succinate: (A-B) Alginate (ALG) only; (C) 100 mM; (D) 10 

mM; (E) 1 mM; (F) 100 μM; (G) 100 μM; (H) 1 μM. Xerogels display a complex, 

fragmented surface topography favourable for cellular adhesion with a common concentric 

pattern centred at the marked regions.  
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SEM of hydrated materials is often challenging due to the high-vacuum environment within 

the microscope. Treatment with room-temperature ionic liquids has previously been shown 

to enable imaging of hydrated biological materials in a manner that preserves delicate 

microscale structures [55,56] where choline lactate pre-treatments cause minimal surface 

damage to hydrated polymeric structures [57,58]. While the surface topography of the 

succinate-alginate gels is favourable in dehydrated xerogel form, in vitro testing 

environments and in vivo applications of succinate-based gels are necessarily hydrated. To 

assess the effect of gel swelling on surface topography, the xerogels were rehydrated with 

a solution of room temperature choline lactate solution for additional SEM. A markedly 

different surface structure was seen in the hydrated gels compared to their xerogel state. A 

micrograph of the rehydrated alginate-only gel is seen in Figure 4-3A, where surface 

patterning on the microscale is equally abundant to the dehydrated state but there is a loss 

in mesoscale roughness. Here, the micro-wrinkled architecture of the dehydrated xerogel 

is evident in isolated regions, where wrinkles are seemingly more evident in gels with 

succinate content under 10 μM. In both the rehydrated alginate-only and rehydrated 

succinate-alginate gels, the multiscale features should be both angiogenic and osteogenic 

in nature. The transition from fragmented to micro-wrinkled is something that warrants 

further study during in vivo swelling after exposure to blood or other biological fluids and 

could posit interesting conclusions on the kinetics and adaptive response of early cell 

adhesion.  

 

Figure 4-3: SEM of hydrated succinate gels using choline lactate ionic liquid, showing 

films with concentrations of succinate:(A) Alginate (ALG) only; (B) 100 μM; (C) 10 μM; 

(D) 1 μM. Imaging in the hydrated state eliminates the fragmented topography and instead 

introduces a micro-wrinkled surface texture. The persisting features in the rehydrated state 

show promise for improving cellular activity on an alginate-coated metallic surface. 

4.3.2 Succinate Release Profiles 

Since the aim of the films is for driving neovascularization to an implant interface, it is 

important to establish release profiles of succinate during rehydration and measure the 

cellular response in a succinate-enriched environment. Neovascularization at the implant 

interface occurs very early in the osteogenic cascade, where partial vascular ingrowth into 
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a murine defect is visible after only three days [18] and a vascular network can span the 

entirety of a defect after one week [59]. It is important that the pseudohypoxic gels are 

eluting succinate in a rapid-release format to help build this early provisional vascular 

network after implantation. As a conjugate base for succinic acid, disodium succinate 

release from the gel results in a pH increase in the absence of buffer solution. pH 

measurements were recorded during alginate-succinate gel release studies at succinate 

concentrations between 100 mM and 1 μM. Short-term succinate release profiles across the 

first 100 min of rehydration can be seen in Figure 4-4 and longer-term release profiles over 

36 hr can be found in Figure S4-1. All gels showed an increase in average pH over alginate 

films as a result of succinate addition, with higher concentrations of disodium succinate 

resulting in higher solution pH. It is also important to note that the observed pH changes 

are associated with the 18 mL rehydration volume; their magnitude is expected to change 

if other rehydration volumes or solvents are used. 

Trends in pH release can be found in succinate concentrations of 10 mM or below. At 10 

mM, the maximum pH of disodium succinate in the deionized water was measured at 9.8. 

At lower succinate concentrations (1 mM, 100 μM, 10 μM, and 1 μM), the peak pH was 

measured at 9.0 ± 0.1, 8.1 ± 0.1, 7.8 ± 1.2, and 7.3 ± 0.9 respectively. For every tenfold 

reduction in succinate concentration within the xerogel, the resulting peak hydroxyl 

concentration in the solution diminished by less than tenfold. Where the pH shift in these 

experiments is appreciable, natural buffering effects in an in vivo setting should help 

maintain a physiological pH. Gels loaded with 100 mM of succinate showed lower peak 

pH than that of the 10 mM concentrations and a similar magnitude to the 1 mM gels (Figure 

S4-1), where a decline was also observed after the early spike in solution pH. This could 

suggest that high succinate content within the xerogel induces some structural change that 

is not visible in SEM.  

 

Figure 4-4: Short-term release profiles for alginate gels containing succinate 

concentrations of 10 mM, 1 mM, 100 μM, 10 μM, and 1 μM. Independent of concentration, 

succinate has a rapid release profile due to its small molecular size and weak binding 

within the gel. Gels with higher succinate content elevate solution pH by a greater amount. 
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For the 10 mM, 1 mM, and 0.1 mM gels, peak solution pH was typically observed after 

roughly 10 hr of immersion in deionized water, although the bulk of the disodium succinate 

escapes the gel within the first several minutes as all gels reached 60% of peak solution pH 

after only 40 min of immersion. For gels containing 10 mM of succinate or less, 95% of 

peak solution pH was also achieved within the first 7 hr. The rapid release profile of the 

succinate-laden xerogel films could facilitate early changes in the implant’s local 

environment to affect the fracture healing cascade and signal recruitment for progenitors of 

both osteogenesis and angiogenesis, assuming that intracellular succinate concentrations 

are elevated in coordination with extracellular succinate concentrations. Where prolific 

vascular growth on a metallic implant material is present after only seven days of 

implantation and evidence of vascular branching is evident as early as three days after 

implantation [54], fast-releasing materials may be favourable to promote early assembly of 

the provisional vascular network and angiogenesis. Platelets, as an example, are known to 

release inflammatory mediators (including PDGF and VEGF) and are active within seconds 

during the wound healing process, while neutrophils can aid in increasing vascular 

permeability with peak activity occurring at 24 hr [60]. It may be beneficial in the future to 

attempt cross-linking within the alginate gel or tune succinate release profiles with other 

organic binders to create slow-releasing forms of temporally-relevant pseudohypoxic 

environments at the implant exterior with the addition of antibacterial agents or other forms 

of functional biomolecules. 

4.3.3 In Vitro Saos-2 Culture 

The development of early capillaries within the bone defect is directly related to osteogenic 

differentiation near the implant, where clustering of RUNX2-positive mesenchymal cells 

or pericytes can occur around the capillary wall [61]. As succinate is released into the peri-

implant space, there is potential for interaction with pre-existing bone tissue or with newly 

differentiated osteoblastic progenitors. As such, it is important to understand how a near-

bolus release of succinate can interact with osteoblasts near an implant surface. We used 

the Saos-2 cell line here to quantify the in vitro metabolic activity of cells with osteoblastic 

behaviour as they interact with the succinate-loaded xerogels after one and four days of 

culture. 
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Figure 4-5: Cytocompatibility of alginate-succinate gels as measured by metabolic activity 

of Saos-2 cells. Alginate-succinate gels are able to sustain in vitro growth of osteoblast-

mimicking cells and statistically outperform uncoated polystyrene control substrates after 

one day. Significance defined as p < 0.05. 

Measurements of metabolic activity for osteoblast-mimicking cells grown on alginate-

succinate xerogel films and polystyrene control surfaces are shown in Figure 4-5. All 

coatings showed statistically significant increases in metabolic activity compared to the 

uncoated polystyrene after only one day of culture, which is consistent with the fast-acting 

release mechanism of the gels. After one day of culture, alginate coatings with and without 

succinate addition produced statistically similar results. The 100 mM succinate, 10 mM 

succinate, 10 μM succinate, and succinate-deficient rehydrated gels all showed increases 

in cellular metabolism from day one to day four of in vitro culture, suggesting that succinate 

inclusion within the gels does not compromise the cytocompatibility of the material with 

respect to newly derived osteoblasts or pre-existing bone tissue, and can instead promote 

cellular proliferation of osteoblasts. This is important as it suggests minimal damage to 

surrounding tissue should succinate induce a pseudohypoxic environment and further 

promotes osteogenesis on an implant surface. Despite the common influence of pH on 

fluorescence intensity [62] and the recommended assay pH of 7.4, the optical 

characteristics of resazurin-based assays have been observed to change more drastically in 

acidic conditions rather than basic conditions [63]. The presence of sodium bicarbonate 

(2.2 g/L) as a buffering agent in the culture media should help prevent pH-dependent 

fluorescence shifts, especially in the cultures conducted on gels with a succinate 

concentration in the micromolar range. It is important to note that no colour change was 

observed in the culture media, which uses phenol red as a pH indicator, after succinate 

addition. The osteoblast lineage appears to be resilient in the presence of exogenous 

succinate at or below 100 mM, with no cytotoxic effects observed in the pseudohypoxic 

environment.  

4.3.4 In Vitro Endothelial Culture 

In light of their potentially suitable surface structure and osteocompatibility, it is necessary 

to quantify the vascular development and endogenous protein production occurring as a 



 

Ph.D. Thesis – J. Deering; McMaster University – Materials Science & Engineering 

65 

 

result of endothelial exposure to the succinate. Human umbilical vein endothelial cells 

(HUVECs) were cultured in the presence of succinate-conditioned media to assess the 

effects of locally elevated succinate on neovascularization potential. Since the rapid release 

profile of the alginate-succinate gels enables elevated succinate levels within the first 7 hr, 

early characterization of endothelial cell behaviour offers insight as to how vascular 

development can occur at the implant interface. 

Total protein content after 48 hours was assessed using a bicinchoninic acid (BCA) protein 

assay, as shown in Figure 4-6. Disodium succinate concentrations of 0, 1, 10, and 100 µM 

in endothelial growth culture medium were used to evaluate the potency of succinate in 

eliciting hypoxia-mediated HUVEC activity. Culture environments containing 1 µM or 10 

µM of succinate exhibited significantly increased levels of total protein expression. An 

insignificant difference in protein levels between treatment and control environments is 

observed when the concentration is increased to 100 µM of succinate. Stabilized HIF-1α 

from pseudohypoxia can result in different cell fates depending on hypoxic severity and 

protein concentrations, ranging from enhanced cell survival to the initiation of apoptosis 

[64]. Hypoxia-induced cellular fates could change following succinate exposure, with 

differences in protein expression arising from the added succinate. Where the 10 μM 

succinate concentration resulted in an increase of Saos-2 cell metabolism between one and 

four days, it is also possible that the increase in total protein content at this concentration 

in the HUVEC culture can be attributed in part to proliferative effects. 

 

Figure 4-6: Total protein content from BCA assay of HUVECs treated with succinate-

added media after 48 hr. Succinate concentrations of 10 μM and 1 μM in the culture media 

promote early endogenous protein production in the cells. Significance defined as p < 0.05. 

Tube thickness maps overlaid onto bright-field optical micrographs of HUVEC cells 

(Figure 4-7A) further demonstrate trends observed in Figure 4-6. The tube-forming 

behaviour of HUVEC cells is evidently modified by the presence of succinic acid salt in 

solution. Although cells treated with 1 and 10 µM show decreased vascular branching 

compared to succinate-free controls (Figure S4-2) along with lower vascularized areas 

(Figure 4-7B), there is circumstantial evidence to support earlier tube formation in both 
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cases. The reduced vascularized area in the 1 μM and 10 μM succinate concentrations after 

48 hr is inversely correlated to the total protein content measured at this time point, 

suggesting that factors other than cell count are driving the difference in lysate protein 

content and that succinate-enhanced media in the low-micromolar range can alter molecular 

pathways. At 100 µM, the branching behaviour at 6 hr is comparable to succinate-free 

HUVECs but also declines at later time points. At 1 and 10 µM, it is possible that the 

reduced branching behaviour can be explained by an early onset of cell anastomosis and 

stabilization of the endothelial-to-endothelial junctions at 6 hr, 24 hr, and 48 hr timepoints 

investigated here. The quiescent layer of endothelial cells is known to maintain a more 

dormant phenotype unless acted on by pro-angiogenic macromolecules, which activates 

only select cells in the local microenvironment and encourage outward branching from 

parental vessels [65]. Where total protein content is highest at 1 and 10 µM, it is assumed 

that any corresponding degree of HIF-1α stabilization should lead to earlier shifts in 

phenotypic behaviour, cell anastomosis, and a more mature form of vascularization at these 

time points in an in vitro setting.  Where relevant concentrations of cobalt chloride as a 

known pseudohypoxic agent are often within the micromolar range to induce angiogenic 

behaviour [66], we show that similar concentrations of succinate can induce protein 

production. 

Moreover, improving vascular permeability in the healing cascade holds promise for 

increasing macromolecular transport of growth factors, stem cells, and oxygen-rich blood 

to the implant site. Upregulation of pro-angiogenic factors in the VEGF family has been 

associated with both increased vascular permeability and vascular diameter [67]. In the 

work presented here, the HUVEC tube network is observed as a spindly vascular plexus at 

the 6 hr time point and expands as the process of tubulogenesis continues (Table 4-1 and 

Figure S4-3). Sustained growth in vessel diameter is only observed at the 48 hr time point 

in the test groups of 1 and 10 µM, where the control and 100 µM test groups both display 

a regression in vascular diameter at the later endpoint. The succinate-free media increased 

the vessel diameter after only 24 hr but regressed at the 48 hr mark. As cord-hollowing 

mechanisms during lumen formation in tubulogenesis can result in thickening of the 

primitive single-celled vascular network to two or more cells in diameter [68], the sustained 

expansion at 48 hr may be evidence of post-angiogenic perfusability in the pseudohypoxic 

environment. 



 

Ph.D. Thesis – J. Deering; McMaster University – Materials Science & Engineering 

67 

 

 

Figure 4-7: (A) Thickness maps of HUVEC tube formation following 6, 24, and 48 hr of 

culture in succinate-supplemented culture media. Tubes are narrow and tortuous at early 

timepoints but coarsen over time as a result of lumen formation and anastomosis. Evolution 

from the provisional network at 6 hr into a coarser network at 24 hr is more evident in the 

100 μM and 10 μM succinate concentrations, while many nodes appear similar in the 

control and 1 μM groups. (B) A net decrease in vascularized area is seen in all cases, with 

lower initial vascularized areas at succinate concentrations of 1 μM and 10 μM. 
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Table 4-1: Average HUVEC tube width and evolution across 6, 24, 48 hr study periods. 

Pseudohypoxic treatments corresponding to higher total protein content (1 and 10 μM) are 

consistent with sustained tube widening after 48 hr (n = 4). ** Statistical significance 

defined as p < 0.05. 

Culture Condition Time (hr) Tube Width (μm) Change from 6 hr 

Control  6 29.2 ± 1.9 – 

 24 37.5 ± 2.1 + 28.4%* 

 48 32.5 ± 2.1 + 11.3% 

1 μM SUC 6 23.1 ± 1.4 – 

 24 27.5 ± 1.4 + 19.0% 

 48 29.5 ± 1.7 + 27.7%* 

10 μM SUC 6 26.7 ± 1.5 – 

 24 34.3 ± 1.9 + 28.4% 

 48 38.0 ± 2.4 + 42.3%* 

100 μM SUC 6 31.2 ± 1.8 – 

 24 38.4 ± 2.1 + 23.1% 

 48 34.7 ± 2.5 + 11.2% 

 

Despite the longer-term benefit of adding the 1 and 10 µM of succinate to the culture media, 

undesirable vessel morphogenesis may occur at higher concentration. Cells treated with 

100 µM succinic acid form early networks with large tube diameters (Table 1) but tubes 

decrease in size at later time points. It is possible that, in these highly pseudohypoxic 

environments, vessels are becoming hyperpermeable or ‘leaky’ in nature [69] in part by 

disassembling endothelial adherens junctions [70]. It is also possible that the induction of 

apoptotic signalling takes place in environments where more severe hypoxia is present [64]. 

In either case, exposure to 100 µM of succinate appears less beneficial than 1 or 10 µM, 

leading to reduced intracellular protein content and possibly less permeable vessels in the 

first 48 hours. 

The lack of longer-term vascular stability in the 100 µM and control groups may also be 

attributed to the complexity of vascular morphogenesis and limitations of in vitro 

modelling. Specifically, the importance of mural cells and pericyte recruitment in 

tubulogenesis cannot be observed in endothelial-only systems. Endothelial-pericyte co-

cultures have previously shown that the recruitment of pericytes to the site of tube 

formation results in enhanced secretion and deposition of basement membrane matrix, 

which is integral to vessel maturation. Further, the absence of pericytes reportedly leads to 

tube instability and regression [71]. An added benefit of introducing pericytes is a potential 

osteogenic progenitor source, where an abundance of PDGF-BB is one mechanism for 
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improved osseointegration [72] via potential pericyte recruitment, maturation, and 

detachment [73].  

Examining the levels of PDGF-BB in both the culture media and cell lysate solution during 

HUVEC culture (Figure 4-8A) shows high levels of PDGF-BB within the extracellular 

domain in both control media and succinate-conditioned media. In its role as an osteoblast 

mitogen and chemoattractant, PDGF-BB can aid in the recruitment of early osteoblasts at 

a defect site. However, cytokines such as PDGF have known complications in osteopontin 

(OPN) production [74], where OPN can be more abundant in certain osteoblastic 

phenotypes and the resulting OPN influences extracellular matrix mineralization patterns 

in the bone tissue [75]. Levels of VEGF-A content in the intracellular and extracellular 

domains appear to be consistent with HUVEC cells cultured in the control media (Figure 

4-8B). After 48 hr, some intracellular VEGF may have been degraded as a part of the early 

response necessary for cell survival. Since the culture media formulation contains both 

VEGF and PDGF, HUVECs exposed to the succinate in vitro may be sustained by the 

media as an exogenous source rather than endogenously producing the proliferative growth 

factors. Follow-up studies using Medium-199 or other media formulations without growth 

factor addition could help decouple the endogenous and exogenous sources. Potential 

exogenous sources in vivo include mesenchymal stem cells [76], platelets [77], and 

neutrophils [78] which all secrete angiogenic factors and are present early in the fracture 

healing cascade. Ultimately, a complete characterization of succinate addition cannot be 

feasibly made in vitro using HUVEC cells alone. 

 

Figure 4-8: Growth factor content in the succinate conditioned media (extracellular) and 

the cell lysate solution (intracellular) components following HUVEC culture for (A) 

PDGF-BB and (B) VEGF-A. 

An important confounding factor to these results is the aspect of time. Tube formation can 

begin to occur in vitro between 2-6 hr with peak tube formation occurring in the wide range 

of 3-12 hr depending on the presence of angiogenic stimuli [79]. At 6 hours, vessel diameter 

distributions are consistent across succinate treatment groups, while at later time points, the 

distribution shifts toward larger tube diameters. Figure S4-3 shows that different treatment 

groups showed differing vessel diameter distributions over the first 48 hours following 

succinate addition. The rapid changes in the cellular environment shown in Figure 4-7 

suggest that neovascularization demands timely availability of vessel-forming resources to 
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develop from a thin, lumen-free network into a more mature network. Further to this claim 

is the possibility that succinate-induced hypoxia influences the time at which these 

resources are needed to form viable vasculature before regression ensues.  

4.4 Conclusions 

Alginate-based xerogels produced a surface film capable of rapid release of disodium 

succinate which may create a local pseudohypoxic environment for faster 

neovascularization in the vicinity of implants. By adding succinate to the gel on the order 

of 1 or 10 μM, an increase in the amount of stabilized protein and branching behaviour in 

HUVEC cells occurred. Succinate concentrations in the low-μM range encouraged the 

expansion of the provisional vascular network formed in vitro by HUVECs without risk of 

hyperpermeability or cytotoxic effects. Moreover, the rapid dosing of succinate below 100 

mM did not inhibit the proliferation of osteoblast-like Saos-2 cells. Therefore, based on the 

response of HUVEC and Saos-2 cells, the succinate release showed promise for providing 

short-term angiogenic benefits during early timepoints for vessel formation at an implant 

surface. Future work could assess the co-functionalization of other macromolecules to 

improve early implant stability, while in vitro experiments should explore co-culture 

environments to better replicate vessel formation, and ultimately the investigation of in vivo 

vessel development and downstream implications on early osteogenesis is needed. 

4.5 Supplemental Figures 

 

Figure S4-1: Long-term pH release profiles of succinate-alginate gels. Release plateaus 

after the initial burst release of the encapsulated succinate. Shaded regions represent ± 

one standard deviation. 
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Figure S4-2: Branching behaviour of endothelial cells cultured in succinate-media 

mixtures, as measured by relative number of junctions in the tube formation assay.  
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Figure S4-3: HUVEC tube network diameters after 6/24/48 hr of culture based on 

measurements from optical micrographs. Distributions of early HUVEC tube width 

appears Gaussian in most early cases and positively skewed as the tube network matures. 

At 24/48 hr, larger tubes are more evident for the succinate-treated conditions. 
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Chapter 5: Osseointegration of Functionally-Graded Ti6Al4V Porous 

Implants: Histology of the Pore Network 

 

Summary:  

The topological design of porous scaffolds is strongly correlated to their mechanical 

properties. While this mechanical interrelation is well-described in the literature, the 

resulting timeline of osseointegration inside additively manufactured implants with varying 

pore structure has not been described extensively at the cellular level and functional grading 

of pore size is only recently emerging for in vivo assessment of osseointegration. In this 

chapter, the histomorphometric properties of bone around a functionally-graded porous 

implant (with pore size ranging from 600 μm at the exterior to 300 μm at the midpoint) and 

a porous implant with uniform pore size (constant at 300 μm) are assessed. BV/TV and 

BIC measurements also show that bone-implant interaction is more favourable in the gyroid 

structure with a pore size of 300 μm. Histological sections at four weeks show evidence of 

osteogenesis within the scaffold interior, extensive vascular infiltration into the pore 

network, and residual inflammatory markers at the defect site. The fraction of adipocyte-

rich myeloid tissue within the scaffold interior is greater at twelve weeks and appears higher 

in the functionally-graded implant. Examination of fluorochrome signals at two weeks and 

twelve weeks provides evidence of bone mineralization at both timepoints. This work fits 

the themes of the thesis by providing a multimodal characterization of porous implant 

performance, with specific focus on microscale characterization techniques using optical, 

fluorescent, and X-ray techniques. The same functionally-graded specimens from Chapter 

5 are also used in Chapter 6 for analysis with electron microscopy techniques. 
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Abstract 

The additive manufacturing of titanium into porous geometries offers a means to generate 

low-stiffness endosseous implants with a greater surface area to improve osseointegration. 

To optimize pore size in the scaffolds, it is important to first understand the timeline of 

osseointegration in pre-clinical models. In this work, selective laser melting was used to 

produce gyroid-based scaffolds with a uniform pore size of 300 μm or functionally-graded 

pore size from 600 μm to 300 μm before implantation in New Zealand white rabbit tibiae 

for 4 and 12 weeks. Initial in vitro assessment with Saos-2 cells showed favourable cell 

proliferation at pore sizes of 300 and 600 μm. At four weeks, histological observations 

indicated some residual inflammation alongside neovessel infiltration into the scaffold 

interior and some early apposition of mineralized bone tissue. At twelve weeks, both 

scaffolds were filled with a mixture of adipocyte-rich marrow, micro-capillaries, and 

mineralized bone tissue. X-ray microcomputed tomography showed a higher bone volume 

fraction (BV/TV) and percentage of bone-implant contact (BIC) in the implants with 300 

μm pores than in the functionally-graded specimens, indicating that these smaller pore sizes 

may be favourable for osseointegration in leporine bone. 
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5.1 Introduction 

Central to the success of dental and orthopaedic implants is the development of a structural 

and functional connection at the bone-implant interface [1]. Careful control over material 

biocompatibility, surgical technique, and macroscale implant design are among the core 

parameters for governing the early stages of osseointegration – especially important as 

failure is most common within the first year of implantation [2]. These design strategies 

[3,4] have been developed to include elements of isotropy [5,6] and biomimetics to tune 

the mechanical characteristics [7,8] of tissue scaffolds, with renewed interest in optimizing 

scaffolds for osseointegration. In particular, the advancement in laser powder bed fusion 

(L-PBF) has allowed for the fabrication and geometric control of metallic lattice structures 

for use in bone tissue engineering applications [9–11]. These lattice structures utilize 

interconnected pore structures to provide additional surface area for bone ingrowth [12] 

and their use aims to improve the secondary stability of dental and orthopaedic prostheses. 

Moreover, stiffness reduction in the implant helps to mitigate long-term bone resorption 

from stress shielding phenomena [13] – a phenomenon that can be produced with a change 

in the material properties or the addition of engineered porosity.  

In general, additively manufactured lattice structures may be categorized by their repeating 

topology into a dichotomy of computer-aided drawings (strut-based) or triply periodic 

minimal surfaces (TPMS) [14,15]. Gyroid is one subset of the TPMS lattice family, with 

the possibility to mimic the mechanical properties of bone by tuning the relative density of 

the scaffold [16]. The main advantage of gyroid structures is that their architecture 

facilitates cell migration, in part due to their infinitely smooth architecture and relatively 

high fluid permeability [17]. TPMS structures also demonstrate high surface area to volume 

ratio, high energy absorption [18], and high specific strength/stiffness [19]. Recent research 

has been directed to investigate the capability of functionally-graded (FG) TPMS designs 

in terms of pore volume fraction and morphology [20–22]. While the optimal pore size for 

each pre-clinical animal model is still disputed, a benchmark for adequate pore size ranges 

between 300-500 μm for osseointegration to occur and porosity values in the implant 

ranging from 50-70% appear to be most abundant for porous implants [11]. Numerous 

experimental and numerical studies of functionally-graded TPMS scaffolds have shown 

they are suitable for bone tissue engineering with respect to their mechanical properties 

[23–25], but only few studies have investigated the osseointegration of implants with a 

changing pore size throughout their interior [26]. 

Despite the design and in vitro characteristics of TPMS structures having been reviewed 

elsewhere [27], these forms of experimentation are generally limited compared to in vivo 

studies [28]. In general, the in vivo wound healing response in the peri-implant environment 

follows distinct stages of clotting and inflammatory response, sprouting of new blood 

vessels and extracellular matrix deposition, and formation of mineralized bone tissue 

around classical implants [29]. However, there is a distinct lack of in-depth histological 
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probes describing whether these biological processes occur through the interior of porous 

metals during the healing timeline – especially in implants with TPMS geometries. 

In this work, we assess the in vitro cytocompatibility and in vivo osseointegration within 

the interior of uniform and functionally-graded Ti6Al4V gyroid structures. Using Saos-2 

metabolic activity measurements, X-ray microcomputed tomography of newly formed 

tissue in the rabbit tibia, and hematoxylin/eosin staining of histological sections, we 

describe common themes in bone tissue nucleation and adaptation over twelve weeks 

within the sheltered porous interior of metallic implant materials. 

5.2 Methods 

5.2.1 Scaffold Design and Fabrication 

A Renishaw machine was used to fabricate skeletal TPMS Ti6Al4V gyroid parts with 

selective laser melting. The machine was equipped with a 200 W pulsed laser, creating a 

series of overlapping exposures to assemble parts one layer at a time using an exposure 

time of 40 μs, point distance of 60 μm, layer thickness of 30 μm, and hatch spacing of 65 

μm [30].  The surface of gyroids was modelled using Equation 5-1, where a defines the 

unit cell size, t defines the volume fraction (relative density) of the gyroids, and x/y/z 

represent the spatial coordinates within the scaffold interior. 

(Eqn. 5-1)       𝐺: sin (
2𝜋𝑥

𝑎
) cos (

2𝜋𝑦

𝑎
) + sin (

2𝜋𝑦

𝑎
) cos (

2𝜋𝑧

𝑎
) + sin (

2𝜋𝑧

𝑎
) cos (

2𝜋𝑥

𝑎
) − 𝑡 = 0   

A MATLAB® code was used to generate the surface of the gyroids, both with and without 

functional grading of the pore structure. Uniform gyroid structures with an approximate 

pore size of 300 μm (herein denoted as G300), uniform pore size of 600 μm (G600), or 

functionally-graded gyroid structures (FG600) were fabricated as illustrated in Figure 5-1. 

FG600 implants were created with a radially-varying pore size using a change in unit cell 

size to create a pore size distribution between 600 μm at the scaffold exterior and 300 μm 

at the scaffold midpoint. The porous fraction of all implants was designed with a height of 

6 mm and merged to a slotted crown with a height of 1 mm to form a single mesh prior to 

PBF, with a total height of 7 mm and implant diameter of 6 mm. The relative porosity of 

the G300 scaffold was estimated at 50% while the net porosity of the FG600 was estimated 

at 60%. 
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Figure 5-1: Overview of porous regions within the gyroid implants. The FG600 implant 

contains pores that decrease in size from 600 μm to 300 μm as a function of implant radius 

in the gyroid. The G300 implant contains a uniform array of 300 μm pores through the 

gyroid. 

5.2.2 In Vitro Saos-2 Culture 

Saos-2 cells (ATCC HTB-85) were seeded on uniform titanium gyroids to mimic osteoblast 

proliferation in vitro as described elsewhere [31]. Briefly, cells were seeded onto six 

replicates of G300 and G600 scaffolds using a seeding density of 10,000 cells/cm2. Culture 

was conducted in McCoy’s modified 5A media (Life Technologies Inc.), using incubation 

at 37°C and 5% CO2. After one, three, and seven days of culture, cell metabolism was 

measured by incubating samples with a mixture of 5% alamarBlue dye (Life Technologies 

Inc.) in culture media for 60 min and extracting the dye for fluorescence readings at 

excitation-emission wavelengths of 540/580 nm. A two-way analysis of variance 

(ANOVA) was conducted to determine statistical significance for each test group using R 

3.6.1 (α = 0.05). Following metabolic measurement at seven days, cells on a gyroid 

specimen were fixed by immersion in 0.25% glutaraldehyde in cacodylate buffer for 2 hr 

and stained with osmium tetroxide. Samples were dehydrated in a graded ethanol series 

(50%, 70%, 70%, 95%, 95%, 100%, 100%) in roughly 1 hr intervals before critical point 

drying in ethanol. Scanning electron microscopy (SEM) was conducted on the gyroid 

specimen following the application of a 5 nm platinum coating using a TESCAN VP 

microscope at an accelerating voltage of 10 kV to examine cellular interaction with the 

titanium. 

5.2.3 Surgical Implantation 

20 adult male New Zealand white rabbits, weighing about 3 kg, were used in this study 

under the approval of the Animal Care Committee of Sun Yat-sen University (Approval 

No. SYSU-IACUC-2020-000198) – using a tibial defect due to its size and load-bearing 

behaviour. Under general anesthesia and routine disinfection, a FG600 and a G300 implant 

were alternately placed in the left and right tibial epiphyses of each rabbit to avoid bias 
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from strong and weak responders [32], at the level of the cortical bone surface before 

suturing the surgical sites. Antibiotics were administered for three consecutive days after 

surgery. In order to trace and quantify new bone growth, calcein (C0875 Sigma-Aldrich) 

and alizarin red (A3882 Sigma-Aldrich) fluorochrome labels were injected into all rabbits 

in the 2nd and 6th week of implantation respectively. The concentrations of calcein and 

alizarin red were 5 mg/ml and 30 mg/ml respectively.  

At each end-point (4 and 12 weeks after surgery), 10 rabbits were sacrificed and the tibia-

implant blocks were retrieved and fixed in 10% neutral buffered formalin solution. Five of 

the blocks were taken for X-ray microcomputed tomography (Micro-CT) and the remaining 

five were used for the histological evaluation at each time point.  

5.2.4 X-ray Microcomputed Tomography 

Following tissue fixation, tibia-implant samples were subjected to an ethanol dehydration 

series (70%, 80%, 90%, 95%, 95%, 100%, 100%) in 48 hr intervals and gradually 

infiltrated with Embed812 resin (Electron Microscopy Sciences) in sequential ratios of 1:3, 

1:1, and 3:1 with either acetone or propylene oxide. Resin was cured for 48 hr at 65°C. X-

ray microcomputed tomography (micro-CT) was conducted using a Bruker Skyscan 1172 

system using a 100 kV beam and 100 μA current with a 0.5 mm Al filter. Voxel size during 

acquisition was set to 3.55 μm with a 0.25° rotation step. NRecon software (Bruker) was 

used to create an image stack from the projections using misalignment compensation, 

moderate ring-artifact reduction, and beam-hardening correction of 67%.  

Image processing was conducted in Dragonfly 2022.1 (Object Research Systems) where 

all micro-CT datasets were subjected to a Gaussian smoothing operation with a kernel size 

of 9 and σ = 3.0. A 5-layered convolutional neural network (CNN) was created to 

semantically segment four classes within the micro-CT datasets (Figure S5-1), designated 

as implant material, bone residing within the implant, bone residing outside the implant, 

and resin/void space. The CNN was trained using augmented training data from 19 

periodically sampled images across two separate datasets, where 80% of the data was used 

for training and 20% was used for validation. Training was conducted using a patch size of 

64, stride ratio of 0.5, batch size of 32, learning rate of 0.30, and was stopped early after 10 

consecutive epochs without decrease in the validation loss to avoid overfitting. 

Scaffold pore size validation and strut size variation was found by fitting a cylindrical sub-

volume to the porous interior of the scaffold and masking regions attributed to implant and 

non-implant. Island removal was conducted to remove connected components with a voxel 

count of 1,000,000 or fewer and each region was assigned to a thickness mesh using a 

downsampling factor of three. Bone volume fraction (BV/TV), measured here as the 

percent of available pore space in the implant filled with tissue, was measured by applying 

a cylindrical mask to the segmentation at the boundaries of the porous midsection and 

calculating the number of bone-classified voxels divided by the sum of total voxels (pore 
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and bone). Percentage of bone-implant contact (BIC) was measured by performing a 3D 

cubic dilation with a kernel size of 15 on the region of interest (ROI) labelled as implant 

within the previously defined cylinder to create a zone within 25 μm of implant struts. The 

Boolean difference between the dilated ROI and original implant ROI was taken. BIC was 

then calculated as the ratio of the number of bone-labelled voxels within the Boolean 

subtraction divided by the total volume of the Boolean subtraction. BIC and BV/TV 

measurements were compared using a two-way ANOVA and Tukey’s HSD test using a 

significance value of α = 0.05. 

5.2.5 Histology 

The tibia-implant specimens for histology were dehydrated using increasing concentrations 

of alcohol (70%, 80%, 90%, 95%, 95%, 100%, 100%) and then embedded in 

methylmethacrylate for sectioning. Cutting of 100-μm-thick sections, parallel to the long 

axis of the implants, was performed by using a EXAKT E300CP (EXAKT, Germany). The 

sections were then ground by EXAKT 400CS (EXAKT, Germany) and stained with 

hematoxylin and eosin (H&E).  

H&E-stained histological sections were observed using an EVOS inverted microscope 

(Life Technologies Inc.) to view cell and bone matrix deposition at ROIs defined on the 

interior and exterior of the scaffolds. Fluorescent signals from calcein and alizarin red on 

the same sections were observed using an A1R HD25 inverted confocal microscope 

(Nikon) to assess locations of calcification in the new tissue after 2 weeks and 6 weeks 

post-implantation. Fluorescent images were overlaid in Dragonfly 2022.1 with gamma 

correction and implant boundaries were found using a grayscale-derived segmentation of 

the implant volume. 

5.3 Results and Discussion 

5.3.1 In Vitro Scaffold Characterization 

In vitro characterization of the gyroid scaffolds (G300 and G600) was conducted using the 

Saos-2 cell line as a rapidly-proliferating approximation of the behaviour of osteoblasts on 

the scaffolds [33]. By measuring the metabolic activity of Saos-2 cells on the scaffolds at 

one, three, and seven days of culture (Figure 5-2A), statistically significant growth was 

observed between each time point regardless of scaffold geometry. At each unique time 

point in the seven-day study, gyroid scaffolds in the G300 and G600 groups showed similar 

potential for osteoblast proliferation via metabolic measurement. SEM of cellular 

interactions with the additively manufactured titanium shows that Saos-2 cells adhere to 

the Ti6Al4V substrates and can co-locate to bridge gaps between partially-fused titanium 

powder particles on the surface (Figure 5-2B).  

https://www.instrument.com.cn/zc/657.html?AgentSortId=623
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Figure 5-2: In vitro assessment of uniform gyroid Ti6Al4V scaffolds. (A) Saos-2 

metabolic activity increases for each type of scaffold at three and seven days of culture (p 

< 0.05). Scaffolds showed comparable behaviour with pore sizes of 300 μm and 600 μm at 

each time point. (B) Adherent Saos-2 cell on the surface of an additively manufactured 

Ti6Al4V gyroid specimen, showing interaction with the cleft between two sintered powder 

particles on the surface. Scale bar: 5 μm. 

In the absence of post-processing surface modification strategies such as acid-etching 

[34,35] or grit-blasting [36,37], the packing behaviour of these surface-bound metallic 

particles is governed by characteristics of the feedstock powder and processing parameters 

defined during selective laser melting [38]. Where similar observations of in vitro cell-

surface interaction have been observed on stainless steel powder particles [39], it seems as 

though the pore design of the scaffold may have less of a role than physical or chemical 

modification of the surface for in vitro proliferative effects. Similar fluorescence readings 

were obtained for the G300 scaffolds and G600 scaffolds, despite the increase in internal 

surface area in the G300 group. It appears the bulk of the metabolic activity can therefore 

be attributed to near-surface cells in the scaffold. Similar behaviour has been observed with 

3D cell culture in porous microcarriers for other cell types, including chondrocytes [40] 

and adipose-derived stem cells [41], where cell proliferation to internal surfaces only starts 

to become evident around five or seven days of culture. 

5.3.2 X-ray Microcomputed Tomography 

5.3.2.1 Scaffold Feature Size Validation 

To assess the deviation in pore and strut size in each in vivo scaffold type (G300 and 

FG600) from the design, measurements were extracted from micro-CT scans of the 

implants (Figure 5-3). Representative slices from the porous midsection (Figure 5-3A-B) 

show a distinguishable difference between the two scaffolds (uniform and functionally-

graded) at a glance based on their relative pore size. Mapping the pore and strut size 

distributions for the G300 implant (Figure 5-3C and 5-3E) showed a similar distribution in 

each. The highest frequency of pore size for the G300 implant was measured to be between 

300-310 μm, indicating that the build parameters utilized during additive manufacturing 
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result in parts with a relatively high tolerance. The median pore size for the G300 implants 

lies in the range of 250-260 μm, however the lower bound of the distribution is subject to 

image processing artifacts as pores at the edge of the scaffold can be partially truncated 

when performing the Boolean intersection with the bounding cylinder or some marginal 

pore occlusion by partially-fused powder particles. Similarly, the most frequent strut size 

in the G300 scaffold also ranges between 300-310 μm with a median between 250-260 μm. 

For uniform pore sizing, the gyroid topology appears to offer a consistent interconnected 

pore structure throughout the scaffold interior and avoids sharp self-intersections as is 

typical of TPMS geometries. 

 

Figure 5-3: Micro-CT and gyroid topology validation. (A) Micro-CT slice showing cross-

section of G300 scaffold after 12 wk of implantation in leporine tibia. (B) Micro-CT slice 

showing cross-section of FG600 scaffold after 12 wk of implantation in leporine tibia. (C) 

Pore size distribution (n = 10) within the G300 scaffold interior. (D) Pore size distribution 

(n = 10) within the FG600 scaffold interior. (E) Titanium strut size distribution (n = 10) in 

the G300 scaffolds. (F) Titanium strut size distribution (n = 10) in the FG600 scaffolds. 

FG600 scaffolds appear to have a wider distribution of both pore diameter and strut 

diameter as a result of the functionally-graded pore design. Scale bars: (A-B) 2 mm. 

In contrast, it is clear from the pore and strut size distributions in the FG600 implant that 

the addition of functional grading widens the overall pore and strut size distribution in the 

implant. Here, larger pore sizes are more commonplace, with the highest frequency 

between 440-450 μm although the median lies between 350-360 μm. Due to the relative 

size of the implants, the functional grading from 600 μm to 300 μm occurs over a short 

radius of 3 mm in the scaffold. As a result, only the outermost surface of the scaffold is 

anticipated to have pores of 600 μm diameter before shrinking with radius and this is the 

portion that is most prone to edge effects during image processing. The titanium strut 

diameter has a slight shift towards smaller values in the FG600 scaffold, with a mode 

between 350-360 μm. The mismatch between pore size and strut size distributions in the 

FG600 implant can be attributed to the overall scaffold design. Since functional grading of 
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the scaffold is with respect to the entire unit cell, it is possible to tune topology without 

one-to-one inverse proportionality in the strut-pore relationship. 

5.3.2.2 Bone Apposition 

Bone apposition occurred within the pores and surrounding the exterior of both scaffolds 

at 4 and 12 weeks, as demonstrated in the micro-CT reconstructions in Figure 5-4. The 

BV/TV for the G300 implants at 4 and 12 wk was measured at 0.68 ± 0.10 and 0.74 ± 0.04, 

respectively. For the FG600 implants, the BV/TV values were measured at 0.58 ± 0.12 after 

4 weeks and 0.47 ± 0.04 after 12 weeks. As illustrated in Figure 5-5, a significant difference 

(p < 0.05) was found between the two types of scaffolds after retrieval, with the 

functionally-graded scaffold (FG600) containing a lower bone volume fraction than the 

scaffold with uniformly-sized pores (G300). 

 

Figure 5-4: 3D Micro-CT reconstructions at 4 wk and 12 wk.  Formation of bone inside 

the defect area has occurred after four weeks and twelve weeks, resulting in implant 

fixation. The porous region of the implants is situated within the trabecular fraction of the 

epiphysis in the leporine tibia, while the full-density titanium in the crown lies in the cortex. 

Longitudinal cross-sections for all implants show evidence of bone apposition at both four 

weeks and twelve weeks. 

The measured BIC values for the G300 implants at the 4-week time point were 87.9% ± 

2.7%, with a similar value after 12 weeks (89.1% ± 1.1%). Ranges in the FG600 implants 

were approximately the same magnitude, with 84.2% ± 4.1% BIC at four weeks and 82.0% 

± 2.2% at twelve weeks. The G300 implant had significantly higher BIC at the twelve-

week endpoint compared to the FG600 implant (p < 0.05). BIC measurements in these 

porous scaffolds appear higher than what is in the literature for pore sizes of 800 and 1200 

μm after 3 and 8 weeks in rabbit femora [42], but it is also important to note that the 

difference in imaging modality. Micro-CT of porous titanium, with a pore size range of 

500-700 μm, placed into ovine femora yield BIC measurements of roughly 60% at 26 
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weeks [43]. Imaging artifacts can occur at the implant interface due to attenuation from the 

titanium [44]; using a threshold of 25 μm from the implant surface for BIC assessment may 

help reduce noise in these interfacial calculations, but the number of transitions from bone 

to implant along the path of a single X-ray is still expected to be greater in implants with 

more pores in the cross-section. Ultimately, correlative high-resolution 3D imaging 

techniques are best used as a complement to micro-CT to assess the intimacy of bone-

implant at smaller length scales and improve the reliability of BIC measurements. 

Correlation to histological observation is important to confirm trends observed through 

micro-CT at the bone-implant interface. 

 

Figure 5-5: Histomorphometry of G300 and FG600 scaffolds at 4 wk and 12 wk. (A) 

Bone volume fractions for each scaffold. The uniform 300 μm pore size retains a higher 

bone volume fraction at 12 wk than the implant with functionally-graded pore size. (B) 

Percentage of bone-implant contact for each scaffold. BIC is higher at 12 wk in the implant 

with a uniform 300 μm pore size. 

5.3.3 Histology of Scaffolds in Rabbit Tibiae 

5.3.3.1 H&E Staining 

Representative histological sections detailing interior and exterior sites of FG600 and G300 

implants retrieved at 4 wk are shown in Figure 5-6. Additional H&E sections can be found 

in Figure S5-2 and S5-3. 

At the outermost layer of the FG600 scaffold (Fig. 5-6B), there is evidence of the 

inflammatory response occurring in close proximity to the apex of the titanium scaffold. 

The inflammatory tissue that has formed varies widely in its composition across distances 

of 500 μm or less. In the inset shown in Figure 5-6C, dense clusters of dark-coloured 

basophilic cells or white blood cells tend to aggregate around dispersed lipids in the tissue. 

Due to their lack of eosinophilic cytoplasm in most cases and large nuclear fraction, these 

cells are consistent with lymphocytes [45]. At the FG600 apex, the white blood cells 

(black/purple) and erythrocyte-rich microvasculature (red) both infiltrate the space between 
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lipids (white) in the region. This region has direct line-of-sight access to the scaffold 

exterior, with no titanium struts obfuscating osteoblasts or other biological response. In the 

first interior layer of pores (Figure 5-6D), there is a much lower density of white blood cells 

present in the inflammatory tissue, with similar volumes of red blood cells in the titanium-

bound microcapillaries and a comparable dispersion of lipids near the titanium surface. The 

immune cells here appear to have a higher cytoplasmic fraction than in the high-density 

region and are more consistent with granulocytes [45]. Figure 5-6E shows a neighbouring 

region, with a finer capillary structure in the tissue and a slightly higher granulocyte density 

compared to what is seen in Fig. 5-6D. With respect to the apposition of bone tissue at the 

implant surface, nearby regions have an ‘interlocking’ effect where new bone has formed 

to fully encapsulate an exterior scaffold strut (Figure 5-6F). Osteocyte lacunae are visible 

within the bone matrix as close as 20 μm from the implant surface, with an approximate 

concentric alignment around the contours of the strut surface. The extent of bone 

regeneration at this site and maturity of the tissue seems to indicate that bone at exterior 

sites is further along in the modelling cascade than bone nucleating at interior sites. This 

distinction is often made in porous implant materials, where quantitative histomorphometry 

can be subcategorized into interior and exterior moieties depending on whether near-

surface pores are sampled [43]. 

While the in vitro results at early timepoints show a biological response that is 

predominantly occurring on the exterior of the scaffolds or within the first layer of pores, 

the in vivo results show the formation of bone in the scaffold interior after only four weeks 

of implantation. Figure 5-6G and 5-6I illustrate bone regeneration at interior sites within 

the scaffolds at this time point, where lower-magnification images show a disperse network 

of thin trabeculae that populate the scaffold interior in the G300 implant (Figure 5-6H-I) 

and residual inflammatory tissue mixed with bone matrix in the FG600 implant (Figure 5-

6I). The apical portion of the G300 implant (Figure 5-6N) after four weeks has a 

characteristic appearance of bone marrow and is mostly filled with adipocytes and 

microcapillaries rather than white blood cells. At the crown of the G300 and FG600 

implants, osteoconduction from cortical regrowth is beginning to occur, providing inward 

growth into the pores nearest the cortex. 
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Figure 5-6: Histology of interior and exterior implant sites after four weeks. (A) 

Hallmarks of bone formation throughout the FG600 scaffold with H&E staining after four 

weeks of implantation in a rabbit tibia. (B) Inflammatory interactions occur at the FG600  

exterior with a trabecular and marrow-like appearance around the initial clot, including 

the formation of: (C) Dark-appearing cells, likely lymphocytes, apparent among clusters 

of adipocytes and erythrocytes; (D) Erythrocyte-rich regions in the granulation tissue with 

fewer white blood cells present; (E) Inflammatory tissue without formation of a mineralized 

matrix at the implant interface and an intermediate fraction of white blood cells; (F) More 

extensive bone regeneration to create intimate bone-implant contact at the scaffold 

exterior. (G) Formation of bone matrix along with inflammatory tissue occurs within the 

FG600 interior. (H) Patterns in early osseointegration of the G300 implant. (I) Thin 

regions of appositional bone tend to span the implant interior with less inflammation than 

in the FG600 implants. (J) Bridging of the scaffold struts occurs with the formation of new 

trabecular bone. Trabeculae appear to integrate closely at the strut surface and partially 

contour around titanium particles. (K) Competition occurs at the strut surface between 

microvascular entities and osteocyte-rich bone. Trabecular orientation seems to be 

dominant in parallel with the pore wall. (L-M) Vascular structures, denoted by asterisks, 

are able to permeate deep into the scaffold interior with trabeculae forming around the 

vasculature. Microvasculature propagates through both the void volume in the scaffold and 

along the titanium surface. (N) G300 exterior with high content of adipocytes, a network 

of microvasculature, and low relative counts of white blood cells. Scale bars (A-B, G-I, N) 

500 μm; (C-F, J-M) 100 μm. 
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Looking at pores at increasing radial depth into the G300 scaffold (Figure 5-6I) tends to 

illustrate a lack of depth-dependency for bone growth, with pores at the midpoint of the 

G300 scaffold containing similar amounts of bone to shallow pores near the implant surface 

in this instance. The location of the scaffold in the medullary canal also appears to affect 

bone tissue apposition, as osteogenesis appears more dominant in the leftmost and central 

regions of the image for the G300 implant. However, at sites within the scaffold interior, 

appositional bone tissue appears to bridge adjacent scaffold struts at the four-week endpoint 

with an appearance that is consistent with trabecular bone (Figure 5-6J-K). Osteocytes in 

these regions of new bone formation appear mostly disorganized, with high density and no 

clear direction of co-alignment as is typically seen in mature bone tissue [46], e.g., the 

apical regrowth in the FG600 implant. Tissue regeneration in the scaffold is not always 

unidirectional with respect to the scaffold struts, where bone formation can occur in a 

predominantly transverse direction (as in Figure 5-6J), or with longitudinal components 

(Figure 5-6K). There are also fewer lipids and granulocytes in and around the G300 scaffold 

compared to the FG600 implant in Figure 5-6, suggesting that bone repair and the fracture 

healing cascade may be slightly more advanced in the G300 implant compared to the 

FG600 implant.  

In terms of biological interaction, a fine network of vasculature permeates throughout the 

entirety of the implant to aid in both tissue formation and homeostasis. These 

microcapillaries contain an abundance of erythrocytes, denoted by asterisks in Figure 5-6L 

and 5-6M, and appear to be sectioned obliquely based on their aspect ratio. This ability for 

this provisional capillary network to maintain carrying capacity is important for 

osseointegration as it mediates the delivery of oxygen, growth factors, and the removal of 

waste by-products at these interior scaffold sites during bone modelling and remodelling 

[47]. Concerning osseointegration, neovascularization has been documented to occur on 

the surface of solid titanium implants long before the formation of new bone tissue [48] 

with local expression of factors such as Runt-related transcription factor 2 [49] that control 

the pre-osteoblast to osteoblast transition. Here, we note that this newly formed vasculature 

can infiltrate a porous metallic scaffold in leporine defects in a similar manner to what has 

been seen for murine interfaces with solid titanium [48]. The newly formed vasculature has 

a tendency to interface and propagate along the porous titanium (as in Figure 5-6M and 5-

6M) but also spans scaffold struts in a freeform manner (as in Figure 5-6L). At early time 

points, the capillary network is observed to periodically interact with the titanium as a self-

supporting mechanism during trabecular modelling. 
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Figure 5-7: Histology of interior and exterior implant sites after twelve weeks. (A) Bone 

formation throughout the FG600 scaffold with H&E staining after twelve weeks of 

implantation in a rabbit tibia. Appositional bone has coarsened compared to the four-week 

endpoint and fully occupies the pore diameter in some instances. (B) Inset in the FG600 

interior shows high lipid content, with: (C) Circular adipocytes in the centre of the pore, 

flanked by regions of bone matrix along the titanium; (D) Predominantly bone matrix 

where pores narrow; (E) Elliptically-shaped adipocytes in an eosinophilic matrix, with 

marginally higher white blood cell clustering compared to other myeloid regions. (F) 

Trabecular integration at the scaffold exterior, with bone fully encapsulating an outer strut. 

(G) Bone formation throughout the G300 scaffold with H&E staining after twelve weeks of 

implantation in a rabbit tibia, with seemingly higher bone area fraction than the FG600. 

(H) Inset at the crown of the implant shows cortical osteoconduction beyond to the first 

layer of pores within the scaffold. (I) Newly formed tissue in the trabecular region enters 

the implant, with mature osteocytes that concentrically align with the upper scaffold strut. 

(J) The tissue formation front at the crown tends to only interact with a single tangential 

region on each sintered powder particle. (K) New bone tissue completely surrounds a 

branching microcapillary, denoted by an asterisk, where the capillary is roughly located 

at the midplane of the two scaffold struts. Scale bars (A-B, G-H, L) 500 μm; (F) 250 μm; 

(C-E, I-K) 100 μm. 
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Examination of the FG600 (Figure 5-7A-F) and G300 (Figure 5-7G-L) scaffold geometries 

after twelve weeks show evidence of sustained osteogenesis between the four and twelve 

week endpoints. The interior pores of scaffolds retrieved after 12 wk tend to have much 

higher adiposity than those retrieved at 4 wk, where the bulk of the tissue inside the scaffold 

is consistent with that of myeloid tissue (Figure 5-7B and 5-7L) with radially-oriented 

eosinophilic regions characteristic of the bone matrix that bridge neighbouring struts in the 

gyroid topology. The consistent patterns in bone apposition within the scaffold interior 

mirror what is seen in the micro-CT reconstructions, confirming that the unit cell topology 

can, at least in part, govern the directionality of nascent tissue in the scaffold interior. At 

12 wk, adaptation of the tissue is noted to maintain this pattern and preserve the functional 

connection of bone and implant throughout the scaffold interior. It is possible that the 

increase in adipocyte-rich myeloid tissue within the scaffold (Fig. 5-7C-E) can be attributed 

to a shift in stem cell differentiation, where osteoblast progenitors can ostensibly commit 

to an adipogenic pathway [50,51]. As bone marrow is formed inside the scaffold interior, 

hematopoiesis can occur to sustain red and white blood cell production. Figure S5-4 shows 

an interior pore channel, with a myeloid structure, including the presence of a suspected 

megakaryocyte along with white blood cells, red blood cells, connective tissue, and 

adipocytes – indicating that residual platelet production and clotting [52] are still occurring 

in the scaffold after 12 wk. Comparing the two types of scaffolds, bone matrix appears 

more densely distributed throughout the interior of the G300 implant due to the smaller 

pore size helping to facilitate bone formation that spans multiple scaffold struts.  

There is generally less inflammatory tissue present near the implant exterior at twelve 

weeks for both scaffold types, although some persists near the apex of the implant and there 

are fewer white blood cells present. Similar to trabecular integration at four weeks, there 

are regions (Figure 5-7F) where mature trabeculae wrap around the entirety of the 

outermost scaffold struts. At twelve weeks, bone in the newly formed trabeculae and cortex 

tends to be coarser. Bone within the trabecular region is able to branch into the porous 

interior, spanning the entire diameter of the pore in some instances. Osteocytes within these 

inwardly-directed trabeculae have a mature phenotype according to their shape [53], with 

a flat lacunar morphology (Figure 5-7I). These osteocytes tend to align more closely with 

the upper scaffold strut in this pore, perhaps due to the higher number of sintered powder 

particles and therefore rougher nature of the lower strut. Tissue integration in this trabecular 

region follows the contours of surface-bound titanium particles but this is not ubiquitous 

on the implant surface. Cortical regeneration along the implant crown shows that the bone 

formation front can instead form tangential to the surface particles, with no tissue 

penetrating the crevices between powder particles (Figure 5-7J). Osteocyte lacunae in this 

region of the crown are also consistent with a mature morphology, with their flatter edge 

parallel to the implant surface. In some instances at four and twelve weeks, a clear path of 

osteoconduction can be observed where bone develops at the existing cortex and grows 

along the crown of the implant to merge with newly formed trabeculae. This bone then 
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breaches the porous layers adjacent to the cortex to enter the scaffold interior – a 

phenomenon observed in both the FG600 and the G300 scaffolds. 

After twelve weeks, microvascular capillaries no longer appear to be interfacing with the 

titanium scaffold. Capillaries instead appear with a typical appearance in mature bone 

tissue, propagating through continuous vascular canals in the mineralized bone tissue, with 

one such example shown in Figure 5-7K. The vascular structure seems to follow the gyroid 

scaffold topology, bifurcating at a site where the pore network branches. The vascular 

entities also appear to be roughly centered at the midplane between neighbouring scaffold 

struts. Preservation of these capillaries throughout the scaffold is essential to allow for the 

survival of bone at the innermost scaffold locations by acting as a transport system for 

biological macromolecules and regulating tissue metabolism. 

It may indeed be worthwhile in the future to assess the spatial distribution of factors such 

as Runt-related transcription factor 2 (RUNX2) or peroxisome proliferator-activated 

receptor-γ (PPARγ) [54] to validate the decline in osteogenic commitment inside the 

scaffolds and corresponding increase in adipocyte formation. This would provide 

information about the differentiation of mesenchymal stem cells over time inside the pore 

network of a scaffold and provide a basis for developing temporally-relevant physical and 

chemical surface modification strategies. 

5.3.3.2 Fluorochrome Labels 

To compare sites of calcification throughout the interior of the implant, fluorochrome 

signals were compared using calcein injection at two weeks and alizarin red at six weeks 

post-implantation. By comparing fluorochrome-labelled regions in these implants with 

H&E-stained sections (sampled at four weeks and twelve weeks), it is possible to localize 

regions of matrix mineralization within the tissue. For all implants in Figure 5-8, a 

fluorescent signal from calcein was evident within the scaffold interior after only two 

weeks, indicating that a framework for mineral transport into the scaffold was present in a 

very early period following implantation. The co-localization of calcein signal at two weeks 

and tissue present at four weeks (Figure 5-8E-H) indicates that similar quantities of 

mineralized tissue were present in the scaffold interior at early timepoints, despite the more 

extensive network of bone matrix in the G300 implant. The same trends persist for the 

implants retrieved at twelve weeks, where the bulk of the fluorescent signal is co-localized 

with stained regions in the H&E sections. These early mineral loci do not appear 

ubiquitously through the matrix material and do not yet span the full pore diameter in 

regions where they appear, instead nucleating as smaller clusters.  

In both the H&E and fluorochrome images, periodicity is evident with respect to where 

new tissue forms. At similar radii through the implant, there are consistent patterns in 

appositional bone formation inside the implant. Bone that spans two neighbouring struts of 

titanium has a consistent and somewhat unidirectional appearance in all pores on the same 
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azimuth (i.e. along the same ‘rows’ of pores in Figures 5-7 and 5-8). For the FG600 

implants, this appositional bone tends to orient itself in the radial direction of the implant, 

while the G300 implants tend to have a more oblique direction in the tissue. Pobloth et al 

describe a similar ability for bone to grow through axial, perpendicular, and oblique pore 

directions along the interior struts of titanium scaffolds, instead using collagen 

directionality to assess this form of tissue patterning [55]. Although the unidirectionality 

may be an artifact of sectioning orientation, commonalities in appositional bone orientation 

in the fluorochrome and H&E deserve further investigation. Where unit cell topology was 

shown to have only a minor role for in vitro scaffold assessment, the in vivo results suggest 

that topology can indeed play a larger role with respect to the directionality of osteogenesis 

in the scaffold interior. 

The evolution of mineralization from two weeks to six weeks is more evident in the FG600 

implants, where calcified regions appear to propagate outward from the original loci present 

at two weeks (Figure 5-8C). This is consistent with the use of fluorochrome labelling in 

other studies, where early endpoints tend to have smaller fluorochrome-labelled areas near 

the interface of a titanium implant [56]. Alizarin red fluorescence shows that mineralized 

tissue can span across entire pores, effectively linking two titanium struts. The G300 group 

of implants shows a similar trend where existing mineralized tissue coarsens, but there are 

also regions where new mineral apposition seems to occur at six weeks, connecting scaffold 

struts with no prior mineral adjacent to them. 
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Figure 5-8: Fluorochrome labelling of calcification loci. (A-D) Fluorochrome images of 

calcein injected two weeks post-implantation, alizarin red injected six weeks post-

implantation, and correlative H&E-stained section after twelve weeks in the (A-B) G300 

and (C-D) FG600 implants. Calcified regions expand between the two-week and six-week 

endpoints, correlating closely with tissue in the H&E section at twelve weeks. (E-H) 

Calcein fluorochrome and H&E stain showing correlative bone apposition at two and four 

weeks in (E-F) G300 and (G-H) FG600 implants. Fluorescent signals are bright 

throughout the implant interior where bone matrix is present, indicating that mineral 

transport is consistently occurring within the scaffold interior within the first two weeks 

and corresponds with regions of connective tissue in the H&E micrographs. Scale bars 1 

mm. 

5.4 Conclusions 

Additive manufacturing of titanium enables the production of complex scaffolds with an 

interconnected pore geometry to influence early osseointegration and short-term implant 

stability. Ti6Al4V gyroid structures display in vitro cytocompatibility with respect to Saos-

2 metabolism. In vivo assessment of the uniform and functionally-graded gyroid structures 

in rabbit tibiae both show potential for improving early implant outcomes by encouraging 

osteogenesis to occur on the scaffold exterior and interior. In general, newly formed bone 

spans internal scaffold struts with a common directionality relative to neighbouring regions 

of bone apposition, governed at least in part by the strut orientation of the scaffold itself. 

BV/TV and BIC measurements from micro-CT reconstructions demonstrated that values 

were higher for G300 implants compared to FG600 implants at 12 wk, suggesting that the 

G300 implants have an increased ability to facilitate bone formation. A progression in the 

osteogenic cascade for implants spanning the medullary canal took place with residual 

inflammatory response, neovessel development along titanium struts, and some early 
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formation of bone occurring inside and outside of scaffold pores after four weeks. By 

twelve weeks of implantation, bone formed in a somewhat unidirectional manner to span 

scaffold struts, and infiltration of bone marrow occurred into the scaffold interior. Overall, 

the additively manufactured scaffolds both provide additional surface area for bone growth 

to occur inside the pores, a means to maintain the tissue through the vascular network, and 

a promising means for encouraging osseointegration at the implant interface.  
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5.5 Supplemental Figures 

 

Figure S5-1: Convolutional neural network training on micro-CT data. (A) Training slice 

from FG600 implant retrieved after four weeks. (B) Grayscale-assisted manual 

classification of bone inside the scaffold, bone outside the scaffold, titanium implant, and 

resin/void space for the slice presented in (A). (C) Training iterations of the convolutional 

neural network from ten slices of a FG600 scaffold and ten slices of a G300 scaffold. Loss 

values and validation loss values both decrease through successive epochs of training. 

 

 

Figure S5-2: All H&E stained sections from the four-week endpoint. Implants in the same 

column were implanted bilaterally in the same rabbit, taking into account the effect of 

strong and weak responders. Common themes in all implants include inflammatory 

response occurring at the apex of the implant, cortical integration at the crown of the 

implant, and spindles of bone forming with microvasculature in the implant interior. 
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Figure S5-3: All H&E stained sections from the twelve-week endpoint. Implants in the 

same column were implanted bilaterally in the same rabbit, taking into account the effect 

of strong and weak responders. Bone apposition after twelve weeks appears more prolific 

in the G300 implants, and much of the inflammatory response has subsided. Regions of 

connective tissue bridge scaffold struts in the interior, and often appear unidirectional with 

tissue in neighbouring pore channels. Cortical and trabecular integration at the scaffold 

exterior appears coarser. 

 

 

Figure S5-4: Interior pore of a H&E stained section from a G300 implant after twelve 

weeks. Red blood cells propagate in vasculature along the centerline of the pore, while a 

suspected megakaryocyte (denoted with an asterisk) produces platelets to preserve 

vascular response inside the scaffold.  



 

Ph.D. Thesis – J. Deering; McMaster University – Materials Science & Engineering 

104 

 

References 

1. Branemark PI. Osseointegration and its experimental background. J Prosthet Dent. 

1983;50(3):399–410. 

2. Albrektsson T, Albrektsson B. Osseointegration of bone implants: A review of an 

alternative mode of fixation. Acta Orthop Scand. 1987;58(5):567–77. 

3. Gómez S, Vlad MD, López J, Fernández E. Design and properties of 3D scaffolds for 

bone tissue engineering. Acta Biomater. 2016;42:341–50. 

4. Dias MR, Guedes JM, Flanagan CL, Hollister SJ, Fernandes PR. Optimization of 

scaffold design for bone tissue engineering: A computational and experimental study. 

Med Eng Phys. 2014;36(4):448–57. 

5. Scaglione S, Giannoni P, Bianchini P, Sandri M, Marotta R, Firpo G, Valbusa U, 

Tampieri A, Diaspro A, Bianco P, Quarto R. Order versus Disorder: in vivo bone 

formation within osteoconductive scaffolds. Sci Rep-uk. 2012;2(1):274. 

6. Deering J, Dowling KI, DiCecco LA, McLean GD, Yu B, Grandfield K. Selective 

Voronoi tessellation as a method to design anisotropic and biomimetic implants. J Mech 

Behav Biomed. 2021;116:104361. 

7. Arabnejad S, Johnston RB, Pura JA, Singh B, Tanzer M, Pasini D. High-strength 

porous biomaterials for bone replacement: A strategy to assess the interplay between cell 

morphology, mechanical properties, bone ingrowth and manufacturing constraints. Acta 

Biomater. 2016;30:345–56. 

8. Melancon D, Bagheri ZS, Johnston RB, Liu L, Tanzer M, Pasini D. Mechanical 

characterization of structurally porous biomaterials built via additive manufacturing: 

experiments, predictive models, and design maps for load-bearing bone replacement 

implants. Acta Biomater. 2017;63:350–68. 

9. Wang Z, Wang C, Li C, Qin Y, Zhong L, Chen B, Li Z, Liu H, Chang F, Wang J. 

Analysis of factors influencing bone ingrowth into three-dimensional printed porous 

metal scaffolds: A review. J Alloy Compd. 2017;717:271–85. 

10. Wang X, Xu S, Zhou S, Xu W, Leary M, Choong P, Qian M, Brandt M, Xie YM. 

Topological design and additive manufacturing of porous metals for bone scaffolds and 

orthopaedic implants: A review. Biomaterials. 2016;83:127–41. 

11. Deering J, Grandfield K. Current interpretations on the in vivo response of bone to 

additively manufactured metallic porous scaffolds: A review. Biomaterials Biosyst. 

2021;2:100013. 



 

Ph.D. Thesis – J. Deering; McMaster University – Materials Science & Engineering 

105 

 

12. Stok JV der, Jagt OPV der, Yavari SA, Haas MFPD, Waarsing JH, Jahr H, Lieshout 

EMMV, Patka P, Verhaar JAN, Zadpoor AA, Weinans H. Selective laser melting‐

produced porous titanium scaffolds regenerate bone in critical size cortical bone defects. J 

Orthopaed Res. 2013;31(5):792–9. 

13. Huiskes R, Weinans H, Rietbergen B van. The Relationship Between Stress Shielding 

and Bone Resorption Around Total Hip Stems and the Effects of Flexible Materials. Clin 

Orthop Relat R. 1992;274(NA;):124–34. 

14. Mahmoud D, Elbestawi MA. Lattice Structures and Functionally Graded Materials 

Applications in Additive Manufacturing of Orthopedic Implants: A Review. J Manuf 

Mater Process. 2017;1(2):13. 

15. Al-Ketan O, Rowshan R, Al-Rub RKA. Topology-mechanical property relationship 

of 3D printed strut, skeletal, and sheet based periodic metallic cellular materials. Addit 

Manuf. 2018;19(Acta Biomater. 4 2008):167–83. 

16. Abueidda DW, Elhebeary M, Shiang CS (Andrew), Pang S, Al-Rub RKA, Jasiuk IM. 

Mechanical properties of 3D printed polymeric Gyroid cellular structures: Experimental 

and finite element study. Mater Design. 2019;165:107597. 

17. Kapfer SC, Hyde ST, Mecke K, Arns CH, Schröder-Turk GE. Minimal surface 

scaffold designs for tissue engineering. Biomaterials. 2011;32(29):6875–82. 

18. Zhang L, Feih S, Daynes S, Chang S, Wang MY, Wei J, Lu WF. Energy absorption 

characteristics of metallic triply periodic minimal surface sheet structures under 

compressive loading. Addit Manuf. 2018;23:505–15. 

19. Plessis A du, Razavi SMJ, Benedetti M, Murchio S, Leary M, Watson M, Bhate D, 

Berto F. Properties and applications of additively manufactured metallic cellular 

materials: a review. Prog Mater Sci. 2021;125:100918. 

20. Yu S, Sun J, Bai J. Investigation of functionally graded TPMS structures fabricated by 

additive manufacturing. Mater Design. 2019;182:108021. 

21. Zhou H, Zhao M, Ma Z, Zhang DZ, Fu G. Sheet and network based functionally 

graded lattice structures manufactured by selective laser melting: Design, mechanical 

properties, and simulation. Int J Mech Sci. 2020;175:105480. 

22. Bai L, Gong C, Chen X, Sun Y, Xin L, Pu H, Peng Y, Luo J. Mechanical properties 

and energy absorption capabilities of functionally graded lattice structures: Experiments 

and simulations. Int J Mech Sci. 2020;182:105735. 



 

Ph.D. Thesis – J. Deering; McMaster University – Materials Science & Engineering 

106 

 

23. Zhang XY, Yan XC, Fang G, Liu M. Biomechanical influence of structural variation 

strategies on functionally graded scaffolds constructed with triply periodic minimal 

surface. Addit Manuf. 2020;32:101015. 

24. Zhang XY, Fang G, Xing LL, Liu W, Zhou J. Effect of porosity variation strategy on 

the performance of functionally graded Ti-6Al-4V scaffolds for bone tissue engineering. 

Mater Design. 2018;157:523–38. 

25. Liu F, Mao Z, Zhang P, Zhang DZ, Jiang J, Ma Z. Functionally graded porous 

scaffolds in multiple patterns: New design method, physical and mechanical properties. 

Mater Design. 2018;160(Biomaterials 23 2002):849–60. 

26. Liao B, Xia RF, Li W, Lu D, Jin ZM. 3D-Printed Ti6Al4V Scaffolds with Graded 

Triply Periodic Minimal Surface Structure for Bone Tissue Engineering. J Mater Eng 

Perform. 2021;30(7):4993–5004. 

27. Yuan L, Ding S, Wen C. Additive manufacturing technology for porous metal implant 

applications and triple minimal surface structures: A review. Bioact Mater. 2019;4(1):56–

70. 

28. Coelho PG, Granjeiro JM, Romanos GE, Suzuki M, Silva NRF, Cardaropoli G, 

Thompson VP, Lemons JE. Basic research methods and current trends of dental implant 

surfaces. J Biomed Mater Res Part B Appl Biomaterials. 2009;88B(2):579–96. 

29. Dondossola E, Friedl P. Host responses to implants revealed by intravital microscopy. 

Nat Rev Mater. 2022;7(1):6–22. 

30. Mahmoud D, Al-Rubaie KS, Elbestawi MA. The influence of selective laser melting 

defects on the fatigue properties of Ti6Al4V porosity graded gyroids for bone implants. 

Int J Mech Sci. 2021;193:106180. 

31. D’Elia A, Deering J, Clifford A, Lee BEJ, Grandfield K, Zhitomirsky I. 

Electrophoretic deposition of polymethylmethacrylate and composites for biomedical 

applications. Colloids Surfaces B Biointerfaces. 2019;188:110763. 

32. Reznikov N, Boughton OR, Ghouse S, Weston AE, Collinson L, Blunn GW, Jeffers J, 

Cobb JP, Stevens MM. Individual response variations in scaffold-guided bone 

regeneration are determined by independent strain- and injury-induced mechanisms. 

Biomaterials. 2018;194(J. Bone Joint Surg. Am. 89 Suppl 3 2007):183–94. 

33. Rodan SB, Imai Y, Thiede MA, Wesolowski G, Thompson D, Bar-Shavit Z, Shull S, 

Mann K, Rodan GA. Characterization of a human osteosarcoma cell line (Saos-2) with 

osteoblastic properties. Cancer Res. 1987;47(18):4961–6. 



 

Ph.D. Thesis – J. Deering; McMaster University – Materials Science & Engineering 

107 

 

34. Thenard T, Catapano A, Allena R, May ME, Saintier N, Mesnard M. Topography and 

wettability characterization of surfaces manufactured by SLM and treated by chemical 

etching. Mech Adv Mater Struc. 2020;29(12):1–18. 

35. Xu J yun, Chen X shuai, Zhang C yu, Liu Y, Wang J, Deng F long. Improved 

bioactivity of selective laser melting titanium: Surface modification with micro-/nano-

textured hierarchical topography and bone regeneration performance evaluation. Mater 

Sci Eng C. 2016;68:229–40. 

36. Rønold HJ, Lyngstadaas SP, Ellingsen JE. Analysing the optimal value for titanium 

implant roughness in bone attachment using a tensile test. Biomaterials. 

2003;24(25):4559–64. 

37. Gotfredsen K, Berglundh T, Lindhe J. Anchorage of Titanium Implants with Different 

Surface Characteristics: An Experimental Study in Rabbits. Clin Implant Dent R. 

2000;2(3):120–8. 

38. Gockel J, Sheridan L, Koerper B, Whip B. The influence of additive manufacturing 

processing parameters on surface roughness and fatigue life. Int J Fatigue. 2019;124:380–

8. 

39. Deering J, Presas A, Lee BEJ, Valentin D, Yu B, Heiss C, Grandfield K, Bosbach 

WA. Response of Saos-2 osteoblast-like cells to kilohertz-resonance excitation in porous 

metallic scaffolds. J Mech Behav Biomed. 2020;106:103726. 

40. Fang J, Zhang Y, Yan S, Liu Z, He S, Cui L, Yin J. Poly(l-glutamic acid)/chitosan 

polyelectrolyte complex porous microspheres as cell microcarriers for cartilage 

regeneration. Acta Biomater. 2014;10(1):276–88. 

41. Yan S, Xia P, Xu S, Zhang K, Li G, Cui L, Yin J. Nanocomposite Porous 

Microcarriers Based on Strontium-Substituted HA-g-Poly(γ-benzyl-l-glutamate) for Bone 

Tissue Engineering. Acs Appl Mater Inter. 2018;10(19):16270–81. 

42. Lopez‐Heredia MA, Goyenvalle E, Aguado E, Pilet P, Leroux C, Dorget M, Weiss P, 

Layrolle P. Bone growth in rapid prototyped porous titanium implants. J Biomed Mater 

Res A. 2008;85A(3):664–73. 

43. Palmquist A, Snis A, Emanuelsson L, Browne M, Thomsen P. Long-term 

biocompatibility and osseointegration of electron beam melted, free-form–fabricated solid 

and porous titanium alloy: Experimental studies in sheep. J Biomater Appl. 

2013;27(8):1003–16. 

44. Zhang X, Wang J, Xing L. Metal artifact reduction in x‐ray computed tomography 

(CT) by constrained optimization. Med Phys. 2011;38(2):701–11. 



 

Ph.D. Thesis – J. Deering; McMaster University – Materials Science & Engineering 

108 

 

45. Bolliger AP. Cytologic evaluation of bone marrow in rats: indications, methods, and 

normal morphology. Vet Clin Path. 2004;33(2):58–67. 

46. Shah FA, Snis A, Matic A, Thomsen P, Palmquist A. 3D printed Ti6Al4V implant 

surface promotes bone maturation and retains a higher density of less aged osteocytes at 

the bone-implant interface. Acta Biomater. 2016;30(Biomaterials 27 2006):357–67. 

47. Filipowska J, Tomaszewski KA, Niedźwiedzki Ł, Walocha JA, Niedźwiedzki T. The 

role of vasculature in bone development, regeneration and proper systemic functioning. 

Angiogenesis. 2017;20(3):291–302. 

48. Khosravi N, Maeda A, DaCosta RS, Davies JE. Nanosurfaces modulate the 

mechanism of peri-implant endosseous healing by regulating neovascular morphogenesis. 

Commun Biology. 2018;1(1). 

49. Redenski I, Guo S, Machour M, Szklanny A, Landau S, Kaplan B, Lock RI, Gabet Y, 

Egozi D, Vunjak‐Novakovic G, Levenberg S. Engineered Vascularized Flaps, Composed 

of Polymeric Soft Tissue and Live Bone, Repair Complex Tibial Defects. Adv Funct 

Mater. 2021;31(44):2008687. 

50. Augello A, Bari CD. The Regulation of Differentiation in Mesenchymal Stem Cells. 

Hum Gene Ther. 2010;21(10):1226–38. 

51. Liu TM, Martina M, Hutmacher DW, Hui JHP, Lee EH, Lim B. Identification of 

Common Pathways Mediating Differentiation of Bone Marrow‐ and Adipose Tissue‐

Derived Human Mesenchymal Stem Cells into Three Mesenchymal Lineages. Stem Cells. 

2007;25(3):750–60. 

52. Rabellino EM, Levene RB, Leung LL, Nachman RL. Human megakaryocytes. II. 

Expression of platelet proteins in early marrow megakaryocytes. J Exp Medicine. 

1981;154(1):88–100. 

53. Shah FA, Thomsen P, Palmquist A. A Review of the Impact of Implant Biomaterials 

on Osteocytes. J Dent Res. 2018;97(9):977–86. 

54. James AW. Review of Signaling Pathways Governing MSC Osteogenic and 

Adipogenic Differentiation. Sci. 2013;2013:684736. 

55. Pobloth AM, Checa S, Razi H, Petersen A, Weaver JC, Schmidt-Bleek K, Windolf M, 

Tatai AÁ, Roth CP, Schaser KD, Duda GN, Schwabe P. Mechanobiologically optimized 

3D titanium-mesh scaffolds enhance bone regeneration in critical segmental defects in 

sheep. Sci Transl Med. 2018;10(423). 



 

Ph.D. Thesis – J. Deering; McMaster University – Materials Science & Engineering 

109 

 

56. Koo S, König B, Allegrini S, Yoshimoto M, Carbonari MJ, Mitri‐Luiz FF. Titanium 

implant osseointegration with calcium pyrophosphate in rabbits. J Biomed Mater Res Part 

B Appl Biomaterials. 2006;76B(2):373–80. 

  

 

 

 

  



 

Ph.D. Thesis – J. Deering; McMaster University – Materials Science & Engineering 

110 

 

Chapter 6: Characterizing Mineral Ellipsoids in New Bone Formation at 

the Interface of Ti6Al4V Porous Implants 

 

Summary: 

Interaction of biological features at the bone-implant interface can occur with characteristic 

patterns at multiple length scales. With the recent identification and 3D characterization of 

a new structural feature (the mineral ellipsoid) in mature bone tissue and at the 

mineralization front, questions have arisen about how these structures form and arrange 

themselves in new bone tissue. In this chapter, the interface of the porous implants from 

Chapter 5 are examined at two time points through high-resolution imaging with STEM 

and PFIB-SEM tomography. HAADF-STEM shows 2D motifs (elliptical and rosette) 

associated with varying section planes of mineral ellipsoids in close proximity to the 

implant interface, with the presence of a mineral-dense zone near the implant interface and 

orientation shifts in the neighbouring packets of mineral ellipsoids. PFIB-SEM allows for 

3D imaging and shows the packing arrangement and heterogenous nature of these mineral 

ellipsoids within newly formed bone directly adjacent to the implant interface. This work 

fits the themes of the thesis by providing characterization of the bone-implant interface 

inside porous metallic implants using 2D and 3D methods. 
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Abstract 

The intrinsic hierarchy of newly-formed bone contains elements of disorder within a 

naturally-ordered multiscale structure, spanning from the macroscale to below the 

nanoscale. With mineralized structures often presenting in the shape of ellipsoids in mature 

and mineralizing tissue, this work characterizes the heterogeneity in mineral ellipsoid 

packing at the interface of porous titanium implants. The 2D and 3D characterization of 

these mineral ellipsoids at the bone-implant interface prospectively offers insight into the 

osseointegration of titanium implants and should help govern the mechanical properties of 

the interfacial bone tissue. Using scanning transmission electron microscopy and plasma 

focused ion beam - scanning electron microscopy, mineral ellipsoids are characterized at 

the implant interface in both 2D and 3D. Heterogeneous in their size and shape within the 

newly formed bone tissue, the ellipsoids are observed with alternating orientations 

corresponding to unique lamellar packets within the nearest 2-3 μm to the titanium implant 

interface – although this motif is not universal, and a mineral-dense zone can also appear 

at the implant interface. The short-order ellipsoid orientation shifts are also present in the 

3D probe of the implant interface, where an approximate 90° misorientation angle between 

neighbouring packets of mineral ellipsoid resolves with increasing distance from the 

titanium, possibly providing a strengthening mechanism to prevent crack propagation in 

the peri-implant bone.   
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6.1 Introduction 

The natural structure of mineralized bone tissue spans the continuum between the 

macroscale and nanoscale, encompassing both organic and inorganic components to 

achieve robust mechanical properties. At smaller length scales, osteoblast-secreted type I 

collagen constitutes much of the organic assembly and provides a template for mineral 

ingress into the tissue [1]. As the tissue begins to mineralize, an ellipsoidal mineral packing 

arrangement is theorized to occur according to a stencilling principle based on inhibition 

of inhibitors [2], with resulting mineral clusters sized at roughly 0.4-1.5 μm along their 

major and minor axes [3]. When viewed in orthogonal directions with two-dimensional 

imaging such as transmission electron microscopy (TEM), these ellipsoids take on either 

an elliptical motif or a circular rosette motif. Based on large-scale 3D imaging, these 

mineral clusters appear to be ubiquitous throughout bone tissue (as noted in human femora 

[4] and murine tibiae [5]) and have been noted adjacent to implants of titanium, bioactive 

glass, and others in either of the elliptical or rosette motifs [3]. Yet, little is known about 

their shape, origin, or evolution in new bone tissue or their 3D organization at the interface 

of metallic biomaterials despite a wealth of literature about smaller features, such as 

collagen orientation [6,7]. 

Additive manufacturing offers a new way to produce implants with engineered porosity in 

the microscale range [8], with porous titanium and tantalum implants showing closer 

mechanical properties to cortical bone [9] and improved secondary stability in 

biomechanical evaluation [10]. The low mechanical stiffness [11,12] imparted by these 

implants offers one method to mitigate long-term bone resorption associated with stress-

shielding [13] and the corresponding increase in surface area creates additional bone-to-

implant contact [14]. Understanding bone mineral apposition and morphological 

transformations at implant interfaces and into these pores may therefore have major 

implications for early osseointegration, implant stability, and longevity of implants in the 

body. 

Prior to the discovery of mineral ellipsoids, osseointegration at implant interfaces was 

identified by key markers and used techniques other than electron microscopy [15,16]. At 

the microscale, observations of cellular response [17] or woven-to-lamellar transition 

[18,19] are often used to qualitatively and quantitatively assess osseointegration. At the 

nanoscale, higher-resolution studies have shown the accumulation of non-collagenous 

proteins near the implant interface [20,21] or that of a calcified cement line [22], and 

generally denoted the orientation of collagen parallel to the implant surface [23,24]. While 

all of these observations give a strong understanding of bone growth near implants, a lack 

of widespread 3D imaging may be at the heart of why mineral ellipsoids have not been 

studied in detail at implant interfaces, with few examples of osseointegration studies by 

FIB-SEM over small volumes [25], and electron tomography with an even smaller field of 

view [26–30]. Moreover, microscale pores present a unique challenge for characterization, 
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with a simultaneous need for high-resolution and large-volume imaging. Plasma focused 

ion beam tomography provides a window to examine tissue apposition in the pore network 

over time.  

Here, we report a high resolution and 3D study of the osseointegration of titanium implants 

with a graded pore size in rabbits at 4 and 12 weeks. We utilize scanning transmission 

electron microscopy and plasma focused ion beam to provide an innovative approach for 

assessing ellipsoidal mineral organization at implant interfaces – achieving both high-

resolution and 3D structure – and offering insight into potential consequences in the 

mechanical properties of interfacial bone tissue. 

6.2 Methods 

6.2.1 Scaffold Design and Implantation 

Porous implant scaffolds were designed according to the specifications described in 

Chapter 5. Briefly, implants were designed with a total height of 7 mm and total diameter 

of 6 mm. The porous midsection was designed to contain a gyroid unit cell, with radially-

varying pore size from ⌀ = 600 μm at the scaffold exterior to ⌀ = 300 μm at the midpoint 

of the scaffold. Powder bed fusion of Ti6Al4V powder feedstock was used to create the 

implants. 

Under general anesthesia, implants were placed into the tibial epiphyses of male New 

Zealand white rabbits (2.5-3 kg) with approval from the Animal Care Committee of Sun 

Yat-sen University. Antibiotics were administered for three days following animal surgery. 

Implants were retrieved after 4 and 12 wk to prepare for electron microscopy imaging. 

6.2.2 Sample Preparation 

Tibial tissue was defatted after animal sacrifice and implant retrieval using immersion in 

acetone for 12-24 hr. Samples were fixed in 10% neutral buffered formalin on a rocking 

table for 24 hr before rinsing steps (4 hr, 4 hr, and 12 hr) with deionized water to remove 

fixative and subsequent sectioning to the defect area. Serial dehydration was conducted 

using 48 hr intervals at 50%, 70%, 70%, 80%, 90%, 95%, 95%, 100%, 100% ethanol 

concentrations under vacuum (-80 kPag). Embed812 resin was gradually infiltrated into the 

tissue at ratios of 1:3, 1:1, and 3:1 using acetone as a solvent. Tibiae were transferred to 

100% resin in embedding molds and cured at 60°C under vacuum (-90 kPag) for 48 hr. 

Embedded implants were roughly sectioned at their midplane using a slow-speed saw to 

reveal the porous interior for electron microscopy and the cross-section was ground with 

silicon carbide paper (400, 600, 800, and 1200 grit). Implants with exposed cross-sections 

were mounted to stubs using silver paint and were sputter-coated with 20 nm of gold before 

scanning electron microscopy at 20 kV (JEOL 6610LV) to view the interaction between 

the implant and undemineralized tissue. 
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6.2.3 Scanning Transmission Electron Microscopy 

A site of bone-implant contact was identified near the crown of the implant following 

twelve weeks of implantation. A focused ion beam microscope (Zeiss NVision 40) was 

used to prepare a lamella [31] along the long axis of the implant for scanning transmission 

electron microscopy (STEM) by depositing a 4 μm layer of tungsten over the region of 

interest and milling trenches on all sides at 30 kV with currents ranging from 6.5 to 45 nA. 

The lift-out, containing bone flanked on either side by titanium, was attached to a copper 

grid, where the lamella was thinned to electron transparency (70-120 nm) using a series of 

decreasing ion beam currents from 300 pA to 40 pA at 30 kV, and a final low-voltage polish 

at 5 kV. 

Scanning transmission electron microscopy was conducted in a Talos 200X (ThermoFisher 

Scientific) using a high-angle annular dark field (HAADF) detector and an accelerating 

voltage of 200 kV with eightfold frame averaging. Electron energy loss spectroscopy 

(EELS) was conducted using a dispersion of 0.3 eV/channel, acquisition time of 0.01s, and 

pixel size of 7 nm on a Continuum S imaging filter (Gatan). EELS elemental maps for 

carbon, calcium, and titanium were generated in Digital Micrograph software. 

6.2.4 Plasma Focused Ion Beam-Scanning Electron Microscopy 

The implants retrieved after four weeks and twelve weeks were polished further to allow 

for site selection during plasma focused ion beam - scanning electron microscopy (PFIB-

SEM) tomography. Implants from each endpoint (4 and 12 weeks) were loaded into a 

Helios G4 UXE DualBeam (ThermoFisher Scientific) focused ion beam microscope with 

a xenon plasma source for serial sectioning. Sites were selected based on the schematic in 

Figure 6-1, sampling both cortical and trabecular bone-implant interfaces at a radial depth 

of roughly 150 μm into the implant interior (Figure S6-1 and S6-2).  

A region of interest was selected at a site of trabecular ingrowth in an implant after four 

weeks of implantation and was coated with 13 μm of carbon using a 12 kV ion beam at 20 

nA and 65 nA to protect the surface from ion damage and prevent curtaining artifacts. 

Excess material was subsequently removed around the volume using beam currents of 15-

200 nA at 30 kV to create trenches, and fiducials were added to the top surface and the 

block-face onto small pads of tungsten deposition. Auto Slice and View (ThermoFisher 

Scientific) was used to automate the sequential milling and imaging processes for 

tomography acquisition. Specifically, milling was performed at 30 kV and 4 nA with the 

ion beam using a 4° rocking angle and slice thickness of 30 nm. Images in the series were 

acquired with a 1.2 kV, 400 pA electron beam in immersion mode using a 500 ns dwell 

time and pixel size of 14.5 nm x 14.5 nm, with fourfold line integration and averaging 

across two frames on the through-the-lens detector (6144 x 4096 pixels). 

The region of interest in the implant retrieved after twelve weeks, near the cortex, was 

similarly coated with a 10 μm layer of carbon using a 12 kV ion beam and currents of 20 
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nA and 150 nA. Trenches at the side and front of the region of interest were milled at 30 

kV and ion currents starting at 200 nA and decreasing to 60 nA to isolate the region of 

interest. A fiducial marker for ion beam tracking during tomography was milled into a 3 

μm tungsten pad adjacent to the capping layer, and a fiducial marker was milled adjacent 

to the block-face for slice registration and drift correction. Tomography acquisition for this 

dataset was obtained through similar serial sectioning as the first dataset, with a 30 kV, 1 

nA ion beam with a 300 ns dwell time, 4° rocking mill angle, and slice thickness of 29 nm. 

Backscattered electron images with a pixel size of 15.0 nm x 15.0 nm were recorded after 

each milling step using a 1.2 kV, 400 pA electron beam in immersion mode with a 500 ns 

dwell time, fourfold line integration, and averaging across two frames.  

  

Figure 6-1: Workflow of PFIB-SEM tomography workflow at the bone-implant interface. 

(A) Regions of interest were extracted at near-surface pores in the cortical region after 12 

wk and at regions of trabecular ingrowth after 4 wk. (B) Serial sectioning takes place after 

the region of interest is carefully prepared to avoid excessive ion damage and provide a 

means for accurate post-process image stack alignment and feature detection. 

6.2.5 PFIB-SEM Data Processing 

All image processing was conducted in Dragonfly 2022.1 (Object Research Systems). 

PFIB-SEM tomography datasets were aligned using mutual info from the block-face 

fiducial to translate slices with a 5.0% initial translation step in the imaging plane and 

smallest translation step of 0.05%. Datasets were subjected to a 3D Gaussian blur (kernel 

size = 5, σ = 1.0) without contrast correction before further processing. 

6.2.5.1 Mineral Ellipsoid Morphology 

Neighbouring regions of bone tissue at the mineralization front in the 4 wk PFIB-SEM 

dataset were extracted using grayscale-based segmentation, with a threshold value of 155 



 

Ph.D. Thesis – J. Deering; McMaster University – Materials Science & Engineering 

117 

 

or greater in the 8-bit images. Clusters or aggregated clusters of mineral forming adjacent 

to the mineralization front were extracted using 6-connected component labelling to isolate 

their boundary from any adjacent mineralized entities. Mineral clusters with a size of 500 

voxels or greater were used to assess the 3D aspect ratio and cluster volume distribution, 

while the shortest distance from each mineral cluster to the mineralization front was found 

by taking a distance map from the largest mineralized component (i.e., the bulk tissue) and 

using the minimum intensity in the overlap between said distance map and each isolated 

mineral cluster. 

6.2.5.2 Lacunocanalicular Network 

The lacunocanalicular network (LCN) within the mineralized tissue of the 4 wk PFIB-SEM 

datasets was segmented by further Gaussian smoothing (2D, kernel size = 15, σ = 4.0) and 

using application of grayscale-based thresholding (0-150) to extract the LCN and resin-

filled features in 4 wk tomography dataset. Bone matrix (along with other high-contrast 

regions) was extracted in this PFIB-SEM dataset using a grayscale window of 150-256, 

with a subsequent fill operation in the Z-direction to infill the darker LCN components 

(including regions of charging). A Boolean intersection was taken between the 

matrix/titanium/LCN segmentation and resin/LCN segmentations for final extraction of the 

LCN components. 

To account for contrast and brightness inhomogeneities during tomography acquisition of 

the 12 wk PFIB-SEM dataset, partitioning of the data into four regions was necessary. 

Mineralized matrix was extracted using grayscale ranges of 125-255, 90-255, 195-255, and 

150-255 to account for brightness/contrast changes. In each partition, the LCN/resin 

fraction was extracted using grayscale ranges from zero to the lower end of the matrix 

segmentation (125, 90, 195, or 150 depending on region). The same infill and Boolean 

intersection operations were then used to isolate the LCN component of the tissue. 

High-contrast areas with a cell-associated morphology beyond the mineralization front 

were enhanced using application of contrast-limited adaptive histogram equalization (Clip 

= 0.02, kernel size = 100), a Gaussian blur for noise reduction (3D kernel size = 15, σ = 

2.5), a maximum smoothing operation (3D kernel size = 3), and further Gaussian smoothing 

(3D kernel size = 5, σ = 2.5) in cropped sub-volumes. 

6.3 Results and Discussion 

In Chapter 5, observations at the bone-implant interface were highlighted to illustrate the 

osseointegration of the implants in 3D and corresponding 2D cellular response at the 

microscale. Apposition of bone was observed to occur both inside and outside of the pore 

network in the scaffold alongside other forms of biological response, but the structural 

features in bone at the lower-end of the microscale and into the nanoscale could not be 
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resolved with optical and X-ray methods. The 2D and 3D organization of the bone-implant 

interface are explored further in this section with higher-resolution methods. 

6.3.1 Scanning Transmission Electron Microscopy 

Understanding the interaction of smaller features in the hierarchical structure of bone with 

implant surfaces can help provide insight into the macroscale mechanical stability of the 

implant. A FIB lift-out at the interface of new cortical bone and the porous implant was 

extracted after 12 wk of implantation and thinned to electron transparency to assess the 

sub-micron interplay between collagen, mineral, and the implant itself. 

Within bone tissue, collagen fibril bundles contain distinct motifs of mineral packing, with 

3D microscale mineral packing in the form of ellipsoidal entities [4]. Electron-transparent 

subregions in the FIB lift-out (Figure 6-2A-B) allow for observation of this form of mineral 

at the bone-implant interface. One such subregion is shown in Figure 6-2C-E, where 

mineral ellipsoids are packed into layers of alternating orientation with a thickness of 

roughly one or two ellipsoids. The layer closest to the implant has a dominant out-of-plane 

collagen fibril orientation, denoted as O1, with the long axes of ellipsoids also extending 

out of the imaging plane. An adjacent region with the same collagen orientation is shown 

in Figure 6-2E. The intervening layer of mineral ellipsoids, highlighted in Figure 6-2D, is 

instead encapsulated within a more in-plane collagen fibrillar matrix (I1), where collagen 

banding is visible due to gap and overlap zones in the collagen [32]. Lamellar packing of 

these alternating layers occurs in the next layers of mineral for a final structure of O1 → I1 

→ O2 → I2 within the first 2 μm of the titanium interface. Within each of these first few 

layers, collagen fibrils still lie mostly parallel to the implant interface in either of the in-

plane and out-of-plane orientations. Beyond 2 μm, however, a new motif (O3/I3) extends 

into the bulk of the tissue where the long axes of the mineral ellipsoids (and collagen fibril 

bundles) no longer lie parallel to the titanium surface and are instead oriented more 

obliquely. The introduction of a titanium implant appears to perturb the natural co-aligned 

ellipsoidal packing order in HAADF-STEM imaging of the implant retrieved after 12 wk 

in leporine tibia, with clear demarcations between zones of similar ellipsoidal orientation 

near the implant interface.  
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Figure 6-2: HAADF-STEM imaging at the implant interface after 12 wk. (A) Specimen 

orientation and sampling location for FIB liftout. (B) Site overview in the FIB liftout 

showing a cross-section from the location in (A). Two windows with direct-bone contact 

were thinned to electron transparency. (C-E) HAADF-STEM image at the bone-implant 

interface. Mineral ellipsoids have an alternating orientation of their long axis, packing in 

(O) out-of-plane orientation and (I) in-plane arrays with noted collagen banding in (E). 

(F-H). HAADF-STEM image at the bone-implant interface, showing a second ellipsoidal 

motif. Mineral clusters near the titanium pack with their long axis parallel to the implant 

interface (G), while a rotational shift occurs as the distance from the implant interface 

increases (H). 

The second window for observing the bone-implant interface using HAADF-STEM 

(Figure 6-2F) shows a trend in ellipsoid orientation that is quite different in some aspects. 

Within the first 2-3 μm of the implant interface, collagen fibrils still lie parallel to the 

implant (Figure 6-2G). However, beyond this first zone of co-oriented collagen and 

mineral, there are no subsequent lamellae where collagen fibrils lie parallel to the implant 

interface. Instead, an abrupt shift occurs in collagen fibril orientation where collagen 
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becomes obliquely oriented to the implant interface (Figure 6-2H) and such orientation 

extends into the tissue with longer-range order than that of the alternating collagen/mineral 

orientation in the first window. 

In most two-dimensional imaging techniques, the presentation of a singular mineral 

ellipsoid depends on its sectioning orientation through the cluster, with the formation of 

rosettes having been shown previously [33] along with early identification of ‘filamentous’, 

‘lacey’, and rosette mineral motifs in the nanoscale structure of bone [34]. Longitudinal 

sections through an idealized cluster will produce the ‘marquise’ or elliptical shape shown 

in Figure 6-3A, and oblique sectioning orientation will produce ellipses with skewed 

proportions depending on the sectioning angle (Figure 6-3B), while transverse sections will 

appear as circular (Figure 6-3C). Generally speaking, the tip-to-tail orientation (along the 

long axis) of these mineralized clusters runs parallel to the collagen fibril bundles within 

the same domain to create the in-plane and out-of-plane motifs. The short-order periodicity, 

with mineral ellipsoid orientation shifts, has been observed in mineralization fronts by Buss 

et al. [5], but here we observed a similar phenomenon occurring at the implant interface, 

albeit not universally. Two-dimensional imaging with HAADF-STEM provides a snapshot 

of any order and disorder in collagen-mineral packing arrangements [35] but structural 

elements are often better visualized in 3D; we also confirm large-scale ellipsoidal packing 

heterogeneity in the bulk of the tissue and at the implant interface in 3D using PFIB-SEM 

tomography in Section 6.3.2.2. 

 

Figure 6-3: Sectioning planes in a 3D mineral ellipsoid. Sectioning planes of varying 

angular orientation in a mineral ellipsoid show different ellipsoidal motifs depending on 

the viewing angle. The elliptical motif in (A) and rosette motif in (C) are parallel and 

orthogonal to the long axis of the ellipsoid, respectively. Oblique sectioning planes tend to 

create egg-shaped projections as in (B). 

Discrete regions are often seen within the first few nanometres of the implant interface with 

a seemingly afibrillar appearance [36] with attribution to two possible mechanisms. The 

first relies on the adhesion of early non-collagenous protein on the implant surface to 

promote mineralization, with the assembly of a collagenous layer shortly following [37]. 

The second posits the deposition of a dominant collagenous zone in the direct vicinity of 

the implant, with only a small fraction of granular or afibrillar material [24]. In either case, 

the structure and packing of mineral ellipsoids or clusters within this region could give 

indication of the mineral density at the bone-implant interface. HAADF-STEM imaging at 
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the interface of the porous titanium retrieved after 12 wk is shown in Figure 6-4, with EELS 

maps of calcium (Figure 6-4B and E), carbon (Figure 6-4C and F), and titanium (Figure 6-

4D). An artifact of tissue preparation is present at the titanium interface, giving rise to 

inflated carbon content within the first 200 nm of the titanium. In the 300 nm beyond this 

preparation artifact, there is a zone of higher mineral density with slightly elevated calcium 

and slightly depleted carbon (Figure 6-4G). Distinct collagen fibril bundles can be observed 

outside of this mineral-dense band, where mineral is more loosely packed. While the 

mineral-dense band likely still contains collagen fibrils in some quantity, the size 

distribution or high packing density of mineral ellipsoids or mineral clusters within this 

band could be masking the collagen in HAADF-STEM imaging. It is also important to note 

that this mineral-dense band does not span the entire titanium surface, but instead appears 

sporadically across the bone-implant interface. In all regions, the interface between 

titanium and bone is directly juxtaposed without a gradient of bone and oxides/nitrides of 

titanium that is sometimes reported [23]. 
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Figure 6-4: STEM-EELS of de novo bone formation at the implant interface. (A) Site 

overview of bone-implant near cortical interaction with the crown of the implant after 12 

wk. (B-C) Calcium and carbon EELS maps overlaid with the STEM image at the implant 

interface. (D-F) Titanium, calcium, and carbon EELS maps at the implant interface. 

Carbon-rich areas tend to overlap with calcium-deficient regions. A mineral-dense zone 

(*) is present in the tissue at the interface of the titanium. (G) EELS intensity profiles across 

the mineral-dense zone. Marginal carbon depletion occurs in this zone in addition to slight 

calcium elevation. 

6.3.2 Plasma Focused Ion Beam-Scanning Electron Microscopy  

6.3.2.1 Spatial Characteristics of the LCN 

PFIB-SEM tomography of the bone-implant interface provides a high-resolution 3D probe 

that can span microscale volumes of biological tissues, with faster milling rates using the 

xenon beam than conventional gallium-based ion beams [38]. Tomography of the bone-

implant interface after four weeks of implantation in leporine tibia (Figure 6-5A) yielded a 

volume size of 56.2 μm × 57.0 μm × 14.0 μm after removal of the extraneous regions 

around each image. Some instrument instability occurred during acquisition, resulting in 

contrast and brightness changes throughout each dataset. A 3D volume of this size provides 

a useful snapshot of mineralizing tissue, covering regions of the implant itself (bright 
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regions), the mineralizing bone tissue (intermediate regions), and carbon-rich or void 

entities (dark regions). Despite the high roughness of the additively manufactured implants, 

it is possible to obtain FIB cross-sections that show the distribution of mineral at the 

titanium interface. Segmentation of each component (mineralized bone matrix, 

lacunocanalicular network, and titanium) is shown in Figure 6-5C. After 4 wk of 

implantation, bone in the shallow pores appeared to closely mirror the micro-rough surface 

of the implant, with points of bone-implant contact at each of the two titanium interfaces 

in the volume. Since preparation for electron microscopy can cause shrinkage artifacts in 

the tissue, some of the gaps between bone and implant may be attributed to sample 

preparation artifacts. The lacunocanalicular network at 4 wk had a dispersed network of 

canalicular channels, with the LCN occupying 3.7 vol% of the mineralized bone matrix in 

this dataset. 

Bone adjacent to the implant interface after 12 wk of implantation is shown in Figure 6-5B 

and 6-5D, with a PFIB-SEM tomography volume of 68.9 μm × 59.1 μm × 11.4 μm. The 

lacunocanalicular network here is more densely distributed through the bone matrix, 

occupying 6.8 vol% of the bone in the tomography dataset. Baseline lacunocanalicular 

porosity levels in mature human femoral bone have been measured at 1.45 vol% utilizing 

a technique with similar voxel size in synchrotron computed tomography [39], which is a 

value considerably lower than what we observe in newly mineralizing tissue at the implant 

interface. A net increase in lacunocanalicular volume density at both 4 wk and 12 wk is 

expected based on prior work from Shah et al. [40], who reported high osteocyte counts 

adjacent to near-cortical implant interfaces in porous titanium (compared to similar 

locations in solid titanium and within the native bone). For each osteocyte, Shah et al. also 

reported a higher number of canaliculi per osteocyte at the implant interface than in the 

native bone, helping characterize tissue with high LCN fraction at the two bone-implant 

interfaces as newly formed.  
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Figure 6-5: Representative slices from PFIB-SEM tomography and data reconstructions. 

(A) 3D representation of the PFIB-SEM image stack of the implant interface retrieved after 

4 wk. Bright regions are indicative of titanium, dark regions are indicative of carbon- or 

resin-rich material, and intermediate grayscale regions are mineralized bone matrix. 

Osteocyte lacunae are denoted with arrowheads and carbon-rich regions are denoted with 

asterisks. (B) 3D representation of the PFIB-SEM image stack at the implant interface 

acquired 12 wk after implantation. Segmentation of the bone matrix, implant volume, and 

LCN is achievable after 4 wk (C) and 12 wk (D). After 4 wk, canaliculi orient towards the 

mineralization front. Scale bars: 10 μm. 

As the tissue ages, one potential question raises the issue of deriving factors to help drive 

the transition from high LCN density to low LCN density in the mineralized bone tissue. 

The accumulation of microdamage, for instance, is one known aspect that is correlated with 

a decline in osteocyte lacunar density [41,42]. The high LCN fractions in each of the 4 wk 

and 12 wk PFIB datasets helps indicate that the bone is of new origin rather than a fragment 

introduced during surgical implantation or highly-damaged region of pre-existing bone. 
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In the 4 wk dataset, some preferential orientation of canaliculi towards the mineralization 

front is seen – an observation also associated with de novo bone formation. Hasegawa et 

al. examined the canalicular orientation of osteoblasts and osteocytes and found that 

osteoblast-associated cytoplasmic processes often have a ‘looping’ geometry extending 

from the secretory side of their membrane, while cell processes associated with osteocytes 

extend perpendicularly outward from the cell body to connect with osteoblasts at the 

mineralization front [43]. The directionality observed in the implant retrieved after 4 wk 

indicates that the resident osteocytes near the implant interface maintain a connection with 

some biological entities outside of the mineralized matrix to help maintain tissue 

homeostasis. In addition, osteocytes adjacent to implant surfaces with micro-rough or 

minimally-rough surfaces will extend cell processes perpendicularly towards the implant 

interface, eventually attaching to the implant itself [44]. In part, osteocyte-driven 

remodelling [45] may take place within the vicinity of the implant to restructure the 

provisional LCN seen at the interface of both of these implants. This process will rely on 

local shifts in pH and tartrate-resistant acid phosphatase production within the LCN to 

locally resorb mineral and reorganize cell processes. Lacunar remodelling has been seen to 

occur in bone after only 3 weeks of exercise in murine tibiae [46,47]. While the bone in the 

PFIB-SEM dataset is newly formed, it is unclear if extensive peri-canalicular remodelling 

has taken place at these 4 wk and 12 wk endpoints or if the bone is in its as-deposited state. 

The possible presence of cells outside of the mineralized matrix can also be observed in the 

FIB-SEM volume retrieved after 12 wk (Figure 6-6), where high-contrast regions are 

observed in the shape of a membrane and sporadically through their interior. An opposing 

observation has been previously observed with secondary electron imaging of unstained 

cells using an in-column detector under cryogenic conditions, where lipid-rich regions and 

the cell membrane appear as darker than the cytoplasm rather than brighter [48]. Where 

small regions of mineral have been observed as mitochondrial granules or vesicle-bound 

deposits in the intracellular region of osteoblasts [49,50], and osteoblasts close to the 

mineralization front are known to be mineral-enriched [51], it is possible that these high-

contrast regions in the filtered images are associated with either mineral- or phosphorus-

rich regions that are common within plasma membranes or sub-cellular organelles [52]. 

Image processing operations (Figure 6-6A) may help reveal these cellular features without 

any form of heavy metal staining during sample preparation. The cavitation in the 

mineralized tissue surrounding the cell in panel (i) of Figure 6-6C is consistent with that of 

mineralizing osteocytes [53] or Type III osteocytes [54]. The transition of osteoblast to 

osteocyte involves a shift in the presence of several molecular markers as they become 

mechanosensory cells encapsulated within the mineralized matrix [53]. The two 

neighbouring cells in panel (ii) are separated by only 1 μm or less in some instances 

throughout the volume – proximity which is atypical of most osteocyte phenotypes. Instead, 

their flat morphology, size, and location with respect to mineralized tissue could be 

attributed to bone lining cells [55] or osteoblasts. Without additional staining via osmium 
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tetroxide [56] or other means, it is difficult to determine whether these are cells embedded 

within a matrix of osteoid, or if these features simply help demarcate the boundary of 

mineralized bone tissue.  

 

Figure 6-6: High-contrast regions in the extracellular matrix beyond the mineralization 

front. (A) Sequential application of Gaussian smoothing, contrast-limited histogram 

equalization, Gaussian smoothing, maximum filtering, and Gaussian smoothing to 

highlight cell membranes beyond the mineralization front. (B) Location of possible cells 

outside of the mineralized matrix. (C) Insets showing the morphology of nearby cells in the 

osteoid or extracellular matrix. Scale bars: (A,C) 1 μm (B) 10 μm. 

6.3.2.2 Ellipsoid Organization at the Mineralized Boundary 

Two topographies at the boundary of the newly formed are seen in the 3D view of the bone-

implant interface after four weeks of implantation (Figure 6-7A-B). Subregions of the 

mineralizing bone tissue are shown using the 3D renderings in Figure 6-7C and 6-7D. One 

such subregion – flanked on either side by the titanium implant – presents with a rough and 

granular morphology in 3D. This first region contains cavities for cells to potentially 
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connect to near-surface osteocytes as the LCN is formed. The neighbouring subregion 

presents with an overall smoother morphology, with only small woven protrusions from 

the mineralized bone. The rough morphology is typical of actively mineralizing bone 

surfaces, where quasi-spherical calcium phosphate precipitates are observed in the form of 

calcospherites/calcospherulites [57], having a mean diameter of roughly 420 nm [58]. 

Isolation of mineralizing features using connected-component analysis in the implant 

retrieved after four weeks can identify individual mineral ellipsoids or aggregates of 

mineral ellipsoids that are close to, but not yet attached to the mineralized bone matrix 

(Figure 6-7E). 3D rendering of select clusters shows a great deal of heterogeneity with 

respect to their size and shape. Newly-evolving mineral sometimes appears to present in 

the ellipsoidal shape described in mature bone tissue [4], but other times present in 

abnormal clusters similar to that of hypophosphatemic bone [5]. Considering the leporine 

bone here is otherwise healthy apart from the bone defect, it appears as though these mineral 

ellipsoids nucleate or amalgamate to form an inconsistent architecture in newly formed 

tissue. Figure 6-7F-H shows the distribution of cluster volumes, distance from the boundary 

of the mineralized tissue, and aspect ratio from the isolation of the 3D mineral clusters. The 

mean cluster volume was measured at 0.0095 μm3, or equivalent spherical diameter of 

roughly 262 nm, with an average distance of 290 nm from the bulk of the mineralized 

tissue. These clusters have a wide distribution with respect to their 3D aspect ratio, 

supporting what Shah presents in 2D relating to their isotropic growth during ongoing bone 

mineralization [59]. It is important to note that these isolated clusters perhaps can undergo 

further growth before connecting to the bulk of the bone tissue and that these morphometric 

parameters are not necessarily representative of mineral clusters within the bulk of the 

mineralized matrix. 

The second subregion at the boundary of the mineralized bone, with the smoother 

topography and more mesh-like organization of mineral, is also characteristic of a 

mineralizing surface. Examination of sutures in murine calvaria show three stages of 

mineral shape evolution at these smoother mineralized surface of bone [60], presenting 

with either (i) repeating ellipsoid units; (ii) a continuous interwoven mesh of mineralized 

matrix; or (iii) some intermediate combination of mesh and ellipsoids. These mesh-like 

structures can be associated with earlier mineralization events as in the floor of osteocyte 

lacunae [60], meaning that the mineralized boundary in Figure 6-7D is perhaps associated 

with a more dormant mineralization front near the titanium implant due to its intermediate 

combination of protruding features and mesh structure. 
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Figure 6-7: Mineral evolution and topographies at the boundary of the mineralized tissue 

after 4 wk. (A) Two neighbouring regions at the periphery of the mineralized bone matrix. 

(B) 3D view of the bone-implant interface. (C) 3D topography of a granular or active 

mineralized surface adjacent to the implant interface, with distinct shapes attributed to 

evolving mineral clusters. (D) Smoother 3D topography, with only small protrusions, at a 

dormant mineralized surface near the implant interface. (E) 3D reconstruction of select 

mineral clusters at the active site of mineralization, detailing their heterogeneity in size 

and shape. (F-H) Size, distance to the bulk of mineralized tissue, and aspect ratio of these 

3D mineral clusters (n = 116 ellipsoids). 

6.3.2.3 A Heterogeneous Distribution of Mineral Ellipsoids 

A 3D reconstruction of fully-mineralized bone tissue at the interface of the implant after 

four weeks of implantation is shown in Figure 6-8. Spherical cropping to remove the 

titanium region reveals the underlying orientation of mineral ellipsoids directly at the 
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implant interface (Figure 6-8B-D) and slightly further into the tissue (Figure 6-8E-F). As 

illustrated in Figure 6-8C and Figure 6-8D, there is a clear demarcation between two 

neighbouring arrays of mineral ellipsoids, each with a unique orientation. The 

misorientation angle between these two separate mineral ellipsoid packets is approximately 

90° when studying the ellipsoids at the immediate interface of the titanium. However, 

examination of 3D ellipsoids further into the tissue shows that the misorientation between 

these two neighbouring arrays is quickly resolved into that of a unidirectional orientation. 

Despite this, it is important to note that each of these two adjacent packing arrangements 

still has collagenous arrangement that lies parallel to the implant interface. Also of note is 

that ellipsoids within one packet appear to decrease in size as they approach the intersection 

of the neighbouring packet.  

Near naturally-occurring biological interfaces, namely at the boundary of osteonal 

lamellae, collagen orientation shifts in the manner of twisted plywood [61] or Bouligand 

structure [62] – which is known to add toughness to composite materials [63]. In the bone 

retrieved from leporine tibiae, we observe a similar twisting effect in ellipsoid orientation 

that can occur near the interface of the titanium implant. Within the context of the 

alternating collagen orientation and ellipsoid packing observed in both the PFIB-SEM and 

HAADF-STEM, these shifts in mineral ellipsoid orientation likely provide some form of 

mechanical advantage during osseointegration. Here, we speculate that the collagen 

orientation shift occurring near the implant interface may improve the mechanical 

properties of the most interfacial bone tissue – preventing implant instability by stabilizing 

microcrack propagation in the tissue during osseointegration. Within the context of implant 

design, one important question for future research is to examine how implant surfaces can 

be modified or optimized to encourage the formation of these Bouligand ellipsoid structures 

within the interfacial bone tissue. 
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Figure 6-8: Disordered packing arrays of mineral ellipsoids at the implant interface at 4 

wk. (A) 3D view of bone appearing at the titanium interface. (B-D) Cropping to remove the 

titanium reveals two separate packing arrangements of mineral ellipsoids with a sharp 

orientation shift between, and a size gradient across one packet. (E-F) Cropping slightly 

further into the tissue shows that this misorientation is quickly resolved with increasing 

distance from the implant interface. 

Understanding the packing orientation of mineral ellipsoids further from the implant 

interface is much more convoluted in nature. Figure 6-9A shows the distribution of mineral 

ellipsoids near a band of high-contrast tissue in the form of a 2D cement line or a 3D cement 

sheath. On one side of the cement sheath, a dense region of low-contrast organic or void 

space is present next to sub-sized mineral ellipsoids, with the marquise motif showing in 

the imaging plane. Within the zone of the cement sheath itself, there does not appear to be 

any of the three defined ellipsoidal motifs presented in Figure 6-4, possibly due to high-

density packing. These cement sheaths have been documented to contain three or more 

preferred fibril orientations using a fast Fourier transform in FIB-SEM data, but in general, 

they have more complex fibril orientations than in mature osteonal bone [64]. Elsewhere 

in the tissue at 4 wk (Figure 6-9B), the mineral is distributed in small clusters with both the 

rosette and marquise orientations in the imaging plane. After 12 wk of implantation (Figure 

6-9C-F), there is much more size variance with respect to the mineral ellipsoid distribution. 

The highly disordered regions in Figure 6-9C-D contain relatively large ellipsoids, that 

rapidly decrease in size as the distance from this domain increases, until the ellipsoidal 

motifs are no longer visible. Canaliculi have been shown to propagate mainly through these 
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confined regions of disordered collagen [65], but there has been little discussion of whether 

canaliculi form and propagate through regions of disordered mineral clusters as well.  

 

Figure 6-9: Ellipsoidal heterogeneity near naturally-occurring interfaces and in new bone 

tissue. (A) Large clusters of void space or organic component are present adjacent to a 

hypermineralized band at 4 wk, disrupting the natural marquise or rosette patterns on 

either side. (B) Variation in ellipsoid orientation and organic/void distribution in the bulk 

of the tissue at 4 wk, separated into regions with common ellipsoid motifs. (C) The size of 

mineral rosettes varies widely across only a few microns and is small near where the 

collagen direction shifts after 12 wk. (D) Disorganized ellipsoids residing within a largely 

disordered organic matrix at 12 wk. (E-F) Further evidence of size variance in mineral 

ellipsoids within bone forming near the implant interface. Scale bars 1 μm. 

6.4 Conclusions 

High-resolution 3D imaging, particularly with PFIB-SEM, affords the opportunity to image 

multiscale features spanning the nanoscale and microscale continuum. Mineral ellipsoids 

have recently been characterized in 3D but little is known about their formation and 

organization at the bone-implant interface. Here, PFIB-SEM tomography and HAADF-

STEM are applied to newly formed leporine bone at the interface of a porous titanium 

implant to visualize mineral ellipsoids with heterogeneous size and orientation during 

osseointegration. Following retrieval of the porous titanium implants from rabbit tibiae 

after 12 wk, HAADF-STEM revealed a lamellar packing arrangement of mineral ellipsoids 

in the first few microns of the implant interface, with alternating orientation between each.  
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A mineral-dense band was also observed directly adjacent to the titanium in some instances. 

Using PFIB-SEM, a high lacunocanalicular volume fraction was observed in interfacial 

tissue – helping characterize the bone as newly formed. Two distinct topographies were 

observed at active and dormant sites in the boundary of the mineralized tissue, with a wide 

variety of shapes and sizes in mineral ellipsoids. In the 3D PFIB-SEM datasets, mineral is 

arranged into ellipsoidal shapes with a heterogeneous distribution of both size and shape 

throughout the newly mineralized tissue. In the bulk of the mineralized bone, this short-

order heterogeneity in mineral ellipsoid morphology is also visible, with frequent changes 

in mineral ellipsoid orientation. These shifts in orientation could be a natural mechanism 

of increasing fracture toughness to prevent crack propagation and stabilize the implant 

during osseointegration.  

Overall, the process of osseointegration occurs as a multiscale 3D process that is best 

characterized by 3D imaging techniques. Coupling FIB-SEM or PFIB-SEM with sample 

preparation techniques to highlight non-collagenous protein, organelles, or other organic 

components features will provide a further understanding of how osseointegration occurs 

and how mineral is distributed at the interface of both conventional and additively 

manufactured porous metallic implants. 
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6.5 Supplemental Figures 

 

Figure S6-1: Location of PFIB-SEM tomography in the implant retrieved after 4 wk. (A) 

Broad site overview. (B) Bone-implant interface with deposition of protective carbon layer 

for PFIB-SEM. 

 

 

Figure S6-2: Location of PFIB-SEM tomography and site of the FIB lift-out for STEM-

EELS analysis in the implant retrieved after 12 wk. (A) Crown of the implant, showing 

sampling locations for STEM-EELS and PFIB-SEM. (B) Rotated inset showing bone-

implant interface sampled for PFIB-SEM. (C) Higher magnification of the PFIB-SEM 

region. (D) Rotated inset in the crown of the implant showing location of the TEM lift-out. 
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Chapter 7: Conclusions and Future Work 

Developing new implant designs with the aim to improve osseointegration encompasses a 

multi-step workflow to understand multiscale bone apposition. The sequential design, 

modification, and characterization workflows presented in this thesis are pivotal for 

characterizing osseointegration to further improve commercially available implant 

materials. As additive manufacturing technology is still being optimized for implant design 

and development, the main findings here present important considerations for their short-

term and long-term success. In this thesis, I develop new methods to design implants, use 

both in vitro and in vivo methods to examine their performance, and image with optical and 

electron microscopies to examine bone structure during osseointegration. 

Key Findings and Contributions 

In this thesis, a diverse but complementary range of techniques is used to characterize 

strategies and outcomes relating to the use of porous implants. The workflow used here 

aids in the research and development of implant materials in many different stages of their 

production and post-processing. Our current understanding of porous implants and the 

bone-implant interface is improved based on the use of my bio-inspired modifications to a 

3D Voronoi tessellation for implant design, succinate-based coatings for surface 

modification, and multimodal investigation of tissue, cellular, and mineral response at the 

implant interface. 

(i) Use of Voronoi tessellation to tune isotropy in porous AM materials 

In Chapter 3, I first present a new technique to mimic the naturally anisotropic structure of 

bone. The restriction of Voronoi seeding to user-defined planes within the bounding 

volume modifies the volume into which the polyhedra can expand. Adjusting seed density 

within these planes creates an interconnected strut architecture that can mimic trabecular 

bone in a number of anatomical sites by using similar distributions of the inter-trabecular 

angle. The seed density within the planes does not appear to greatly change the 

intertrabecular angle but instead elongates struts in a direction controlled by the user. This 

form of implant design creates structures compatible with metallic additive manufacturing 

and can be tailored for specialized cases where patient-specific implants are required.  

With respect to next steps, the 3D asymmetrical Voronoi tessellation can be improved by 

finding methods to introduce concavity in the unit cells, as this pattern is sometimes 

observed in trabecular bone. Additionally, the current model can be extended to more 

complex geometries, following contoured paths of varying seed density or with further 

modification of the workflow to implement anisotropy-graded implants to truly mimic 

regions of trabecular bone. 

(ii) Elution of succinate to promote biological activity at the implant interface 
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In Chapter 4, I present a synthesis technique to create biocompatible implant coatings. 

Encapsulating disodium succinate within an alginate matrix creates a rapidly-releasing 

surface film to interact with early progenitors at the implant interface. Based on the 

molecular size of the succinate and its transport properties through the alginate xerogel, 

rehydration releases 95% of the functionalized succinate within the first 7 hr and transforms 

the surface topography from a cobblestone appearance to an intermittently-wrinkled one. 

Compatible with osteoblasts and encouraging coarsening behaviour in endothelial tubes, 

this work provides proof of concept for surface modification that can be extended to 

additively manufactured implants.  

While not explicitly reported in this thesis, pilot studies demonstrate that these films easily 

adhere to titanium surfaces but their ability to follow a complex pore network has yet to be 

shown. Further characterization of these films can measure the carrying capacity of the 

endothelial network to corroborate my observations of tube widening, in vitro stabilization 

of the tube network with mural cell co-culture, conversion rates of excess intracellular 

succinate to fumarate via the Krebs cycle, or in vivo application of the films on porous 

metallic scaffolds to expedite vascular ingrowth in the pores. 

(iii) Similarities to the classical wound healing response inside the pore network 

In Chapter 5, I show that the in vivo wound healing response can occur both inside and 

outside of additively manufactured porous implants through characterization, and that pore 

size is an important factor within porous gyroids when it comes to osseointegration. After 

four weeks, evidence of early bone formation occurs at the scaffold exterior, neovessels 

infiltrate the scaffold interior, and some residual inflammation remains at the defect site. 

After twelve weeks, myeloid and bone tissue infiltrates the scaffold interior alongside the 

vascular network and mineralization continues as noted via fluorochrome analysis. 

Functionally-graded implants with an exterior pore size of 600 μm and an interior pore size 

of 300 μm have lower bone-implant contact and lower bone volume fractions after twelve 

weeks in rabbit tibiae compared to implants with pores sized uniformly at 300 μm. Where 

functional grading of pore size in Chapter 5 did not necessarily improve outcomes with 

respect to bone apposition in this specific instance, this study helps define baseline metrics 

that can be used to assess other forms of functional grading (including anisotropy gradients 

as in Chapter 3, multi-material additive manufacturing, or other pore size distributions). 

Possible avenues for future work include the inversion of functional grading, where smaller 

pores appear at the scaffold exterior and larger pores appear in the scaffold interior. It may 

also be worthwhile to reduce pore size further to determine if there is a pore size threshold 

where the combination of bone, vascular tissue, and myeloid tissue ceases to appear inside. 

It also remains to be seen if this trend persists in different pre-clinical animal models, as 

there are inherent differences in bone structure and bone apposition rate across species. 

(iv) Microscopic heterogeneity of mineral ellipsoids at the implant interface 
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In Chapter 6, I use high-resolution imaging of the bone-implant interface to characterize 

mineral arrangement in 2D and 3D. This work is the first to use PFIB-SEM to examine the 

implant interface in 3D and offers insight into bone structure during the process of 

osseointegration. Mineral ellipsoids, nucleating at the mineralization front with a variety of 

morphologies, are dispersed throughout the tissue in a heterogeneous fashion with respect 

to their size and orientation. Misoriented packets of these mineral ellipsoids at the implant 

interface resolve with increasing distance from the implant itself, where a twisting 

morphology of collagen and mineral may provide strengthening as a Bouligand structure. 

If this arrangement does indeed strengthen the tissue, we can potentially modify implant 

surfaces to encourage this form of twisted mineral structure by physical or chemical means. 

Finally, the development of intravital microscopy techniques is required to fully understand 

the nucleation, growth, and eventual packing arrangement of these mineral ellipsoids in 

newly formed bone tissue.  
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Appendix 1: Current Interpretations on the In Vivo Response of Bone to 

Additively Manufactured Metallic Porous Scaffolds: A Review 

 

This paper is a summary of the current literature on the osseointegration and pre-clinical 

work relating to additively manufactured porous materials. The literature was surveyed to 

find common trends with respect to implant design including materials, pore size, and net 

porosity of the scaffold. Studies of osseointegration in leporine bone using additively 

manufactured titanium alloys tend to be most common. Pore sizes ranging from 300-500 

μm and a porosity range of 50-70% often result in the most favourable form of bone 

regeneration, although it is important to note the dependency on pre-clinical model for bone 

formation and that these may not directly translate to human bone. These findings are 

complementary to the production of any porous metallic scaffold for bone-interfacing 

materials and help frame the study design for the pre-clinical studies spanning Chapter 5 

and Chapter 6. 

 

Permission for reprint has been provided by Elsevier, with the full article available at 

https://doi.org/10.1016/j.bbiosy.2021.100013. 
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Appendix 2: Composite Dip Coating Improves Biocompatibility of 

Porous Metallic Scaffolds 

 

While most conventional surface modification processes focus on solid implant materials, 

it is important to establish their efficacy for coating the intricacy of interconnected pore 

networks. This work assesses the efficacy of a dip coating technique for use in porous 

metals. Nanoceramic titania particles embedded within a polymethylmethacrylate coating 

matrix are present on both the exterior and interior of the scaffold, meaning that the coating 

technique is applicable to porous metals. The coated and uncoated stainless steel scaffolds 

both encourage an increase in metabolic activity in Saos-2 cells across a 7-day span, 

whereas the solid stainless steel cylinders do not. This study complements the solvent 

casting coating synthesis technique presented in Chapter 4, proving that other forms of 

biomedical coating can deliver biofunctionalized materials to the scaffold interior in 

addition to the scaffold exterior to help sustain osseointegration. 

 

Permission for reprint has been provided by Elsevier, with the full article available at 

https://doi.org/10.1016/j.matlet.2020.128057.  
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Appendix 3: Ellipsoidal Mesoscale Mineralization Pattern in Human 

Cortical Bone Revealed in 3D by Plasma Focused Ion Beam Serial 

Sectioning 

 

This work provides insight into the application of plasma focused ion beam microscopy for 

the assessment of mesostructural features in mature human cortical bone. The application 

of PFIB-SEM and image processing techniques to mineral ellipsoids and the LCN in human 

bone allow for spatial characterization of the mature tissue in the absence of any implant. 

Characterization of the spatial characteristics of mineral ellipsoids especially complement 

the themes of ellipsoidal packing arrangements and disorder presented in the peri-implant 

bone tissue in Chapter 6.  

 

Permission for reprint has been provided by Elsevier, with the full article available at 

https://doi.org/10.1016/j.jsb.2020.107615.  
























