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LAY ABSTRACT

The continued development of next generation biomedical materials, otherwise known as
biomaterials, is in part dependant on the resources and technology that exist to drive
manufacturing, characterization, and testing. Biomaterials are being designed and controlled
at length scales smaller than the diameter of a single hair, and therefore specialized tools are
required to accurately investigate and characterize these new designs. Two such tools are X-
ray and electron microscopy, which can be used to image and understand three-dimensional
biomaterials non-destructively, and with high resolution, respectively. However, both
imaging techniques struggle to provide both. This thesis aims to develop and apply a
complementary workflow using X-ray and electron microscopy to investigate two diverse
biomaterials: a titanium dental implant, and collagen tissue scaffold, with high resolution,
and in three dimensions.



ABSTRACT

Biomaterials may be any class of material that aids in the regeneration, replacement, or
augmentation of damaged tissues. The design of biomaterials is becoming increasingly
sophisticated as new technologies enable the manufacture and incorporation of smaller
components and structural features. Thus, a demand for equally sophisticated tools and
methods to study biomaterials are necessary. Two such tools are X-ray micro-computed
tomography (micro-CT) and electron microscopy. Micro-CT has the advantage of imaging
materials in 3D and non-destructively, but cannot reach the same resolving power as electron
microscopy. However, electron microscopy has limited application with biomaterials due to
destructive sample preparation requirements. The advantages and limitations of each imaging
technique presents a complementary relationship between the two. This thesis aims to
develop and apply a complementary workflow using X-ray and electron microscopy to
investigate two diverse biomaterials: a titanium dental implant, and collagen tissue scaffold.

In a pilot study, a 3D printed titanium dental implant with a novel dual-stemmed design was
investigated for its biocompatibility in vivo. Dual-stemmed and conventional conical
implants were inserted into the tibia of New Zealand White rabbits for 3 and 12 weeks, then
retrieved with surrounding bone. The implants were analyzed using micro-CT, electron
microscopy, and histology. Active bone growth and remodelling around the dual-stemmed
implant at both time points was observed. Comparative bone-implant contact indicated the
dual-stemmed implants supported bone-implant integration, and demonstrates the
comparable biocompatibility of these 3D printed stemmed implants in rabbits up to 12 weeks.

In a separate study, a gold functionalized collagen scaffold for tissue engineering applications
has been developed. This scaffold design is intended for improved detection of scaffold
degradation behaviour in vivo using X-ray CT. In this thesis, micro-CT and electron
microscopy were used to analyze the resultant scaffold structure after fabrication, as it is
important for understanding the outcomes of in vivo experiments. Imaging revealed a highly
heterogeneous structure at both the micron and nanometer length scales. Interconnected pores
from 50 — 400 pm made up 80% of the scaffold volume, while gold nanoparticles and
agglomerates ranging from 16 — 1000 nm were non-uniformly dispersed at the nanoscale
throughout the collagen matrix.

This work highlights how complementary X-ray and electron microscopy can be applied to
characterize diverse biomaterials during developmental and pre-clinical phases.
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FIGURE 18. MISSING WEDGE. THE ACHIEVABLE TILT RANGE (-A TO +A) DURING ACQUISITION IS DEPENDENT ON
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FIGURE 19. GOLD FUNCTIONALIZED COLLAGEN SCAFFOLD. THE SCAFFOLD HAS BEEN AIR DRIED FOR IMAGING.

FIGURE 20. TWO- AND THREE-DIMENSIONAL VISUALIZATION OF A GOLD-COLLAGEN SCAFFOLD PORE
STRUCTURE IMAGED IN A DRY CONDITION WITH MICRO-CT. A) VOLUME RENDERING AND ORTHOSLICES IN
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FORM CUSPS. B) VOLUME RENDERING OF SEGMENTED PORE STRUCTURE, WITH PORES COLOURED
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FIGURE 21. PORE SIZE DISTRIBUTION OF GOLD-COLLAGEN SCAFFOLDS MEASURED IN DRY AND WET CONDITIONS
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FIGURE 22. SIZE DISTRIBUTION OF SINGLE GOLD NPS (A) AND SINGLE PLUS AGGLOMERATED NPs (B),
MEASURED FROM 2D IMAGES. THE AREA OF A SINGLE GOLD NP IS APPROXIMATELY 200 NM? WITH
CORRESPONDING DIAMETER OF 15.721.6 NM. ..ottt sttt s e 36

FIGURE 23. BF-TEM IMAGES OF A GOLD-COLLAGEN SCAFFOLD. ACROSS INCREASING MAGNIFICATION (A-F)
THE NP AND AGGLOMERATE SIZE AND SPATIAL DISTRIBUTION ARE OBSERVED. AREAS OF (A) UNIFORM NP
DISPERSION, (B) HIGH NP DENSITY (ARROWS) AND LARGE AGGLOMERATIONS (RED CIRCLE), (C) LITTLE TO
NO NP PRESENCE, AND (D) NON-RANDOM NP ORIENTATION (BLUE LINES) ARE OBSERVED. THE SIZE AND
SHAPE OF SINGLE GOLD NPS ARE SHOWN (E,F). evcuiiiiieiiniriciinicirnicce ettt 37

FIGURE 24. THREE-DIMENSIONAL GOLD NP CLUSTERING MEASURED FROM THE ABOVE ELECTRON
TOMOGRAPHY VOLUME RENDERING. IN THE SECTION, MOST PARTICLES ARE SINGLE OR TWO NP
CLUSTERS. THIS MEASUREMENT IS HIGHLY DEPENDANT ON THE REGION OF INTEREST SELECTED. ........... 38

FIGURE 25. VOLUME RENDERING OF A GOLD-COLLAGEN SCAFFOLD USING ELECTRON TOMOGRAPHY. SINGLE
AND AGGLOMERATED GOLD NPS ARE VISUALIZED IN 3D ALLOWING FOR THE IDENTIFICATION OF
INDIVIDUAL NPS WITHIN AGGLOMERATES. AGGLOMERATES ARE COLOUR CODED BASED ON THE NUMBER
OF SINGLE GOLD NPS PER AGGLOMERATE. .....titiieutrtetetestentetestesteststestesestestenesbestesesbensenesbeseesessensesessensene 38


file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184655
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184655
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184655
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184656
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184656
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184656
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184656
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184656
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184657
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184657
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184657
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184658
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184658
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184658
file:///C:/Users/jtede/Desktop/THESIS%20Final%20-%20Revised%20Draft-after%20save.docx%23_Toc494184658

LIST OF TABLES

TABLE 1. COMPARISON OF IMAGING MEDIA USED IN MICRO-CT AND ELECTRON MICROSCOPY .....cccovvrrreeereinnns
TABLE 2. COMPARISON OF A TRANSMISSION AND SCANNING ELECTRON MICROSCOPE.......uuvvieieeiieiinreeeeeeeeesinnns

Xi



LIST OF ABREVIATIONS

Back-scattered electron — BSE
Bone-implant contact — BIC

Bright field — BF

Charge-coupled device — CCD
Computed-tomography - CT

Dark field — DF

Direct metal laser sintering — DMLS
Electron beam melting — EBM

Electron tomography — ET

Focused ion beam — FIB

High angle annular dark field — HAADF
Micro-computed tomography — Micro-CT
Nanoparticle — NP

New cortical bone - NCB

Polyethylene glycol — PEG

Poly(methyl methacrylate) - PMMA
Secondary electron — SE

Scanning electron microscopy — SEM
Stemmed implant technology — SIT
Scanning transmission electron microscopy (STEM)
Spectral-computed tomography — Spectral-CT
Three-dimensions — 3D

Total cortical bone - TCB

Transmission electron microscopy — TEM
Two-dimensions — 2D

Volume of interest - VOI

xii



DECLARATION OF ACHIEVEMENT

I hereby declare the following contribution by myself, colleagues, and collaborators to the
completion of this thesis:

CHAPTER 1 — All writing and figures (unless otherwise cited) have been produced by
the author.

CHAPTER 2 — The contents of this chapter are currently in submission for publication
(International Journal of Dentistry, May 2017). Unless specified below, all
sample preparation, experiments, data analysis, and presentation was
performed by the author. The dual-stemmed implant was designed by
Stemmed Implant Technologies Inc. Implant preparation for surgery was
performed by Bryan E.J. Lee. Animal housing, surgical procedures, retrieval
of specimens, and histology were performed by trained professionals at the
Central Animal Facility, McMaster University. Preparation of the TEM
specimen by FIB was performed at the Canadian Center for Electron
Microscopy. Imaging was in part performed by Alex Lin, Kristoff
Malejczuk, and Kathryn Grandfield. Writing was performed in part by
Dakota Binkley. Figures were assembled in part by Bryan E.J. Lee.

CHAPTER 3 — Unless specified, all sample preparation, experiments, data analysis, and
presentation was performed by the author. Specimens were designed and
produced at the University of Notre Dame in the lab of Dr. Ryan Roeder.
TEM samples were prepared at the Electron Microscopy Facility, Faculty of
Health Sciences, McMaster University. Electron tomography was
performed with assistance at the Canadian Centre for Electron Microscopy.
Data analysis was performed in part by Iflah Shahid.

CHAPTER 4 — All writing was produced by the author.

Xiii



M.A.Sc. Thesis — J. Tedesco; McMaster University — Materials Science and Engineering

CHAPTER 1: INTRODUCTION

Development of Biomaterials

Biomaterials are a material class intended to improve health and wellbeing. The innovation,
development and commercialization of biomedical devices is a relatively new occurrence,
however, the use of materials for medical applications predates modern civilization [1]-[3].
Until Dr. Joseph Lister developed the aseptic surgical technique in the 1860s, implant
biomaterials were largely unsuccessful due to infection [4]. Afterwards, much attention was
put into optimizing the mechanical properties of biomaterials, commonly used for repairing
long bones and joints [5], however most implant biomaterials still had a low probability of
success due to a poor understanding of biocompatibility. It was the advent of World War 11
that pushed the development of the first generation of modern biomaterials we know today
[6]-[8]. This was due to the availability of high performance materials, previously meant for
combat, and the observation of how these materials reacted in soldier’s injuries. The use of
polymers as biomaterials for cardiovascular surgery began, and an understanding of
biocompatibility was developed. At this time, biocompatibility was viewed as a biological
inertness, such that the biomaterial caused little to no immune response and toxicity [7], [8].

It wasn’t until the 1980s at two independent consensus conferences, one American and one
European, that definitions of a biomaterial were debated and derived. Both definitions are
widely cited. At the Consensus Development Conference on the Clinical Applications of
Biomaterials held at the National Institutes of Health (Mayland, USA) in 1982, a biomaterial
was defined as, “any substance (other than a drug) or combination of substances, synthetic
or natural in origin, which can be used for any period of time, as a whole or as a part of a
system which treats, augments, or replaces any tissue, organ, or function of the body” [9].
While at the Consensus Conference on Definitions in Biomaterials Science, in 1987, of the
European Society for Biomaterials, a biomaterial was defined as ‘a non-viable material used
in a medical device, intended to interact with biological systems’ [10]. This definition was
debated and revised in 1999, as ‘a material intended to interface with biological systems to
evaluate, treat, augment or replace any tissue, organ or function of the body’ [11]. The term
biocompatibility was also defined as, ‘the ability of a material to perform with an appropriate
host response in a specific application’ [11]. This definition has two important aspects. First,
the biomaterial must induce a desired biological response with minimal adverse effects (i.e.
inflammation or cytotoxicity). Second, the biomaterial must perform it’s intended function
for the specific application.

While still fundamentally important, a shift from achieving bioinert tissue responses to
developing materials that were bioactive and biodegradable occurred from the 1970s — 2000
[8]. The ability of biomaterials to elicit specific and controlled interactions with the
surrounding tissue, and to break down in a manner that allows regenerating tissue to replace
the foreign material, significantly increased the clinical applications of biomaterials. As
opposed to the biomaterials that were developed in the late 20" century, which were generally
either bioactive or biodegradable, the biomaterials of the 21% century are usually designed to
achieve both characteristics. In this way, todays biomaterials are created to aid in the
regeneration, and not simply replacement, of injured tissues, giving way to the era of tissue
1
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engineering. Tissue engineering utilizes a combination of biomaterials (commonly as a
scaffold), cells, and cell signaling molecules to create three-dimensional (3D) tissues and
organs [12]. The biomaterial scaffold is a porous structure which acts to; provide an initial
support for cellular placement, induce cellular migration, and facilitate tissue growth and
organization. Scaffolds are usually natural or synthetic polymers that can be constructed in a
variety of forms, including; sheets, gels, and highly complex 3D structures with detailed
pores and channels [13]-[16]. Polymers are generally better scaffold materials because they
tend to be more ductile, formable, and biodegradable than metals. While polymers are the
most common material for tissue engineering applications, metallic implant biomaterials
remain the material of choice for load bearing applications, such as artificial hip joints, bone
plates, and dental implants, because they are very reliable mechanically [17], [18].

Motivation and Aims

As the structural complexity of biomaterials increases, it is important to develop and use tools
that can facilitate the characterization of these biomaterials. Microscopy is one such
fundamental tool used to characterize and understand the structure and function of many, if
not all, engineered devices, including biomaterials. Advances in microscopy such as
improved resolving power, and 3D and non-destructive techniques have paralleled and
facilitated the advancement of biomaterial engineering, however, challenges still exist.
Current challenges for imaging biomaterials include:

e Biomaterials vary greatly in their material makeup, as they can be made of metallic,
ceramic, or polymeric materials, or occur in any combination of these, making the
selection of optimal imaging conditions difficult.

e Biomaterials are applied in sensitive biological settings, creating complex imaging
environments that are prone to damage and artifacts.

e Itisimportant to characterize biomaterials across multiple length scales, as these features
can facilitate important functions, while maintaining a representable volume assessment
(sampling size) in 3D. A trade off exists in microscopy between increasing resolution and
magnification, and decreasing the sampling size.

e In vivo studies of biomaterials typically involve invasive procedures that remove the
biomaterial from the model for imaging and assessment. This has ethical implications
and causes variability in the data.

No single imaging technique exists that can meet all these challenges. The current method is
to use multiple complementary imaging techniques, specific to the goals of biomaterial study,
which together attempt to provide all necessary information.

This thesis aims to develop and apply a complementary workflow using X-ray and
electron microscopy to investigate two diverse biomaterials: a titanium dental implant and
collagen tissue scaffold, to understand their structure and function as biomaterials. The
thesis is organized such that background information on imaging is provided, followed by
background pertinent to each biomaterial study within their respective chapters.
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Complementary Imaging Techniques

To evaluate biomaterial outcomes, visualization and monitoring of biomaterial/scaffold
structure and biocompatibility are essential. It is ideal to perform such imaging in a non-
destructive and non-invasive fashion, with high magnification and resolution, requiring
specialized imaging techniques [19]. Many imaging tools exist, and all forms involve the
interaction of electromagnetic or mechanical energy (waves) with an object. Absorption,
refraction, or scatter interactions are detected, quantified, and displayed to create an image.
The imaging depth, contrast, and spatial resolution (resolving power) achieved by a given
imaging modality are dependent on the type and wavelength of energy employed, and the
physics of the imaging system. The imaging depth can be important for biomedical
applications as non-invasive imaging is necessary in clinical settings [20]. No single imaging
technique can provide all desired imaging properties [19]. Magnetic resonance, nuclear, X-
ray and ultrasound imaging are commonly used in diagnostic medicine due to their non-
invasive capabilities, while optical and electron microscopy are employed to assess extracted
biomaterials due ease of use and high resolution, respectively.

Here X-ray and electron microscopy are described. Table 1 compares important imaging
properties between the two.

Table 1. Comparison of imaging media used in micro-CT and electron microscopy

Micro-Computed Tomography Electron Microscopy

Imaging medium X-rays Electrons
Wavelength (nm) 0.01-10 0.002 - 0.012
Resolution (nm) 1000 — 5000 0.05-5
Penetration Depth Centimeters Nanometers
Non-Destructive Yes No
Three-Dimensional Yes No

X-ray Micro-Computed Tomography

Micro-computed tomography (micro-CT) is a non-destructive imaging technique that uses
X-ray—material interactions to produce images of the material in 3D, and with micron
resolution. Computed tomography creates images of objects as a series of cross sectional
slices, known as orthoslices, over its entire volume, synonymous to the stacking of bread
slices to reform the loaf. The process works by acquiring many X-ray projection images
around the object over 180° or 360°, and reconstructing the projections into orthoslices using
computed mathematical algorithms.

The principal components of a micro-CT scanner are illustrated in Figure 1. An X-ray beam
is generated and directed toward a specimen. Only a portion of the incident X-ray photons
will pass through the specimen and be detected. By detecting the number and location of X-
ray photons which traversed the specimen a projection image can be formed. To interpret and
analyse the resultant images it is important to understand the underlying X-ray—material
interactions.
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Collimator Specimen

Micro-focus

X-ray CCD
X-ray Tube

Detector

— =

Rotatable Specimen Stage

Figure 1. Principal components of a micro-CT scanner. A micro-focus X-ray tube produces radiation,
which is collimated and passed through the object. The radiation is attenuated by the sample, and this
attenuation is measured and displayed by a CCD camera with a phospholayer coating to convert X-
rays to visible light. The entire process is controlled by a computer.

X-ray Interactions with Matter and Attenuation

X-rays are a form of electromagnetic radiation existing as photons within a specific range of
energy of the electromagnetic spectrum. They are short wavelength (0.01nm- 10 nm), high
energy (124eV — 124 keV) waves. X-rays can be further divided into hard and soft X-rays,
where hard X-rays are higher energy (12.4 — 124 keV) and soft X-rays are lower energy (124
eV — 12.4 keV). Due to the penetrating ability of hard X-rays (high energy) they are used to
image the inside of objects non-destructively.

As the X-ray beam passes through a specimen, these X-ray photons interact with the
specimen material, attenuating (impeding) their propagation. X-ray attenuation is the
reduction in the intensity of an X-ray beam as it traverses matter. The attenuation of X-ray
intensity by an object is dependant on four factors; (1) X-ray beam energy, and the
attenuating material’s, (2) composition, (3) density, and (4) thickness. Individual X-ray
attenuation events (X-ray—material interactions) depend on the X-ray beam energy and
material composition, whereas the total extent of attenuation depends on the number of these
X-ray—material interactions, which depends on the material’s density, and thickness. There
are two important X-ray—material interaction events that occur within the X-ray energy range
used for imaging: photoelectric absorption and Compton scattering.

Photoelectric Absorption — A photoelectric interaction between an X-ray photon and material
atom causes absorption of the X-ray photon. Photoelectric absorption prevails in high atomic
number (Z) materials and low energy (Figure 2).
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Compton Scattering — An inelastic interaction between an X-ray photon and material atom
causes the photon to lose Kinetic energy and scatter. The probability of Compton scattering
is independent of atomic number, meaning the scattered X-rays contain little contrast
between materials. Compton scattering dominates X-ray attenuation for low atomic (Z)
materials and high energy photons (Figure 2).

X-ray images depend on differences in atomic number to produce sufficient contrast to
differentiate anatomic structures. Absorption interactions produce good contrast, while
scattering interactions decrease contrast and increase image noise. Imaging of biological
tissues and polymer biomaterials is limited because they are comprised of low Z elements
where Compton scattering dominates attenuation [21]. Metallic biomaterials tend to have
photoelectric interactions within the X-ray imaging energy range and the resultant images
have improved contrast [22].

100 —_— —————yer ———r—rrrr

Photoelectnic effect Pair production

30 dominant dominant

Al

Zof absorber

Compton effect

40 dominant

0 L
0.01 0 0l 0.5 l 5 10 500 100

fvg (MeV)
Figure 2. Attenuation domains for the competing X-ray interactions, adapted from Cooper et al.
(2004). The lines indicate where the interactions are equal for a particular Z element and photon
energy. The blue region indicates the energies used for X-ray imaging.

Biomaterial Imaging Using Micro-Computed Tomography

The non-destructive nature of X-ray CT makes it a very attractive tool to image materials in
an unaltered state. However, early use of X-ray CT was limited because of poor contrast of
low Z materials, such as, most biological tissues and polymeric materials, and insufficient
resolving power. However, due to technological improvements of the CT scanner [23], and
the use of contrast agents [21], resolution and contrast limitations, respectively, are less
cumbersome today, such that many materials, including biomaterials, are now investigated
non-destructively, and in 3D using micro-CT. A brief demonstration of how micro-CT has
been used to investigate the biomaterial types studied in this thesis will be discussed.

Load Bearing Implants

Micro-CT is a popular technique to study bone-implant interactions of load bearing implants.
Integration of metallic implants to bone (osseointegration) followed by appropriate
mechanical and biological responses is important in orthopedics and dentistry. Bone is the
most visualized tissue using X-rays owing to its relatively high density and calcium
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composition, so the non-destructive study of bone-implant interactions with micro-CT is a
very useful approach.

Micro-CT has been used to investigate bone volume and bone-implant contact (BIC)
reactions to dental implants [24], [25], bone responses and wear deformation of joint (hip,
knee, etc.) implants [26]-[28], and bone repair of fixation implants for fracture [29], [30].
The mechanical strength of all load bearing implants is of great importance, such that metals
remain the material of choice for these applications, however, they are not all equal with
respect to toxicity and bone-implant interactions, and micro-CT has been used to show
differences in the biocompatibility of different implant materials [31], [32]. Additionally,
with the development of metallic 3D printing techniques, more complex implant geometries
are being designed. A current trend is to make porous metallic implants to facilitate improved
bone ingrowth and integration, and again, micro-CT has been particularly useful in
determining the 3D bone ingrowth within these porous implants [33]-[35].

A disadvantage of using micro-CT to study bone-implant interactions is the occurrence of
beam hardening artifacts. Beam hardening occurs because of the polychromatic nature of the
X-ray beam, which can appear as cupping or streaking artifacts [36]. This can be particularly
problematic when imaging highly attenuating materials such as metals, which act as filters,
resulting in darks streaks. It has been shown that even light metals such as titanium cause
beam hardening [37]. When analyzing bone-implant interfaces, beam hardening prevents
reliable discrimination of bone close to the implant [38]. Methods to reduce beam hardening
effects include: pre-specimen filtration of low energy X-rays [39], monochromatic source for
X-ray generation [40], and numerical correction algorithms during reconstruction [41].

Tissue Engineering Scaffolds

Just as porosity of load bearing implants is important for bone ingrowth and osseointegration,
porosity of tissue engineering scaffolds is even more crucial for successful cell migration,
and tissue ingrowth and regeneration. It is important to understand the porosity and
interconnectivity of porous scaffolds to predict outcomes, and micro-CT has been used to
characterize scaffold porosity in 3D [42]-[44].

A disadvantage of using micro-CT to study scaffolds is the lack of contrast generated by X-
rays with low Z materials [21]. Tissue engineering scaffolds are commonly made of
polymeric biomaterials due to advantageous properties of many polymers, such as
biodegradability and formability [45], however the elemental composition of such materials
reduces the achievable contrast in micro-CT images [46]. The use of heavy elements as
contrast agents improve the achieved contrast of biological tissues and soft biomaterials [47].
Examples of contrast agents used to image scaffolds with micro-CT include: gold and
gadolinium nanoparticles (NPs) for in vivo study of PEG and PMMA scaffolds, respectively
[48], [49], and osmium tetroxide and uranyl acetate for in vitro study of collagen scaffolds
[50].

Although the resolution of micro-CT is sufficient to understand overall bone-implant
interactions and micro-porosity, this resolving power is not sufficient in characterizing nano-
structures. Therefore, it is sometimes necessary to use a technique that has higher resolving
power, such as electron microscopy.

6
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Electron Microscopy

Two kinds of electron microscopy are used to image biomaterials and tissues: the
transmission electron microscope (TEM) and the scanning electron microscope (SEM). Both
work on the same fundamental principle; interactions between an incident electron beam and
an object are used to generate an image [51]. Although electrons are not a type of radiation
within the electromagnetic spectrum, they exhibit a wave nature, and interact with matter
similarly [52]. The benefit of electrons is their extremely small wavelength (Table 1).
According to the Reyleigh criterion, the ability to resolve two points in an image is dependant
on the imaging radiation’s wavelength [52]. In practice, EM can achieve resolutions between
0.05-5 nm depending on the type of electron microscopy [52]. Electron microscopy is a
pivotal tool to understand the nanoscale structure of biomaterials.

TEM SEM

‘ ‘ Electron Gun ‘ ‘ Electron Gun

Condenser Lens Condenser Lens

Specimern/ Specimen
Stage

Scanning Coils

Detector \/ . , .
Specimen/Specimen
Stage

Objective Lens

Florescent screen/
CCD Detector

Figure 3. Principal components of TEM and SEM. An electron gun produces a beam of electrons
which is accelerated down the optical axis and focused using condenser lenses. The focused beam
interacts with the specimen and the signals generated are detected and displayed.

TEM and SEM involve the acceleration of an electron beam towards a specimen, and the
detection of specific electron—material interactions. This requires: an electron gun to produce
and accelerate electrons, condenser lenses to focus the electron beam on a specimen, a
specimen stage, and a signal detection and display system (Figure 3). Key differences
between a TEM and SEM are summarized in Table 2. As the name implies, TEM involves
the transmission of the incident electron beam, and therefore TEM specimens must be thin
enough to be electron transparent (~100 nm) [52]. SEM is a surface imaging technique, and
as such, the bulk specimen can be used [51]. TEMs use a parallel beam geometry which
illuminates a large portion of the specimen (i.e. floods the specimen), while SEMs uses a
convergent beam geometry, creating a small probe which is scanned (rastered) over the
specimen [51]. However, certain TEMs can perform probe illumination with a scanned
convergent beam, called scanning transmission electron microscopy (STEM) [52]. Also, the
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electron beam transmitting through the specimen in TEM is collected, magnified and
projected using lenses. SEMs do not have post specimen optics, and magnification is a result
of the ratio between the raster and display dimensions. To interpret and analyse the EM
images, it is important to understand the underlying electron—-material interactions.

Table 2. Comparison of a transmission and scanning electron microscope.

TEM SEM
Sample Shape Thin (~100 nm) Bulk
Beam Penetration Transmission Surface
Beam Shape Parallel or convergent Convergent
Sample llumination Flood or scanning Scanning
Magnification Obijective lens Raster size

Electron Interactions with Matter

Although electrons are not a form of radiation within the electromagnetic spectrum, their
wave nature allows them to behave as such, producing a wide range of ionizing or scattering
events (Figure 4A). Due to the high level of interaction they cannot penetrate deep into
matter, and can only be used to image thin sections (~100 nm) or the surface of objects. Each
type of electron—material interaction provides different information about the specimen, such
as, mass-thickness, crystallographic, and elemental information.

A B

Incident Beam

Incident Beam

Back-scattered X-rays " ‘ﬁ

clcctrons Secondary v

\ |
CICCUOHS Auger Electrons | | Secondary Electrons

Auger electrons \

/\

Elastically Inelastically
scattered scattered
electrons electrons

Dlrect Beam

Figure 4. Electron — material interactions. A) Signals generated when a high-energy beam of electrons
interacts with a thin specimen. Yellow arrows are incident beam electron signals. Blue arrow are
signals emitted from the specimen due to ionizing events. B) Signals generated within the specimen,
known as the interaction volume.

Direct Beam — Unimpeded incident electrons that pass through the specimen. These are
analogous to the detection of X-rays in micro-CT.
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Elastically (forward) Scattered Electrons — As the high energy electron beam passes through
the specimen, the electrons are attracted to the specimen atoms (Coulombic interaction). The
attraction causes the incident electron to deflect (scatter) without loosening any energy.
Coulombic interactions increase with increasing thickness, atomic number (Z) of the
respective element, and crystallinity.

Inelastically (forward) Scattered Electrons — As the high energy electron beam passes
through the specimen, the incident beam electrons can transfer energy to the atoms of the
specimen through a number of interactions. Irrespective of the transfer event, the incident
electrons loose energy and are scattered. Inelastically scattered electrons are used to
determine the specimen composition because the amount of energy lost by an electron is
dependant on the specimen chemical structure.

Back-scattered Electrons (BSEs) — When Coulombic interactions are strong, incident
electrons can be scattered at high angles (Rutherford scattering). In some instances, the
incident electron is back-scattered (reflected). The probability of a back-scattering event
increases with atomic number (Z) of the respective element. BSEs are high energy electrons
and therefore have enough energy to come from relatively deep (~1 um) within the
interaction depth (Figure 4B).

Secondary Electrons (SEs) — SEs are ejected electrons from the atoms of the specimen during
inelastic interactions (ionizing events) between the electron beam and specimen. They have
low energy, and therefore only those originating close to the surface (~100 nm) can escape
the specimen (Figure 4B). SEs are useful for imaging the surface morphology of objects.

Auger Electrons — Are SEs ejected from the valence band of the specimen atoms, due to
energy transfer from a preceding ionization event. Auger electrons have very low energy,
and thus the absorption of these electrons in the specimen occurs readily. Only Auger
electrons created close to the surface (<50 nm) can leave the specimen (Figure 4B). The
energy of Auger electrons is dependant on the atomic number (Z) of the ejecting atom, and
can thus can be used to assess the near surface specimen composition.

All electron—material signals are generated when the electron beam passes through an object.
However, only certain individual signals are detected at a given time to form images with
useful contrast. Direct beam and elastically scattered electron detection for TEM, and SE
and BSE detection for SEM will be briefly described.

Bright Field Imaging

TEM image formation using the direct beam, termed bright field (BF) imaging, is analogous
to X-ray image (radiograph) formation. The intensity of the direct beam is reduced by
scattering of the incident beam, which is dependant on the mass-thickness and crystallinity
(Bragg diffraction) of the specimen [52]. Contrast is generated as high intensity detection is
associated with bright pixels in the image, whereas low intensity (high scattering) detection
is associated with dark pixels. In real specimens, mass-thickness and diffraction contrast,
occur simultaneously, making the interpretation of BF-TEM images sometimes difficult [52].
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Dark Field Imaging

The elastically scattered electrons themselves provide valuable information because they are
dependant on the specimen composition and crystallinity. If the direct beam is blocked and
the elastically scattered electrons are now detected, this is called dark field (DF) imaging.
The contrast is flipped compared to BF, where bright areas correspond to areas of electron
scattering, and dark areas correspond to direct beam transfer. The information provided in
DF images is the same as BF (mass-thickness and diffraction contrast), however the reduction
in overall intensity (only the scattered portion of the electron beam are detected) tends to
improve contrast [52]. Dark field images also suffer from the combined contrast effects of
mass-thickness and diffraction, again making interpretation difficult [52].

Interpretation of amorphous materials (i.e. most polymers or biological materials) is usually
straight forward because contrast is mainly due to mass-thickness differences [52]. However,
when DF imaging crystalline materials it is often desirable to reduce the influence of either
mass-thickness or diffraction contrast in images. To reduce mass-thickness effects, a
crystalline material can be tilted to a specific crystallographic orientation, enhancing the
diffracted contribution of the scattered electrons. To limit diffraction contrast, a specialized
mode and detector are used. The detector cannot tell where the detected electrons originate
from in the sample, so the sample is imaged point-by-point, by putting the microscope into
scanning mode (STEM). The total electron intensity collected at each point (pixel) is
proportional to the brightness in the image [52]. The electrons scattered by mass (Z)
differences generally occur at higher angles than the electrons scattered by diffraction [52].
By using a high angle annular detector, only the high angle elastically scattered electrons
are detected, providing compositionally sensitive (Z-contrast) images, otherwise known as
high angle annular dark field (HAADF) images (Figure 5).

Convergent beam

BSE Detector
SE Detector

Specimen

High angle electron scatter

HAADF Detector

Figure 5. Signal detection for scanning (transmission) electron microscopy—S(T)EM. Secondary
electrons and back-scattered electrons are detected in SEM. High angle forward scattered electrons
are detected in HAADF-STEM.
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The two most commonly used signals for SEM are SEs and BSEs. In the same fashion to
STEM, the convergent electron beam is scanned over the specimen and at each point SE and
BSE intensities are detected by their respective detectors (Figure 5).

Secondary Electron Imaging

The brightness in a SE image depends on the intensity of SE signal hitting the detector. Useful
contrast is generated because convex surfaces allow more SEs to escape than flat and concave
surfaces, known as edge effect. Edges appear bright providing a well-defined 3D appearance
of the specimen surface, making SE imaging a useful tool to understand the surface structure
(topography) of objects.

Back-scattered Electron Imaging

BSEs are reflected beam electrons that escape the interaction volume. Since heavy elements
(high atomic number) backscatter electrons more than light elements (low atomic number),
heavy atoms appear brighter in the image. BSEs are used to detect contrast between areas
with different chemical compositions. It is possible, and common practice, to perform SE
and BSE imaging simultaneously.

Biomaterial Imaging Using Electron Microscopy

Electron microscopy is one of the most widely used tools for investigating the structure of
biomaterials and their interface to biological tissues. It has been recognized that for the
success of biomaterials, knowledge of nanostructures is required. For example, a critical
factor for biomaterial integration is the surface topography (e.g. roughness), pore size
distribution and interconnectivity, and architecture of included nanofibres and nanoparticles
[53]. Owing to its high resolution, EM has the power to resolve such nanostructures in detail.
A brief discussion of how EM has been used to investigate the biomaterial types studied in
this thesis is discussed.

Load Bearing Implants

The osseointegration of load bearing implants is crucial for their long-term success, and as
such, much attention is put into optimizing implant surfaces to facilitate and encourage bone-
implant integration. It is well known that increasing surface roughness improves
osseointegration [54]-[56], however as bone is a hierarchical material with nano- and micro-
organization, the length scale at which implant surface roughness should be controlled is of
interest [57]-[59]. Additionally, surface coatings which act to improve the chemical
connection of the bone-implant interface are also being researched [60]-[62], and SEM is
commonly used to characterize these implant surfaces.

Complementary to micro-CT, SEM is also a popular technique to study the bone-implant
interface with load bearing implants [29], [63], [64]. SEM provides improved resolution, so
it is better suited to assess the bone-implant interface, however it can only do so for a single
exposed surface as compared to the entire volume when micro-CT is used. Nano-sized
separations in the interface can be observed using SEM over relatively long implant lengths,
giving a better understanding of the BIC. Although, to truly see the bone-implant interface,
TEM is needed to resolve such an intimate connection. The nanostructure of the bone-implant
interface has been characterized with TEM in 2D and 3D [65]-[67], revealing the structural
transition and interconnection of the biological and metallic components.
11
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Tissue Engineering Scaffolds

SEM is frequently used to characterize the micro- and nanostructure of tissue engineering
scaffolds. For example, SEM has been used to assess the porosity and surface structure of
sintered bioceramic scaffolds suitable for bone tissue engineering applications [13], [68].
While TEM has been used for morphometric analyses of fibre diameter [69], NP size and
distribution [70], nanoscale oxide thickness on implant surfaces [71], and ultra-structural
analysis of scaffold-cell binding [72].

However, there are disadvantages to EM: a multitude of time consuming and costly
processing steps are required, and the possibility of processing artifacts always occurs. For
biomaterials and their applications, the technique involves the dehydration and embedding
of biological tissues, and cutting (destruction) of the biomaterial to prepare it for imaging, all
of which can cause undesired structural alterations. Also, TEM images are limited to 2D
projections of the specimen volume, while SEM can provide a 3D interpretation, but of
surfaces only. An exception to this is electron tomography (ET), a complex and highly
advanced imaging technique.

12
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CHAPTER 2: OSSEOINTEGRATION OF A TITANIUM
DENTAL IMPLANT

Motivation and Aims

Bone-anchored implants have been a standard treatment for edentulism (tooth loss) since the
mid 1980°s after Per-Ingvar Branemark demonstrated the successful osseointegration of a
titanium dental implant placed in human patients [73]. However, failure rates for clinical use
dental implants range between 3-8% depending on the implant design and/or patient health
factors [74]-[77]. Although this appears to be a rather successful procedure, an
epidemiological study reported 1200 emergency department visits due to dental implant
failures from 2008-2010 in the US alone [78], signifying the continued burden of edentulism
on the healthcare system. As such, methods to improve the clinical outcomes of dental
implants are still actively pursued.

Due to its bone-bonding or osseointegrative ability, mechanical and chemical properties, and
overall biocompatibility, titanium and titanium alloys have long been the dental implant
material of choice [32], [79], [80]. Recently, considerable emphasis has been placed on
surface treatment of implants, where surface roughness and texture modifications have been
shown to facilitate cellular activity and bone integration via microscale and nanoscale
features [57], [81]-[83]. In addition, a range of surface coatings, such as calcium phosphate,
magnesium, and titania have been explored with the intent of encouraging faster
osseointegration [60], [61], [84]. While it is known that implant geometry can change the
response of the bone-implant interface under loading [85], conventional machining processes
have traditionally limited implant morphologies to conical and screw-like designs. However,
with the technological advances in additive manufacturing, 3D printing of titanium and
titanium alloys for new and innovative implant geometries are now possible. Additive
manufacturing techniques, such as Direct Metal Laser Sintering (DMLS) and Electron Beam
Melting (EBM), are processes that can create 3D metallic constructs by selectively melting
metal powder in a layer-by-layer fashion. These techniques are capable of creating complex
porous features [16], [86], [87] and an inherent surface roughness, as the melted powder
droplets solidify on the object surface. Current use of this technology for implant
manufacturing has focused on creating open pore networks to mimic trabecular bone,
showing improved cellular activity and greater bone ingrowth in both rabbit and sheep
models [35], [88], [89].

This chapter investigates the biocompatibility of a 3D printed dental implant with a novel
dual-stemmed shape using complementary histology, X-ray, and electron microscopy. The
aims of this study were to:

1. Assess the biocompatibility of the stemmed titanium dental implant.

2. Compare the bone growth and integration of the stemmed titanium dental implant to
a stainless steel conventional screw implant.

3. Develop a complementary platform to image the micro to nanoscale bone growth and
bone integration.
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Background

Bone Structure

Bones support and protect organs, produce red and white blood cells, store minerals, and
enable mobility. Bone tissue, or osseous tissue, is the major structural and supportive
connective tissue of the body [90]. It is distinct from bones themselves because bones are
organs made up of bone tissue, as well as marrow, blood vessels, epithelium and nerves.
Bone tissue refers specifically to the mineral matrix that forms the rigid sections of the organ
[91]. When classifying bone tissue by structure a hierarchical system is used which is
typically divided into macroscale, microscale and nanoscale levels.
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Figure 6. Macroscale and microscale bone structure adapted from [167]. A) Macroscale bone
structure of a long bone. Two types of bone tissue exist, cortical and trabecular bone. B) Microscale
bone structure reveals the osteon and trabecula. The osteon is comprised of cells (osteocytes), a blood
supply (Haversian canal), and bone tissue (concentric lamellae). C) Structure of trabeculae. Semilunar
bone lamellae with bone cells (osteocytes, osteoblasts, osteoclasts)

Macroscale

The macroscale structure of bone tissue is divided into cortical (compact, dense) and
trabecular (cancellous, spongey) (Figure 6A). Cortical bone is denser than trabecular bone
and forms the hard-outer layer. Trabecular bone is porous, and is mainly found at the ends of
bones. The greater porosity and surface area of trabecular bone in comparison with cortical
bone makes it more suitable for metabolic activity. The spatial dimensions of cortical and
trabecular bone vary greatly between species, bone type, age, gender, and health status [92]-
[95]. For example, a human tibia (shin bone) generally has a cortical bone thickness of 8
mm [94], while rabbit tibia has a cortical thickness of about 1 mm [96].
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Microscale
At the microscale, cortical and trabecular bone tissues are made of their structural units,
osteons and trabeculae, respectively (Figure 6B/C).

Osteons — Osteons of cortical bone are densely packed cylindrical structures consisting of a
central Haversian canal (blood vessel) with concentrically arranged lamellae and osteocytes.
Osteons can be compared to a stack of logs, each log is made up of rings of hard wood, and
together it requires considerable force to fracture themall. It is the lamellar component which
provides each osteon its high strength, while the osteocytes form the physiological response
system to external stresses. The diameter of an osteon varies far less across species,
measuring about 200 pm [97].

Trabeculae — Trabeculae of trabecular bone are irregularly spaced thin columns consisting
of semilunar lamellae and osteocytes. The macroscopic spaces between the trabeculae help
make bones lighter and are filled with red bone marrow. Similarly to the osteon, the lamellae
component of each trabecula provides its strength, while the osteocytes form the
physiological response system. Again, the diameter of trabeculae is quite consistent across
species, measuring about 100 um [97].

It is at the microscale where cells are visualized. Three bone specific cells exist which are
responsible for the maintenance and turnover of bone tissue.

Osteocytes — Cells within the substance of bone and are involved in cell signaling and
maintaining the viability of the bone tissue. They control bone turnover.

Osteoblasts — Cells that lay down bone tissue.
Osteoclasts — Cells that breakdown and resorb bone tissue.

The major difference between cortical and trabecular bone, is not the make up of their
structural units, but their overall spacing and packing. It is at the nanoscale which the
fundamental structure of bone is revealed.

Nanoscale

Bone lamellae is a composite material comprised of nanoscale organic and inorganic
components (Figure 7). Collagen, a soft polymer, makes up the organic component, whereas
calcium phosphate, a hard mineral (usually in the form of hydroxyapatite), makes up the
inorganic part. The mineral is responsible for giving bone its hardness, while the collagen is
elastic, making the overall bone mechanics tougher. The collagen assumes the form of fibrils
which are aligned in the same direction within each lamella, while the exact orientation and
position of the mineral with respect to the collagen is still debated.

Collagen fibrils are long cylindrical structures assembled from collagen molecules, occurring
in a characteristic periodic fashion. The molecules themselves have a 1.5 nm diameter and
are 300 nm length [98]. The periodic nature of collagen fibrils is well observed in the TEM,
and is typically modelled as repeating units of 5 laterally staggered collagen molecules [98].
A space exists between longitudinally neighbouring collagen molecules, such that the
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laterally staggered molecules create regions of ‘overlap’ and ‘gap’. The overlap and gap
zones are 27 nm and 40 nm, respectively, which form the 67 nm periodic spacing.

The hydroxyapatite mineral is generally plate-like with dimensions between 50—100 nm in
length, 25-50 nm in width and 4-6 nm in thickness. While several models exist to explain
the collagen—mineral interaction [99]-[101], it is widely accepted that the mineral is
predominately located in the gap zone with it’s c-axis parallel to the long axis of the collagen
fibril [99].
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Figure 7. Nanoscale bone structure. Bone lamella are comprised of polymeric collagen and crystalline
hydroxyapatite mineral. The collagen and mineral are ordered along the same direction within each
lamella, and has a staggered structure, responsible for the periodic banding observed in the TEM. Not
to scale.

Histology

Application of a microscope (commonly a light microscope) to the study of biological tissues,
with a focus on cell structure and arrangement is termed histology. Histological analysis is
best established for imaging soft biological tissues. Assessing engineered biomaterials with
histology is performed when investigating the interaction of biomaterials with tissues, and
commonly involves the removal of the biomaterial from the tissue [102].

A series of thin sections is prepared with the microtome (serial sectioning) providing a 2D
representation of the entire specimen volume. The optical system of the light microscope
does not produce useful contrast in biological specimens, therefore staining of tissue provides
enhanced contrast of specific components [103]. Hematoxylin and eosin (H&E) is the most
commonly used stain [104]. Hematoxylin stains DNA in the cell nucleus, RNA-rich portions
of the cytoplasm, and the matrix of cartilage, producing a dark blue or purple color. In
contrast, eosin stains other cytoplasmic structures and collagen pink.
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In addition to micro-CT and electron microscopy, histology with light microscopy was used
to complement the observations of the bone response, providing a cellular perspective to the
bone-implant interaction.

Methods and Materials

Implants

Twelve dual-stemmed implants (herein referred to as the SIT implant) were received from
Stemmed Implant Technologies Incorporated (Niagara Falls, Canada). The implants were
produced via DMLS using an EOSINT M 280 (EOS GmbH, Kraaling, Germany) printer with
Ti6Al4V powder. The 3D printed implants had a 3 mm diameter body, with 1 mm diameter
stems. In preparation for implantation, implants were cut to 6 mm in length, briefly
sandblasted with 70 psi and a 90% glass bead/10% Al.Os media, and autoclaved. Final
implants had body and stem lengths of 3 mm (Figure 8A). Four conical stainless steel mini-
implant screws, with a tapered body and maximum diameter of 2 mm were used as controls.
The control implants were received from Stemmed Implant Technologies, cut to a 6 mm
length to match the length of the stemmed implants (Figure 8B), and autoclaved for
sterilization prior the implantation procedure.

Figure 8. Stereograph images of (A) control conical implant (& = 2 mm, [= 6 mm), and (B) dual-
stemmed (SIT) implant (&= 3 mm, [= 6 mm).

SIT Implant Characterization

The topography of the SIT implant was assessed using a JSSM-6610LV SEM (JEOL Ltd.,
Tokyo, Japan) SEM in secondary electron imaging mode at 15kV. Surface roughness
measurements were carried out using a Formtracer CS-5000 (Mitutoyo Canada Inc.,
Mississauga, Canada) stylus profilometer with a 5 um diamond tip. Average surface
roughness (Ra) measurements were acquired over the 3 mm length of the SIT body (n=9).

The oxide composition and thickness was determined via an Auger electron spectroscopy
(AES) depth profile, using a JEOL JAMP-9500F (JEOL Ltd., Tokyo, Japan) field emission
Auger microprobe. The electron and Ar sputtering guns were operated at 10 kV and 1 kV,
respectively. The current density of the Ar ion beam was 0.1 mA/cm?. The oxide thickness
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was calculated using the equation: d = szt where d is the oxide thickness, sr is the sputter
rate, and t is the sputter time at which the oxygen and titanium atomic concentrations
u Sﬁ) where

intersected [105]. The sputter rate was determined using the equation: S, = (E) ( .

M and p are the molar mass and density of Ti, respectively, e is the electron charge, S is the
sputtering yield, and jp is the ion current density [105]. The sputtering yield (S) was assumed
to be 1 atom/ion [106], and sputter rate determined to be 6.5 nm/min.

Implant Placement and Retrieval

Eight skeletally mature female specific pathogen free New Zealand White Rabbits (Charles
River, Toronto, Canada) weighing between 3-4 kg were housed at the Central Animal Facility
at McMaster University. Animal experiments were carried out under ethical approval (AUP
14-12-54) from the McMaster Animal Research Ethics Board. The day prior to surgery and
over the following four days all rabbits received 10mg/kg entrofloxacin (Baytril®) to prevent
infection. During surgery, the rabbits were induced with xylazine, ketamine, acepromazine,
intubated and placed on isoflurane gas 2-3% inhalation with oxygen. Buprenorphine was
administered at 0.5mg/kg subcutaneously to prevent pain and re-administered every 12 hours
for 48 hours post operatively. The surgical method was a cranial medial approach parallel to
the tibial crest with a slow-rotating drill and irrigation with saline (Figure 9). One implant of
each type was inserted into the tibial metaphysis of each rabbit; where stemmed implants
were pressed to fit, and conical implants were screwed in until flush with the bone crest.
Incisions were closed with a layer of 4-0 Vicryl® and the skin was closed with stainless steel
wound clips. Animals were then randomly split into two groups: one provided a 3-week
healing period, and the other 12-weeks. After the healing period, rabbits were euthanized by
overdose of Barbiturate. However, one animal at each time point was perfused with 2%
glutaraldehyde in 0.1M sodium cacodylate buffer solution and bone-implant sections were
removed for decalcification with EDTA for histology.

Figure 9. Cranial medial surgical approach parallel to the tibial crest. (A) Slow-rotating drill used to
create pilot hole perpendicular to bone crest. B) SIT implants were press fit into place until flush with
bone crest. Control implants were screwed into place (not shown).
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Implants with surrounding bone tissue were collected and prepared into implant-bone blocs
following the methodology for preparing undecalcified bone outlined by Donath and Breuner
[107]. Approximately 2 cm x 2 cm bone blocks containing the implants were fixed in a
solution of 1% glutaraldehyde and 1% paraformaldehyde in 0.1M sodium cacodylate buffer
for 7-10 days, and subsequently dehydrated in a graded series of ethanol (50-100%), followed
by embedding in LR White acrylic resin for the 3-week specimens, and Embed-812 epoxy
resin for the 12-week specimens. Blocs were longitudinally sectioned using an Isomet® low-
speed saw (Buehler, Lake Bluff, USA) and diamond wafer blade to reveal the bone-implant
interface.

Histology

Rabbits were sacrificed with 65 mg/kg body weight sodium pentobarbital 1.V. and perfused
via the left cardiac ventricle with 1 L lactated Ringer’s solution followed by 1 L formalin
(10% paraformaldehyde in phosphate buffer, pH 7.2). The fragment of the tibial bone with
the metal implant was carefully removed, post-fixed in formalin for two days and then placed
in formalin supplemented with 4% EDTA for demineralization. Demineralizing solution was
exchanged once per week over nine months. The metal implants were carefully removed
from the soft bone and the bone was sectioned for analysis at the site of the implants. The
sections were dehydrated with a series of graded concentrations of ethyl alcohol (50-100%)
and xylene, embedded in paraffin wax, cut 5 um thick, mounted onto glass slides and stained
with both hematoxylin and eosin. The histological analysis was performed under an Eclipse
50i light microscope (Nikon, Tokyo, Japan). The cellular bone response was assessed by
observation and comparison of osteoblast and osteoclast presence after 3 and 12 week of
healing.

Micro-Computed Tomography

Visualization of whole implant bone in-growth (prior to sectioning) was achieved using a
Skyscan 1172 (Bruker, Billerica, USA) micro-CT scanner at 100 kV and 100 pA, with an
aluminium-copper filter, 9000 ms exposure time, and 0.3 — 1° rotation step over 360°.
NRecon software (Bruker, Billerica, USA) was used to reconstruct the orthoslices using the
Feldkamp algorithm [108] with an isotropic voxel size of 2.3 — 2.6 um®. At this resolution,
the entire implant and surrounding bone were visualized within the field of view of the
scanner. CTAn software (Bruker, Billerica, USA) was used to visualize the orthoslices. New
bone was differentiated from bone existing prior to implantation by a noticeable decrease in
intensity (contrast difference) of the new bone compared to the pre-existing bone. Volume
rendering and 3D visualization was performed using Avizo software (FEI, Hillsboro, USA).
The amount of new bone growth as a percentage of total bone (percent new bone to total
bone) neighbouring the implant was determined using longitudinal orthoslices which
contained the entire implant length in the image (Figure 15A). Total cortical bone (TCB) was
defined as the length of bone from the top of the implant to the lowest position on the implant
for which bone was adjacent. New cortical bone (NCB) was defined as the length of bone
underlying the pre-existing bone from which a noticeable intensity change occurred, to the
lowest position on the implant for which bone was adjacent. Measurements (n=6) were made
using the software ImageJ (National Institutes of Health, Bethesda, USA) for each implant
type and at each time point.
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Scanning and Transmission Electron Microscopy

Longitudinal implant-bone blocs were coated with gold and imaged with a JSSM-6610LV
SEM at an accelerating voltage of 10 kV. BSE images with compositional contrast enabled
identification of implant, bone, resin, and voids, as the brightest to darkest regions,
respectively. Bone-implant integration was investigated along the implant length by
inspection for contact or separation. Separation was defined as the presence of either resin or
voids between bone and implant.

Transmission electron microscopy specimens were prepared using an in-situ lift-out method
on a NVision 40 (Carl Zeiss GmbH, Germany), a dual-beam instrument comprised of a
focused ion beam (FIB) milling instrument and a Schottky Field Emission Gun filament
SEM. Due to implant-bone separation caused during retrieval and sample preparation, an
intact bone-implant specimen was not possible. However, bone specimens adjacent to the
implant at both the 3 and 12 weeks time points were successfully prepared for analysis. TEM
images were captured using a Titan 80-300 (FEI, Hillsboro, USA) TEM operated at 300kV
with a high-angle annular dark-field detector. Bone development over time was investigated
by comparing the bone morphology at both 3 and 12 weeks of healing.

Results

Implant Characterization

The surface of the SIT implant prior to surgical insertion contains characteristic surface
features representative of the powders used in its production. The body and stems are
considerably rough (Figure 10), and at higher magnification, circular nodules about 50 um
in diameter, reminiscent of the titanium powders, are observed (Figure 10B). The surface
roughness (Ra) was measured to be 18.6 £ 5 pum.
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Figure 10. Scanning electron micrographs of the dual stemmed SIT implant. The surface retains
features of the powders used in its production (B).

The Auger electron spectroscopy profile of the SIT implant surface showed a high initial
content (~60%) of oxygen which quickly decreased with sputter time (Figure 11). A
tetravalent titanium content initially half of the initial oxygen content was also detected and
decreased with sputter time. As the oxygen and tetravalent titanium content decreased, the
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concentration of metallic titanium increased. Additionally, the profile showed approximately
5% aluminum and vanadium throughout the entire sputtered length. The oxide thickness was
calculated to be approximately 16 nm.
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Figure 11. Auger electron spectroscopy (AES) sputter profile of the SIT implant surface.

Histology

Histological analysis of both SIT implants and control screw implants were completed after
3 and 12 weeks of implantation to determine the cellular activity and remodelling behaviour
of the bone tissue with the implanted devices (Figure 12). For both the SIT and control
groups, implants resided primarily in the cortical bone. Following extraction of the control
implant after 3-weeks bone debris was present between the implant and the cortical bone
(Figure 12A). This is in contrast to the cortical bone surrounding the SIT implant after 3
weeks, where there was no debris and the presence of multinucleated osteoclasts and
hypertrophied osteoblasts suggested the bone was being actively remodeled around the
implant (Figure 12D & E). After 12-weeks of implantation, both the control (Figure 12B)
and SIT (Figure 12F) implanted rabbits were observed to have active bone remodeling at the
bone-implant interface. The control implants showed active bone remodeling involving
osteoclasts (Figure 12C), meanwhile, the SIT implant was completely encased in cortical
bone, with a layer of bone forming over its surface. The remodelling of the bone was still
active, but showed the morphology of more mature bone (Figure 12H).

Micro-Computed Tomography

Prior to sectioning for SEM, the entire implant-bone blocs of the SIT and control implants
were imaged by micro-CT. Radiographs of both implant types revealed the top portion of the
implants to be surrounded by cortical bone only, with the remainder the implant located in
the medullary cavity (Figures 13A, 13E, 14A, 14E). The SIT and control implants were
shown to have new bone growing from the pre-existing cortical bone, down and around each
implant surface and into the medullary cavity, after 3 and 12 weeks (Figures 13 & 14). Three-
dimensional renderings (Figures 13B, 13F, 14B, 14F) of both implants provided a holistic
perspective of the entire implant and surrounding bone volume. The new bone growth around
the implants is simultaneously visualized with the growth down the implant length. The
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‘€TRL 3wks & ~SIT3wks Figure 12. H&E staining  highlights
histological changes in the tibial bone after
implantation of the SIT implant (D, E, F, G,
H) or control (A, B, C) for a duration of 3
weeks (A, D, E) or 12 wks (B, C, F, G, H).
The metal implants have been removed. (A)
At 3 weeks post implantation bone debris is
present between the control implant and
cortical bone. (B) At 12 weeks post
implantation the cortical bone surrounding
the control implant has active bone
remodeling at the bone-metal interface (C)
which  involves osteoclasts  (arrow).
However, the cortical bone is being actively
remodeled (double-headed arrow) around
the site of the SIT implant (D) after 3 wks.
. At higher magnification (E), multinucleated
/ /2 osteoclasts (black arrows) and hypertrophied

osteoblasts (white arrows) participate in
bone remodeling. (F) At 12 wks post-
implantation, the SIT implant is encased in
the cortical bone (arrowheads) which at
higher  magnification (H) has the
morphology of a mature bone (double-
headed arrow). The remodeling of the bone
surrounding the SIT implant is still active
(G), and involves osteoclasts (black arrow)
and hypertrophied osteoblasts (white arrow).
CTRL=control, SIT=stemmed implant, CB=
cortical bone, BD= bone debris.
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location of the reconstructions shown in Figures 13 and 14 are represented in the 3D
renderings by the corresponding cross sectional and longitudinal planes. At 3 weeks, the new
bone is in an immature state, identified by lighter contrast and porous structure when
compared to the pre-existing cortical bone for both the control (Figurel3C, 13D) and SIT
(Figures 13H, 13G) implants. Qualitatively, through 12 weeks the new bone appeared to have
developed into mature or remodelled cortical bone with higher levels of mineralization as a
result of the similar contrast and density of the new and old cortical bone for both implant
types (Figures 14C, 14D, 14H, 14G). The longitudinal sections of the control (Figure 13C,
14C) and SIT (Figure 13G, 14G) implants showed a difference in the extent of bone growth
extending from the bone crest down the length of the implant at both time points. New
cortical bone accounted for 25% and 50% of the total bone length residing along the control
and SIT implant surfaces, respectively, at 3 weeks (Figure 15). After 12 weeks, new bone
accounted for 35% and 55% of the total bone length residing along the control and SIT
implant surfaces, respectively (Figure 15). While the bone growth down the SIT implant
surface was greater than the control at both time points, a difference in the extent of radial
bone growth between the control and SIT implants was less evident.
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SIT Figure 13. Micro-CT analysis
following 3-wk implantation
of CTRL (left column) and
SIT (right column) implants.
(AE) Radiograph of each
implant type. (B,F) 3D
visualization of implant and
bone (purple) with orthogonal
planes labelled, (C,D,G,H)
corresponding orthoslices
from (B,F) where new bone
formation, that appears lighter
in contrast, is noted. Both
implants ~ showed  bone
conduction down the implants
from the cortical bone crest,
while the SIT implant also
showed new bone formation
between the implant stems.
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Figure 14. Micro-CT analysis
following 12-wk implantation
of CTRL (left column) and
SIT (right column) implants.
(AE) Radiograph of each
implant. (B,F) 3D
visualization of implant and
bone (purple) with orthogonal
planes labelled, (C,D,G,H)
corresponding orthoslices
from (B,F) where the new
bone has matured and is of
equal intensity to the pre-
existing bone. Both implants
showed bone conduction
down the implants from the
cortical bone crest, however
bone growth between the
stems was not noted in this
particular specimen.
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Percentage New to Total Bone (%)

o

0 3W CTRL 3W SIT 12W CTRL 12W SIT
Figure 15. (A) Representative micro-CT orthoslice of SIT device, indicating new cortical bone
growth (NCB), and total cortical bone (TCB) from the coronal surface after implantation. (B)
Graphical comparison of new bone formation under the cortical bone crest to total bone crest height
observed after 3- and 12-wk implantation for control and SIT implants.

Scanning Electron Microscopy

Similar to the micro-CT results, SEM images did not show a trabecular bone transition
underlying the cortical bone, which indicated some misplacement of the implant off the target
anatomical position. As such, bone contact was only possible originating from the cortical
bone crest. Imaging of the embedded sections with SEM enabled qualitative assessment of
BIC in this cortical region. Three weeks after implantation cortical bone was present within
the threads of the control implant (Figure 16A). This mechanically interlocked bone was in
contact with the control implant, while new bone further down the length of the implant was
primarily not in direct contact. However, stress cracks were observed at the mechanically
interlocked thread tips. In contrast, little to no bone was in contact with the SIT implant after
3 weeks (Figure 16C). The absence of threads also indicates a lack in mechanical
interlocking. The bone structure around the SIT implant specimens appeared less developed
with more porosity and randomly oriented osteocyte lacunae; however, in some cases new
bone formation was observed in-between the stems of the SIT implant. Twelve weeks post-
implantation, the bone surrounding both implant types was more developed and in greater
contact with the implant surfaces (Figure 16B and D). The arrow in Figure 16D points to
bone growth within the micro-porosities of the SIT implant suggesting improved
osteoconduction. As with the 3 week samples, stress cracks were also present within the bone
from the 12-week control implant.

Transmission Electron Microscopy

To fully assess the osseointegration between bone and implant and the quality of bone tissue
at the interface, higher resolution than that achieved by SEM is required. Figure 17A shows
a STEM image of the SIT implant-bone interface after 12 weeks of healing. A separation at
the bone-implant interface, likely due to mechanical stresses during removal and resin
infiltration, was exaggerated by the FIB during TEM sample preparation. However, the
matching contours of the bone and implant surface indicate that the implant and bone were
likely in complete contact prior to retrieval. Preparation of a TEM specimen for the SIT
implant at 3 weeks was not possible because of a lack of contact at the bone-implant interface.
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However, a specimen of bone near the implant interface was removed for TEM. The
difference in bone quality near the implant surface at 12 and 3 weeks is shown in Figure 17B
and C, respectively. The collagen fibers of the 12-week bone are more organized compared
to the woven collagen fibers and visible mineral clusters of the 3-week bone, highlighting
the differences in bone maturity.

CTRL 3 wks &

SIT 3 wks|D

Figure 16. BSE-SEM images of the bone-implant interface after 3 (A,C) and 12-wk (B,D)
implantation for (A,B) control and (C,D) SIT devices. Bone conduction along and into the micro-
porosities of the SIT implant were observed after 12-wks (arrowhead).

i\ F
Figure 17. HAADF STEM images of (A) the SIT implant-bone interface

after 12-wks implantation.
Bone growth around the nanoscale features was observed (arrow). (B) Ordered collagen fibrils,
representative of mature bone, are noted adjacent to the implant at 12-wks, while at 3-wks
implantation (C) partially disorganized collagen fibrils, representative of newly developing woven
bone, are noted adjacent to the implant, consistent with new bone structure.
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Discussion

A novel dental implant design by Stemmed Implant Technologies Inc. is marked by a
significant geometrical change that employs dual prong-like stems when compared to
conventional implants that are generally conical threaded screws. The biocompatibility of
any load bearing implant is largely dependent on the surrounding bone response.
Understanding the bone-implant interactions of the SIT implant is a crucial assessment for
assessing biocompatibility, and to predict its potential success in clinical scenarios. This was
conducted by comparing the bone response of the SIT implant to a conventional threaded
implant with histology, X-ray and electron microscopies.

Characterization of the SIT implant prior to implantation revealed a rough surface with
circular features due to the partial sintering of particles through the DMLS process [109].
Surface roughness is an important property of dental, and other load bearing, implants
because the response of bone to the implant is largely controlled by the nature and texture of
the surface of the implant. Compared to smooth surfaces, rough implants surfaces exhibit
more interfacing surface area for integration with bone [54]. Micro-roughness, ranging from
1-100 um has been shown to improve the growth, and interlocking, of bone at implant
interfaces [55], which the measured SIT implant surface roughness was within (Ra = 18.6
um). The DMLS process provides an inherently positive surface topography on the SIT
implant for bone growth and integration. In addition, titanium spontaneously forms a passive
TiO2 oxide layer when exposed to air, which can reach a thickness up to 20 nm [110]. This
stable surface oxide layer of titanium is biocompatible [111], provides high corrosion
resistance [112], and osseointegrates with bone [113]. Auger electron spectroscopy of the
SIT implant revealed an elemental surface composition representative of TiO2, supporting the
observed integration of the SIT implant with bone.

Histological analysis showed active bone growth and remodelling for both the SIT and
control implants via osteoclast and osteoblast mediated bone matrix resorption and
deposition. These observations are similar to previous histomorphometric evaluations of
other DMLS implants placed in both sheep and humans [114], [115]. The observation of
bone debris for the control implant at 3 weeks and predominant osteoclast activity at 12
weeks compared to the SIT implant suggests a potential difference in the rate of bone
formation and remodelling between the implants. Bone debris in the peri-implant space at
early healing time points has been observed previously with threaded implants [115], [116],
and may lead to delayed bone formation compared to implants devoid of threads [117].
Histological analysis indicates that the SIT implant shows comparable cellular response to
conventional implants after 12 weeks, marked by complete bone encasement and active
remodelling.

The non-destructive basis of micro-CT has been demonstrated as a useful tool for visualizing
the entire implant and bone volume in 2D and 3D. Contrast gradients enable differentiation
of new bone from old bone, and identification of active remodeling sites, as well as sites
lacking bone and osseointegration. These micro-CT results indicate that the implants were
only anchored in cortical bone, despite the usually large amount of trabecular bone present
in the metaphysis of rabbits where implants were placed, indicating a potential misplacement.
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A relatively small amount of bone growth was conducted from the cortical bone crest down
the implant length for the control implant, compared to a slightly larger amount on the SIT
implant that was even clearly visible between the implant stems at 3 weeks. Ideally,
placement in trabecular bone would maintain bone trabeculae between the stems for added
stability. The reason for the observed difference in bone growth is somewhat unclear due to
the potential interplay between differences in both the osteoconductivity of titanium and
steel, and the radial bone growth required for the control implants due to the threaded design.
By three weeks the majority of the bone volume, which was to encapsulate the implants, had
been deposited and was remodelled into more mature dense bone, but not a greater quantity,
by 12 weeks. The observed gross bone response to the SIT and control implants is in
agreement with the time frame reported for wound healing around dental implants, where
deposition and growth of immature bone tissue is normally laid down between 1-4 weeks,
followed by maturation and strengthening from 6-12 weeks [118].

While micro-CT is ideal for a general overview of bone growth, it lacks the resolution
necessary to visualize submicron features at the BIC. The greater extent of bone growth from
the cortical region down the implant surfaces for the SIT implant was confirmed by SEM.
The SIT implant conducted bone growth along its length, and within the stems. The control
implant initiated a limited amount of new bone formation and large cracks were present
within the cortical bone, perhaps caused by over-torqueing during implant placement. Very
tight integration, with no separation was seen around the SIT implant after 12 weeks, as the
bone had grown into the micro-pores of the implant surface, an indicator of biocompatibility.
Comparison of BIC across studies remains challenging because of a lack of standardized
methodologies employed to model bone growth and measure BIC. Animal model selection,
bone type, surgical procedure, heal time, sample preparation methodology, and selected
implant length for BIC measurements varies across studies, all of which can influence the
BIC [34], [60], [115], [119]. Never-the-less, previously reported BIC measurements of a
machined and analogous 3D printed implants after 2 weeks was 20% for both implant types
[115], supporting the low bone-implant contact of the SIT implant at 3 weeks. We instead
looked at the conduction of bone down the implant surface, since it was placed primarily in
cortical bone, and found as expected, the titanium SIT implant was a better conductor of bone
growth at both early and late time points.

Due to bone-implant interface separation caused by FIB sample preparation, the exact
integration between the bone and the SIT implant could not be analyzed; however, the
maturity of the bone surrounding the implant could be evaluated to demonstrate the success
of bone growth at the implantation site. TEM imaging revealed differences in the orientation
of the collagen fibrils and presence of mineral clusters after 3 and 12 weeks. This suggests
that the mechanism of distant osteogenesis is occurring during healing after the insertion of
the implants. In distant osteogenesis, mature bone acts as a substrate for osteogenic cells to
form a matrix that gradually encroaches upon the implant surface [120].

This pilot study was limited to an investigation of the structural and biochemical interaction
of the implant device in vivo via advanced imaging modalities. To further validate these
results, future work should focus on determining the mechanical integrity of the bone-implant
interface. Mechanical testing of the implanted devices would also be beneficial to improving
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the understanding of the overall system. This could be completed in vivo through methods
such as resonance frequency analysis to determine implant stability [121], and via pull out
tests to confirm adequate mechanical strength [122]. Complementary information from in
vitro testing, such as investigating cell viability [123], may provide additional insight into
the biocompatibility of the device. Other works reporting 3D-printed implant devices have
shown promising cell viability and biocompatibility [124]-[126].

Conclusion

The first step in investigating the functional ability of this dual stemmed design is to ensure
the bone response, at the least, is equivalent to current in use implants. Initial observation of
the SIT dental implant has shown successful bone growth and bone-implant contact similar
to conventional and other 3D printed implants up 12 weeks of healing in rabbits. A desired
cellular response was achieved, as bone cells were observed in the proximity of the implant,
with no observation of inflammation or rejection. In some cases, new bone formation was
noted in between the stems of the device, although the stems were not within a trabecular
bone region. The conventional implants showed mechanical interlocking, but did have
indications of stress cracking and bone debris. Further work to assess the in vivo mechanical
stability and response of this implants is needed. The three-dimensional and high-resolution
imaging acquired with complementary micro-CT and electron microscopy demonstrates that
this implant design is suitably biocompatible, as it allows for successful osseointegration in
rabbits up to 12 weeks, and supports additional in vivo experiments aimed to; improve the
statistical significance of the current research, improve the bone model, and demonstrate the
mechanical properties of the implant.
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CHAPTER 3: CHARACTERIZATION OF A GOLD
FUNCTIONALIZED COLLAGEN SCAFFOLD

Motivation and Aims

An essential aspect of biomaterial research is the demonstration of biomaterial function in
vivo. This type of study was presented in Chapter 2. To assess the bone-implant interface, the
rabbits were sacrificed, and the implant with surrounding bone was removed for study. This
type of ex vivo analysis is a commonly applied methodology to study implant biomaterials
[127]-[129], but leads to significant ethical implications and increased variability within
data. Conversely, non-invasive imaging using X-ray, fluorescence, and ultrasound are
currently applied techniques to monitor and study biomaterial and tissue function [130]-
[132], however, they are not without limitation.

Detection and quantification of fluorescence has been demonstrated as a potential technique
to measure biomaterial degradation [131], however the achievable penetration depth of light
limits detection to subcutaneous locations [133]. X-rays have a much deeper penetration
depth within tissues, and therefore presents as a superior technique to measure biomaterial
degradation non-invasively, but suffers from poor soft tissue contrast (e.g. collagen) [134].
However, contrast enhancement with heavy elements for X-ray CT imaging of soft tissues
provides a means to overcome contrast limitations [135].

In a collaborative effort to test the potential of non-invasive, in vivo X-ray CT imaging, a
collagen scaffold has been fabricated in the lab of Dr. Ryan Roeder at the University of Notre
Dame (Indiana, USA) as a model for the detection and quantification biodegradation, in vivo.
Collagen is a well-known and studied biomaterial with potential in many biomedical
applications such as skin [136], bone [137] and nerve repair [138], and is therefore an
appropriate scaffold model. An understanding of scaffold biodegradation is important for the
improved design and success of biodegradable biomaterials. To improve the detection of
collagen by X-ray CT, the scaffold has been functionalized with gold nanoparticles as a
contract agent. Gold nanoparticles are a commonly used X-ray contrast agent for in vivo
applications, exhibiting strong X-ray contrast and biocompatibility [139].

Characterization of the fabricated gold functionalized collagen scaffold is important to
understand and interpret the X-ray CT data acquired during degradation experiments.

This chapter investigates the structure of a gold functionalized collagen scaffold using
complementary X-ray and electron microscopy. The aims of this study were to:

1. Develop appropriate methods to evaluate the 3D scaffold porosity and gold
nanoparticle distribution

2. Characterize the scaffold porosity and gold nanoparticle distribution
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Background

Electron Tomography

Electron tomography (ET) is an advanced 3D imaging technique used to image materials
with the resolving power of the TEM, while overcoming the projection limitation of
conventional TEM and STEM images. The principle of ET is analogous to micro-CT, by
acquiring a series of projection images at various rotation/tilt angles, the entire volume of the
specimen can be reconstructed and visualized in 3D. An important difference between ET
and micro-CT is the achievable tilt range during acquisition. Where 180-360° rotation is
readily achieved for micro-CT, the geometry of the specimen holder for TEM limits
conventional ET tilt ranges to a maximum of 140° (-70° to +70°) [140]. The implication of
this is an artifact known as the missing wedge [140], which causes the artificial elongation of
objects in the depth (z) direction because of a lack of projection information (Figure 18).
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Figure 18. Missing wedge. The achievable tilt range (-a to +o)) during acquisition is dependent on
the TEM sample holder and position of the sample within the copper grid. The space not sampled is
called the missing wedge and leads to elongation artifacts. The axis of rotation is into the page.
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The contrast achieved in the TEM projections is also important because to satisfy the
projection requirement for reconstruction the contrast must depend only on mass-thickness
effects [141]. This is the main determinant of contrast for X-ray imaging, however diffraction
contrast can also occur during election microscopy, creating artifacts in the resultant
reconstructions. Therefore, unless ET is being performed on an amorphous material, HAADF
STEM is the preferred acquisition mode due to its ability to suppress diffraction contrast.

Another difference between micro-CT and ET is the requirement to align the acquired
projections prior to reconstruction. Random movement of the specimen during acquisition
will shift the same object in sequential projections with respect to the rotation axis. Although
random movement is a concern in micro-CT, the effect is less noticeable at the length scale
commonly reconstructed, and are therefore easier to correct. Very small disruptions at the
nanometer scale will cause large movements within images, causing artifacts in ET
reconstructions. Therefore, specific to ET, the projections require alignment prior to
reconstruction, this can be achieved manually or computationally [141]. Computational
alignments methods are dependent on the ability of the algorithm to identify the same feature
at different projection angles. Common computational alignments use a cross correlation
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algorithm [142] or fiducial marker tracking [143]. Fiducial marker tracking with distinct NPs
is the preferred method for alignment because they are easily tracked [143]. In some cases,
gold NPs are added specifically to the sample support grids just for pre-reconstruction
alignment [144]. The process of reconstruction and visualization of ET datasets then follows
the same principles as micro-CT.

Methods and Materials

Gold Functionalized Collagen Scaffolds

Gold functionalized collagen scaffolds were prepared at the University of Notre Dame in the
lab of Dr. Ryan Roeder. The scaffolds were made by a compression loading and porogen
leaching process [145]. Briefly, lyophilized type I collagen from bovine tendon (Advanced
BioMatrix, Carlsbad, USA) was rehydrated with dionized water (4 mg/mL) and
homogenized. Colloidal gold NPs (10mM) to act as contrast agents were prepared in lab
following the Turkevich method [146] and functionalized with mercaptosuccinic acid (MSA)
to facilitate binding of the NPs to the collagen. MSA-gold NPs were added to the
homogenized collagen solution at a volume ratio of 1:2 NP to collagen solution, and
vortexed. The gold-collagen mixture was centrifuged to separate the collagen and gold mass
from water. Next, paraffin beads (300-425 um) were mixed with the gold-collagen mass to
provide mechanical stability for forming and to act as a poragen. The gold-collagen-paraffin
mixture was compression molded into 3x3 mm cylinders. The paraffin beads were then
leached out by dissolving the paraffin in a sequential hexane and alcohol (90%) wash,
creating the scaffold porosity. Finally, the porous gold-collagen scaffolds were crosslinked
with the zero length crosslinker N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC)
mediated by N-hydroxysuccinimide (NHS). The crosslinking step is two-fold: firstly, it
crosslinks the collagen fibrils, enhancing the scaffold strength, and secondly, it crosslinks the
gold NPs to the collagen fibrils creating a chemical link between the gold and collagen, which
will only be disrupted by enzymatic degradation. Four crosslinked gold-collagen scaffolds
were stored and shipped in 1x phosphate buffered saline (PBS). Received gold-collagen
scaffolds were fixed with 2% glutaraldehyde in 0.1M sodium cacodylate buffer. An image
of an air-dried gold-collagen scaffold is shown in Figure 19.

Figure 19. Gold functionalized collagen scaffold. The scaffold has been air dried for imaging.
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Micro-Computed Tomography

Visualization of whole gold-collagen scaffolds and porosity was achieved using a Skyscan
1172 (Bruker, Billerica, USA) in both wet and dry conditions. For imaging under dry
conditions, scaffolds were dehydrated in a graded series of ethanol (50-100%) over 2 days
and critical point dried (Leica EM CPD300, Wien, Austria) in 100% ethanol. A dry scaffold
was imaged in air at 34 kV and 210 pA, with no beam filtration, 1100 ms exposure time, and
0.3° rotation step over 360°. NRecon software (Bruker, Billerica, USA) was used to
reconstruct the orthoslices using the Feldkamp algorithm [108] with an isotropic voxel size
of 2.35 pm®. At this resolution, the entire scaffold was visualized within the field of view of
the scanner. For imaging under wet conditions scaffolds, a scaffold was stained with osmium
tetroxide using a 1% osmium tetroxide in distilled water solution, following the protocol
outlined by N. Reznikov (2012) [147]. The protocol involved repetitive treatment of the
scaffold in osmium tetroxide for 60 minutes, then treatment in 0.5% thiocarbohydrazide in
DI water for 30 minutes, followed by an additional treatment of the scaffold in osmium
tetroxide for 60 minutes. The wet scaffold was imaged in deionized water contained within
a polypropylene (Eppendorf®) tube. Acquisition was performed at 44 kV and 222 pA, with
a 0.5 mm Al filter, 950 ms exposure time, and 0.3° rotation step over 360°. NRecon software
was used to reconstruct the orthoslices using the Feldkamp algorithm with an isotropic voxel
size of 3.42 um?®. At this resolution, the entire scaffold was visualized in the field of view of
the scanner. VVolume rendering and visualization was performed using Avizo software (FEI,
Hillsboro, USA). Three-dimensional porosity (percent total porosity) was calculated using
CTan software (Bruker, Billerica, USA). Percent total porosity is the volume of all open and
closed pores as a percent of the volume of interest (VOI). An open pore is defined as any
space located within a solid object or between solid objects, which has any connection in 3D
to the space outside the object or objects. A closed pore in 3D is a connected assemblage of
space (black) voxels that is fully surrounded on all sides in 3D by solid (white) voxels. Prior
to the percent total porosity calculation, a VOI was extracted eliminating any space outside
the scaffold, and the orthoslice images were converted to binary images using a binary
threshold selection including all greyscale values. The binary images were then denoised
using a despeckle filter eliminating any object smaller than 75 pixels within each orthoslice.
The pore size distribution was determined in two dimensions (2D) and 3D using the
orthoslices and volume renderings, respectively. A pore was defined as the space completely
or partially surrounded by collagen, which was once occupied by a poragen. Two-
dimensional pore size distribution was determined by manual measurement of both the dry
(n=1719) and wet (n=1296) scaffolds throughout the volume of interest using ImageJ
software (National Institutes of Health, Bethesda, USA). Three-dimensional pore size
distribution was determined using the volume rendering (n=502) following instructions
outlined in the Avizo software users manual [148]. Prior to volume rendering and calculation,
the orthoslices were denoised using a median filter and transformed into binary images using
a binary threshold selection including greyscale values to segment the pore space, followed
by an morphological opening operation (10 pixel ball kernel) and watershed separation
(marker extent = 4) to segment individual pores once occupied by a poragen. The pores were
binned and colour coded based on volume. The pore diameters were back calculated
assuming the spherical geometry.
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Transmission Electron Microscopy

TEM specimens were prepared by dehydrating a scaffold in a graded series of ethanol (50-
100%) over 2 days then embedding in epoxy resin (Embed 812®). Eighty nanometer thin
sections were cut on a Leica UCT ultramicrotome and picked up onto Cu grids. The sections
were post-stained sequentially with a saturated uranyl acetate solution in 50% ethanol for 5
minutes, and Reynold’s lead citrate stain [149] for 3 minutes. Sections were viewed in a
JEM 1200 EX TEMScan TEM (JEOL Ltd, Tokyo, USA) operated at 80kV. Images were
acquired with an AMT 4-megapixel digital camera (Advanced Microscopy Techniques,
Woburn, MA). Two-dimensional individual gold NP size (diameter) distribution was
determined using BF-TEM images acquired at 100000 — 500000x magnification, and
measured manually (n=435) with ImageJ. The 2D NP agglomerate size (area) distribution
was determined using BF-TEM images acquired at 50000x magnification, and measured
automatically (n=22623) with ImageJ by automated identification of the gold NPs and
agglomerates. Prior to calculation the images were transformed to binary images using a
binary threshold selection to segment only the gold.

Electron tomography of an 80 nm section was performed with a Titan 80-300 STEM (FEI
Company, The Netherlands) operated at 300 kV and convergence angle of 6.24 mrad.
HAADF images were automatically acquired via FEI’s Explore 3D (FEI Company, The
Netherlands) software package for tomography. The sample was mounted on the single-tilt
tomography holder, and a tilt-series from —65° to +75° was achieved with images recorded
every 2°. The acquired projections were aligned via fiducial marker tracking, and then
reconstructed with a simultaneous iterative reconstruction method (SIRT) with 20 iterations
in Inspect 3D software (FEI, Hillsboro, USA). Volume rendering and visualization was
performed with Avizo software. The NPs and agglomerates were colour coded based on
volume. Three-dimensional single and agglomerated NP size distribution was determined by
counting the number of single and agglomerated NPs in the volume.

Statistical Analysis
Statistical analysis to compare the pore size distribution of the gold-collagen scaffold in wet

and dry conditions was performed using a two sample t-test assuming equal variances
(p<0.05).

Results

Micro-computed Tomography

An entire gold-collagen scaffold was non-destructively imaged in 3D under wet and dry
conditions using micro-CT. In both the wet and dry cases, the reconstructed orthoslices and
volume renderings revealed a highly porous scaffold with a heterogeneous pore structure
(Figure 20). The shape of the pores viewed with the orthoslices varied from single circles to
complex ‘multifoil’-like shapes, where multiple overlapping pores produced a series of
cusps. The size of the pores also differed in both 2D and 3D (Figure 21).

Low contrast in many regions of the wet scaffold prevented a representable volume rendering
and 3D pore size measurements. The 2D pore size distribution of both the wet and dry
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scaffolds were normally distributed, with mean pore sizes of 286+64 um and 201+70 pm,

respectively.

The wet scaffold was determined to have a statistically higher average pore size compared to
the dry scaffold when measured with the orthoslices (p<0.05). The pore size distribution of
the dry scaffold measured in 3D was skewed right with a mean pore size of 136+80 um and
median pore size of 115 um. The 3D total porosity of the dry scaffold was measured to be

approximately 80%.

Figure 20. Two- and three-dimensional visualization of a gold-collagen scaffold pore structure
imaged in a dry condition with micro-CT. A) Volume rendering and orthoslices in xy, xz, and yz
planes, where in 2D white represents the collagen, and black is the pore space. The pores are
interconnected and form a multifoil shape, where overlapping pores form cusps. B) Volume rendering

of segmented pore structure, with pores coloured according to volume.
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Figure 21. Pore size distribution of gold-collagen scaffolds measured in dry and wet conditions or
from 2D or 3D data. The 2D pore size in wet and dry conditions was determined to be statistically
different (p<0.05), indicating sample shrinkage during drying. 3D pore volumes of a dry scaffold

were measured to be smaller on average than a dry scaffold measured from 2D data.
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Transmission Electron Microscopy

The gold NP size and spatial distribution was investigated using TEM. BF-TEM images
revealed a homogeneous single NP size distribution, but a heterogeneous agglomerate size
distribution, and non-uniform NP and agglomerate dispersion (spatial distribution)
throughout the sampled scaffold (Figure 23). The size distribution of both single gold NPs
and agglomerates are shown in Figure 22. The average size of individual gold NPs was
measured to be 15.7£1.6 nm (Figure 22A). Most of the measured NPs had an area
representative of a single gold NP (~200 nm?) (Figure 22B), however, the distribution of was
skewed right, representing agglomeration, with agglomerates up to approximately 650 nm?.
The mean particle size (including both single NPs and agglomerates) was measured to be
3494596 nm with a median of 190 nm.
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Figure 22. Size distribution of single gold NPs (A) and single plus agglomerated NPs (B), measured
from 2D images. The area of a single gold NP is approximately 200 nm? with corresponding
diameter of 15.7+1.6 nm.

Within the sampled regions, areas of uniform NP and small agglomerate dispersion were
observed, although this occurrence was relatively uncommon (Figure 23A). The NP trends
typically observed was of variable NP and agglomerate density (Figure 22B-D). Areas of
relatively high NP density compared to other near-by regions were observed, and on multiple
occasions agglomerates as large as 1 um were identified (Figure 23B). Conversely, areas of
little to no NP presence existed (Figure 23C). In addition, the NPs and agglomerates did not
appear to be randomly distributed throughout the collagen, but instead had specific
orientations along edges and within sections (Figure 23C & D). The orientation of NPs within
areas varied with respect to degree of curvature, where in some cases they were observed to
have a curved appearance (Figure 23C) and in others a more linear trajectory (Figure 23D).
At high magnification, the size and circular shape of single gold NPs were observed (Figure
23D & E).

Electron tomography of a 750x750x80 nm gold-collagen scaffold region revealed the 3D size
distribution of gold NPs (Figure 25). Most NPs were single gold particles with a distribution
skewed to the right (Figure 24). Agglomerates ranging from 2 to 10 gold NPs were observed
in this small volume.
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50 nm

Figure 23. BF-TEM images of a gold-collagen scaffold. Across increasing magnification (A-F) the NP
and agglomerate size and spatial distribution are observed. Areas of (A) uniform NP dispersion, (B) high
NP density (arrows) and large agglomerations (red circle), (C) little to no NP presence, and (D) non-
random NP orientation (blue lines) are observed. The size and shape of single gold NPs are shown (E,F).
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Figure 25. Volume rendering of a gold-collagen scaffold using electron tomography. Single and
agglomerated gold NPs are visualized in 3D allowing for the identification of individual NPs within
agglomerates. Agglomerates are colour coded based on the number of single gold NPs per
agglomerate.
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Figure 24. Three-dimensional gold NP clustering measured from the above electron tomography
volume rendering. In the section, most particles are single or two NP clusters. This measurement is
highly dependant on the region of interest selected.
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Discussion

The structure of a gold functionalized collagen scaffold designed at the University of Notre
Dame to test X-ray CT as a non-invasive method for the tracking and measuring
biodegradation, was characterized using X-ray and electron microscopy.

Micro-CT enabled the non-destructive characterization of the gold-collagen scaffold,
revealing a highly porous and interconnected structure. The observation of many multifoil
(an architectural term) shaped pores, due to overlapping individual pores, demonstrated the
pore interconnection, where approximately 99% of the total porosity was open. The
overlapping pores structure is the result of paraffin bead agglomeration during compression
loading when the scaffolds are formed.

When imaged in a dry state, the scaffold pore structure was well visualized due to the
unimpeded attenuation of low energy X-rays and the presence of the gold NPs. However,
drying biological materials results in contraction and volume reduction. Collagen based
tissues, such as demineralized dentine have been observed to shrink up to 30% when air dried
[150], leaving a state which is not representative of the native structure. Even techniques,
such as critical point drying, aimed to limit the amount of shrinkage, still allows a significant
amount of reduction. Volume reductions of 19% for lung tissue, 30% for liver tissue, 41%
for mouse embryonic tissue, and 45% for human abdominal aorta tissue, have all been
reported [151], [152]. Imaging in water to maintain a hydrated state caused attenuation of the
low energy X-rays which would otherwise interact with the collagen, reducing contrast, and
in some cases completely prevented the visualization of the gold-collagen scaffold (data not
shown), suggesting a heterogeneous gold NP distribution throughout the collagen even at the
level of the micro-CT. As the purpose of micro-CT was to assess the scaffold pore structure
and not the gold nanoparticle distribution, a gold-collagen scaffold was stained with osmium
tetroxide to enhance the collagen visualization of the scaffold while wet imaging. The mean
2D pore size of the critically point dried gold-collagen scaffold was 30% smaller than the
hydrated gold-collagen scaffold, consistent with previously observed shrinkage of critically
point dried tissues. Additionally, a study of a collagen scaffold showed shrinkage from 50-
80% after critical point drying depending on the collagen dispersion (% weight/volume ratio)
in the scaffold, with higher collagen dispersions having lower shrinkage [153], highlighting
the importance of imaging the gold-collagen scaffold in a hydrated condition.

Comparing the 2D pore sizes of the dry gold-collagen scaffold with the 3D segmented pores,
showed a lower pore size distribution for the 3D pores, although a higher pore size in 3D was
expected because the possibility of measuring 2D pore diameters away from the centroid
exists. The difference likely lies in the additional image processing steps that were taken to
segment the pores prior to volume rendering. A morphological opening operation was
performed to remove noise and assist the watershed separation. The effect of opening reduced
the size of the pores while improving the boundaries between them. The ability of the
watershed separation to identify and separate overlapping pores is dependant on a user
controlled parameter that can influence the number of separated objects, and was adjusted
through trial and error until accurate pore separation appeared to be achieved. It is possible
that pore size reduction by opening, and segmentation of a true pore occurred, creating 3D
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pores with artificially smaller volumes. Pore segmentation through morphological operations
and watershed separation has been used prior to visualize pores of scaffold in 3D [154], [155],
and is a suggested method by the Avizo software used in this work [148]. This discrepancy
between the pore sizes measured in 2D and 3D with the same data set demonstrates the need
for improved methods or standardized protocols for accurate pore structure assessment that
do not rely on user interpretation and parameter selection.

The porosity and pore size of 3D scaffolds have direct implications on their functionality
during biomedical applications. Open porous networks are important for cell nutrition,
proliferation, and migration, and for tissue vascularization and formation. The porosity and
mean pore size of scaffolds has been shown to significantly influence cell adhesion, viability
and functionality, and depends on the cell type [156]. Although, trends exist showing cellular
adhesion decreases with increasing pore size, while cellular aggregation, proliferation and
differentiation increases with pore size and porosity for collagen based scaffolds [157], [158].
In general, tissue scaffolds with porosity greater than 50% and pore sizes larger than 100 pm
can facilitate cellular function and tissue regeneration [156].

Transmission electron microscopy enabled high resolution visualization of the gold NPs
functionalized on the collagen scaffold, revealing a homogeneous single NP size distribution,
but a heterogeneous agglomerate size distribution, and gold spatial distribution, within the
sampled sections. It is important to understand how the gold NPs are distributed throughout
the collagen because it is the gold which represents the presence of collagen within contrast
enhanced X-ray tomography images. The size of the individual gold NPs were consistent
with gold NPs synthesized using the Turkevich method [146], however a wide range of NP
agglomerates were identified. Although the gold NPs are non-uniformly distributed
throughout the collagen scaffold at the nanoscale, providing insight on the resultant structure
of the gold distribution as a function of the fabrication method, the impact of the gold NP
spatial distribution on collagen detection in X-ray CT images is dependant on the resolution
of the scanner during acquisition. In vivo and clinical CT scanners have voxel resolutions
typically around 10 and 100 um, respectively [132], [159], at which the dispersion of the gold
within the collagen would appear uniform and reduce the impact of nanoscale distribution.

In addition to their ability to improve contrast for imaging, gold NPs have been used to
functionalize collagen scaffolds due to their unique properties including: enhanced
mechanical stability, resistance against enzymatic degradation, enhanced biocompatibility,
anti-inflammatory, and antimicrobial properties [160]-[162]. In these studies the distribution
of the gold NPs throughout the scaffolds was not of interest, however, investigation of gold
NP attachment was performed using SEM and TEM in two of the three examples [160],
[162].

Other studies such as those investigating catalyst NPs have used TEM [163], STEM [164]
or ET [165] to determine the NP size, or spatial distribution [166]. In all cases the exact
method of measurement to quantify the size and spatial distributions was either not specified,
performed manually, or automated after image processing. Image processing steps also tend
not be described. Manual measurement of NPs is a time-consuming process, and is limited
by the ability of the investigator to accurately perform the measurement. Whereas automatic
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measurements are prone to artificial alterations of the image, which is also commonly user
controlled. Assessing NP size in 3D is limited due to missing wedge artifacts which elongate
the NPs, increasing the measured size. In addition to errors associated with measuring the
size of NPs, TEM specimens are prone to spatial artifacts. Nanoparticle clustering can occur
after dehydration and embedding due to volume reduction, and when ultramicrotomes are
used to make the sections, the knife can pull and distort NPs (although this is unlikely for our
gold-collagen scaffolds as size of the NPs is smaller than the cut sections).

Assuming a negligible effect of the sample preparation process on the NP distribution, the
observed trends are likely to be the result of certain processing steps during scaffold
fabrication, such as centrifugation and compression.

Conclusion

A gold functionalized collagen scaffold for tissue engineering applications has been
developed using a compression loading and poragen leaching process. This scaffold design
is intended for improved detection of scaffold degradation behaviour in vivo using X-ray CT.
The resultant scaffold structure after fabrication is of importance for predicting and
understanding the outcomes of in vivo experiments.

Micro-CT revealed a highly porous and interconnected structure, with conflicting 2D and 3D
pore sizes measurements. The 2D pore size was significantly larger when the scaffold was
imaged in wet conditions, highlighting the importance of maintaining a hydrated state when
Imaging tissue scaffolds, but results in reduced contrast that requires additional staining or
image processing steps. The pore structure investigated by micro-CT suggests the gold-
collagen scaffold would be sufficient to facilitate cellular function and tissue regeneration.

TEM revealed a homogeneous gold NP size distribution, and heterogeneous agglomerate size
and spatial distribution throughout the collagen. The majority of NPs were individually
dispersed; however, a large range of NP agglomerates were noted. While this nanoscale non-
uniform dispersion can limit the accuracy of in vivo studies using nanometer resolution CT
techniques (e.g. synchrotron source CT), with the current resolving power of in vivo and
clinical X-ray CT, the NPs are likely to be sufficiently dispersed.

The complementary nature of micro-CT and TEM allowed the structure of a gold
functionalized collagen scaffold to be characterized in 3D, non-destructively, and with high
resolution. Continued development of an appropriate protocol for imaging the hydrated gold-
collagen scaffold in 3D, both by micro-CT and TEM would improve assessment of the true
scaffold pore structure and NP distribution. Additional studies to improve the assessment of
the gold NP distribution through the entire scaffold volume would also be advantageous.
Overall, these techniques are a promising approach to guide the iterative development of new
collagen scaffold materials.

41



M.A.Sc. Thesis — J. Tedesco; McMaster University — Materials Science and Engineering

CHAPTER 4: SUMMARY OF FINDINGS AND OVERALL
CONCLUSIONS

The research presented in this thesis included the study of two diverse biomaterials: a
titanium dental implant, and a collagen tissue scaffold. Although the goals of each study were
different, they both required the investigation of 3D structural or functional properties at
multiple length scales from the micrometer to the nanometer scale. X-ray and electron
microscopy were selected as appropriate characterization tools that were optimized and
applied for each study.

In both studies, micro-CT provided relatively non-destructive 3D visualization of the
biomaterials with resolutions less than Spum. This enabled new bone growth around and down
the SIT dental implant to be accurately investigated. In the case of the gold-collagen scaffold,
micro-CT enabled the complete assessment of the scaffold pore structure, a highly
interconnected 3D organization. However, limitations did occur. When imaging the SIT
implant, the contrast of the bone was reduced due to the presence of the relatively high X-
ray attenuation of the metallic implants, demonstrating the challenge when imaging two
different materials simultaneously with micro-CT. This limited our ability to differentiate
new bone from old bone, which is otherwise identifiable by contrast gradients. In addition,
beam hardening at the SIT implants caused streaking artifacts, reducing the identification of
bone in contact. Contrast limitations also occurred when imaging the collagen scaffold,
especially in water, which attenuated many of the low energy X-rays before reaching the
scaffold. Limitations associated with contrast highlight the need for proper and uniform
contrast enhancement.

SEM and TEM were used to investigate features of the SIT implant and collagen scaffold
which were within the nanometer length scale. The bone-implant interface of the SIT implant
was easily observed and assessed using SEM. TEM demonstrated its resolving power by
effectively imaging the collagen fibril structure of the new bone neighbouring the SIT
implant, displaying the process of bone remodelling and maturation. In addition, TEM
demonstrated the spatial distribution, and extent of agglomeration of the gold NPs
functionalized to the collagen scaffold. Although few artifacts were observed due to the
imaging mechanism itself, artifacts related to the preparation of samples were present,
particularly for the bone-implant samples. Separations of the implant-bone interface due to
sample preparation were observed, indicated by a congruent curvature of the bone and
neighbouring implant. Tissue collapse during dehydration, mechanical separation during low
speed sawing, and exaggerated milling during in situ lift out, all have the potential to
artificially separate the bone-implant interface before imaging, demonstrating the importance
of careful sample preparation and the need to develop methods that reduce sample
preparation requirements. A significant limitation of the TEM which impacted the gold NP
findings, is the small sampling of the scaffold volume used to describe the NPs distribution
throughout its entire volume. As resolving power improves, the employed magnification
tends to increase, leading to even smaller spatial sampling. Developments in technology or
methods to investigate large volumes of materials with high resolution, but maintaining an
appropriate volume assessment is crucial for the field of microscopy.
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In conclusion, X-ray and electron microscopy was successfully utilized to investigate the
structure and function of two diverse biomaterials, demonstrating their complementary
ability to work together, and in conjunction with other methods, for the study of a broad class

of biomaterials.
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