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ABSTRACT

Advances in the field of medicine have extended the average human life expectancy
worldwide. As a result an increasing number of people will suffer from problems
associated with their mineralized tissues and will require orthopedic and dental implants to
restore their quality of life. Ideally, implants should have mechanical and structural
properties compatible with the original mineralized tissue, and should also promote faster
and stronger implant fixation. An improved understanding of the properties of mineralized
tissues can help with the improvements of implants. This thesis focuses on improving the
understanding of two aspects related to mineralized tissues and implant systems: the
mechanical properties of peri-implant bone, and the mechanical, composition and structural

properties of dentin and jawbone.

Studies have shown that local delivery of alendronate, an anti-osteoporosis drug,
enhances new bone formation; however, the effects of the drug on the elastic modulus of
new formed bone are unknown. In this study, nanoindentation was used to evaluate and
compare the elastic modulus of peri-implant bone with and without the presence of
alendronate. To better understand the properties of dentin and jawbone, nanoindentation
and qualitative backscattered electron imaging were used to measure their elastic modulus,
mineral content and volume fraction, and regression analyses were used to establish

correlation between the properties.

In this thesis, mineralized tissue samples were collected from an animal study. To

study the effects of alendronate on the elastic modulus of peri-implant bone, porous



tantalum implants with three different coating treatments were used: non-coated (Ta),
calcium phosphate coated (Ta-CaP), alendronate-immobilized-calcium-phosphate coated
(Ta-CaP-ALN). The calcium phosphate coatings, with or without alendronate, increased
the elastic modulus of peri-implant Ingrown Bone by approximately 22% (3GPa). The

addition of alendronate did not significantly increase the elastic modulus of peri-implant.

For the study of dentin and jawbone, regression analyses showed that the elastic
modulus of dentin is strongly dependent on the porosity and to a lesser extent on the
calcium content. The elastic modulus of jawbone and dentin were compared and the elastic
modulus of jawbone was generally higher than that of dentin while the mineral content was

lower.
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Chapter 1 Introduction

Advances in the field of medicine have extended the average human life expectancy
worldwide. This means an increasing number of elderly people will suffer from problems
associated with their mineralized tissues, and will require orthopedic and dental implants to

restore their quality of life.>>*>¢”

Hip and knee replacements are common orthopedic surgeries performed on the elderly.
Between April 1% 2004 and March 31% 2005 there were a total of 58,714 hip and knee
replacements performed in Canada. It is projected that the number of surgeries will reach

over one hundred thousand in 2014-2015.*

In 2005, more than 60% of Canadians have at least one missing tooth.® Dental
implants offer a good solution for these people because it prevents jawbone loss, gum
recession, and offers better aesthetic and convenience compared with dentures or bridges.’
With the expected increase in population, life expectancy and improvements in dental

implants, it is anticipated that the market for dental implants will rise in the near future.’

An ideal implant should have mechanical and structural properties compatible with the
original mineralized tissue, and should also promote faster and stronger implant fixation.'’
Before such an ideal implant can be designed, the properties of mineralized tissues must be
well understood. This thesis focuses on two aspects related to mineralized tissues and
implant systems: 1) mechanical properties of peri-implant bone, and 2) mechanical and

structural properties of tooth and jawbone.



First, nanoindentation was used to evaluate the elastic modulus of peri-implant bone
from a bone-implant animal model. Previous studies have shown that local delivery of
alendronate, an anti-osteoporosis drug, enhances new bone formation,”’]z A3 14TS it the
effects of the drug on the mechanical properties of the new bone is unknown. In this thesis,
the elastic moduli of the peri-implant bone with and without the presence of alendronate
were compared. Knowledge from this study will improve the understanding of the effect of
alendronate on implant fixation, and could expedite the widespread adoption of implants

with local anti-osteoporosis drug delivery functions.

Second, nanoindentation and qualitative backscattered electron imaging were used to
study the mechanical properties, composition, and structure of dentin and jawbone. A
better understanding of dentin and jawbone should help with the improvements of future

dental implant designs."'®



Chapter 2 Literature Review

2.1 Orthopedic and Dental Implants

An ideal implant should have mechanical and structural properties compatible with
the original mineralized tissue, and should also promote a faster and stronger implant
fixation.'” A fundamental knowledge of orthopedic and dental implants, and the structure
and composition of bone and dentin is necessary for the eventual development of such an
implant. A brief review on these topics is provided in this and the subsequent section of

this chapter.

Hip and knee replacement surgeries are the most common orthopedic implant
surgeries performed around the world.'” The modern total hip replacement (THR) was first
introduced by Sir John Charnley of England in the early 1960s, since then many
improvements have been made.'® The majority of THR consists of three major parts, a
metallic acetabular cup, a polymer liner, and a metallic femoral head and stem. Currently,
most acetabular cups and femoral heads and stems are made of cobalt-chromium alloys or
titanium alloys, but porous tantalum acetabular cups are now being manufactured for use."

The polymer liner is made of ultrahigh molecular weight polyethylene (UHMWPE)."”

The total knee replacement (TKR) was first developed by Dr. Frank Gunston in the
late 1960°s.°?' The TKR consists of three components, a metallic femoral component, a

polymer patellar component, and a metallic tibial component.lg’22 Similar to the THR, the



metallic components of a TKR are made of cobalt-chromium alloys or titanium alloys, and

the polymer patellar component is made of UHMWPE."

Modern dental implantology was developed in the mid-1960s by Dr. Per-Ingvar
Brénemark, a physician from Gothenburg Sweden.”'"*® Dental Implants are artificial
devices that replace the original root of a tooth, and does not include traditional forms of
tooth replacement such as removable prosthetic fixtures (dentures) and other non-root-form
implants (crowns and bridges).” Since the early 1980s, the use of dental implants has
become a well-established and preferred treatment method to replace missing teeth. Dental
implants offer significant advantages over resin-bonded or conventional bridges because

they prevent the needless restoration to the adjacent teeth.?*

There are several types of dental implants that are in use today. Those types of
dental implants include: root form, blade form, Ramus frame and subperiosteal dental.
Root form dental implants are the most common dental implants used. There are many
variations of root form implants, and each of them have different mounting designs, surface
roughness modifications, coatings, or combination of all three to improve implant

fixation.”

A root form dental implant looks like a small cylinder or screw and is usually made
of titanium. After an implant is placed in the jawbone, a metal collar called an abutment is

attached to it. The abutment serves as a base for a crown, denture or bridge.26



2.2 Compeosition and Structure of Bone and Dentin

Bone is primarily composed of approximately 70 wt% minerals, 25 wt% collagen

protein, and 5 wt% water. It has a highly complex structure and can be described as having

27,28

7 hierarchical levels of organization. An illustration of the hierarchical structure of

bone is presented in Figure 2-1.

C uilagan Cullxgcn
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Figure 2-1 Hierarchical structure of bone (reprint from ref. 28 with permission from
Elsevier)

At the nanometer scale (level 1 and 2), bone is made up of mineral
(Cajo(PO4)s(OH),) nanocrystals and collagen fibers that assemble together to form
mineralized fibrils. The mineralized collagen fibrils are the building blocks of bone, and
are 50-100 nm in diameter and can be up to a few millimeters in length. These mineralized
collagen fibrils combine in bundles or arrays and forms mineralized collagen fibers
(nanostructure, level 3). Collagen fibers form sheets of lamella, which combine with each

other to form a lamellar structure (lamellar bone) at the micrometer scale (level 4)2"8



At the sub-millimeter scale (level 5) osteons, also called Haversian systems, are
present in bone. In the center of an osteon there is a channel, called the Haversian canal,
which is surrounded by layers of lamellar bone. Haversian canals are created during bone
remodeling. During bone remodeling, osteoclast cells resorbs bone and create canals.
These canals are then refilled by osteoblast cells which rebuild the bone with layers of
lamellar bone. The rebuilding process stops when the canals are almost completely filled,
and only a narrow channel is left at the center that functions as a blood vessel.?*

At the macro scale (level 6), bone is classified as either cortical or trabecular.””®
Cortical bone, also known as compact bone, has a porosity range of 5% to 10%.
Trabecular bone, also known as cancellous bone or spongy bone, is comparatively less
dense and has a porosity of 50% to 90%. Trabecular bone contains more blood vessels and
bone cells, and its bulk mechanical properties such as strength and elastic modulus are
lower than that of cortical bone. At the 7" level of bone’s hierarchical organization, long
bones, such as tibias and femurs, are made of a combination of cortical and trabecular

bone.?

Dentin is the biggest component of a tooth and is a mineralized tissue that has an
overall composition roughly the same as bone. It is composed of approximately 70%
minerals, 20% collagen, and 10% water. The dentin structure consists of dentinal tubules a
few microns in diameter that are surrounded by mineralized collagen fibrils know as
intertubular dentin. At the nanometer scale, intertubular dentin is made up of mineralized

collagen fibrils (the building blocks of bone) that are approximately 50 to 100 nm in



diameter and are randomly oriented in a plane roughly perpendicular to the dentinal tubules
(See Figure 2-2).*"*" Because of the similarity between the composition of bone and

dentin, researchers consider dentin to be a type of bone but with a different structure.”®

Figure 2-2 A) SEM: human dentin fractured roughly parallel to the pulp cavity surface. B)
Schematic illustration of the fibril bundles arranged in a plane perpendicular to the tubule
long axis. (Reprint from ref. 27 with permission from Annual Review of Materials
Science)

Dentin is filled with nutrient supply routes called dentinal tubules that run from the
pulp to the periphery of the tooth (Figure 2-3B).*" These dentinal tubules, 1 to 3 microns in
diameter, run from the pulp cavity to the periphery with both tubule density and size

29,31

decreasing toward the periphery (Figure 2-3C). Dentin is formed by odontoblast cells

throughout the entire lifetime of the tooth which makes dentin a living tissue.*



Figure 2-3 Illustrated representation of a human premolar and the microstructure of its
dentin; A) the sagittal section of the premolar with labels identifying the two parts, crown
and root, and its four major tissues, enamel, dentin, cementum, and dental pulp. B) the
sagittal section of the dentin; C) the transverse section of the dentin, D) a microscopic view
of the dentin tubules (reprint form ref. 31 with permission from Springer)

2.3 Techniques for the Characterization of Mineralized Tissues

The majority of present day implants require mineralized tissue to grow from a
patient’s pre-existing host tissues onto/into the surfaces of an implant to create a strong
implant fixation.** This implant fixation has a direct influence on the service life of an
implant, which makes the mineralized tissues that create this fixation very important. Poor
implant fixation contributes to a high number implant revision surgeries,’' and these
surgeries are an additional burden on the already strained Canadian health care system.“’6
A better understanding on the properties of mineralized tissues could lead to new implant
designs that improve implant fixation and implant compatibility. Properties of mineralized
tissues can be investigated with a number of techniques. In this thesis, nanoindentation,
quantitative backscattered electron imaging, and fluorescence labeling techniques were

used.



Nanoindentation, quantitative backscattered electron imaging, and fluorescence
labeling are techniques that have been used extensively to investigate the properties of
mineralized tissues; however, they have not been extensively used in combination with
each other to study mineralized tissues. A description of these techniques, along with
recent studies on mineralized tissues where these techniques are employed, are presented in

this and subsequent sections of this chapter.

2.3.1 Nanoindentation

Developed largely over the past three decades, nanoindentation, also known as
instrumented indentation testing, or depth-sensing indentation, is a relatively new technique
for material testing.>> Nanoindentation has conventionally been used to study the
mechanical properties of metals, ceramics, and polymers, but has since become popular for
studying the mechanical properties of mineralized tissues because of its ability to study
material at the submicron scale.***> One of the most often measured properties with
nanoindentation is the elastic modulus, a measure of a material’s stiffness, or resistance to

elastic deformation.>***3¢



2.3.1.1 Instrumentations of a Nanoindenter

A generalized schematic illustration of a nanoindenter is shown in Figure 2-4. All
nanoindenter systems have a means for observing and moving the specimen, a means for

applying a known force to the indenter shaft, and a means for measuring the resultant

34,37

displacement. A brief description of the physical mechanisms in a nanoindenter is

provided in this section.

« Load Application
Device
- Springs
Displacement

Load Frame

Figure 2-4 Schematic illustration of an instrumented indentation system (Reprinted from
ref. 37 with permission from NIST)

The observing and moving of a specimen involves an optical imaging system, and a
lateral motion stage. The user initially determines and selects the desired test sites by
observing video images through an optical microscope. The magnification of the optical
microscope can be 100X, 400X, and 1000X.” After the test sites selection is made, the
sample is automatically transported to below the indenter tip by the lateral motion stage,

and tests are performed at the selected locations.>

* Specific to Nano Indenter XP
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The most popular means for the application of force involves an electromagnetic
coil/magnet assembly. This assembly is attached at the top of the indenter shaft and the
force imposed, which transfers to the indenter tip, is directly proportional to the current that
passes through the coil. The range of load is 0.1 uN to 10 N with a theoretical load
resolution of 50 nN.*** It is important to note that the indenter tip, or probe tip, is an
important part of a nanoindenter. Usually made of diamond, because of its high hardness
and elastic modulus, the Berkovich triangular pyramidal indenter tip is the most common

indenter tip used for elastic modulus measurements.*>~*>’

A commonly used displacement sensing system involves capacitive sensors
consisting of three capacitive plates (circular disks) that can be found around the mid-
section of the indenter shaft. The two outside plates are fixed to the stationary head and
have an opening that allows the indenter shaft to pass through. The center plate is fixed to
the indenter shaft and is free to move vertically between the two stationary plates. The
vertical displacement between the stationary and mobile capacitive plates is determined by
observing the difference in voltage between them. The range of displacement is 20 nm to

500 pm with a theoretical displacement resolution of less than 0.01 nm."**

To reduce interferences from the surrounding environment, a nanoindenter system
is usually place on top of a vibration isolation table, and then enclosed by an insulated

cabinet 3438
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2.3.1.2 Description of the nanoindentation process

During the course of a nanoindentation process, the indenter tip is pressed into the
sample and then withdrawn. During the indenter tip withdrawal, only the elastic portion of
the displacement is recovered and this recovery allows the elastic properties of a material to
be determined. A record of the depth of penctration and load applied during the entire
course of the indentation process (loading and unloading) can be plotted to create a load-

displacement curve. Information from the load-displacement curve can be used to calculate

33,3437

the elastic modulus of the sample. Figure 2-5 shows a typical load-displacement

curve.39

Load, P

Displacement, h

Figure 2-5 A typical load-displacement plot (Reprinted from ref. 35 with permission from
Elsevier)

The eclastic modulus of the indented sample can be inferred from the initial
unloading contact stiffness S, the slope of the initial portion of the unloading curve. From

this information, the reduced modulus, E,, can be calculated by applying

Wres)

E =2——/ Equation 2-1

" 2pJ4

where B is a constant that depends on the geometry of the indenter tip, and A is the contact
area (for the Berkovich tip B = 1.034 and A = 24.56h,> where h. is the contact

depth).33’34’37’39
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E,, the reduced modulus, accounts for the fact that elastic deformation occurs in
both the sample and the indenter. From a sample’s E,, the elastic modulus of a sample can

be calculated by

— = + : Equation 2-2

where E and v are the elastic modulus and Poisson’s ratio for the sample and E; and v; are
the elastic modulus and Poisson’s ratio for indenter tip. For the diamond Berkovich

indenter tip E; = 1141 GPa and v; = 0.07.333437%

The continuous stiffness measurement (CSM) technique is a recently developed
technique that offers a significant improvement in nanoindentation testing. The CSM
technique allows for the calculation of contact stiffness (S) continuously during loading,
instead of only during the unloading portion at the maximum penetration depth. The CSM
technique is accomplished by imposing a sufficiently small amplitude harmonic force on

top of the primary loading that drives the motion of the indenter (Figure 2-6).° 340

f.oad, P

Displacement, h

Figure 2-6 Schematic of a typical load-displacement with CSM loading cycle (Reprinted
from ref. 35 with permission from Elsevier)



The corresponding displacement oscillation from the harmonic force is monitored
and the contact stiffness can be calculated from the phase difference between the force and
displacement signals by applying:

wD

tan(d) = ————
©) S+K, —ma’

Equation 2-3

where § is the phase difference between the force and displacement signals, ® is the
frequency of the applied force, K is the stiffness of the indenter shaft support, and m is the

35,40,4
mass of the components.*>***!

2.3.1.3 Recent studies on the Nanoindentation of Mineralized Tissues

Nanoindentation has been used extensively on studying the elastic modulus of
mineralized tissues.******* Butz et al. conducted a nanoindentation study on peri-implant
bone collected from an animal study. In the animal study, acid-etched and non-acid-etched
titanium implants were surgically inserted into the femur of Sprague-Dawley rats.
Specimens were removed after 4 weeks of healing time. Butz et al. found that the elastic
modulus of peri-implant bone from the etched implants were higher than that from the un-

etched sample.*

Oyen et al. inserted titanium dental implants into the alveolar ridge of Sinclair
miniswines and conducted nanoindentation testing on the jawbone surrounding the implant.
After a healing time of 7 months, the implants were harvested and prepared for
nanoindentation. The study found that bone closer to the bone-implant interface had lower

clastic modulus than bone that was further away.*’
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Saruwatair et al. conducted a nanoindentation study with AFM on mineralized tissues
from an in-vitro study with rat bone marrow-derived osteoblast cells. The study found that
culturing osteoblast cells on titanium, compared with polystyrene enhanced elastic modulus
and interfacial strength of the mineralized tissue. The study also observed that the degree
of mineralization of the tissues was higher for titanium than polystyrene and could have

been a contributing factor for the increased elastic modulus.*®

Among the first to apply nanoindentation to the study of dentin was van Meerbeek et
al. who measured the elastic modulus of human dentin to be 19.3 GPa. Since then, some
researchers have used nanoindentation to determine the elastic modulus of dentin.”> One of
the most recent studies was by Kishen et al. Kishen et al. used instrumented
microindentation on the sagittal plane of human permanent non-carious lower incisors and

an elastic modulus distribution across the plane was established.*’

Although nanoindentation has been used extensively to study the elastic modulus of
mineralized tissues, it has not been widely used for studying peri-implant bone. In
addition, studies have not taken into consideration the age of the newly formed mineralized
tissues. Additionally, nanoindentation studies on dentin are not as readily available as

studies on bone.
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2.3.2 Quantitative Backscattered Electron Imaging

Mineral content and porosity are important factors that contribute to the mechanical
properties of mineralized tissues.”® Quantitative backscattered electron imaging (qQBSEi) is
a technique that can be used to quantify the mineral content of mineralized tissues such as

%31 One important

dentin, and can also be used to quantify its porosity (volume fraction).
advantage of qBSEi is that samples previously used for nanoindentation can be reused for

imaging. This allows for an effective correlation between data gathered from gBSEi and

nanoindentation.

The primary technology behind the gBSEi technique is the Scanning Electron
Microscope (SEM).*3%1 Tg create an image, the SEM focuses a beam of high energy
electron (incident electron beam) onto a sample’s surface. Different types of signals are
generated from the interaction between the incident electron beam and the sample surface,
and the signals are detected and processed to create different types of images. One type of

signals generated from this interaction is backscattered electrons (BSE) signals.**?

Originating from the incident electron beam, electrons are reflected or backscattered
by the sample. The total number of electrons from the primary beam that are backscattered
by the atoms in the sample material determines the intensity of the BSE signal. The
number of backscattered electrons is a function of the atomic number of the sample
material and the contrast in the BSE image is created by the different intensities recorded.
The BSE signal intensity, measured in greylevels (0-255), can be used to quantify the

mineral content of mineralized tissues, since regions with a higher average atomic number
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(i.e. higher mineral content) appear brighter (lower greyscale levels) than regions of lower
atomic number (i.e. lower mineral content). Also, since porosity appears as dark regions on

the image, BSE images can also be used to quantify porosity.”®>*>***

2.3.2.1 Recent studies on the qBSEi of Mineralized Tissues

As previously mentioned, one of the advantages in using the qBSEi technique for
mineral content and porosity quantification is that the same samples previously used for
nanoindentation can be used for gBSEi.*® Information gathered by qBSEi and
nanoindentation can be used to establish correlations between nano-mechanical properties,

56,57,58,59

mineral content, and volume fraction. This section will present some of the

available literatures related to this topic.

Before the mineral content of mineralized tissues can be quantified with BSE images,
the BSE signals needs to be calibrated and standardized. Roschger et al. validated a
technique for this quantification purpose by using carbon and aluminum as reference
materials for backscattered electron signal grey-level calibration, and demineralized bone
and hydroxyapatite for calcium concentration standardization.”” With this validation
technique, this research group conducted studies that correlated elastic modulus with the
mineral content in bone.®°®" Other publications can be found that correlates elastic
modulus with mineral content in bone using nanoindentation and gBSEi; however,

publications for this correlation regarding dentin are not as readily available.
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Tesch et al. used qBSEi and nanoindentation in an atomic force microscopy and used
the calcium content and elastic modulus data collected to conduct a linear correlation
analysis. Their study involved BSE imaging and nanoindentation of dentin on the sagittal
plane from a human molar, but did not provide a distribution of the properties, and did not

consider the age of the dentin.’

Angker et al. investigate the use of BSE imaging to quantify the mineral content of
sound and carious dentin. Eight primary molars with untreated carious dentin were
sagittally sectioned and used for their study. The study found a decrease in calcium content
as the distance to pulp decreases.”® In another study by the same group, the elastic modulus
of carious dentin was measured with indentation, and the calcium content was measured
with gBSEi. They found that the deterioration of the elastic modulus of carious dentin was

positively correlated to a reduction in its mineral content.®?

The elastic modulus of bone is well known to be reduced by porosity and the same is
expected for dentin. J. Currey investigated the effects of both calcium content and porosity
as explanatory variables on the elastic modulus of bone. In this study, correlations between
elastic modulus and both of the explanatory variables were established; however, the study

did not provide information on dentin.’®

Although gBSEi and nanoindentation has been used to study the calcium content and

elastic modulus of mineralized tissues, it has not been widely used for dentin. Also,
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correlations between the properties of dentin are not vastly available. In addition, past

studies have not taken into consideration the age of the mineralized tissues.

2.3.3 Fluorescence Labeling

Fluorochromes, also known as fluorescence labeling, have been used extensively for
the histological study mineralized tissues. Fluorochromes are essentially calcium-seeking
substances that are incorporated into the mineralization fronts of mineralizing surfaces.
After fluorochromes enter the bloodstream, it binds to bone minerals through the chelation
of calcium ions at the surface of newly formed apatite crystals. The reason for the selective
binding of fluorochromes to newly mineralizing surfaces is unclear; however, it may be
associated to the smaller apatite crystal size formed during the initial stages of

mineralization.®®

Through monitoring the time of fluorochromes administration, the age of newly
formed mineralized tissues can be identified. The most commonly used fluorochromes for
bone labeling are calcein, alizarin complexone and tetracycline. Newly formed bone with
fluorochrome labeling can be identified by the different colors seen when observed under a

. 6
fluorescent microscope.”

Pautke et al. developed a labeling protocol using multiple fluorochromes. The
fluorochromes were sequentially injected into mice during a 4 week period. Bone samples
were harvested six months after the final fluorochrome injection. Pautke et al. found that 6

different fluorescent bands could be observed.** With these fluorescent bands, the growth
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patterns of bone were observed. In a separate study by the same group, Pautke et al. used
similar sequential fluorochrome injections to study the growth of dentin.®* Frosch et al.
implanted porous titanium into Chinchilla rabbits, and applied 4 different fluorochromes to
study the histology of peri-implant ingrown bone. Harvested samples were observed and

the peri-implant ingrown bone growth patterns identified.*

Although fluorochromes have been used extensively for the histological study of
mineralized tissues, this technique has not been used to relate the age of newly formed
mineralized tissues with mechanical and structural properties. With the combination of
nanoindentation, quantitative backscattered electron imaging and fluorochrome labeling
techniques, mechanical and structural information of mineralized tissues can be associated

with the exact age of newly formed mineralized tissues.
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Chapter 3 Research Scope and Objectives

The scope of this thesis was to investigate the properties of peri-implant bone, dentin,

and jawbone using samples harvested from an animal study.

Studies have shown that local delivery of alendronate (an anti-osteoporosis drug)
enhances new bone formation; however, the effect the drug has on the elastic modulus of
the influenced bone remains unclear. In this thesis, the elastic moduli of the peri-implant
bone with and without the presence of alendronate were compared. The peri-implant bone
samples were gathered from an animal study. In this thesis, nanoindentation was used to
measure the elastic modulus of the peri-implant bone. In addition, fluorochromes were

used to identify the age of newly formed mineralized tissues.

There are numerous studies on the composition and mechanical properties of bone.
However, studies on the composition and mechanical properties of dentin and the
comparison between dentin and bone are not as readily available. In this thesis, dentin and
Jawbone harvested from an animal study were investigated with nanoindentation and
quantitative backscattered electron imaging. Fluorochromes were used to identify the age
of newly formed tissues. @ With the combination of nanoindentation, quantitative
backscattered electron imaging and fluorochrome labeling techniques, mechanical and

structural information of dentin can be associated with its exact age.
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The objectives of this thesis were:

1. To study the effects of surface modifications (calcium phosphate coating and
alendronate-immobilized-calcium-phosphate coating) on the elastic modulus of peri-
implant bone.

2. To study the elastic modulus, mineral content, and volume fraction distribution of
dentin.

3. To establish a correlation between the properties of dentin.

a. To establish a correlation between the elastic modulus and mineral content.

b. To establish a correlation between the elastic modulus and volume fraction.

c. To determine if a correlation between the elastic modulus and both variable
(mineral content and volume fraction) is a stronger correlation than those found
for objectives 3a and 3b.

4. To compare the elastic modulus and mineral content of dentin and jawbone.
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Chapter 4 Materials and Methods

To accomplish the objectives of this research study, a number of methodological steps
were taken. The details of the steps involved are presented in this chapter and are

organized into two sections, animal study and sample analyses.

The animal study involved implant preparations, surgery, post surgery animal care,
fluorescence injections, and sample harvesting. The sample analyses involved sample

preparations, nanoindentation, quantitative BSE imaging, and data analysis.

4.1 Animal Study

An animal study was used to accomplish multiple objectives for a number of different
research studies and theses. The following section describes the details of the animal study
that are relevant to this thesis. For further details regarding this animal study, please refer

to reference 11.

Eighteen New Zealand White female rabbits of 3.5-5.0 kg (28 to 34 weeks old) were
used in the animal study. They were randomly divided into 3 groups for the surgical
implantation of 3 types of implants. The implants were inserted into the distal femurs of
the rabbits. Descriptions of the implants and the surgical procedure are provided in

subsequent sections of this chapter.
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The animal study was conducted at the Jack Bell Centre (animal centre), Vancouver
General Hospital. The study was approved by the Animal Research Ethics Review Board

at the University of British Columbia (Protocol number: A04-0275).

4.1.1 Implant Preparation and Assembly

Porous tantalum (Trabecular Metal ™) cylinders were the main part of the implants
used in this study. The porous tantalum cylinders were 3.18 mm in diameter and 8 mm in
length. They were manufactured by Zimmer Inc. (Warsaw, Indiana, USA). The
specifications, as provided by the manufacture, for the porous tantalum cylinders were as
follows: Pore size: 400 to 500 micrometers; Porosity: 75% to 80%; Density of solid

tantalum: 16.65 g/cm’; Weight: ~ 0.237 g.

The porous tantalum cylinders were separated into 3 groups and underwent different
surface treatments. The 3 groups were: 1) bare porous tantalum (Ta) group, 2) calcium
phosphate coated (Ta-CaP) group, 3) alendronate-immobilized-calcium-phosphate coated

(Ta-CaP-ALN) group.

The cylinders in the Ta group were not modified with any surface coatings. The
cylinders in the Ta-CaP group were coated with calcium phosphate. The cylinders in the
Ta-CaP-ALN group were initially coated with calcium phosphate, then had alendronate
immobilized onto it. The calcium phosphate coating and the alendronate immobilization
process was developed by Dr. K. Duan, of the UBC Biomaterials research group.'® The

calcium phosphate coating and the subsequent alendronate immobilization for the implants
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used in this study were completed by Y.X. Hu, of the UBC Biomaterials research group.

The details of the modifications made to the implants can be found in reference number 11.

To better replicate clinical scenarios, a gap model was used. To achieve the effects
of a gap during surgery, the porous tantalum cylinders were capped off with
polymethymethacrylate (PMMA) bone cement (Simplex® P, Stryker Howmedica
Osteonics, Limerick, Ireland) caps at both ends of the cylinders. PMMA bone cement caps
were manufactured in house from custom made molds. A drop of bone cement was added
into each cap as glue to firmly attach the caps to the ends of the implant cylinder. The
assembling of the implants was completed in house. The dimensions of the caps were 4.37
mm 1n outer diameter, 3.18 mm in inner diameter, 2mm in height and 1.5mm in depth. As
a result of these caps, the desired 0.6 mm gap between the porous tantalum cylinder and the
surrounding host trabecular bone was maintained after the implants were surgically inserted
into the rabbits’ femoral bone. After assembly, the implants were placed into the original
Zimmer polymer packaging and re-sealed. A schematic representation of an assembled

implant is shown in Figure 4-1.

Figure 4-1 Schematic representation of an assembled implant
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4.1.2 Surgery

The surgery was performed in an animal operating room inside the Jack Bell Centre
by a surgeon, Dr. Winston Kim. Implants were bilaterally inserted (one implant in each
femur) into the distal femoral condyle. A 3 c¢m incision was made with a scalpel at the
distal lateral aspect of the femur, and the vastus lateralis was split along its fibers to expose
the underlying femoral bone. Through sequential drilling a 4.37 mm opening was made
under constant saline irrigation. The orientation of the opening was perpendicular to the
distal femoral condyle (Figure 4-2). An implant was inserted into the opening and the
wound was then irrigated and closed. The same type of implants was bilaterally inserted
into each rabbit to avoid any confounding influences by the presence or absence of different
implant coatings. The anesthetic, surgery and animal care were performed in compliance

with university and federal guidelines.

Figure 4-2 X-ray image demonstrating implant location and orientation
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4.1.3 Animal Care after Surgery

Antibiotics (Notrile) were administrated to the rabbits after the surgeries. The
weights and body temperatures of the rabbits were monitored by animal care staff at the

Jack Bell Centre.

4.1.4 Fluorescence Injections

Bone and dentin formation fronts were labeled with fluorochromes to track the time
of bone/dentin formation. Two commonly used fluorochromes (Sigma-Aldrich, Alizarin)
complexone and calcein were used. The labeling chemicals were administrated
subcutaneously at week 1 and week 2 (calcein, 10mg/Kg), and week 3 and week 4 (alizarin

complexone, 30mg/Kg).

4.1.5 Sample Harvesting

The rabbits’ distal femurs were harvested 29 days after surgery. After the animals
were euthanized, X-ray images of the femur were taken, the lateral legs were dissected, and
the femoral bones with the implants were removed. The lower jaw of the rabbits with bare

Ta implants were removed and frozen.

4.2 Sample Analyses

The sample analyses for this research are divided into two sections: peri-implant

bone, and dentin and jawbone.
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4.2.1 Peri-Implant Bone Analysis

4.2.1.1 Peri-Implant Bone Sample Preparations

Prior to the nanoindentation study, the peri-implant bone underwent histology and
histomorphometry analysis. This analysis was completed by Y.X. Hu, of the UBC
Biomaterials research group.'' Details of the sample preparation relevant to the
nanoindentation study are briefly discussed in this section to demonstrate the general

history of the samples prior to this study.

The femur was cut parallel to the radius direction of the condyle arc as illustrated in
Figure 4-3. The harvested samples were fixed, dehydrated, infiltrated and then embedded
in epoxy resin following a standard histological procedure.'*” Each embedded samples
were longitudinally cut with a diamond saw (Buehler, Lake Bluff, IL USA), and then
ground and polished in the observation direction to 1500 um from the tangent surface of the
implant. After curing, the bottoms of Epothin blocks were ground parallel to sample
surface with the grinding fixture at the accuracy of #20 um. The final surfaces were
vibration polished with 0.05 micrometer silica slurry. The embedded samples were
sputtered with a thin layer of Au/Pd coating and imaged with a Scanning Electron

Microscope (Hitachi-S3000N SEM, Hitachi Scientific Instruments, Tokyo, Japan)."
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Figure 4-3 Illustration of a rabbit’s distal femur demonstrating observation direction

4.2.1.2 Fluorescence Microscopy and Indentation Location Selection

Five samples from each of the 3 groups of implants were randomly selected for the
nanoindentation study in this thesis. A fluorescence microscope (Eclipse E 600, Nikon,
Tokyo, Japan) with a FITC & TRITC dual exciter and dual emitter filter block, (exciter
wavelengths: 475 — 495 nm and 540 — 575 nm, emitter wavelengths 500 — 535 nm and 580
— 620 nm), was used to image the fluorescence labeled peri-implant bone. Under the
fluorescence microscope, bone formed on the 7™ and 14" day after surgery (22 days old
and 15 days old bone) was identified by green calcein labels. Peri-implant bone formed on
the 21* and 28" day after surgery (8 days old and 1 day old bone) was identified by the red

alizarin labels.
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By comparing the fluorescence images with white light images of the same area, the
locations for nanoindentations were identified (Figure 4-4). Indentation locations were

selected based on the age and physical location of the peri-implant bone.

tum
=== |

Figure 4-4 Fluorescence and white light images of peri-implant bone. 15 days old bone is
identified by the calcein green labels on this fluorescence image.

For this study, the elastic moduli of 15 days old peri-implant bone were measured.
The peri-implant bone was classified by its physical location (Figure 4-5). Bone that has
grown inside the pores of the porous Ta cylinders was classified as Pores Filling Bone.
Bone that has grown into the gap of the implant was classified as Gap Filling Bone. The

trabecular host bone surrounding the implant was classified as Host Bone.
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Figure 4-5 Illustration demonsffating bone location classiﬁcatigns. A) Pores Filling Bone;
B) Gap Filling Bone; C) Host Bone

4.2.1.3 Indentation of Peri-Implant Bone

A nanoindentation system (Nano Indenter XP System, MTS Nano Instruments, Oak
Ridge, TN, USA) was used to measure the elastic modulus of the peri-implant bone. It was
measured with a Berkovich diamond tip (AccuTip™) under continuous stiffness
measurement mode (CSM). Indenter tip calibration was conducting before indentation
testing. The measurements were displacement controlled with penetration depth of 1000
nm. The elastic modulus measured between the depths of 200 and 1000 nm were averaged
and used for data analysis. The amplitude and frequency of the sinusoidal signal used were
5 nm and 45 Hz, respectively, the Poisson’s ratio was 0.30, and allowable drift rates was set

30,38,68.69,7
to 0.05 nmy/s 038686970
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4.2.1.4 Statistical Analysis

Differences in the means and standard deviations of the elastic moduli were
characterized with two tailed t-test, ANOVA, and Holm t-test using a statistical analysis
software (Primer of Biostatistics, ver. 6.0). The t-test was used to compare the elastic
moduli of two groups to identify statistical differences. ANOVA was used to compare the
elastic moduli of three groups to identify if statistical differences among the three groups
exist and to determine if post hoc analysis was necessary. Holm t-test (post hoc analysis)
was used to identify which of the pairs in the three groups were statistically different. A
confidence level of 95% was used and a p-value of < 0.05 was considered to be

significant.”’

4.2.2 Dentin and Jawbone Analysis

4.2.2.1 Dentin and Jawbone Sample Preparations

Three lower jaws were defrosted and used for this study. The mandibular incisors
were removed and submerged into phosphate buffered solution (PBS) for 24 hours before
embedding. A standard sample of carbon and aluminum were embedded into each sample

block for BSE signal calibration and standardization purposes.

The right mandibular incisors were individually placed lying flat on the medial (flat)
surface into standard 1.25 inch diameter molds and embedded with Epothin. After curing,
the bottoms of the Epothin blocks were ground parallel to the sample surface with the

grinding fixture at an accuracy of £ 20 um. The sample surface of the Epothin blocks were
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then ground to the pulp cavity of the tooth using increasing grits of silicon carbide paper
and polished to a mirror finish with 6 and 1 micron diamond suspensions. The final
surfaces were vibration polished with 0.05 micrometer silica slurry. These samples were

used to investigate the properties of dentin on the sagittal plane (Figure 4-6).

The left mandibular incisors were individually placed in the transverse direction
into individual standard molds. The tooth was held in position with a polymer sample
holding clip. The tooth was held and embedded in such a way that the crown of the tooth
was preserved, and the observation surface was normal to the tangent of the labial (anterior)
enamel surface. After curing, the bottoms of the Epothin blocks were ground parallel to the
sample surface with the grinding fixture at an accuracy of + 20 um. The sample surface of
the Epothin blocks were ground to 13 + 0.5 mm from the crown tip using increasing grits of
silicon carbide paper. The sample was then polished to a mirror finish with 6 and 1 micron
diamond suspension. The final surfaces were vibration polished with 0.05 micrometer
silica slurry. These samples were used to investigate the properties of dentin on the

transverse plane (Figure 4-6).
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Figure 4-6 Image of a lower jaw demonstrating directions and planes of interest

A section from the left side of the lower jaw was removed. It was cut parallel to the
first premolar, cxposing the surface of observation (Figure 4-7), and was embedded with
Epothin. After curing, the bottoms of the Epothin blocks were ground parallel to the
sample surface with the grinding fixture at an accuracy of + 20 um. The sample surface of
the Epothin blocks were then ground using increasing grits of silicon carbide paper and
then polished to a mirror finish with 6 and 1 micron diamond suspension. The final

surfaces were vibration polished with 0.05 micrometer silica slurry.
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Figure 4-7 Image of a lower jaw (side view) demonstrating directions and plane of interest

Dentin and jawbone sample blocks were then immersed in PBS for 24hr and air

dried for 72 hr before nanoindentation.

4.2.2.2 Fluorescence Microscopy and Indentation Location Selection

A fluorescence microscope with a FITC & TRITC dual exciter and dual emitter
filter block was used to take images of the fluorescence labeled dentin. Under the
fluorescence microscope, dentin formed on the 7™ and 14" day after surgery (22 days old
and 15 days old dentin) was identified by green calcein labels. Dentin formed on the 21
and 28" day after surgery (8 days old and 1 day old dentin) was identified by the red

alizarin label.
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By comparing the fluorescence images with white light images of the same area, the
locations for nanoindentations were identified. For the investigation of dentin on the
sagittal plane, indentations were made on the 22 days old anterior dentin growth front

(Figure 4-8).
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Figure 4-8 Fluorescence and white light images of a rabbit’s right mandibular incisor
(sagittal plane section)
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For the investigation of dentin on the transverse plane, indentations were made on

the 22 days old dentin growth fronts (Figure 4-9).
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Figure 4-9 Fluorescence and white light images of a rabbit’s bottom left mandibular incisor

(transverse plane)

For the investigation of jawbone, indentations were made on the 22 days old growth

ring in the Haversian systems (Figure 4-10).
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Figure 4-10 Fluorescence and white light images of a rabbit’s jawbone.

4.2.2.3 Indentation of Dentin and Jawbone

The Nano Indenter XP System was used to measure the elastic modulus of dentin
and jawbone. The elastic modulus was measured with a Berkovich diamond tip under
CSM mode. Indenter tip calibration was conducting before indentation testing. The
measurements were displacement controlled with penetration depth of 3000 nm. The
elastic modulus measured between the depths of 200 and 3000 nm were averaged and used
for data analysis. The amplitude and frequency of the sinusoidal signal used were 5 nm and
45 Hz, respectively, the Poisson’s ratio was 0.30, and the allowable drift rate was 0.05

nm/s.>®

4.2.2.4 Quantitative Backscattered Electron Imaging

Backscattered electron (BSE) imaging was used to quantify the mineral content and

porosity of dentin. The samples were carbon coated by vacuum evaporation (JEE-4B
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Vacuum Evaporator, JEOL — Japan Electron Optics Laboratory Co. Ltd., Tokyo Japan) to
create a conductive surface layer during imaging. BSE images of the indented arcas were
taken using a scanning electron microscope (Hitachi S-3000N, Hitachi Ltd., Tokyo, Japan).
Throughout the BSE imaging process, settings for scanning electron microscope were
controlled and monitored. The electron beam energy was set at 20 kV, the working
distance was set to 15 mm, magnification of the BSE images was set to 400x, the objective
aperture used was I, the current was monitored, and the contrast and brightness of the
images were controlled. BSE images of carbon and aluminum were periodically taken in
accordance to changes in the electron beam current. Images were then used for BSE signal

standardization.

4.2.2.4.1 BSE Signal Calibration

The calibration of the BSE signals was very important for the mineral quantification
of dentin. To determine the atomic number dependence of the BSE signal, two standard
materials, carbon (C; Z = 6) and aluminum (Al; Z = 13), were used. The linearity of the
relationship between the atomic number and the BSE greyscale level produced was
evaluated with magnesium fluoride (MgF,; Z = 10.17), and hydroxyapatite (HA; Z =
14.43).%” From the results gathered, a calibration curve that provided a correlation between
BSE greyscale level (GL) and atomic number (Z) was established. The relationship was a

linear function with a R? value = 0.9999 (Figure 4-11).
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Figure 4-11 Correlation of BSE greyscale level and Atomic Number

The contrast and brightness were adjusted so that the greyscale levels of carbon and
aluminum in the BSE images were approximately 20 and 210, respectively. This provides

a large greyscale level range suitable for mineral content quantification.

4.2.2.4.2 BSE Signal Standardization

A standardization correlation between BSE greyscale level (GL) and the calcium
content (wt% Ca) was necessary for the quantification of mineral content in the dentin
samples. A correlation (Figure 4-12) was established by using a standard sample of
hydroxyapatite and demineralized bone. The hydroxyapatite (bone mineral) contains 39.86
wt% of calcium in its structure while the demineralized bone (bone matrix) had < 0.2 %.

For this correlation, the demineralized bone was considered to have 0 wt% calcium.
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Figure 4-12 Standardization of BSE signal

To complete the standardization correlation between greyscale level and calcium
content, a relationship between the demineralized bone sample and carbon greyscale level
had to be established. The greyscale level for the demineralized bone sample and carbon
were measured under 10 different contrast and brightness settings. The greyscale level of

demineralized bone was 5 t 0.90 greater than that of carbon. This difference was

considered during the calcium content measurements.

4.2.2.4.3 BSE Image and Mineral Content Measurement

BSE images were digitally processed using an image analysis/editing software
(Corel Photo-Paint X3). Since the nanoindentation imprints were visible on the BSE
1mages, the imprints were digitally removed from the images and the greyscale level of the

surrounding dentin were measured and recorded for subsequent calcium content
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calculations. Using the greyscale level of periodically taken BSE images of carbon and
aluminum, combined with the calibration and standardization methods described in the
previous section, the greyscale level measured were converted into weight percentage of

calcium (wt% Ca).

4.2.2.4.4BSE Image and Volume Fraction Measurement

BSE images were used to measure the volume fraction (Vf) of the intertubular
dentin, defined as 100% minus porosity%, of the area surrounding nanoindentation
imprints. The BSE images were processed to digitally remove the visible nanoindentation
imprints. Using an image analysis software (Clemex Vision Professional Ed. 3.5,
Longueuil, QC, Canada), the greyscale level discrimination between porosity and dentin

was possible (Figure 4-13). The dentin porosity was measured and converted to the volume

fraction.

Figure 4-13 BSE images of dentin and corresponding image for demonstrating grey level
discrimination for porosity and dentin. A) transverse plane; B) sagittal plane.
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4.2.2.5 Analysis of Drying Time

Previous in house studies have found that the elastic modulus of bone remained
constant after a drying time of 3 days. Although the same results were expected for dentin,
it was necessary to confirm it. Nanoindentations were made on the 22 days old anterior
dentin growth front on the sagittal plane after 3 different drying times (3 days, 8 days, and
17 days). Figure 4-14 demonstrates the elastic modulus measurements on the growth front

for the three different drying times. It can be observed that the results are similar.
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Figure 4-14 Elastic modulus of dentin on the sagittal plane at 3 different drying times (3
days, 8 days, and 17 days).
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4.2.2.6 Analysis of Florescence Dyes

For this study, it is important to determine if fluorescence dyes, specifically calcein,
had an effect on the mineralization of dentin. To determine this, BSE images of dentin on
the calcein growth front were analyzed. It can be visually observed that the greyscale level
variation throughout the image is minimal (Figure 4-15). Comparing the BSE image with
the corresponding fluorescence image from the same area, it can be observed the greyscale

level is not affected by the calcein fluorescence.

Figure 4-15 BSE and corresponding fluorescence images of dentin on the transverse plane.

To support this observation, ten BSE images were randomly selected and analyzed.
The greyscale levels of the areas with and without possible fluorescence influence were
measured and compared. The difference in greyscale levels between areas with and
without fluorescence was < 3 greyscale level (<1%). Since the greyscale levels in the BSE
images is directly related to the quantified calcium content, if calcein has an effect on

mineralization, the effects should be minimal.
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4.2.2.7 Regression and Correlation

For this study on dentin, linear regressions were used to determine a correlation
between elastic modulus and mineral content (wt% Ca), and elastic modulus and volume
fraction (Vf). Afterwards, linear regressions of elastic modulus with both variables (wt%
Ca and V{) were used to establish a correlation coefficient (R). These liner regressions
were used for dentin on both the sagittal plane and the transverse plane. A linear regression
was also used to establish a correlation between elastic modulus and mineral content in
jawbone. In addition to the linear regressions, logarithmic regressions were also used. The

regression and correlation results are presented in subsequent chapters of this thesis.
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Chapter 5 Results

5.1 Elastic Modulus of Peri-Implant Bone

Porous tantalum implants with different surface modifications were implanted into
New Zealand White Rabbits during an animal study. The implants were harvested and the
elastic modulus of the peri-implant bone was measured using nanoindentation. To
eliminate the effects age may have on the elastic modulus of bone, the age of bone tested
was 15 days old. Differences between the elastic moduli of different categories of bone
were compared with two tailed t-test, ANOVA, and Holm t-test. A confidence level of
95% was used and a p-value of < 0.05 was considered to be significant. At least 20
nanoindentation measurements were made per bone category per sample. The results from

the nanoindentation testing are presented in this section.

5.1.1 Elastic Modulus Comparison of Gap Filling and Pores Filling Bone

A gap implant model was used to better represent a clinical scenario. As a result of
this gap, the bone-implant interface was formed by bone that has grown into two distinct
regions of the implant, the gap and the pores. The elastic modulus of Gap Filling Bone and
Pores Filling Bone are compared in Figure 5-1. Individual comparisons were made for

each of the implant types.
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Figure 5-1 Elastic modulus comparison of Gap Filling Bone and Pores Filling Bone. A)

from Ta implants; B) from Ta-CaP implants; C) from Ta-CaP-ALN implants. Error bars
represent + 1SD.
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The elastic moduli of Gap Filling Bone and Pores Filling Bone from Ta implants
were 14.39 = 1.07 GPa and 14.18 + 1.75 GPa, respectively. The elastic moduli of Gap
Filling Bone and Pores Filling Bone from Ta-CaP implants were 17.25 + 1.50 GPa and
17.05 £ 1.75 GPa, respectively. The elastic moduli of Gap Filling Bone and Pores Filling
Bone from Ta-CaP-ALN implants were 17.52 + 1.47 GPa and 1742 + 0.66 GPa,

respectively.

The implant type with the largest elastic modulus difference between Gap Filling
Bone and Pores Filling Bone was the Ta group; however, even though the difference was
the largest, the difference was less than 0.21 GPa and statistically insignificant (P value >
0.82). Therefore, to reduce complexities, the data for Gap Filling Bone and Pores Filling

Bone were combined and re-categorized as Ingrown Bone.
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5.1.2 Elastic Modulus Comparison of Ingrown Bone

The elastic moduli of Ingrown Bone from all three implant types are compared in

Figure 5.2.
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Figure 5-2 Elastic modulus comparison of Ingrown Bone from Ta, Ta-CaP, Ta-CaP-ALN
implants. Error bars represent  1SD.

The elastic moduli of Ingrown Bone harvested from the Ta, Ta-CaP, and Ta-CaP-
ALN implants were 14.24 + 1.23 GPa, 17.17 £ 1.79 GPa and 17.40 = 1.10 GPa,
respectively. ANOVA statistical comparisons found the elastic modulus differences of
Ingrown Bone amongst the three groups to be significant (P value of 0.007). To determine
which of the groups are statically different from each other, post hoc analysis for multiple
comparison testing is required. Table. 5-1 shows p values from t-tests between implant

groups.
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Table. 5-1 t-test p values from Ingrown Bone comparison between paired implant types.

Compared Groups p values
Ta & Ta-CaP 0.019
Ta & Ta-CaP-ALN 0.003

Ta-CaP & Ta-CaP-ALN | 0.85

Using a critical p value of 0.05 and applying the Holm t-test shows that the elastic
modulus differences between the Ta and Ta-CaP group, and Ta and Ta-CaP-ALN are both
statistically significant. The elastic modulus difference between Ta-CaP and Ta-CaP-ALN

was statistically insignificant.

The results suggests that the calcium phosphate coatings, with or without
alendronate, increased the elastic modulus of the 15 days old Ingrown Bone. The results
also suggests that the presence of alendronate did not significantly increase the elastic

modulus of the 15 days old Ingrown Bone.

5.1.3 Elastic Modulus Comparison of Host Bone

To determine whether the effects of the surface modifications were limited to the
Ingrown Bone, a comparison between the Host Bone from the 3 implant types was

conducted and presented in Figure 5-3.
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Figure 5-3 Elastic modulus comparison of Host Bone in Ta, Ta-CaP, and Ta-CaP-ALN
Implants. Error bars represent + 1SD.

The elastic modulus of Host Bone from the Ta, Ta-CaP, and Ta-CaP-ALN implants
are 17.41 £ 1.74 GPa, 17.59 = 1.33 GPa, and 17.93 * 1.52 GPa, respectively. ANOVA
statistical comparison found the differences amongst the three groups to be insignificant (P

value of 0.865); therefore, post hoc analysis was not required.

The results suggests that the calcium phosphate coatings, with or without

alendronate, did not significantly affect the elastic modulus of the Host Bone.
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5.1.4 Elastic Modulus Comparison of Ingrown Bone and Host Bone

To determine the differences between Ingrown Bone and Host Bone, the elastic
moduli of Ingrown Bone and Host bone are compared in Figure 5-4. Individual

comparisons were made for each of the implant types.
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Figure 5-4 Elastic modulus comparison of Ingrown Bone and Host Bone: A) from Ta

implants; B) from Ta-CaP implants; C) from Ta-CaP-ALN implants. Error bars represent +
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The elastic moduli of Ingrown Bone and Host Bone from Ta implants were 14.24 +
1.23 GPa and 17.41 *+ 1.74 GPa, respectively. The elastic moduli of Ingrown Bone and
Host Bone from Ta-CaP implants were 17.17 = 1.79 GPa and 17.59 + 1.33 GPa,
respectively. The elastic moduli of Ingrown Bone and Host Bone from Ta-CaP-ALN
implants were 17.40 = 1.10 GPa and 17.93 + 1.52 GPa, respectively. The elastic modulus
differences between the Ingrown Bone and Host Bone for Ta, Ta-CaP, and Ta-CaP-ALN

are 3.17 GPa, 0.42 GPa, and 0.57 GPa, respectively.

Table 5-2 t-test p values for comparisons between Ingrown Bone and Host Bone for the
different implant types.

Implant Type p values
Ta 0.012
Ta-CaP 0.685
Ta-CaP-ALN 0.514

Using a critical p value of 0.05, the results indicate that the difference between
Ingrown Bone and Host Bone in the Ta samples were statistically significant. On the other
hand, there is no statistical difference between Ingrown Bone and Host Bone in the Ta-CaP

and Ta-CaP-ALN samples.
The results suggests that the calcium phosphate coatings, with or without

alendronate, increased the elastic modulus of the 15 days old Ingrown Bone to that of their

respective Host Bone.
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5.2 Properties of Dentin and Jawbone

Dentin and jawbone samples were harvested from an animal test. The dentin samples
used were from the incisors of the animals’ lower jaw. The dentin samples were
investigated on two planes, the sagittal plane and the transverse plane. To eliminate the
effects age may have on the properties of dentin, the age of the tested dentin was of 22 days
old. The elastic modulus of the dentin was measured with nanoindentation, and the mineral
content and porosity (volume fraction) of the intertubular dentin were measured from BSE
images. The results from nanoindentation and BSE image analyses are presented in this
section. Linear regression and correlation of elastic modulus, mineral content, and volume
fraction are also presented in this section. The numbers (60, 61, 62) in the legends of
Figure 5-5 to Figure 5-19 identifies the rabbit which the mineralized samples were taken

from. Each number represents individual rabbits.

The elastic modulus of jawbone was measured using nanoindentation. The age of
the tested bone was 22 days old. The results from the nanoindentation and BSE image
analyses are presented in this section. Linear regression and correlation between the elastic

modulus and mineral content are also presented in this section.

5.2.1 Analysis of Dentin on the Sagittal Plane

The elastic modulus, mineral content, and volume fraction distributions across the

length of the dentin on the 22 days old anterior growth front on the sagittal plane are
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presented in this section. Correlations between elastic modulus, mineral content, and

volume fraction of dentin in the sagittal plane are also presented.

5.2.1.1 Elastic Modulus, Mineral Content, and Volume Fraction
Distributions of Dentin on the Sagittal Plane

For the purpose of demonstrating the distribution of elastic modulus, mineral
content, and volume fraction, the length of the teeth were normalized by using the point
where the growth front meets the pulp at the distal (crown) end of the tooth (point A in
Figure 4-8) as the starting point (0%), and where the growth front meets the dentin enamel
Jjunction at the proximal (root) end of the tooth (point B in Figure 4-8) as the ending point
(100%). This was required because of the slight variations in lengths between the different
tooth samples. The distance between 22 days old dentin and the pulp cavity was not
sufficient for nanoindentations in the initial =5% length; therefore, data for the elastic

modulus, mineral content and volume fraction was not available prior to that length.

The elastic modulus distribution from the distal end towards the proximal end of

dentin is presented in Figure 5-5.
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Figure 5-5 Elastic modulus distribution of dentin from distal to proximal end on the
sagittal plane

The elastic modulus of dentin on the sagittal plane varies between approximately 12
GPa and 22 GPa. In general, the elastic modulus increases from the crown towards the root
of the tooth. The rate of increase for the elastic modulus dramatically increased at

approximately 50% to 60% of the length.
BSE images were used to quantify the mineral content (wt% Ca) of dentin on the

sagittal plane. The mineral content distribution from the distal end towards the proximal

end of the tooth is presented in Figure 5-6.

-57-



o/ |
28% ﬁﬁ.‘..; ;KN%?X x
°0 s nS % g0t o X<
S26% - -".'-%«%%._uw@;éf_xx =
:_; %z(o”.. & g X ><><
&)
S 24% |
E e Rabbit #61 Sag
x Rabbit #62 Sag
22% -
20% . . | |
0% 20% 40% 60% 80% 100%

Distal to Proximal (Normalized)

Figure 5-6 Mineral content distribution of dentin on the sagittal plane

The mineral content of dentin on the sagittal plane varies between approximately 25

Wit% Ca and 28 Wt% Ca. In general, the mineral content is lower at the midsection of the

tooth.

BSE images were also used to quantify the volume fraction of intertubular dentin on

the sagittal plane. The volume fraction distribution from the distal end towards the

proximal end of the tooth is presented in Figure 5-7.

-58-



100%

x X xff
96% - X } xjgwg
°\° Y ... “%‘
c x oo ®
S 929 |« ST Sy R
0 . X x XX x
© X X 5 x.
e . x.ﬁ « X ° * o xx x 5>
o % ** I x T XX N
£ 8896*——“‘:** Yt—*i:“x‘_‘H&&%ﬂ< § :
%g '0;< dP:, X s % *; X
> o ® cxe X x.?)§<.?< «
84% -~ X
X ® Rabbit #61 Sag
x Rabbit #62 Sag
80% I T T f
0% 20% 40% 60% 80% 100%

Distal to Proximal (Normalized)

Figure 5-7 Volume fraction distribution of intertubular dentin on the sagittal planc

The volume fraction of intertubular dentin on the sagittal plane varies between
approximately 83% and 98%. In general, the volume fraction is lowest at 20% to 30% of

the length. It can also be noted that the volume fraction is highest at the root of the tooth.

3.2.1.2 Correlation between Elastic Modulus, Mineral Content, and
Volume Fraction of Dentin in the Sagittal Plane

A scatterplot of elastic modulus versus mineral content for dentin on the sagittal
plane is presented in Figure 5-8. A linear regression for the correlation of elastic modulus

and mineral content is presented in F igure 5-9.
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Figure 5-8 Scatterplot of elastic modulus vs. mineral content of dentin on the sagittal plane
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Figure 5-9 Linear regression for the correlation of elastic modulus and mineral content of
dentin on the sagittal plane

The correlation coefficient (R) for the regression of elastic modulus and mineral

content for dentin on the sagittal plane is 0.21 with a p value of < 0.001.

A scatterplot of elastic modulus versus volume fraction for dentin on the sagittal

plane is presented Figure 5-10. A linear regression for the correlation of elastic modulus

and volume fraction is presented in Figure 5-11.
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Figure 5-10 Scatterplot of elastic modulus vs. volume fraction of dentin on the sagittal
plane
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Figure 5-11 Linear regression for the correlation of elastic modulus and volume fraction of
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The correlation coefficient for the regression of elastic modulus and volume fraction

for dentin in the sagittal plane is 0.75 with a p value of < 0.001.

To determine whether or not both mineral content and volume fraction are
explanatory variables that have independent effects on the elastic modulus of dentin in the
sagittal plane, a multiple linear regression was conducted using both variables. The
correlation coefficient for this multiple linear regression was 0.77 (R? = 0.590) with a p

value of < 0.001.

5.2.2 Analysis of Dentin on the Transverse Plane

The elastic modulus, mineral content, and volume fraction distributions of dentin on
the transverse plane are presented in this section. Correlations between elastic modulus,
mineral content, and volume fraction of dentin in the transverse plane are also presented in

this section.

5.2.2.1 Elastic Modulus, Mineral Content, and Volume Fraction
Distributions of Dentin in the Transverse Plane

For the purpose of demonstrating the distribution of elastic modulus, mineral
content, and volume fraction, the widths of the teeth were normalized by using the distance

between the anterior growth front as 0% distance, and the posterior growth front as 100%
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distance (Figure 4-9). This was required because of the slight variations in widths between

the different tooth samples.

The elastic modulus of dentin on the transverse plane was measured. The elastic
modulus distribution from the anterior growth front towards the posterior growth front is

presented in Figure 5-12.
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Figure 5-12 Elastic modulus distribution of dentin from anterior growth front to posterior
growth front on the transverse plane

The elastic modulus of dentin on the transverse plane varies between approximately
15.5 GPa and 23.5 GPa. In general, the elastic modulus is the lowest between

approximately 40% and 50% distance from the anterior growth front.
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BSE images were used to quantify the mineral content of dentin on the transverse
plane. The mineral content distribution from the anterior growth front towards the posterior

growth front is presented in Figure 5-13.
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Figure 5-13 Mineral content distribution of dentin on the transverse plane

The mineral content of dentin on the transverse plane varies between approximately
24 W% Ca and 27.5 Wt% Ca. In general, the mineral content is lowest between

approximately 40% and 60% distance from the anterior growth front.

BSE images were also used to quantify the volume fraction of intertubular dentin on
the transverse plane. The volume fraction distribution from the anterior growth front

towards the posterior growth front is presented in Figure 5-14.
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Figure 5-14 Volume fraction distribution of intertubular dentin on the transverse plane

The volume fraction of intertubular dentin on the transverse plane varies between
approximately 86% and 95%. In general, the elastic modulus is lowest between

approximately 30% and 40% distance from the anterior growth front.

5.2.2.2 Correlation between Elastic Modulus, Mineral Content, and
Volume Fraction of Dentin in the Transverse Plane

A scatterplot of elastic modulus versus mineral content for dentin in the transverse
plane is presented in Figure 5-15. A linear regression for the correlation of elastic modulus

and mineral content is presented in Figure 5-16.
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Figure 5-15 Scatterplot of elastic modulus vs. mineral content of dentin in the transverse

plane
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Figure 5-16 Linear regression for the correlation of elastic modulus and mineral content of
dentin in the transverse plane

The correlation coefficient for the regression of elastic modulus on mineral content

for dentin on the transverse plane is 0.22 with a p value of < 0.001.

A scatterplot of elastic modulus versus volume fraction for dentin in the transverse

plane is presented in Figure 5-17. A linear regression for the correlation of elastic modulus

and volume fraction was calculated and presented in Figure 5-18.
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The correlation coefficient for the regression of elastic modulus and volume fraction

for dentin in the transverse plane is 0.71 with a p value of <0.001.

To determine whether or not both mineral content and volume fraction are
explanatory variables that have independent effects on the elastic modulus of dentin in the
transverse plane, a multiple linear regression was conducted using both variables. The
correlation coefficient for this multiple linear regression was 0.73 (R* = 0.527) with a p

value of < 0.001.
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5.2.3 Analysis of Jawbone

The elastic modulus of jawbone was measured using nanoindentation. The elastic

modulus for 22 days old jawbone was measured to be 21.99 + 1.88 GPa.

A scatterplot of elastic modulus versus mineral content for jawbone is presented in
Figure 5-19. A linear regression for the correlation of elastic modulus and mineral content

was calculated and presented in Figure 5-20.
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Figure 5-19 Scatterplot of elastic modulus vs. mineral content of jawbone
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The correlation coefficient for the regression of elastic modulus and mineral for

Jawbone is 0.23 with a p value of < 0.001.
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Chapter 6 Discussions

6.1 The Effects of Surface Coatings on the Elastic Modulus of Peri-
Implant Bone

Many recent publications have reported the positive effects of hydroxyapatite on

bone formation.'"7%73:74.7

These reports have found that a hydroxyapatite coating on
orthopedic implants can increase ingrown bone volume and bone/implant contact lengths.
Studies have also found that these improvements can be further amplified with the local
delivery of bisphosphonate (alendronate is a form of bisphosphonate), an anti-osteoporosis
drug believed to discourage the activities of osteoclasts (bone resorbing cells) while
encouraging the activities of osteoblasts (bone forming cells). Although bone growth
improvements are very important to the bone/implant fixation, another factor that needs to
be considered is the mechanical properties of the coating/drug influenced bone. In this
study, the elastic moduli of 15 days old peri-implant bone influenced by calcium phosphate
coatings with or without alendronate were measured and compared. The elastic modulus of
Ingrown Bone from calcium phosphate coated (Ta-CaP) implants were approximately 3
GPa higher than Ingrown Bone from the control (Ta) implant samples, and the difference
was statistically significant. The elastic modulus of Ingrown Bone from calcium phosphate
coating with alendronate (Ta-CaP-ALN) implants were also approximately 3 GPa higher
than the Ingrown Bone bone from the control (Ta) implant samples, and the difference was
also statistically significant. The elastic modulus difference between the Ingrown Bone

from the two types of calcium phosphate coated samples (Ta-CaP and Ta-CaP-ALN) was

minimal and not statistically significant.
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Butz et al. reported that the surface roughness of implants alters biomechanical
properties of bone integrated to implants. They reported that the elastic modulus of peri-
implant bone from titanium implants with etched surfaces was 1.5 to 2.5 times higher than
that of the un-etched control samples.46 Since the calcium phosphate coating used in this
study had a rougher surface than the bare Ta control implants'', the results from Butz
provides one possible explanation for the difference in elastic modulus between Ingrown

Bone from Ta implants and the coated implants.

Another possible explanation can be derived from a strengthening mechanism
proposed by Chen et al.”® 1t is well established that the elastic modulus of bone is directly
related to its mineral contents (wt% Ca).”®”” The mechanism proposed by Chen states that
HA dissolves into the surrounding in-vivo solutions to form nanocrystallites precipitates in
the collagen-matrix.”® As a result, the mineralization rate of the corresponding bone could

be influenced; therefore, the elastic modulus of the bone would also be influenced.

From the results gathered in this thesis, it is interesting to note that the addition of
alendronate did not significantly increase the elastic modulus of Ingrown Bone. Anti-
osteoporosis drugs such as alendronate are known to increase the mineralization rate of
bone;®” however, the elastic modulus different between Ingrown Bone from Ta-CaP and
Ta-CaP-ALN in this study was statistically insignificant. A possible explanation can be
derived from the elastic modulus comparisons between Ingrown Bone and Host bone. The

elastic modulus of Ingrown Bone from Ta-CaP implants and Ta-CaP-ALN were not
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statistically different from their respective Host Bone; therefore, a possible explanation for
the limited alendronate effect could be because the CaP coating alone increased the elastic
modulus of Ingrown Bone to its biological maximum after 15 days of healing; thus, the

addition of alendronate had a limited effect on the elastic modulus of Ingrown Bone.

From this thesis study the differences between the elastic moduli of Host Bone from
the different implant groups were not statistically insignificant. This suggests that the
effects of the CaP and CaP-ALN coatings on the elastic modulus of peri-implant bone are

restricted to the Ingrown Bone only.

6.2 Effects of Mineral Content and Porosity on the Elastic Modulus of
Dentin

The elastic modulus of dentin on the sagittal plane varies from the crown towards the
root. A possible explanation could be that the volume fraction of intertubular dentin also
increases in that pattern. This pattern corresponds with the elastic modulus data and the

linear regression results also support this observation.

For this thesis, the properties of dentin from the anterior growth front on the
transverse plane can be compared with the properties of dentin at approximately 40% to
50% of the length on the sagittal plane, since they are from approximately the same section
(different plane) of the tooth. When comparing the modulus of dentin on both planes, the
results suggest that the modulus is approximately 5 to 7 GPa higher on the transverse plane,

while mineral content remain consistent approximately 25 to 26 Ca wt%. Volume fraction
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is also fairly consistent, with a difference of approximately 2 to 4% between the two planes.
A possible explanation for the difference in elastic modulus is the direction of the dentin
tubules. On the sagittal plane, the tubules are perpendicular to the direction of the
nanoindentations (applied load) while on the transverse plane the tubules are approximately
parallel to the direction of the nanoindentations. This difference in tubules orientation may

be a contributing factor for the elastic modulus difference.

Linear regression was used to determine the relationship between elastic modulus
and mineral content, and elastic modulus and volume fraction on both the sagittal and
transverse planes. The correlation coefficient (R value) of the relationship between elastic
modulus and volume fraction was higher than the R value of the relationship between
elastic modulus and mineral content. This observation was the same for data collected
from both planes. This may suggest that volume fraction is the more influential variable. It
is important to note, however, that this observation may be due to the limited Ca wt% range
in dentin. Studies on bulk bone have shown that mineral content has the same influence if

not more than that of volume fraction.>$%%%!

When both explanatory variables (mineral content and volume fraction) were
applied to the linear regression model for elastic modulus, it was found that the correlation
coefficient (R value) improved approximately by 0.02. This may or may not suggest that
both of the variables have independent effects on the elastic modulus of dentin. Similar
studies on bulk bone have shown that both mineral content and volume fraction have

independent effects on the elastic modulus of bone.>®
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In addition to the linear regressions presented in the results section, logarithmic
regressions was also fitted to scatterplots to determine the relationship between elastic
modulus and mineral content, and elastic modulus and volume fraction for dentin on both

sagittal and transverse planes (Figure 6-1 to Figure 6-4).
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Figure 6-1 Logarithmic regression for the correlation between elastic modulus and mineral
content of dentin in the sagittal plane

The correlation coefficient for the logarithmic regression of elastic modulus and

mineral content for dentin in the sagittal plane is 0.248 with a p value of < 0.001.
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Figure 6-2 Logarithmic regression for the correlation of elastic modulus and volume
fraction of dentin in the sagittal plane

The correlation coefficient for the logarithmic regression of elastic modulus and

volume fraction for dentin in the sagittal plane is 0.73 with a p value of < 0.001.

A multiple logarithmic regression between elastic modulus and both variables (wt%
Ca and volume fraction) yielded a correlation coefficient of 0.76 (R* = 0.571) with a p

value of < 0.001.
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Figure 6-3 Logarithmic regression for the correlation of elastic modulus and mineral
content of dentin on the transverse plane

The correlation coefficient for the logarithmic regression of elastic modulus and

mineral content for dentin in the transverse plane is 0.22 with a p value of <0.001.
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Figure 6-4 Logarithmic regression for the correlation of elastic modulus and volume
fraction of dentin on the transverse plane

The correlation coefficient for the regression of elastic modulus and volume fraction

for dentin on the transverse plane is 0.71 with a p value of < 0.001.

A multiple logarithmic regression between elastic modulus and both variables (wt%
Ca and volume fraction) yielded a correlation coefficient of 0.73 (R* = 0.527) with a p

value of < 0.001.
Studies investigating the properties of bone have demonstrated that logarithmic

regressions of elastic modulus and mineral content, and of elastic modulus and volume

fraction are better models than liner regressions for determining the relationship between
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those properties. However, the data and regressions from this thesis study showed limited

differences (R value difference of < 0.05) between linear and logarithmic models.

6.3 Difference between Dentin and Jawbone

An elastic modulus versus mineral content scatter plot of data from jawbone, dentin
on the sagittal plane, and dentin on the transverse plane, is presented in Figure 6-5. From
observations of the scatterplot, it suggests that jawbone has a higher modulus than dentin of
the same age. This observation is supported by studies that have found similar results on
dentin and bone from different species of animals.’® The scatter plot also suggests that

Jawbone has a slightly lower mineral content.
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Figure 6-5 Elastic modulus vs. mineral content scatter plot of data from jawbone, dentin on
the sagittal plane, and dentin on the transverse plane
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Chapter 7 Conclusions

Peri-implant bone, dentin, and jawbone samples from rabbits were investigated. The

following are the main conclusions drawn from the study.

1. The calcium phosphate coatings, with or without alendronate, on porous tantalum
implants increased the elastic modulus of peri-implant Ingrown Bone by approximately
22% (3 GPa) when compared with Ingrown Bone from uncoated porous tantalum

implants. The increase was statistically significant.

2. The addition of alendronate did not significantly increase the elastic modulus of peri-
implant Ingrown Bone when the elastic modulus of the peri-implant Ingrown Bone

from the Ta-CaP and Ta-CaP-ALN were compared.
3. The effects of calcium phosphate coatings, with or without alendronate, on the elastic
modulus of peri-implant bone were local. The elastic modulus of the host trabecular

bone was not significantly affected by the calcium phosphate coatings.

4. The elastic modulus of dentin is strongly dependent on the porosity and to a lesser

extent on the calcium content. This was observed on both cross sectional planes.

5. When the properties of jawbone and dentin are compared, the elastic modulus of

jawbone was generally higher than that of dentin while the mineral content was lower.
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Chapter 8 Recommendations for Future Work

To establish further knowledge in the properties of peri-implant bone, dentin, and

Jawbone the following may be recommended for future studies:

Apply the nanoindentation and quantitative backscattered electron imaging
techniques to conduct a more in depth investigation on peri-implant bone, and

correlated the elastic modulus with the bone mineral content.

Systematic study on the effects of calcium phosphate coatings on peri-implant bone
of different ages, and determine if alendronate has a significant effect on the elastic

modulus of peri-implant bone of different ages.

Apply the nanoindentation and quantitative backscattered electron imaging
techniques to conduct an investigation on of peri-implant bone to include a

comparison of bone of different ages.

A more in depth study on the properties of dentin at different cross sections of the

tooth. Include analyses on the effects of age, effects of tubular orientation, and

conduct properties mapping across the entire plane of the tooth.
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