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ABSTRACT

With more than $2.5 billion spent per year, and over 2.2 million procedures conducted
annually worldwide, bone grafting continues to be a large part of the treatment strategy for large
non-healing bone defects (critical-sized defects, CSDs). But complication rates (>20%), donor
shortage, and donor site morbidity, have led to bone tissue engineering as an important option in
these cases. This work explores the creation of woven polymeric meshes as viable bone tissue
engineering scaffolds and a bio-loom to fabricate the meshes.

Melt-spun poly-I-lactide (PL) and poly-I-lactide-co-g-caprolactone (PLCL) fibers were
studied to build variable mesh types to affect porosity, pore size, and cellular affinity. A custom
bio-loom was designed and built based on dobby-loom textile technology for use with the
resorbable polymer monofilaments. Fluid flow properties were characterized through the
evaluation of permeability and wicking rate using a purpose-built permeameter.

Osteogenic viability was analyzed through studying cell adhesion and differentiation on
the meshes. D1 murine bone marrow mesenchymal stem cells (MSCs) were used to characterize
cell adhesion via integrin binding. Immunofluorescent analysis of Fibronectin (FN), Vitronectin
(VTN), Type 1 Collagen (COL1), and Laminin-alpha 2 (LAMAZ2) adhesion was conducted.
These proteins serve as ligands to osteogenic integrin subunits B1, a2, a5, and aV. Expression of
integrin subunits was tested via real-time polymerase chain reaction (RT-PCR). Additionally,
MSC osteogenic differentiation was evaluated by colorimetric Alkaline Phosphatase (ALP)
expression, Alizarin Red stain for mineralization, and ALP and Osteocalcin (OC) gene expression
via RT-PCR.

Results showed effective creation of meshes with variable properties and significant
differences in cell metabolic activity and DNA concentration. Changes in mesh parameters

significantly effected mesh permeability. ECM protein adhesion and integrin PCR results suggest



a means to control the early differentiation process by varying attachment and expression of
VTN, B1, and aV. Early stage differentiation was verified by the consistent expression of ALP,
shown through colorimetric and PCR experiments. Mature differentiation was shown through
constant adhesion rates of FN, COL1, and LAMAZ2 with subunits B1, a2, and a5. Mineralization
and OC gene expression results showed sparse mineralization and little expression of OC in the
late stages of differentiation.

Additionally, work regarding the encouragement of Science, Technology, Engineering,
and Math (STEM) career pursuit for underrepresented minority middle school students was
conducted. Results showed that parental encouragement, external STEM environment, and
extracurricular STEM exposure were closely related to a student’s likelihood to express interest
in a STEM career. Student interest in STEM careers significantly increased after participation in
an interactive camp based on mesh-based modules. Further work explored the effect of early
research experiences on the development of research identity for underrepresented minority
science and engineering undergraduates. Results showed that students participating in this
program significantly increased their research identity through increased self-recognition and

competence in research activities.
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PREFACE

There are an estimated two million bone grafting procedures per year worldwide, with a
significant number of these being autologous bone grafting procedures. The next most common
surgical approach is allograft bone grafting, requiring the donation of viable bone tissue. The
need for viable donor tissue presents a number of concerns: 1) the need for donor tissue vastly
outweighs the supply, and 2) a United States population that is generally increasing in age lends
to an increased rate of fractures as the availability of healthy donor bone decreases. Therefore,
there exists a significant fraction of the population for which bone grafting is not a viable
treatment option, either due to unsuitable autologous tissue, lack of donor tissue, desire to avoid
multiple surgical wounds, or existing comorbidities leading to compromised fracture healing (i.e.
diabetes, obesity). For these patients, researchers and clinicians are investigating bone graft

substitute materials and bone tissue engineering approaches to induce healing.

This work demonstrates development of a modular test system, i.e. a bone tissue
engineering scaffold with variable properties, for the study of critical-sized defect healing. A
system that is able to quickly modulate multiple properties, that has been shown to affect bone
tissue differentiation and ingrowth, is needed in order that specific combinations of parameters
can be applied to specific defect situations. This approach allows the design of scaffolds in a
more patient-specific manner, and gives further understanding particular to the individual and
collective contributions of each design parameter to overall fracture healing. The developed
system was adapted from medical textile technology, specifically woven surgical mesh concepts.
Weave configuration, fiber geometry, material type, and fiber spacing were manipulated to create
a 2-D scaffolds capable of being arranged in 3-D configurations and affect the biologically
significant factors of scaffold geometry, surface interaction/modification, biocompatibility,

porosity/pore size, and mechanical strength/stability. These factors have been shown to affect cell

XV



affinity, stem cell differentiation and phenotype, angiogenesis, nutrient/waste transport, and
overall implant viability. The efficacy of this system was evaluated by characterizing the effect of
parameter variation on fluid flow properties and the related cell response. Increased fluid
transport properties have been shown to regulate nutrient/waste transport properties or levels
shear stress on attached cells, thereby affecting cell metabolic activity or mechanical response,
respectively. Scaffolds developed via the proposed system were finally cultured with D1 MSCs
with the goal of stimulating cellular differentiation into osteoblasts. The effect of scaffold
parameters on MSC adhesion and differentiation was evaluated to better understand the efficacy
of specific parameter combinations as bone graft substitute materials. The ability to predict bone
cell response based on material and configuration parameters in vitro will help direct future in

vivo studies focused on repairing specific types of critical sized defects.
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CHAPTER ONE
INTRODUCTION

Clinical Relevance

Bone trauma, more commonly referred to as a fracture, is one of the leading types of
trauma leading to hospitalizations in the United States every year. It has been estimated that 3.5
million emergency room visits and 887,679 hospitalizations occur each year due to fracture.!
More specifically, long bone fractures are one of the most prevalent types of bone trauma. Tibia
and fibula fractures, alone, account for more than 7% of all fractures in 2010.! Recent market
research reports that by 2050 the percentage of North Americans age 65 and older will reach
21.1%." This rate in growth of the elderly population has led to the projection of a $10 billion
global orthopedic biomaterial market, including allograft materials and bone graft substitutes.®

Generally, post-traumatic skeletal conditions such as delayed unions, nonunions,
malunions, or other bone loss problems, are successfully addressed by the restoration of
alignment and sufficient fixation of the bone during fracture healing. However, in some situations
bone grafting has been employed by physicians to replace bone or to augment the natural bone
healing process.? Bone grafting may be required in a variety of traumatic situations, during which
the orthopedic surgeons may exercise their best judgment in the selection of materials with
specific properties advantageous to specific bone healing needs. It was estimated in 2011 that
more than 2 million bone grafting procedures were performed worldwide each year.® The gold
standard for bone grafts is the autologous graft, usually taken from the patient’s iliac crest;
however, there are problems associated with bone graft procedures using this method. A study by
Younger and Chapman reported a minor complication rate of 20.6%, and a major complication
rate of 8.6% in bone graft surgeries.* Along with a high complication rate for autologous

procedures, allograft procedures are hindered by the availability of donor bone material.> While



the graph in Figure 1.1 showed an upward trend in the number of bone graft donors from 1994-

1999, this number was still significantly lower than the clinical need for these tissues at that time.
This deficiency is further compounded today by the rapid increase in people age 65 or older, who
statistically are more likely to need a bone graft after fracture. This population is also more likely

to have osteoporotic bone unsuitable for donation.®

Donors
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1994 1995 1996 1997 1998 1999

Figure 1.1: Estimated number of musculoskeletal tissue donors in the United States, 1994-1999.

As a result of the high rate of complication and donor tissue shortage in these
increasingly common procedures, clinicians and researchers have sought new biological and non-
biological solutions. Non-biological developments classified as bone graft substitutes include
mineralized composites, injectable cements, bioactive glasses, and polymers.® Materials are used
independently or in combination with another treatment option to stimulate bone healing. Bone
graft substitutes have become increasingly popular due to the future indications for bone fracture
incidence and healing. Within the research regarding biological bone graft substitutes, bone tissue
engineering applications have also been explored by clinicians and researchers. Tissue
engineering may be considered a fairly immature field, having its roots in the early 1970s with
attempts to develop new cartilage by seeding spicules of bone with chondrocytes ’ and attempts
to build naturally derived dermal substitutes.® This early work, although rudimentary, provided
the basic framework for the concept of tissue engineering. Figure 1.2 illustrates these basic

concepts.
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Figure 1.2: Classic tissue engineering schematic.’

In 1993, the work of Drs. Joseph Vacanti and Robert Langer propelled tissue engineering
into the forefront of biomedical research with their work in designing appropriate scaffolding for
cell delivery, in contrast to seeding cells on naturally occurring scaffolds.” ° Tissue engineering
approaches to bone graft substitutes may not only alleviate some clinical issues, but may also
present a significant market opportunity for those addressing an increasingly active aging
population.’. Greenwald and coworkers report that market was nearly $300 million in 1999.°
Vacanti and others worked to develop functional tissue equivalents using synthetic
biocompatible/biodegradable polymers configured as scaffolds and seeded with viable cells.” This
line of work is the foundation for the research highlighted in this document.

Bone Structure and Fracture
Bone Structure

Bone tissue, a specialized form of connective tissue, is one of the more diverse tissue

types in the human anatomy. On the macroscopic level, bones can be divided into four main

types: long bones, short bones, flat bones, and irregular bones.*!



Differences in the cortical and cancellous regions of long bones have motivated
researchers to examine what possible physiological benefits may be derived from these structural
variations. One such example of this work is research by Bayraktar and coworkers in which the
elastic, tensile, and compressive yield properties were compared for cortical and cancellous
bone.'? Understanding the mechanical properties of these different bone types has become
clinically relevant as researchers have attempted to design biomaterials capable of withstanding
physiologic elastic, tensile, and compressive loads.

Understanding the mechanical properties of bone has become an increasingly critical
aspect of orthopedic biomaterials research. Throughout the literature, observations have been
made of the ability of cancellous bone to withstand substantial compressive loads, while cortical
bone has been shown to significantly resist bending forces. However, researchers such as Rho and
coworkers maintain that in order to better understand the true mechanical properties of bone it is
necessary to examine bone tissue at the micro, and even nano, levels.™

Microscopic structure of bone is highly regular and its acellular components primarily
comprise collagen fibers and calcium phosphate crystals.* The calcium phosphate crystals are
termed hydroxyapatite, with the chemical formula Ca1o(PO4)s(OH). This formula has become
increasingly important over the past 30 years. Researchers and physicians have sought to
implement artificially made hydroxyapatite as an augmentation to bone defects, and as a coating
for orthopedic implants. The material was heralded for its ability to chemically bond with the host
bone, further stabilizing a fracture site or the implant — bone interface.™ The collagen fibers in
bone matrix are most often type I collagen, and are cross-linked to increase strength and
insolubility.**

The cellular components of bone are generally broken down into three cell types:

osteoblasts, osteocytes, and osteoclasts. Remodeling is carried out by osteoblasts, bone-forming



cells equipped to produce many proteins, and also by osteoclasts, bone-resorbing cells equipped
to break down and phagocytize components of bone. Researchers have been highly interested in
understanding the interaction between osteoblasts and osteoclasts in bone remodeling. For
example, Lemaire and coworkers attempted to construct a model to understand and predict how
the proportions of immature and mature osteoblasts affected osteoclast activity.'®

Bone is formed through one of two different processes. Flat bones are formed through the
process of intramembranous ossification, in which membranes of mesenchymal connective
tissues are ossified.** The mesenchymal cells commit to either a cartilaginous pathway or a bony
pathway. Researchers, such as Thompson and coworkers, believe that this pathway is determined
primarily by the mechanical environment surrounding the tissue. This belief has been applied to
fracture healing research exploring the benefits of external fixation.*” The other process of bone
formation, endochondral ossification, is responsible for the development of most bones in the
skeleton, including long and short bones.** During endochondral ossification, chondrocytes
progress through hypertrophy, and eventually die and become calcified. An influx of blood
vessels and osteoblast precursor cells transitions this calcified tissue into woven bone, which may
later be remodeled into cancellous or cortical bone.™

Along with the aforementioned functions, bone contains bone marrow. Bone marrow is
either red marrow, which is active in blood cell formation, or yellow marrow, which is inactive.'®
The process of hematopoiesis results in the production of red blood cells (RBCs) rich in
oxygenated hemoglobin, which has a characteristic red pigmentation. These RBCs, called
erythrocytes, are housed in the red bone marrow. Yellow bone marrow may convert back to red

marrow if the blood supply becomes deficient.™®



Fracture Healing

There are several types of fracture, with the four most common types pictured below in
Figure 1.3. Oblique, comminuted, spiral, and compound fractures all develop from one or a
combination of the following forces: torsion, tension, or compression.** Fractures may also be
pathologic in nature, when there is an underlying disease in the bone tissue. Some diseases

increasing the probability of fractures include osteoporosis, Paget’s disease, or osteopenia.

Fracture types

Oblique Comminuted Spiral Compound

Figure 1.3: Fracture types. (http://www.nlm.nih.gov/medlineplus/ency/imagepages/1096.htm)
Clinically, fractures are addressed through reduction and fixation. The fixation method may be
internal or external, but the goal is always to provide the necessary mechanical stresses on the
bone to incite bone ingrowth and restored anatomical function at the injury site. Mechanical
stresses, or biomechanical conditions, and vascularity at the injury site are considered to be the
key factors determining effectiveness of fracture healing.?

At the micro level, bone healing occurs in four major steps. The four steps are hematoma

formation/inflammation, soft callus formation, primary bone deposition, and bone remodeling.?



Fracture healing serves to repeat the process of initial bone development, resulting in bone tissue
that is eventually consistent with surrounding unaffected tissue. Figure 1.4 displays the four
major steps of fracture healing. The first step, hematoma formation and inflammation, begins
immediately following the fracture. The disruption of vasculature, soft tissue, and marrow spaces
incites the generic wound healing response.?? This response begins with inflammation,
characterized by redness, swelling, heat, and pain at the injury site.® The redness and swelling are
caused by the initial vasodilation at the injury site. The increased blood flow to the area causes an
influx of immune cells and molecular factors that carry on the healing cascade. Heat and pain at
the injury site are a result of these molecular factors, which include interleukins such as IL-1 and
IL-6, and tumor necrosis factor alpha (TNF-a).?® The factors mentioned above, IL-1, IL-6, and
TNF-a are considered pro-inflammatory cytokines, and are secreted by macrophages, monocytes,
and leukocytes introduced to the area during vasodilation. These factors, along with others, have
a chemotactic effect on other inflammatory cells which enhances extracellular matrix synthesis,
stimulates angiogenesis, and recruits fibrogenic cells to the injury site.?

Inflammation during bone healing has been intensely studied as researchers have
attempted to characterize the ideal conditions for bone remodeling. Claes and coworkers
conducted work comparing fracture healing in a healthy environment versus one in which there
was systemic inflammation, as would be seen in a trauma with multiple injury sites. In another
study the same authors measured elevated levels of IL-6 in rat models with multiple injury sites.
It was concluded that the increased inflammation levels resulted in inhibition of fracture
healing.?* %

Soft callus formation begins from the damage to surrounding tissue and the exposure of
collagen, resulting in the influx of platelets activated by thrombin at the injury site.® The platelets

release a series of growth factors, including platelet derived growth factor (PDGF) and



transforming growth factor beta (TGF-B) which induce mesenchymal stem cell (MSC) migration,
activation and proliferation, angiogenesis, chemotaxis of other inflammatory cells, and further
platelet aggregation.?” Simultaneously, bone morphogenic proteins (BMPs) are released from
bone matrix and are expressed by MSCs. Soft callus formation occurs as MSCs differentiate into
chondrogenic or osteogenic cell types and new vasculature enters the injury site. The angiogenic
process is a prerequisite for the continuation of the fracture healing process and is regulated by
the expression of fibroblast growth factors (FGF) and vascular endothelial growth factors
(VEGFs). The differentiation of MSCs to chondroblasts and the subsequent proliferation of the
resulting chondrocytes yield a soft callus. Under proper mechanical stresses, the cartilaginous
callus may be converted to bone tissue.?’

The two methods of prenatal bone development are intramembranous ossification and
endochondral ossification. Both of these phenomena occur during the fracture healing process.
Together, these processes result in the primary deposition of bone that will eventually be
remodeled. Instances of intramembranous ossification occur within 3-5 days of the fracture,
generally close to the periosteal region and in the marrow where high cell density is present.®
Cells from this region differentiate into osteoblast and osteoblast precursors and lay down woven
bone with days of the fracture. Differentiation of cells to the osteoblast phenotype ceases at
approximately 14 days, but osteoblast activity remains as woven bone is continuously
deposited.?’

Endochondral ossification results from the hypertrophy of chondrocytes in the soft callus
region. TNF-o induces apoptosis of these chondrocytes and stimulates osteoclast activity,
allowing the mineralized cartilage to be absorbed.”® As osteoclasts resorb the calcified
chondrocytes, osteoblasts migrate into the area to deposit woven bone. This woven bone is

surrounded by marrow and vasculature as the angiogenic processes continue.'® ?" As discussed



previously, the mechanical environment plays a key role in the development of bone. Claes and
coworkers performed a study in which strain rate and hydrostatic pressure were used to influence
bone development through intramembranous or endochondral ossification. It was shown that
strain rates less than 15% and hydrostatic pressures greater than 0.15 MPa resulted in bone
growth, with higher values yielding endochondral ossification. Mechanical environments outside
this range resulted in connective tissue growth.?

The final phase of the fracture healing process involves the remodeling of the
disorganized and mechanically weak woven bone. The return of bone tissue to physiologic levels
of utility is highly dependent on the mechanical stress environment at the injury site.*® Kenwright
and coworkers report, in a review of tibial diaphyseal fractures, that interfragmentary stability and
mechanical stresses are especially important in cases of comminuted fractures as pictured in
Figure 1.3. This stage in healing is dominated by osteoclasts and osteoblasts engaged in the bone
remodeling discussed in the previous section. Osteoclast release BMPs, which in turn regulate
osteoblastic activity.? The balance of resorption and deposition of bone eventually results in a
return to normal function at the injury site. Disruption of this process, mechanically or
pathologically, may lead to a severely weakened area of bone, resulting in high probability of

recurring fracture.?*
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Figure 1.4: Fracture healing stages. (http://apbrwww5.apsu.edu/thompsonj.htm)
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Causes of Critical-Sized Defects

The fracture healing process is highly refined; however, continually unhealed defects
resulting from non-union fractures or tumor resection have proven to be problems clinically.
Researchers and clinicians have come to call these types of defects critically-sized defects.®
Critical-sized defects result from a bone defect large enough that normal fracture healing
processes are not sufficient in restoring proper function.*? Researchers have commonly accepted 5
mm round defects in mice and 6-8 mm round defect in rats as models for critical-sized defects in

orthobiologic research.®* * On a radiograph these defects will present as visible gaps, an absence

of callus formation, or persistent fracture lines.*® A visible gap can be seen in Figure 1.5 below.

-

Figure 1.5: Non-union of a left fibular diaphyseal fracture.
(http://boneandspine.com/orthopaedic- images/xray-union-shaft-fibula/)
Generally, causes for non-unions can be placed in one of two categories. The first
category includes biologic factors, which primarily involve damaged vasculature or the lack of
quality bone from which remodeling can occur.® High energy fractures (generally forming
compound or comminuted fractures as shown in Figure 1.3) are at particular risk for non-union
due to the disruption of blood vasculature around the wound site. There is also an increased

distance between bone fragments, resulting in frustration of healing supported by diffusion of
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nutrients.® Harley and coworkers studied 242 tibial fractures to determine the effect of time-to-
treatment on rate of non-union for patients suffering from open fractures. The mean time-to-
treatment was 8 hours and 25 minutes with 16.5% of patients eventually experiencing non-union.
Amongst patients who experienced non-union there was also a high occurrence of deep
infection.®

The other category of factors contributing to critical-sized defects is mechanical. Fracture
site instability is the primary mechanical factor leading to non-union. Failure to properly
immobilize the fracture site, or failure to provide adequate internal or external fixation, will result
in instability. This instability allows the movement of bone fragments which causes an initially
high strain on the precursor cells attempting remodeling.® This high strain rate and subsequent
movement at the fracture site will result in the development of connective tissue, as shown by the
work of Claes and coworkers.?® If movement is allowed to continue, pseudarthrosis, or a “false
joint”, will develop, making return to proper function more difficult.?” In order to address the
potential issues with critical-sized defects, specifically involving open or high energy fractures,
physicians and researchers have developed a number of interventions.
Traditional Bone Grafts and Bone Graft Substitutes

The most common intervention to address posttraumatic critical-sized defects, such as
delayed unions, nonunions, malunions, and significant bone loss, is a bone grafting procedure.?
The earliest recorded bone grafting procedure was performed and recorded by Dutch surgeon Job
van Meekren in 1668. Meekren reported successful implantation of a portion of dog skull into a
patient with a cranial trauma.® The purpose of these bone grafts has traditionally been to
stimulate the natural bone healing process. Bone graft has become the second most common
transplantation tissue, with blood being by far the most common.* With advances in clinical

research, orthopedic surgeons have a variety of bone graft options from which to choose. This
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variety has positively affected the surgeon’s ability to provide treatment with a high level of
specificity for the condition, but has negatively affected the patient’s potential outcomes due to a
high degree of variability.*® All bone graft materials are selected to address at least one of the
following characteristics, considered essential to the stimulation of bone healing. Materials
should be osteogenic, osteoinductive, and/or osteoconductive.? 3 34
Osteogenesis

The osteogenic properties of a bone graft material are those characteristics which involve
the presence and viability of surviving osteoblasts or osteoprogenitor cells, and the potential for
proliferation and differentiation into osteoblasts, and eventually to osteocytes.? **® Osteogenesis
has been described as a combination of factors, mainly consisting of osteoinduction,
osteoconduction, and osseointegration.® Naturally, the most osteogenic material is autologous
bone graft, due to the presence of surviving osteoblasts or osteoprogenitor cells.?** However,
researchers are attempting to develop solutions that may offer the same osteogenic properties
without the negative aspects of harvesting autologous tissue.
Osteoinduction

The osteoinductive properties of a bone graft material include the ability of the material
to stimulate and activate mesenchymal stem cells from the surrounding host tissue. These cells
may differentiate into bone-forming osteoblasts. The stimulation and activation of these host cells
is mediated by a cascade of biological signals, and by the activation of several extra- and
intracellular receptors.? >3 Several researchers and clinicians have attempted to manipulate the
osteoinductive properties of some graft substitutes, mainly demineralized bone matrix (DBM).
Among these researchers are Lee and colleagues, who conducted a study combining the
osteoinductive qualities of DBM with the osteoconductive properties of hydroxyapatite (HA).

The results of this study indicated that the addition of the osteoinductive material to the HA
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served to enhance new bone formation in nude mice.** However, researchers are still attempting
to pinpoint the mechanisms controlling bone cell induction, and also how these mechanisms may
interact with other therapies. *+**
Osteoconduction

Osteoconductive properties of a bone graft material underly the material’s ability to
provide scaffolding for the ingrowth of new bone.?** %% In non-synthetic bone graft materials,
the protein matrix and mineral phase of the bone provide this structure.® Osteoconduction also
describes the facilitation and orientation of vasculature throughout the scaffold. * The
osteoconductive properties of a graft material are not only critical for scaffolding and the influx
of vasculature, but also for the modeling of bone structure, especially in cancellous applications.
Both Al Ruhaimi and Bucholz point out, in their comparisons of synthetic osteoconductive graft
material, the importance of anatomically consistent pore dimensions and mechanical properties.**
¢ However, implementation of these types of architecture may present other complications that
are detrimental to graft osteoconduction, such as brittle handling properties, variable rates of
resorption, and poor performance in cortical applications.*®
Other Considerations

In addition to osteogenesis, osteoinduction, and osteoconduction, structural
support/strength and osseointegration are also key factors in the success of a bone graft material.>
%9.40 Being that one of the surgeon’s principal indications for bone grafting is bone loss, adequate
mechanical support and structural replacement are required for the proper healing of the bone.
These characteristics may serve to provide the proper mechanical environment for fracture
healing.*’ Osteointegration describes the surface bonding between the host bone and the grafting
material.>* “%*8 Osseointegration is an increasingly important aspect in the application of bone

graft substitutes, as biocompatible and biomechanical considerations must be included.*® Hannink
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and colleagues assessed bone graft substitutes, including an analysis of the effects of material
osseointegration, osteoconduction, and osteoinduction on overall mechanical stability and
biocompatibility.*

Naturally, an optimal replacement for a patient’s bone tissue is bone tissue with similar
physiology from that same patient. This logic is supported by the fact that autologous bone grafts
are currently the gold standard for treatments requiring a graft.? > %% In fact, Goulet and
coworkers reported that there were approximately 200,000 autologous bone grafts harvested in
1997, with the majority of these grafts being taken from the iliac crest.*® However, problems
associated with autologous grafts have guided researchers and clinicians into the development of
alternative treatments. The majority of these alternatives can be categorized as one of the
following: allograft or bone graft substitute. The goal of these developments is to produce a
material at least comparable to the autologous bone graft with respect to osteogeneity,
osteoinductivity, and osteoconductivity. Table 1.1, below, illustrates a high-level comparison of
autografts, allografts, and some substitute materials.>* The sections following in this document

will more specifically highlight some of the characteristics of these surgical options.

Table 1
Modification of Laurencin’s classification
Bone Grafts and Substitutes OG Ol OC S5 Cost

Autograft + 4+ + 47 +++/++++P
Allograft + 4+ 