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Foreword

We are truly delighted to write the foreword for Bone Graft Substitutes and Bone
Regenerative Engineering. Edited by Professor Cato Laurencin and Professor Tao Jiang,
the book exemplifies the use of Convergence in the design of new technologies for bone
repair and regeneration. Over the past several decades, bone grafting has been a com-
mon task for orthopedic surgeons and each year millions of patients receive bone
grafts worldwide. As the first generation bone grafting products, autologous bone
grafts have been considered the gold standard; however, these grafts are severely lim-
ited by supply. Since the late 1980s, Dr. Laurencin and others pioneered a new area of
research called bone tissue engineering (BTE). BTE has gradually emerged as a prom-
ising alternative to bone autografts in treatment scenarios. As such, several engineered
products such as MicroFuse have been inspired by technologies that originated in
Dr. Laurencin’s laboratory. Nevertheless, various challenges in bone tissue engineering
still exist, such as the need for advanced biomaterials, appropriate and reliable cell
sources, and a thorough understanding of regenerative biology and tissue morphogen-
esis as new technologies influencing regeneration. Therefore, many believe that
Regenerative Engineering, a new field described by Dr. Laurencin with a focus on
Convergence integrating biology, biomedical science, physics and engineering, serves
as the future of tissue engineering. In the past decades, the Raymond and Beverly
Sackler Foundation has supported and endowed numerous programs that embrace the
concept of Convergence in scientific research. We are happy to have supported the
creation of the Raymond and Beverly Sackler Center for Biomedical, Biological,
Physical and Engineering Sciences at the University of Connecticut Health Center
directed by Dr. Laurencin to support his efforts in defining the new field of Regenerative
Engineering.

This timely book provides a well-rounded and articulate summary of the present
status of using allogeneic, xenogenic, and synthetic bone graft substitutes to recon-
struct bone tissues. Specifically, fifteen concise and comprehensive chapters are pre-
pared by experts in their fields from both academia and industry. These chapters
encompass numerous topics discussing the use of a wide selection of bone graft substi-
tutes ranging from bone allografts and xenografts derived from human and animal
tissues to synthetic biomaterials, cells, and growth factors. While many of these bone
graft substitutes have experienced great clinical successes and have helped improve
patients’ health, challenges still remain to reconstruct functional bone tissue mimick-
ing natural bone morphogenesis. This is precisely where bone Regenerative Engineering
has a niche and a significant role to play. In this regard, the book also includes a num-
ber of chapters discussing frontier paradigms such as advanced materials, stem cells,
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nanobiotechnology, and developmental biology aiming to regenerate bone tissue in a
more natural and effective way. Convergent technologies integrating the aforemen-
tioned disciplines promise to continue extending research frontiers, pushing bone
regeneration therapies towards a more personalized approach that can truly benefit
individual patients.

This book presents an outstanding view of the subject. It will appeal to a broad
audience including researchers, clinicians, and regulatory specialists in both academia
and industry and will serve as a valuable resource to these professionals. We believe
that this book will be a welcome addition to personal collections, libraries, and class-
rooms throughout the world.

Raymond R. Sackler, MD, OBE Evan Vosburgh, MD
Founder and President, Executive Director,
Raymond and Beverly Sackler Foundation Raymond and Beverly Sackler

Foundation



Preface

In 2003, the American Society for Testing and Materials (ASTM International) pub-
lished a landmark book entitled Bone Graft Substitutes. The book was a direct result of a
workshop cosponsored by ASTM International and American Academy of Orthopae-
dic Surgeons (AAOS) that one of us chaired (CTL). Since the publication of the book,
more than a decade has passed and the field of bone grafting has seen many dramatic
changes. While the use of both autogenous and allogeneic bone grafts still remains a
viable and important choice to surgeons, new technologies and strategies have gradu-
ally emerged and attracted great interests from both academia and industry. Therefore,
we feel that it is necessary to publish a new book that updates the trends involved with
this important field.

Among the new technologies and strategies for bone regeneration, advanced
materials, nanotechnology, stem cell science, and bone developmental biology are cen-
tral pieces of significant research and development interests and have added to the
toolbox available to biomaterials scientists and engineers to regenerate bone tissues.
The convergence of these disciplines has opened a new field that we define as
Regenerative Engineering. We believe that regenerative engineering is an invaluable
tool and will ultimately help researchers and surgeons better regenerate individual
musculoskeletal tissues and more complex organs. Successful regeneration of tissue
and organ systems will rely on a multidisciplinary strategy integrating the biological
principles involved in cell and developmental biology with advanced biomaterials,
nanofabrication, biomechanics, and tissue engineering. To reflect on the importance
of the concept of convergence, we renamed the book Bone Graft Substitutes and Bone
Regenerative Engineering to capture the excitement of this new field. The chapters of
the book are written by well-known researchers in academia, surgeons, industry lead-
ers, and regulatory specialists. We believe that this book will be of value to people who
work in all fields involving bone.

We want to acknowledge the efforts of all the contributing authors in completing
this exciting project. A number of individuals who contributed to the first edition of
the book have been very enthusiastic about this new book. As such, Dr. Barbara Boyan,
Dr. Joseph Lane, Dr. Mark Borden, Dr. Dhirendra Katti, Dr. Yusuf Khan, Dr. Treena
Arinzeh, and Dr. Sergio Gadaleta have been extremely supportive and contributed to
this new work. We also want to thank Dr. Saadiq El-Amin, Dr. Steven Gitelis, Dr. Syam
Nukavarapu, Dr. Jeffery Hollinger, Dr. Peter Ma, Dr. Thomas Webster, and Dr. Yunzhi
Peter Yang for their fine contributions to the book and their unique perspectives on a
variety of important areas on bone repair and regeneration. The publication of this
book would be impossible without the assistance from numerous people at ASTM
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International. We would like to thank Dr. Michael Mitchell (Editor-in-Chief of the
Journal of Testing and Evaluation), Ms. Kathy Dernoga, Ms. Heather Blasco, and
Ms. Monica Siperko for their diligence, professionalism, and tremendous support in
all phases during the production of the book. Finally, we thank the Raymond and
Beverly Sackler Foundation for their tremendous support in our efforts to define the

new field of Regenerative Engineering.

Cato T. Laurencin, M.D., Ph.D.
Tao Jiang, Ph.D., M.B.A.
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Chapter 1 | Bone Graft Substitutes:
Past, Present, and Future

Cato T. Laurencin,'23456 Yusuf Khan,"2*4> James Veronick,">*

INTRODUCTION

The field of medicine as a formal discipline has been traced by many to Imhotep and
his descriptions of ailments and treatments found written on papyrus and translated
in the mid-1800s by Edwin Smith [1]. Among the medical descriptions included in
Imhotep’s writings are cervical dislocations, skull fractures, and compound fractures [1].
Indeed, mummies found in Egyptian tombs have been found with crude braces con-
structed from wood planks and linen straps on their limbs representing some of the
earliest accounts of orthopedics [2]. The use of autografts, allografts, and bone graft
substitutes also has interesting origins. The use of each graft type dates back several
hundred years to apparently crude yet inspired methods and theories, which nonethe-
less set the stage for what we today consider state of the art. The following is a brief
history of each graft subgroup.

Autografts were first used as far back as the early 1800s when, after a trephination
(i.e., the practice of drilling holes in the skull to release pressure), Walther repaired the
defect by refilling the hole with the original bone plug [3]. This repair resulted in good
healing and informally began the practice of autografting. In the late 1800s, more
reports of autografting emerged: Seydel used tibial periosteal flaps to close a cranial
defect and Bergmann used a fibular graft to close a tibial defect [4]. By the early 1920s,
more than 1600 autograft procedures had been documented [4]. However, early struc-
tural limitations of cancellous autograft tissue delayed its full emergence, which did
not occur until more modern tools of external and internal fixation were available [4].
One of the primary reasons for the success of autografts is their ability to be
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osteoinductive, which is due to the presence of blood, cells, growth factors, and pro-
teins within the graft that stimulate and facilitate healing. Although it is within the
past 30 years that intense attention has been paid to these growth factors as healing
tools, the notion that the body’s own fluids could provide stimulus for healing and
bone growth dates back further than that. Early attempts at nonunion treatments
involved sawing both ends of the fracture to expose fresh bone, rubbing both ends of
the bone together, and splinting the wound to allow some limited motion in hopes of
stimulating inflammation and thus healing [5]. Although early surgeons may not have
realized it, this procedure may have stimulated the recruitment of growth factors and
inflammatory elements. A similar approach to nonunions was described by Physick in
1802, when he repaired a fracture nonunion by running a seton, or a small bundle of
fibers, through and between both ends of the fracture with the hopes of stimulating an
exaggerated immune response and healing [6].

Allograft use has been reported as far back as the late 1800s when Macewen
reported on the implantation of a tibial graft from one child to another [7,8]. In the
early 1900s, cadaveric and fresh allografts were used as in the case of a transplant of
cadaver cartilage to a patient and another of a fresh bone allograft from parent to child
for the treatment of spina bifida [3,9]. The earliest collections of allograft tissue, or
bone banks, were established in the beginning of the 20th century when Bauer refrig-
erated bone samples for 3 weeks and then implanted them in dogs. Allografts were
prepared for storage at this point by chilling or heating, but it was soon determined
that boiling the bone samples rendered them inferior in healing to autografts because
the endogenous proteins and factors were undoubtedly destroyed during heating [9].
The big leap forward in bone banking came during World War II when new methods
of bone storage preparation were studied, including freezing, freeze-drying, depro-
teinating, irradiating, autoclaving, demineralizing, and chemically treating the
harvested bone. Initially prompted by the U.S. Navy to help combat war injuries, the
expansion of bone banking continued with a new focus on civilian needs. Many of
today’s currently held beliefs and understandings about bone bank tissues came from
the naval projects [8]. It was about this time that the use of fresh allograft tissue
declined sharply in orthopedic procedures, giving rise to the need for better allograft
treatments and bone graft substitutes in general.

Some of the first evidence for the use of bone graft substitutes, crude as it may be,
has been found in prehistoric skulls with gold and silver plates and even remnants of
coconut shells found in place of cranial defects [3]. In more recent times, several syn-
thetic materials have been used as either bone graft substitutes or internal fixation
devices. Several metals, including platinum, vitallium, tantalum, stainless steel, and
titanium, have been used for joint replacements or fracture fixations. Polymers includ-
ing polyethylene, silicon rubber, acrylic resins, polymethylmethacrylates, and others
have been used, as have ceramics, in place of bone grafts. In their infancy, these materi-
als were more suited for replacement rather than regeneration of bone tissue. However,
the current generation of bone graft substitutes has been designed with replacement
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and regeneration in mind. Materials are either designed with living tissue structures in
mind or are combined with factors, proteins, and other tissues to encourage rapid and
complete healing. Some of the more successful materials have been around for decades.
For example, calcium sulfate, also known as gypsum or plaster of Paris, was used in the
late 1800s by Dreesman to fill bone voids [10], and it is still used today as a bone graft
substitute with very good clinical results. The newest generation of bone grafts and
bone grafts substitutes, of which this book is the focus, continues a long tradition.
Between 1998 and 1999, the number of bone graft procedures in the United States
climbed from 300,000 to 500,000 with the estimated cost of these procedures
approaching $2.5 billion per year [11,12]. Also in 1998, nine of ten procedures used
autograft or allograft tissue [11]. The autograft, tissue harvested from the patient (com-
monly the iliac crest but other regions as well) and implanted within the
patient at another site, is the current gold standard of bone grafts because of its inher-
ent osteoconductivity, osteogenicity, and osteoinductivity [13]. Osteoconductivity
describes a graft that supports the attachment of new osteoblasts and osteoprogenitor
cells onto its surface and has an interconnected pore system that allows these cells and
others to migrate. Osteogenicity describes a graft that supports the apposition of the
graft with the preexisting bone. Osteoinductivity describes a graft that can induce
nondifferentiated stem cells or osteoprogenitor cells to differentiate into osteoblasts.
Although autografts provide the best replacement tissue to a defect site, the harvesting
procedure requires an additional surgery at the donor site, which can result in its own
complications, most commonly pain and risk of infection. This donor-site morbidity
occurs in approximately 20 % of all cases [13-15]. Supply limitations are also a problem
for the autograft, further limiting its desirability. There are several categories of bone
graft substitutes encompassing varied materials, material sources, and origin (natural
vs. synthetic). Accordingly, a bone graft classification system, described in Table 1.1,
has been developed that describes these groups based on their material makeup.
L
TABLE 1.1 Description of Classification System for Bone Graft Substitutes.

Class Description

Allograft bone used alone or in combination

pledgifeeses with other materials

Natural and recombinant growth factors used

Factor-based alone or in combination with other materials

Use cells to generate new tissue either alone or

Cell-based )

seeded onto a support matrix

Includes calcium phosphate, calcium sulfate,
Ceramic-based and bioactive glasses used alone or in

combination

Degradable and nondegradable polymers used

Polymer-based alone and in combination with other materials

Note: Many of the currently available bone graft substitutes fall within one or more
of the above-described groups.
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Allograft-Based Substitutes

Before the 1980s, allograft tissue was primarily used as a substitute for autografts in
large defect sites, but since then, allograft tissue use has expanded from approxi-
mately 5000-10,000 cases in 1985 to almost 150,000 in 1996 [16]. The coordination of
donor screening and tissue processing methodologies has reduced the risk of disease
transmission from allograft tissue; thus, it has become a more attractive alternative to
autograft. With the increase in acceptance of allograft tissue, several products have
emerged that are allograft-based but also used in combination with other materials.
See Chapters 2, 4, and 5 for an in-depth discussion of allografts as bone graft
substitutes.

Factor-Based Substitutes

The factors and proteins in bone regulate cellular activity by binding to receptors
on cell surfaces and thereby stimulating the intracellular environment. This activity
generally translates to a protein kinase that induces a series of events that result in
the transcription of mRNA and ultimately into the formation of a protein to be
used intra- or extracellularly. The simultaneous activity of many factors acting on a
cell results in the controlled production and resorption of bone. These factors,
residing in the extracellular matrix of bone, include transforming growth factor-3
(TGEF-B), insulin-like growth factor (IGF) (I and II), platelet-derived growth factor
(PDGF), fibroblast growth factor (FGF), and the bone morphogenetic proteins
(BMPs). These factors have been isolated and some have been synthesized, allowing
for the examination of function of the factors alone and in combination. The ability
to isolate appropriate factors from bone, synthesize them in large quantities, and
reapply them in concentrated amounts to accelerate bone healing has produced
many possibilities for bone graft substitutes. Much work has been done and contin-
ues in the research setting, and some products have appeared on the market for
clinical use.

Although growth factors have provided advantages in bone healing, they also
present some distinct disadvantages, such as high manufacturing cost, risk of contam-
ination, potential immunological response, protein instability [17-19], and the risk of
uncontrolled bone growth or cancer [20]. An alternative approach to protein- or
factor-based therapies is small-molecule therapy, a relatively new area of research that
is growing rapidly. “Small molecules” for tissue repair are lower-molecular-weight
organic compounds than their full protein counterparts (typically <1000 Da) and are
capable of diffusing across cell membranes to reach intracellular targets [21,22]. Small
molecules exhibit beneficial qualities beyond some of the limitations of protein growth
factors, including being more stable, soluble, nonimmunogenic, affordable, and
requiring a lower effective dose [23] while still affording the same beneficial effects as
the full protein. See Chapters 7 and 8 for an in-depth discussion of growth factors and
bone graft substitutes.
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Cell-Based Substitutes

As regenerative medicine capabilities emerge, various sources of stem cells will be
required to meet patient-specific demand. A few commonly studied stem cells for
use in conjunction with bone graft substitutes include mesenchymal stem cells
(MSCs), adipose-derived stem cells (ADSCs), and induced pluripotent stem cells
(iPSCs). To differentiate MSCs in vitro to the osteogenic lineage, stem cells are
cultured in the presence of certain additives. After culture in these additives, pheno-
typic assays and staining can confirm the osteoblast-like cell phenotype of the stem
cell [24]. The addition of TGF-3 and BMP-2, -4, and -7 to culture media has also been
used to guide the stem cells toward the osteogenic lineage. ADSCs are an attractive
source of stem cells because supply limitations and ease of harvesting is less of a
problem given the ready access of adipose tissue deposits found under the dermal
layers. A significant breakthrough in 2006, Yamanaka et al. discovered how adults
cells treated with the right factors could be engineered back to a pluripotent state
capable of producing any cell in the body. These cells induced back to an earlier lin-
eage became known as iPSCs [25]. With the advances in stem cell technology, the
interaction between stem cells and their potential use in bone graft substitutes for
clinically relevant applications are, and continue to be, evaluated and developed.
Chapter 6 discusses cell-based approaches in greater depth.

Ceramic-Based Substitutes

Many of the currently available bone graft substitutes contain ceramics, including
calcium sulfate, bioactive glass, and calcium phosphates. The use of ceramics, espe-
cially calcium phosphates, is motivated by the fact that the primary inorganic compo-
nent of bone is calcium hydroxyapatite (HA), a subset of the calcium phosphate group.
Hence, depending on the structure and porosity of the scaffold, calcium phosphates
can come close to mimicking the natural matrix of bones. It is of no surprise that the
most widely used bone graft substitutes contain HA-based biomaterials because of
their unique properties [26]. Calcium phosphates are also osteoconductive, osteointe-
grative, and in some cases osteoinductive [27]. For example, MSCs cultured and seeded
onto HA constructs have been shown to successfully differentiate into osteoblasts,
resulting in bony tissue growth on the HA surface [28]. In addition to calcium
phosphate composition, structure and crystallinity also play a role in how osteoblasts
proliferate and differentiate when in contact with calcium phosphate and can be mod-
ified as needed during the fabrication process. Higher crystallinity HA used for in
vitro culturing of rat osteoblasts caused an early increase in proliferation with a subse-
quent dropoft as culture time increased [29]. However, when rat osteoblasts were cul-
tured on lower crystallinity HA scaffolds, which more closely mimic natural bone in
overall crystallinity, proliferation was gradual yet increased as culture time increased.
In addition, lower crystallinity calcium phosphates are more soluble in body fluid or in
vitro analogues than higher crystallinity calcium phosphates, leading to a higher ion
concentration near the scaffold [29] and a plate-like precipitation on the scaffold
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surface, resulting in increased bone repair activity [30]. Although ceramics generally
have many positive attributes, their use in scaffold formation often requires exposure
to high temperatures, which can complicate adding biological molecules, and ceram-
ics generally tend to have brittle failure properties, making them challenging in certain
bone graft applications. To combat the brittle nature and to facilitate the addition of
biological molecules, they are frequently combined with other materials to form a
composite (see Polymer-Based Substitutes). See Chapter 10 for a detailed discussion of
calcium-based ceramics as bone graft substitutes.

Polymer-Based Substitutes

The final group of bone graft substitutes are the polymer-based groups. Polymers pre-
sent some options that the other groups do not. For example, there are many polymers
that are potential candidates for bone graft substitutes representing different physical,
mechanical, and chemical properties. These polymers used today can be loosely
divided into natural polymers and synthetic polymers, which can be divided further
into degradable and nondegradable.

Natural polymers, such collagen or chitosan, are derived from living sources such
as animals or plants, whereas synthetic polymers do not exist in nature as such.
A degradable polymer is ideally used in a tissue engineering application where the
natural extracellular matrix will eventually replace the scaffold. However, the tissues
surrounding the scaffold must be able to metabolize or excrete the products from the
polymer’s degradation, otherwise an immunological response may occur. Poly(lactide-
co-glycolide) (PLGA) is an attractive, synthetic, degradable polymer for bone graft
substitute applications because it breaks down with the addition of water to lactic acid
and glycolic acid, two safe and naturally occurring metabolites in animals. Although
synthetic polymers may have optimal mechanical properties and affordability, they
can lead to toxicity or chronic inflammation. Natural polymers are advantageous
because they can mimic the endogenous extracellular matrix and surrounding tissues
can recognize and metabolize their products through common pathways. However,
some natural polymers can cause immunological responses, may have variability
among different supply sources, and may offer inferior mechanical properties to
synthetic polymers. Hydrogels, another representation of polymeric structures, are
networks of natural or synthetic hydrophilic polymer chains capable of containing
over 99.9 % water by mass. Collagen hydrogels are attractive candidates for use as scaf-
folds in tissue engineering because cells can adhere and grow on the collagen fibers
within the hydrogel, similar to the cell’s natural environment. As with ceramics, the
functionality of polymers can be enhanced if used in combination with other materi-
als, such as ceramics, to form composites.

To mimic natural and physiological conditions, in many cases composites, or
substances containing two or more constituent materials, are optimal for the applica-
tion. From an engineering perspective, composite materials can often harness benefits
beyond which each of its constituent materials would possess on its own, in essence
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providing the best of both worlds. In summary, one constituent material could not
perform without failure for a particular application without the other. In terms of an
orthopedic example, bone tissue is a naturally occurring composite in which collagen
proteins provide an elastic or flexible phase to a more rigid and stiffer calcium phos-
phate matrix. In the end, bone tissue has evolved to become a strong enough support
system to carry the weight of the human body, yet flexible enough to endure the daily
stresses and loads that act upon it with rare failure. Polymer-ceramic composites, like
bone, provide the opportunity to impart the benefits of each material while counter-
acting their limitations. Toward this end, polymer-ceramic composite scaffolds have
successfully been used in vitro and in vivo to differentiate stem cells into osteoblasts [31].
Chapter 9 discusses polymers as bone graft substitutes in detail.

REGENERATIVE ENGINEERING
AND FUTURE WORK

Although significant advances in bone graft substitutes have been made in recent
years, research progress continues to bring various technologies and theories together
to produce clinical solutions for orthopedic repair. The human body is undoubtedly
a highly organized and efficient machine. As more is learned about genetic and cellu-
lar pathways and questions are answered, new questions arise to replace the old ones.
Advances in biomaterials such as osteoinductive ceramic-polymer composites may
not only provide a superior healing potential than conventional methods but also a
more affordable and available alternative, resulting in a better quality of life for more
patients.

Tissue engineering has been developing over the last 25 years. However, recent
advances in tissue engineering technologies have paved the way for a new perspective—
regenerative engineering [32-35]. Regenerative engineering has been defined as “the
integration of tissue engineering with advanced material science, stem cell science,
and areas of developmental biology for the regeneration of complex tissues, organs,
and organ systems” [32]. As the field of material science has progressed, new materials
can be chosen to satisfy the required mechanical properties, degradation rates, and
chemical functionality of the application. Advances in stem cell technology may allow
patient-specific cells to be directed down the appropriate lineage on a scaffold con-
struct to heal the proper tissues [33]. Lastly, a better understanding of the genetic
expression of regenerative-capable animals such as newts and salamanders may give
insight to the morphogenesis required to form complex human tissues. Many of the
concepts introduced here are expanded in Chapter 15.
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Chapter 2 | Bone Graft Substitutes:
Classifications and Orthopedic
Applications

Celeste Abjornson,' B. Victor Yoon,' and Joseph M. Lane'

INTRODUCTION

Much has changed in the bone graft substitute arena in the past decade since the last
edition of this book. The regulatory pathways have significantly changed in the United
States with regards to demineralized bone matrices (DBMs), with the U.S. Food and
Drug Administration (FDA) reclassifying certain versions of DBMs to be required to
go through the 510(k) approval process whereas other versions remain exempt as
human tissue products on the basis of the level of manipulation and additives. We
have also experienced the greatest rise and fall of one specific product, BMP-2. In the
mid-2000s, annual sales of BMP-2 rose as high as $900 million per year, but in light of
new data and the medico-legal aspects, the market has receded approximately 20 %
year over year to approximately $486 million in 2012 [1]. Lastly, an area almost nonex-
istent a decade ago has now gained almost 10 % of the market, cell-based matrices.
These matrices are a broad category of materials defined as products with claims of
stem cells or related factors.

Bone graft substitute is a general term to describe any material used to aid in the
regeneration of bone, such as fracture repair, spine fusion, or defect reconstitution.
There is a wide spectrum of materials used today for the purpose of grafting; however,
their ultimate goal remains the same and that is to form functionally viable bone that
meets the mechanical and biological needs of the site. This chapter aims to review
many of the common bone grafting materials used in the estimated over 1,000,000
grafting procedures performed in the United States each year and objectively evaluate
the materials. Most bone grafting procedures are in spinal procedures, accounting for
90 % of cases and the remaining 10 % split between trauma and reconstruction. There
are two main divisions of bone graft substitutes—those that are naturally derived and
those that are synthetically fabricated. In each case, the goal of this chapter is to
describe how they are made, how they are incorporated in situ, preclinical evidence for
their viability, and published clinical experience.

' Weill Cornell Medical College, Hospital for Special Surgery, New York, NY
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Bone grafting has become a standard procedure in orthopedic surgery over the
past 3 decades and has led to an increased interest in bone grafting materials. Surgeries
often require grafting procedures to induce de novo bone in an area stabilized by metal
devices. The most common examples are tibial plateau fractures and spinal fusions.
When considering potential graft materials assuming an adequate blood supply, a suc-
cessful graft needs to have at least two of the following three properties: cells, signal,
and matrix. Cells refers to the process of osteogenesis that is defined as cellular forma-
tion of new bone. These are dedicated cells in the area of the graft such as osteoblasts
or stem cells that enter the osteoblastic lineage and ultimately form new bone.
The signal, or osteoinduction, is orchestrated by bioactive molecules, primarily
low-molecular-weight members of the transforming growth factor-p (TGF-) family
that actively recruit mesenchymal cells and stimulate them to differentiate into bone
forming cells for osseous repair. The matrix is the scaffolding that permits cell infiltra-
tion and in-growth of new host bone and is referred to as osteoconduction. The combi-
nation of these properties can either come from materials introduced to the site or
recruited from the host.

NATURALLY DERIVED BONE
GRAFTING OPTIONS

Autograft, the first known bone grafting material in modern medicine, has been doc-
umented since the early 19th century and is still considered the gold standard of
grafting today. The first report was for a maxillofacial application of refilling holes in
the skull with the original bone plugs after the holes were drilled to release pressure [2].
By the late 1800s, Bergmann reported using a fibular graft to close a tibial defect [3].
Also by the late 1800s, another bone grafting procedure was reported by Phelps [4] in
which he transplanted bone tissue from an animal (dog) to a man. Although
xenografts have never become commonplace, animal-derived collagen scaffolds are
commonly used today.

In this section, materials of natural derivation from bone, bone marrow, bone
proteins, and blood products will be reviewed. Commercially available DBM has
undergone significant processing, but it is still allograft bone and will be included in
this section. Other technologies to be discussed are bone marrow aspirate, platelet-rich
plasma, and autograft.

Autograft

Autologous bone graft (ABG) has long been considered the standard method of
grafting because it contains all three of the grafting components. It contains osteopro-
genitor cells in the bone marrow, the morcelized surfaces of the bone chips act as a
scaffold, and the osteoinductive factors are within the bone chips. Many papers in the
past 2 decades have illustrated methods of harvesting autograft. Today, autograft is most
commonly taken from the iliac crest because of the cancellous structure and cell volume.
However, significant complications have been associated with the procedure [5-8].
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Complication rates have been reported ranging from 9 % to as high as 50 % for ABG
procedures [8,9]. Falsely considered “free” by many surgeons in comparison to com-
mercially available options, these complications can often become quite costly over
time. Other known drawbacks to this grafting method are a second site of morbidity,
the increased surgery time and blood loss, and limited supply. Limited supply and
quality of bone and cells in older patients is especially something to consider. Newer
techniques focused on less invasive bone collection methods have markedly reduced
morbidity.

When ABG is introduced into the graft site, the initial response by the surround-
ing tissue is similar to a convoluted fracture. Most transplanted cells die because of
ischemia. Fortunately, mesenchymal cells are the most resistant to ischemia and may
survive to begin differentiation and proliferation. The efficacy of the ABG is intimately
linked to the survival of these cells and is thought to be the most vital component of
the graft. The cell signal is necessary for an osteoclastic response to break down the
fragmented bone. As the osteoclasts begin to digest the surfaces of the mineralized
fragments, the collagenous and noncollagenous proteins as well as signaling mole-
cules are exposed and signal for osteoblastic activity. Grossly simplified, the reaction
to ABG is to consolidate, remove, and rebuild. Resorption initially outpaces forma-
tion. However, even with long-term follow-up, some devitalized autogenous bone will
remain unremodelled.

The clinical evidence for autograft bone grafting success greatly precedes the pre-
clinical testing. However, the 20th century provided plenty of evidence for its use. As a
matter of fact, as almost all new technologies are evaluated, they are compared preclin-
ically and clinically to autograft. Literature citations for the efficacy of autograft will be
included later in the chapter when comparing to other bone graft substitutes as the
studies were usually designed. However, it is important to note that not all autogenous
bone is equivalent in relation osteogenic potential. An ideal location for harvesting
autograft, such as the iliac crest, is often preferred to local bone for this reason.

DBM

Brief History

Similar to the history of autograft, the first reports in modern medicine of allografts
came in the late 19th century. The next large milestone came during World War II
when the U.S. Navy Tissue Bank was founded and tissue banking procedures were
established [10-13]. The allografts available at that time were fresh or fresh-frozen bulk
allografts. These types of allografts are not the focus of this discussion because they are
not bone graft substitutes but structural bone grafts. Instead, we will focus on demin-
eralized bone that was first described by Urist [14]. Although the potential of DBM was
discovered almost 40 years ago, it has only been clinically available since the early
1990s. Mounting interest in this applied science has come with many early growing
pains. With an increased demand by surgeons for allograft bone, the National Organ
Transplant Act was passed in facilitating the development of tissue and organ donor
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networks (Public Law 98-507, 1984). With an increasing availability of allografts, the
focus became in preparing allografts for transplantation by a reliable process that
could ensure safety. In July 1997, the FDA released industry standards for donor
screening that are complimented by the American Association of Tissue Banks
(AATB) requirements for screening, processing, and distribution procedures of all
donors. Although commercially available for many years, in March 2004, Wright
Medical received FDA 510(k) approval of Allomatrix. Allomatrix is a composite of
DBM powder and calcium sulfate. The calcium sulfate alone is a device and has been
marketed for many years as Osteoset. Feeling the mounting pressure, Wright Medical
was the first company to go through the rigorous task of getting approval as a medical
device. In 2006, the FDA reclassified DBMs with carriers to be a Class II product
requiring 510(k) approval. However, DBMs that that do not have carriers are still con-
sidered human cells, tissues, and cellular and tissue-based products (HCT/Ps) and are
not regulated as devices.

How It Is Processed

DBM is formed after a mild acid extraction of cadaveric bone that removes the mineral
phase, leaving collagen, growth factors, and noncollagenous proteins. DBM offers the
intrinsic properties of osteoconduction and osteoinduction. It is processed in various
ways and made into a powder. This powder does not have the optimal characteristics
desired by a surgeon; therefore, it is mixed with a carrier to provide better handling
characteristics. DBM is clinically available in gels, putties, pastes, and fabrics that have
been tailored to try to meet the needs of the surgical procedure.

DBM has an osteoinductive property because of retained growth factors from the
original bone that remain intact after processing. These osteoinductive factors are a
superfamily of polypeptide growth factors that regulate in vivo the expression and
proliferation of differentiated phenotypes for many cell populations. Among these
factors are the low-molecular-weight bone morphogenetic proteins (BMPs), vascular
endothelial growth factor (VEGF), and a broad spectrum of proteins and factors
within physiologic concentration that play a pivotal role in bone formation and repair.
In addition, other noncollagenous bone signaling proteins such as osteocalcin and
osteopontin are also contained within the DBM. DBM is osteoconductive because of
the collagen matrix.

DBM is a form of allograft bone and, as such, it begins its processing much like
other allografts. The process begins with appropriate donor screening. In accordance
with FDA regulations, when a donor becomes available, full medical history of
the donor and interviews with family members are required as well as an autopsy and
serological screening. The risk of transmitting HIV through an appropriately screened
donor is less than 1 in 1.6 million [15]. However, this is not nearly acceptable and has
led to the need for commercial processing methods.

The goal of processing is to provide a sterile DBM graft that is free of virus
and blood constituents while maintaining the biological signals. The FDA guidance
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documents for processing recommend a method able to clear 3-6 logs above the
maximum viral burden. The maximum viral burden is defined as the theoretical
maximum of virus that could be in the bone tissue. Using clearance studies, virus is
spiked into the tissue before each of the processing steps and titers are taken after the
processing step. The AATB accredits processes that are able to establish a validated
method and have proven viral inactivation 3-6 logs above maximum viral burden.
In accredited methods, the results show that the chance of virus surviving processing
is extremely low. However, most commercially available products have not received
accreditation for viral inactivation. However, the demineralization process alone has
recently been shown to have a significant effect on virus levels. Swenson and Arnoczky
proved that a clinically accepted demineralization procedure would alter the nucleic
acids of the feline leukemia virus (a retrovirus similar to HIV), inactivating the virus
in infected bone and rendering it noninfectious [16]. There has been one reported
incident of HIV-infected donor tissue that offers further support regarding the inabil-
ity of HIV to be transmitted in processed DBM. In 1985, LifeNet Transplant Services
of Virginia Beach supplied tissue and organs from a donor later realized to be HIV-
positive. Patients that received the donor’s heart and kidneys died from HIV-related
complications. None of the patients that received DBM resulted in a conversion to
HIV-positive, which is thought to be related to the cleaning and demineralization
processes [17].

There are various processing methods used in products that are commercially
available today, each with its own limitations. Treatment solutions, solvent concentra-
tions, and chelating agents are all suspected of affecting the osteoinductivity of the
DBM. Urist showed that hydrochloric acid, commonly used in DBM processing,
mixed with alcohols produces noninductive DBM [18]. Chelating agents such as
ethylenediaminetetraacetic acid (EDTA) have been shown to not fully demineralize
the bone and reduce DBM performance [18].

Other factors that must be considered in processing DBM are antibiotics, particle
size, temperature, calcium content, and sterilization method. Urist proved that for
various antibiotics such as erythromycin, penicillin, and streptomycin, there is no
inhibitory effect on osteoinductivity [19]. However, Urist and others have shown that
cold and hot temperature extremes during processing can detrimentally affect the
osteoinductive function of DBM [14,19,20]. Calcium content is a measure of the demin-
eralizing time and processing. If demineralization of at least 60 % of the material is not
achieved, then a low inductivity will result because demineralization exposes the
osteoinductive proteins. Therefore, if a high calcium content exists, then a highly
mineralized graft makes the DBM less inductive [20,21]. The size of the particulate
bone used in the formulation has been shown to be most inductive, within the range of
75 um to 2 mm? [22,23].

Sterilization methods are probably one of the most widely diverse components of
DBM processing. Most DBMs are produced under sterile conditions, and for those
DBMs that are Class II products, they are also terminally sterilized. There has been
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much published literature on all of the different methods, with the following serving as
only an overview. Aseptic processing is the method of using sterile practices from
recovery to packaging. It alleviates the need for end-term sterilization, but it is much
more involved and expensive. Gamma irradiation has been shown to diminish or
destroy the osteoinductive potential when used at levels of 2.0 mrad or higher [24,25].
Ethylene oxide has also been shown to reduce or eliminate osteoinductivity [25-27]
and can cause an inflammatory response from residuals [25,28].

In summary, processing and sterilization techniques greatly affect the osteoin-
ductivity of the product. The only accurate method to determine the osteoinductivity
of the final product is to test it in an athymic rat (rnu/rnu) muscle pouch model [14,29].
Although in vitro methods are sometimes referenced as an acceptable methodology to
determine osteoinductivity, these methods only show the potential to form new bone.
However, the pouch model produces new bone in an ectopic site. Results using this
model have been presented and show there is a wide range of osteoinductivity in cur-
rent products [30]. It is also important to recognize the need to test final product and
not intermediate steps because, as discussed, each processing and sterilization step
may affect osteoinductivity.

Boden has established a ladder of hierarchy, sometimes referred to as the “Burden
of Proof,” which proposes that before making a decision on what material to use, con-
sider what tests or studies have been done to show efficacy. The lowest proof would be
using in vitro cell tests. These simply measure markers suggesting bone formation.
Animal testing can range from rodents to larger mammals to nonhuman primates and
finally to human clinical trials. Currently, some DBMs have gone through some test-
ing; however, it varies considerably. Many processors test materials before or during
processing; few test end product. However, the most alarming issue for the surgical
community is that there are no standards for rejection. As long as the product is
deemed “clean,” it will go to market, but it may not be osteoinductive.

Biology and Incorporation of a DBM Bone Graft

Bone healing is known to be a symphony of events. Many factors and cell types are
needed to achieve a strong union and repair of the graft site. Mohan [31] and Sampath [32]
were able to show that demineralized bone powder possesses a considerable array of
growth factors. Once implanted, DBM quickly revascularizes, followed by normal
hematoma formation events including release of cytokines, growth factors, and leuko-
cytes. Mesenchymal cells are recruited to the area and differentiate into chondrocytes
in approximately 5 days after implantation [33]. DBM grafts are known to go through
endochondral ossification, in which these chondrocytes form a cartilage matrix that is
later mineralized. At approximately 10 days after implantation, osteoblastic cells
appear and begin laying bone onto the mineralized cartilage matrix. Unlike the classi-
cal method of autogenous bone for grafting, there is not a large osteoclastic invasion
because there is no/little mineralized component signaling for resorption. DBM pro-
motes the cascade directly toward formation. Over time, the DBM is replaced by host
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bone through remodeling. The sustaining presence of an array of growth factors in
physiological amounts that are present in DBM allows for continued osteogenesis
throughout the defect repair.

Preclinical DBM

Urist [14] first described the potential for DBM to induce new bone formation. He
showed that DBM placed in a heterotopic muscle pouch could induce new bone forma-
tion in 28 days by endochondral ossification (cartilage mediary). Many studies since
Urist’s initial findings have proven the osteoinductive potential of DBM in various
animal models [34-37].

Longbone critical-sized defect models such as the rabbit ulna [35] or rat femoral [34]
models have shown the efficacy of DBM. Bolander et al. showed that DBM could heal
the defect as well as ABG and exhibit similar torsional stiffness. He also demon-
strated that if the DBM was augmented with bone proteins it had superior mechanical
properties to ABG. Einhorn et al. assessed the healing profile by serial radiographs
and the mechanical strength of the graft. They found a normal fracture repair
sequence. The energy-absorption capacity and stiffness properties of the grafted
femurs equaled that of intact femoral bone. The torsional stiffness was found to be
consistent with normal fracture repair and achieved 35 % of the torsional strength of
normal bone.

DBM has also been shown efficacious in several spine fusion models [36-39].
Martin et al. demonstrated the importance of formulation tailored to procedure. Their
results reveal that fusion rates with fabric DBM sheets were superior to ABG and putty
forms were equivalent to ABG in a posterolateral rabbit spine fusion model. Wang et
al. studied the differences between three commercially available DBM putties (Osteofil,
Grafton, and Dynagraft) with different processing using a posterolateral athymic rat
model. Their results showed no statistically significant difference between the fusion
rates of Osteofil and Grafton. None of the Dynagraft rats achieved fusion [40].

Clinical DBM

DBM has been used alone and to augment autogenous bone grafts in the repair of
cysts, fractures, nonunions, and spine fusions. In several clinical situations, DBM has
been used with considerable success. Glowacki and coworkers reported some clinical
applications in craniofacial reconstruction [41-44]. Tiedeman et al. [45] evaluated the
efficacy of DBM used alone and with autogenous bone marrow as graft material in the
treatment of various osseous defects such as bone defects and comminuted and
nonunited fractures in children. In their series, 30 of 39 (77 %) patients showed bony
union in facial bones. They concluded that DBM and marrow composite grafts are
comparable in efficacy to autogenous iliac crest bone grafts for use in certain clinical
situations. Michelson et al. [46] compared hindfoot fusions augmented either by iliac
crest bone graft or DBM alone. All 29 patients receiving DBM achieved complete
fusion whereas 13 of 15 patients receiving autologous iliac crest bone graft went on to
bony union. There was no difference in the time required for complete healing, with
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both groups achieving union in 3-4 months. This study showed that DBM displayed
comparable healing to iliac crest bone grafting in the hindfoot arthrodesis without the
increase in blood loss, cost, and postoperative pain associated with iliac crest grafting.
Killian et al. [47] used DBM to obliterate unicameral bone cysts in nine of eleven
patients that were cyst-free at 2 years follow-up, clearly showing the effectiveness of
using DBM in certain clinical situations. Recently, Leatherman et al. [48] showed con-
siderable bone formation using DBM alone in the repair of mastoid obliterations.

In the one prospective evaluation, Geesink et al. [49] compared the osteogenic
activity of OP-1° (a recombinant version of BMP-7), Stryker Spine, Annandale, NJ) to
DBM (Grafton Gel®) in a fibula defect. Twenty-eight patients were enrolled in the study
and received one of four treatments: OP-1° in collagen, collagen alone, DBM, or no
treatment. Patients were evaluated at 1, 6, and 10 weeks and 4, 6, and 12 months by
radiograph and dual-energy X-ray absorptiometry (DEXA; a means of measuring
bone mineral density). Bone formed earlier with the OP-1°, but at 12 months there was
no difference in bone mineral density scores between the DBM and OP-1°. In addition,
at 12 months, the DBM had produced a radiographically more solid construct and
homogenous fill in comparison to the OP-1° grafted fibula.

A recent retrospective review of patients who had undergone instrumented
posterolateral lumbar spinal fusion with autogenous bone graft and Grafton Gel® was
performed by Sassard et al. [50]. They compared Grafton Gel® implanted patients with
an age-, gender-, and procedure-matched group of patients undergoing instrumented
fusions with autograft harvested from the iliac crest. Using a bone mineralization rat-
ing scale, they did not find any radiographic differences between the groups based on
films taken 3, 6, 12, and 24 months after surgery. The fusion rates in the Grafton Gel®
with local bone group and the autograft group were 60 % and 56 %, respectively, statis-
tically comparable. At 24 months, the fusion rates were less than had been reported in
other studies of instrumented posterior fusion and were attributed to grading criteria.
The choice of instrumentation was significantly related to fusion success and was the
most important predictor of 24-month bone mineralization.

Although retrospective data and preclinical work are important and valuable, a
prospective, clinical trial to study efficacy is still regarded as the most significant. In
2004, the first multicenter, prospective, clinical trial in a posterolateral spine fusion
model studying the efficacy of DBM and autograft with pedicle screw fixation of
120 patients was published [51]. Autogenous bone graft from the iliac crest was
implanted in one of the lateral gutters of the spine and a Grafton DBM/autograft com-
posite was implanted on the contralateral side in the same patient. Fusion was
achieved in 52 % of the lateral sides receiving the composite graft of DBM/autograft
and in 54 % on the autograft side. Their conclusion was that they had shown Grafton
DBM Gel to be a successful extender of autograft in spinal arthrodesis. However, it
should be noted that gel formulations are the oldest forms of DBMs and newer fabric
forms have improved osteoconductivity and are more suitable for this indication.
Recently, in a prospective multicenter randomized clinical trial, Kang et al. [52]
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compared the outcomes of Grafton DBM with local bone against iliac crest bone graft
(ICBQ) in a single-level instrumented posterior lumbar fusion. Forty-six patients
were randomly assigned (2:1) to receive Grafton DBM Matrix with local bone
(30 patients) or autologous ICBG (16 patients). An independent radiologist evaluated
plain radiographs and computed tomographic scans, and 2-year time points reported
that fusion rates were not statistically different with the Grafton Matrix group at 86 %
versus the ICBG at 92 %.

In summary, DBM has been shown to be a successful extender to ABG in spine
fusion. In some indications, it can perform equivalent to ABG. When making a deci-
sion on what to use, remember that DBMs differ by preparation and carrier and it is
recommended to use a DBM that has been shown to be efficacious. As will be further
highlighted in the next section, bone marrow aspirate enhances the activity of DBM
and is always recommended to be used in conjunction with DBM when feasible.

Bone Marrow Aspirate

Autologous bone marrow is a potent osteogenic graft material. Harvested bone marrow
by aspiration techniques contains a spectrum of cells ranging from undifferentiated
stem cells to committed cells in the osteogenic lineage. Similar to autograft, it is com-
monly taken from the iliac crest, but it does not share the problems of morbidity.

The aspirate is taken at the time of surgery; therefore, it does not require any type
of processing. However, there has been much literature discussing optimizing aspira-
tion techniques. Muschler et al. [53] have described a fanning method in which only
2 ccare aspirated at each site. In this paper, they showed that aspiration technique had
a significant effect in cell concentration of the harvested bone marrow. They found if
more than 2 cc were aspirated at any one site that dilution from peripheral blood would
occur. Their other important finding was that 70 % of the variation in cellularity could
be accounted for by variation between subjects. In a later study, Muschler et al. [54]
showed that there is a significant decrease in the number of osteoblastic progenitor
cells in bone marrow with increasing age in humans. To improve cell volumes, systems
have been introduced to concentrate the marrow before reintroduction.

Preclinical studies have examined the effectiveness of bone marrow when used
in combination with and without grafting materials in spine fusion and long bone
defects [38,55-57]. Paley et al. [58] demonstrated in a critical-sized defect model in the
rabbit radii that bone marrow aspirate alone was able to successfully unite and form a
solid bone construct. In a canine model, the combination of DBM and bone marrow
proved synergistic in a tibial defect, resulting in more complete bridging and remod-
eling, greater density, and higher rigidity than the subjects with marrow or DBM
alone [56].

Clinical studies confirm the osteogenic potential of bone marrow, particularly
when used in healing defects [59,60]. Healey et al. reported being able to heal five of
eight nonunions using injections of bone marrow obtained from iliac crest. Likewise,
Connolly et al. reported the successful treatment of 18 of 20 tibial nonunions with
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injected aspirated bone marrow combined with either fixation or castand an intramed-
ullary nail. In spinal fusion, the question of whether bone marrow aspiration from the
vertebral body is a viable alternative to the iliac crest is often discussed. McLain et al. [61]
demonstrated bone marrow from the vertebral body had comparable or greater
concentrations of progenitor cells compared with matched controls from the iliac
crest. Further, they showed no significant differences relative to vertebral body level,
the side aspirated, the depth of aspiration, or gender and suggested vertebral body
bone marrow aspiration was indeed a viable alternative.

There has been a significant upswing in commercially available systems to
help concentrate the bone marrow aspiration. The actual number and concentra-
tion of these cells that are necessary to obtain bone repair is not well understood;
however, several studies have shown that concentrating the bone marrow aspirate
to concentrate the progenitor cells can be important and necessary in challenging
applications [62].

Platelet-Rich Plasma

In the past few years, we have seen an emergence of platelet-rich plasma (PRP) collec-
tion systems come to market. PRP is collected by spinning down whole, autologous
venous blood at the time of surgery. These systems aid the surgeon in collecting and
separating the blood to concentrate the PRP. Unlike bone marrow, PRP has none of
the original three signals essential for bone healing. It has been labeled as osteostim-
ulatory. It is known in normal wound healing that platelets adhere quickly and release
cytokines such as platelet-derived growth factor (PDGF) and TGF-f and others in
the fibrin network. This led to the concept that PRP with a high concentration of
platelets would stimulate the release of these cytokines. Because it is an autologous
procedure, it is not regulated or reviewed by the FDA. The effect of the last statement
is that little to no research had to be done before going to market to prove efficacy or
safety. Being much easier to collect than marrow, it became attractive to the surgeon
community. However, in the past 2 years we have seen conflicting literature regarding
its efficacy and some suggestion that it may in fact not be helping and possibly hinder-
ing bone healing.

Weiner et al. [63], in a retrospective, consecutive series, evaluated patients who
underwent a single-level intertransverse lumbar fusion for either degenerative disk
disease (DDD) or degenerative spondylolisthesis. The control group (n = 27) was
grafted with ICBG. The treatment group (n = 30) was grafted with ICBG augmented
with autologous growth factors, or AGF (an ultra-concentration platelet system).
Fusion was assessed radiographically at 1 and 2 years postoperatively. The authors
reported the fusion rate for the control group was 91 % (24 of 27) and the treatment
group was 62 % (18 of 32). They concluded that the use of AGF resulted in inferior rates
of arthrodesis compared with autogenous bone graft alone. Carreon et al. [64]
retrospectively compared ICBG versus ICBG + PRP in posterolateral lumbar fusion in
one to three levels with 76 patients per group. At 2 years, there was not a statistically
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significant difference in nonunion rates; however, the ICBG + PRP was higher, with
25 % versus 17 % nonunion in ICBG, and they recommend against the use of AGF.
Newer versions of PRP-type systems that retain the fibrin component have recently
been introduced and show great promise without the previous issues seen with AGF.

SYNTHETICALLY DERIVED BONE
GRAFT OPTIONS

The innate issues of high variability and chance of viral transmission in naturally
derived bone grafts pushed scientists to find synthetic alternatives. Synthetically
derived bone grafts are rigorously tested for safety and efficacy to receive FDA approval
before becoming available in the United States. Because they are manufactured materi-
als that are classified as medical devices, they are produced in a consistent manner
within small tolerance limits and have no viral transmission issues.

In this section, we will review the materials in the same manner as we did the
natural bone grafts, focusing on their origin, processing, incorporation in the body,
and the existing literature showing efficacy. Although BMPs are naturally present in
the body, the commercially available products are genetically engineered; therefore,
they are included in this section. Other options that will be reviewed are calcium sul-
fates, B-tricalcium phosphate, and collagen scaffold materials. Synthetic bone grafting
options are a rapidly expanding field, but we concentrate on those options clinically
available today.

BMP

Urist was the first to theorize that the osteoinductive activity of DBM was due to active
protein molecules, and he named BMPs that were interrelated to bone healing [65].
Isolating these proteins from bone matrix proved difficult, and the first isolated
extraction and recombinant form of BMP-2 was described almost 2 decades later in
1988 [66]. To date, although 15 BMPs have been identified and studied, BMP-2 and
BMP-7 have been mainly shown to have the strongest bone-forming potential [67]. The
recombinant protein versions available commercially today are synthetic, genetically
engineered versions of the natural protein.

As members of the TGF- superfamily, BMPs are known to be potent bone-forming
agents. They can drive mesenchymal stem cells into the osteoblastic lineage. These
proteins alone are considered osteoinductive and are usually added onto a collagen
sponge or ceramic carrier. They initiate endochondral bone formation, presumably by
stimulating local mesenchymal cells and enhancing bone collagen synthesis.

Preclinical Recombinant Human BMP-2

The first question obviously is how much of this potent protein should be administered
to the site and if this dosage would be site or carrier specific. Sandhu et al. showed in a
canine intertransverse spine fusion model that doses of recombinant human BMP-2
(thBMP-2) on a polylactic acid polymer carrier from 58 to 920 pg were successful in
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forming fusions at 3 months postoperatively [68]. Using this knowledge, they contin-
ued their work in lumbar interbody fusion in an ovine model. At 6 months postopera-
tively, they reported that all animals appeared radiographically fused; however,
histological evaluation revealed something far more telling. Histologically, only 37 %
of the animals treated with autograft-filled cages had achieved union compared with
100 % of the animals treated with rhBMP-2/collagen-filled cages [69]. This exemplifies
the value of preclinical work.

Boden reviewed the existing knowledge base concerning the biology of spinal
fusion and also conducted extensive research in the field [70]. Because the ovine model
was successful, as demonstrated by Sandhu et al., Boden et al. [71] studied hBMP-2 on
a collagen carrier within a titanium interbody cage in rhesus monkeys. Because dosing
was known to be vital, but the optimal dose for rhesus monkeys had not been previ-
ously established, two concentrations of thBMP-2 (0.75 or 1.50 mg/mL) were tested.
The results showed that both groups achieved fusion; however, the higher concentra-
tionresulted in faster and more dense bone formation. This study established the dose
used in the Investigational Device Exemption (IDE) trial in the United States.

Although the collagen carrier is the optimal carrier for inside cages in interbody
applications, posterolateral spine fusion is a different environment and requires a dif-
ferent carrier. In posterolateral spine fusion, the goal is to bridge bone between the
transverse processes. The muscle layer surrounding the graft material is significant
and will try to invade the space and cause mechanical compression of the graft
material. This can lead to either nonfusion or an hourglass-type fusion that is not as
dense in the mid-region. Therefore, a new carrier had to be identified and dosing
concentration again needed to be established for rhBMP-2. Using a ceramic carrier
(60 % hydroxyapatite [HA] and 40 % tricalcium phosphate), Boden et al. [71] studied in
the nonhuman primate model three thBMP-2 concentrations loaded with a solution
containing 0, 6, 9, or 12 mg of rhBMP-2 per side in comparison to a control group,
ABG. They reported solid fusions at all three concentrations of rhBMP-2 and even
fusion in the ceramic carrier alone group. The ABG group did not achieve fusion in
any of the animals. They concluded that the ceramic carrier was a suitable material for
posterolateral applications. This study led to a clinical trial described below.

rhBMP-2 Clinical Trials

Because the preclinical testing showed efficacy and safety, the multicenter prospective
randomized IDE trial was initiated. The study was designed for the treatment of DDD
in the lumbar spine by interbody fusion. Patients were randomized to one of two
groups: thBMP-2 (1.50 mg/mL) on a collagen sponge with tapered titanium fusion
cage (InFUSE/LT-Cage, Medtronic Sofamor-Danek, Memphis, TN) or autograft from
the iliac crest with the same tapered titanium fusion cage. In the randomized arm of
this trial, 143 patients received the InNFUSE/LT-Cage and 136 patients received the
LT-Cage with autograft (ABG/LT-Cage). In the continued access arm of the trial, an
additional 134 patients received the INFUSE/LT-Cage. The study design was for 2-year
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follow-up. The results showed radiographically no difference between the InFUSE/
LT-Cage and ABG/LT-Cage groups, each receiving fusion rates above 90 % at 2-year
follow-up (www.fda.gov). The FDA clearance was granted on July 2, 2002, to rhBMP-2
on a type I collagen sponge in conjunction with a tapered, threaded intervertebral
fusion cage (LT-Cage; Medtronic Sofamor Danek, Minneapolis, MN) for the indica-
tion of DDD in the lumbar spine.

For the posterolateral spine fusion application, a prospective randomized multi-
center clinical study to evaluate with thBMP-2 on a ceramic carrier (60 % HA and 40 %
tricalcium phosphate) was conducted in 25 patients whose spondylolisthesis did not
exceed Grade 1 [72]. Patients were randomized to one of three groups: autograft with
pedicle screw instrumentation (n = 5) (control), rhBMP-2 with pedicle screw instru-
mentation (n = 11), or thBMP-2 without internal fixation (n = 9). In patients receiving
rhBMP-2, the graft material consisted of 20 mg of rhBMP-2 on ceramic granules
(10 cm/side). The radiographic fusion rate was 40 % (2 of 5) in the autograft with
instrumentation group and 100 % (20 of 20) with rhBMP-2 group with or without
internal fixation (P = 0.004). Patient questionnaires revealed a statistically significant
improvement in Oswestry scores at 6 weeks in the thBMP-2-only group and at
3 months in the rhBMP-2 with instrumentation group. However, the Oswestry scores
did not significantly improve in the autograft with instrumentation group until
6 months. A systematic review on the biology of spine fusion healing and several
fundamental principles required for the selection of a bone graft substitute is also
conducted by Boden [73].

On April 30, 2004, InFUSE (thBMP-2 and collagen sponge) was cleared with an
intermedullary nail for the treatment of acute, open tibial fractures. In a prospective,
multicenter clinical trial, the use of InFUSE with an intermedullary nail was evalu-
ated for the treatment of tibial fractures. Patients all received an intermedullary nail
and were randomized to one of three treatments (n = 150 patients): InFUSE at a
0.75-mg/mL concentration, InFUSE at a 1.5-mg/mL concentration, or control (stan-
dard of care defined as routine soft-tissue management). The primary endpoint in the
study was at 1 year with the primary efficacy evaluated as the proportion of patients
requiring secondary intervention because of delayed union or nonunion. At 12 months
after operation, 421 patients were evaluated. The 1.50-mg/mL rhBMP-2 group had
higher union rates, significantly lower occurrences of secondary interventions, a sig-
nificantly higher healing rate at the postoperative visits from 10 weeks through
12 months, fewer hardware failures, fewer infections, and faster wound-healing than
the control group. They concluded that InFUSE offered significantly superior care to
the control [74].

On March 9, 2011, Medtronic received a nonapprovable letter from the FDA with
regards to their AMPLIFY™ rhBMP-2 Matrix. This decision was a result of clinical and
safety data from the IDE prospective, randomized, multicenter clinical trial in skele-
tally mature patients with DDD at one level from L1-S1 in 463 patients. Most of the
controversy that resulted in the nonapproval stemmed from increased cancer risks in
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the investigational group in comparison to the ICBG control, which was thought to be
linked to the higher dosage than the previously cleared version.

In an unprecedented effort, the Yale University Open Data Access (YODA) proj-
ect approached Medtronic for funding and access to all of their in-house safety and
efficacy data on rhBMP-2. In 2013, two publications of the findings of the systematic
reviews were published [75,76]. The major findings of the review by Simmonds et al.
were thBMP-2 increased spinal fusion rates at 24 months postoperatively and increased
early postsurgical pain compared with ICBG. They also concluded that evidence of
increased cancer incidence was inconclusive. Fu et al. reported with respect to lumbar
spine fusion, rhBMP-2, and ICBG were similar in overall success and fusion. For ante-
rior cervical spine fusion, rhBMP-2 was associated with increased risk for wound
complications and dysphagia. Their findings differed from Simmonds et al. in regards
to the cancer risk. Fu et al. found increased risk with rhBMP-2, but event rates were low
and cancer was heterogeneous. The discrepancy between the two papers is derived
from the differences in the studies they included to determine their analyses. In addi-
tion, there have been many recent publications describing retrospective cohort data
from centers with regards to complications and incidences of cancer after rhBMP-2
usage with mixed findings [77-80].

Preclinical rhBMP-7/OP-1°

In animal models, large segmental defect studies were performed with OP-1° to under-
stand the protein’s ability to restore normal weight-bearing bone containing functional
bone marrow [81-85]. The general finding of the works was similar to rhBMP-2: that
bone formation was highly dependent on the dose of OP-1°. In the rabbit ulnar critical-
size defect model, a 1.5-cm segmental defect was created and filled with a collagen
carrier containing either one of nine concentrations of OP-1 or naturally occurring
bovine osteogenic protein. The experimental dose levels of OP-1 were 3.13, 6.25, 12.5,
25,50, 100, 200, 300, or 400 pg. The control groups were the collagen carrier alone and
no graft. They found osseous unions in all of the OP-1 dose groups except the 3.13-nug
dose and the bovine osteogenic protein at 8 weeks. The control groups did not heal [81].
The investigators continued their work in a canine model to further understand dose
dependency [82,84].

Continuing the burden of proof, tests with larger mammals need to be completed
before the material could be proved to be efficacious and be ready for an IDE trial.
Cook et al. [83] proceeded with a segmental bone defect model in 28 African green
monkeys. The two groups in this study consisted of either a 2.0-cm ulnar defect
(n =14) or tibial defect in the diaphysis (n = 14). Focusing on the tibial group, the tibial
defects were subgrouped into defects filled with 250, 500, 1000, or 2000 pg of OP-1 in
400 mg of collagen carrier (n = 5), with collagen carrier alone (n = 1), with autogenous
cancellous bone graft (n = 6), or unfilled control (n =2). The tibial defects were stabi-
lized with an intramedullary pin. Radiographically, at the 6- to 8-week window, four
of five of the tibiae treated with OP-1 exhibited complete healing. Animals were
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sacrificed at 20 weeks postoperatively. Although all of the defects treated with OP-1
exhibited new-bone formation, the degree of healing and remodeling differed. The
autogenous group exhibited complete healing in five of six animals.

Similar to rhBMP-2 investigators, investigators studying OP-1 wanted to study
expanding applications for the protein. Grauer et al. [86] evaluated OP-1for intertrans-
verse process lumbar fusion in the rabbit as a potential graft substitute. In their exper-
iment, the three investigational groups were autograft, carrier alone, and carrier with
OP-1. At sacrifice 5 weeks postoperatively, fusion was evaluated by manual palpation
and resulted in 63 % in the autograft group, 0 % in the carrier-alone group, and 100 %
in the OP-1 group achieving fusion. They concluded that OP-1 was found to reliably
induce solid intertransverse process fusion in a rabbit model at 5 weeks. In a later
investigation using this model by the same group [87], they found OP-1 was able to
overcome the inhibitory effect of smoking on spine fusion. Combining this work with
previous work, clinical trials began to evaluate OP-1 for posterolateral fusion and will
be discussed in the next section.

Clinical rhBMP/OP-1

In a prospective, randomized, partially blinded, multicenter IDE clinical trial, OP-1
Implant® (Stryker, Allendale, NJ) was evaluated in the treatment of tibial nonunions
to establish the safety and efficacy in comparison to the standard of care, ABG, in 122
patients for a total of 124 tibial nonunions, Each patient received an intramedullary
rod and either OP-1 Implant® or ABG. The OP-1 Implant (Stryker, Hopkinton, MA)
dose contained 3.5 mg of OP-1 mixed with 1 g of collagen carrier. Depending on the
size of the fracture, up to two doses of OP-1 Implant® could be given. At 9 months, the
primary endpoint of the study, the groups were not statistically different by radio-
graph, and it was shown that 75 % of the OP-1 Implant-treated and 84 % of the
ABG-treated patients had healed fractures. The authors concluded that OP-1 on a
collagen carrier was a safe and effective treatment for tibial nonunions [88]. In part on
the basis of this study and the high rate of patient dropout, on October 17, 2001, OP-1
Implant received Humanitarian Device Exemption (HDE) clearance from the FDA
for the treatment of long bone fractures. HDE clearance differs from rhBMP-2 device
clearance in that institutions must receive Institutional Review Board approval for
the patient.

There were two clinical trials involved in the evaluation of OP-1 Putty® for inter-
transverse process fusion of the lumbar spine. OP-1 Putty differs from the OP-1 Implant
sold for tibial nonunions. Similar problems with mechanical compression issues with
collagen sponge carriers mostly likely led to the decision to add carboxymethyl cellulose
sodium as a bulking agent to the OP-1 Putty product. In the first multicenter clinical
pilot study trial, OP-1 Putty was evaluated as a graft extender to autograft. The second
trial evaluated OP-1 Putty as a substitute material.

In the first trial, twelve patients underwent intertransverse process fusion by plac-
ing iliac crest autograft and OP-1 Putty between the decorticated transverse processes.
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No instrumentation was used. The investigators reported only 55 % of patients
achieved solid fusion by the strict criteria used, but bridging bone was observed in
91 % of patients. In addition, nine of the twelve patients reported at least a 20 %
improvement in their Oswestry scores. They concluded that in comparison to histori-
cal controls, autograft alone, with fusion rates at approximately 45 % that of OP-1
Putty, was an enhancer of autograft alone [89].

In the second trial, a prospective, randomized, controlled, multicenter clinical
study was conducted to compare OP-1 Putty with ABG for one-level uninstrumented
posterolateral fusion. Thirty-six patients were randomized (2:1) to either OP-1 Putty
(3.5 mg of OP-1 per side) or ABG. At 1-year follow-up, 74 % of OP-1 Putty patients and
60 % of ABG patients achieved fusion. They concluded that OP-1 Putty had performed
similar to ABG in fusion rates and patient questionnaires (Oswestry, SF-36), making it
a valid alternative to ABG.

On April 7, 2004, OP-1 Putty was granted HDE clearance for posterolateral spine
fusion in patients in which ABG and autologous bone marrow harvest are not feasible.
The contraindications for OP-1 Putty are that it should not be used in patients under
18 years old, at or near the vicinity of a resected tumor, in patients with a history of
malignancy, or in pregnant women. Women of childbearing potential should wait
1 year after implantation before becoming pregnant. Stryker has sold the rights to
OP-1 to Olympus, pursuing it for nonorthopedic applications.

Ceramics

One of the essential elements of bone regeneration is osteoconduction, which provides
a scaffold for the progenitor cells to proliferate and differentiate. In addition to provid-
ing support as a structural lattice, optimal osteoconductive materials must be
biodegradable. Hence, the material must be remodeled into the newly formed bone.
The role of ceramics in reconstructive orthopedics is primarily for osteoconduction.
As discussed earlier in this chapter, one factor in bone regeneration does not constitute
a stand-alone product. Osteoconductive matrices should never be used alone unless
placed in a marrow-rich environment such as back-filling the iliac crest after ABG
harvest. Osteoconductive matrices have been discussed throughout this chapter in
conjunction with BMPs, bone marrow aspirate (BMA), and DBM. To further highlight
their individual characteristics, this section will review them so that surgeons can
make informed decisions when making their own combinations of bone grafting
materials. The two major groups of synthetic ceramics that have clinical application
are the calcium sulfate materials and the calcium phosphate materials. These
compounds have been favored because they elicit very little immunologic reaction in
adjacent tissues and have negligible systemic toxicity.

Calcium Sulfate
Calcium sulfate (plaster of paris) has been used as a synthetic graft material for
well over 100 years, with one of the first reports observing its ability to completely heal
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six of nine cavitary lesions [90]. Peltier [91,92] described his experiences of 26 patients
with unicameral bone cysts with curettage and packing with calcium sulfate pellets.
In this group, 24 patients went on to heal uneventfully, with 2 patients requiring sub-
sequent surgery for recurrence. Coetzee reported on 110 patients treated for cranial
osseous defect filled with calcium sulfate. He concluded that the material was an
excellent bone graft substitute and allowed for bone formation and healing similar to
ABG [93]. All of these earlier studies come with the caveat that they were not surgical-
grade calcium sulfate and most likely varied in structure and properties. Calcium
sulfate is known to have relatively rapid resorption in as little as 6 weeks after implan-
tation and has no weight-bearing characteristics. It has shown promise as a carrier for
antibiotics, DBM powder, BMPs, or any other small molecule that is difficult to deliver
to a defect site.

The first surgical-grade calcium sulfate cleared by 510(k) clearance in the
United States was OSTEOSET® (Wright Medical Technology, Arlington, TN).
Today, there are a total of nine surgical-grade calcium sulfates available under
FDA approval. Unfortunately for clinicians, when materials are 510(k) cleared,
they do not go through the same types of rigorous IDE trials seen for Class III
devices such as BMPs. Therefore, few data for efficacy in animal models or clinical
trials are available. However, OSTEOSET has been part of two prospective trials.
To our knowledge, none of the remaining eight materials have been prospectively
evaluated. In the first trial, Kelly et al. reported on the treatment of 109 patients
with up to 1 year of follow-up [94]. In a nonrandomized, prospective, multicenter
study, calcium sulfate pellets were used in patients with various bone defects. The
calcium sulfate was used alone or mixed with BMA, DBM, or ABG. At 6 months
postoperatively, radiographic results showed 88 % of the patients exhibited new
bone formation and almost all patients showed complete resorption of the calcium
sulfate. They concluded that OSTEOSET was an efficacious bone graft material.
However, it should be noted that 71 of 109 patients had OSTEOSET mixed with
other products.

A different prospective randomized trial was conducted to investigate the effects
of OSTEOSET pellets in critical-size defects created after standard anterior cruciate
ligament reconstruction in 20 patients. Patients were block randomized either to no
treatment (n = 10) or filled with the calcium sulfate pellets (n = 10). Patients were post-
operatively evaluated by computed tomography to 6 months. The authors reported
that they found the same amount of bone in the OSTEOSET as the untreated group,
concluding that the OSTEOSET had no effect [95].

Calcium Phosphate

The general term calcium phosphate materials can be further broken down into three
subgroups: tricalcium phosphates, calcium phosphate cements, and coralline-based
HA. Each subgroup will be discussed separately because they have completely different
chemistry and react differently in the body.
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Tricalcium Phosphates

Tricalcium phosphates (TCPs) are less crystalline than HA and therefore more
soluble. There are basically two forms of TCP: a-TCP and B-TCP. a-TCP is more
soluble hence more degradable than B-TCP [96].

B-TCP

B-TCP is a widely available, FDA-cleared material. There are over six manufac-
tures and various forms available in the United States. Unlike calcium sulfates that
chemically dissolve within a few weeks of implantation, B-TCP is resorbed by osteo-
clastic activity [97]. This fundamental difference is very important. Calcium sulfates
will leave regardless of bone formation. In comparison, B-TCP functions similar to
ABG by causing osteoclastic resorption and hence signaling for osteoblastic activity.
Therefore, the B-TCP will not go away until new bone is formed. Intuitively, the rate at
which these materials can be resorbed is linked to the material properties. Because
these materials are only osteoconductive, the necessity of osteoinduction by
mesenchymal stem cells along the osteoblastic lineage is partially dependent on the
microenvironment established by the scaffold chemistry and interactions with the
host. B-T'CP with higher porosity and larger pore size ranges will allow for greater cell
infiltration and faster resorption. These two material characteristics are major differ-
ences in commercially available products.

Similar to calcium sulfates, B-TCP was cleared through the 510(k) pathway, and
there is very little published support data for the cleared products. There are currently
no prospective, randomized trials published. There are a few retrospective studies
published that show efficacy. In posterolateral spine fusion, one B-TCP, Vitoss®
(Orthovita, Malvern, PA) was evaluated in 50 patients as an adjunct to ABG. At
5-7 months postoperatively, 32 patients were available for follow-up. Of these patients,
100 % demonstrated good consolidation of their graft material. Their clinical impres-
sion was that Vitoss was facilitating bone formation and reducing the need for ABG
harvest [98]. Linowitz and Peppers retrospectively reviewed seven patients with a 3- to
6-month follow-up who underwent anterior or posterior interbody fusion at twelve
levels with an allograft spacer, Vitoss, and venous blood. At follow-up, the investiga-
tors reported that solid fusion was achieved in all patients [99]. There are numerous
preclinical studies of laboratory-derived B-TCP, but these studies are difficult to inter-
pret toward clinical relevance because, as discussed earlier, the material properties
greatly dictate the results. There are very few preclinical studies on commercially
available B-TCP.

Injectable calcium phosphates

Injectable calcium phosphate bone cements harden in situ but usually have no
weight-bearing ability. When cured, they form an apatitic compound similar to
bone mineral. They generally do not degrade during the patient’s lifetime but are more
bioactive than polymethylmethacrylate, a commonly used bone cement. After the
powder and solvent have been mixed, the resulting ceramic is a paste-like material that
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can be injected or molded into a non-weight-bearing defect with a setting time of
approximately 10-30 min depending on formulation.

One of several of these calcium phosphate cements is Norian SRS (Synthes,
USA, Paoli, PA), a powder composed of a-TCP, monocalcium phosphate monohy-
drate, and calcium carbonate combined with a solution of sodium phosphate. Norian
SRS has an inherently low crystallinity with a low grain size as compared with HA
blocks, which have a relatively high crystallinity and large grain size, making osteo-
clastic absorption easier. In a prospective, randomized multicenter study, Norian
SRS was evaluated for closed reduction and immobilization in the management of
distal radial fractures. The patients were either treated with or without Norian SRS
for a total of 323 patients. Follow-up evaluations were conducted up to 1 year by
radiograph and patient questionnaires (VAS, SF-36). The results showed early
significant differences with patients treated with Norian SRS such as superior wrist
range of motion, grip strength, digital motion, use of the hand, and social and
emotional function as well as less swelling in the patients than in the control group
(P < 0.05). However, at 1 year, there were no clinical differences. They concluded that
fixation of a distal radial fracture with Norian SRS cement may allow for accelerated
rehabilitation [100].

Another injectable calcium phosphate bone substitute material, called a-BSM
(ETEX Corp; Cambridge, Mass), has been experimentally used as a delivery vehicle for
antibiotics and growth factors because it solidifies at physiologic temperatures. In ani-
mal models from rabbits to nonhuman primates, a-BSM has been studied in combi-
nation with thBMP-2 [101-103]. In male Cynomolgus monkeys at different time points
up to 14 weeks, a fibular osteotomy model was used to evaluate injectable rhBMP-2
with different carrier formulations (buffer, calcium phosphate paste [o.-BSM], hyaluro-
nan gel, hyaluronan paste, and gelatin foam with and without TCP granules) in closed
fractures. Of the evaluated combinations, the authors concluded that the o-BSM/
rhBMP-2 was the best mixture with earlier healing and more complete restoration of
mechanical competence.

Coralline-based HA

Over 20 years ago, the concept of converting coral to a viable bone graft was
developed at Pennsylvania State University [104]. The process includes directly
exchanging the calcium carbonate exoskeleton of the reef-building marine corals to
calcium phosphate forming positive replicates [105]. To date, there is only one manu-
facturer of FDA-cleared coralline-based HA.

There are two genera derived from the scleractinian genus that are used for this
process. The first, Goniopora, is similar to that of cancellous bone with large pores
measuring 500-600 pm (Interpore ProOsteon500, Interpore Cross International;
Irvine, CA) and the second, Porites, is similar to that of interstitial cortical bone with a
pore diameter of 200-250 um (Interpore ProOsteon200, Interpore Cross International).
Newer, more resorbable versions are available in which only partial conversion of the
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calcium carbonate to calcium phosphate occurs and mainly at the surface (Interpore
ProOsteon500R and Interpore ProOsteon200R).

Preclinical research has been performed in long bone and spine models. Holmes
[106] used ProOsteon 200 and ABG in a bilateral, distal radius diaphyseal model in
14 dogs. Implants were retrieved at 3, 6, 12, 24, and 48 months. They authors concluded
by histological evaluation that implant specimens demonstrated good union and bone
ingrowth at all time intervals. However, they observed slow ingrowth into the graft
material and the absence of implant biodegradation. In an anterior cervical fusion
model with and without plating in goats, Zdeblick et al. [107] studied the healing of
multilevel anterior cervical fusion. Their histological findings at 12 weeks of the
ProOsteon 500 implants without plating were that 48 % incorporated, 10 % possessed
a fibrous gap, 29 % collapsed, and 14 % extruded; with plating, the results improved to
71 % incorporated, 24 % collapsed, and 5 % had a fibrous gap. The torsion testing
showed those treated with the ProOsteon 500 implant were less stiff than autograft but
equal to allograft. They concluded that ProOsteon 500 for anterior cervical fusion was
biocompatible but had significant rates of implant collapse and extrusion issues could
be solved by plating.

A clinical, retrospective study evaluated bone defects filled with Pro Osteon 500
after the removal of bone tumors in 71 patients with an average of follow-up time of
2.4 years. They concluded that Pro Osteon 500 showed good radiographic incorpora-
tion and was a viable option for this indication [108].

Collagen-Based Technologies

Collagen-based materials have been used successfully in many surgical applications.
Usually animal derived, species-specific side chains are cleaved to produce a type I
collagen bonded in a fibrillar structure. Nevertheless, patients should be tested before
surgery to check for a positive antibody titer to bovine collagen. Initiated by its innate
qualities of being a conducive material for mineral apposition and easily binding
noncollagenous proteins, collagen became a popular platform carrier. However,
collagen alone has been proven to be ineffective in healing diaphyseal defects [109]. All
commercially available collagen-based materials are a mixture of collagen and
another material. As discussed previously, both thBMP products and at least one
DBM material are available on collagen carriers. In this section, we will review
collagen-based products mixed with ceramics such as TCP and HA.

Collagraft® (Zimmer; Warsaw, Ind/NeuColl; Palo Alto, CA) is a type I bovine-
derived, fibrillar collagen and porous calcium phosphate ceramic (65 % HA and 25 %
TCP). The composite is osteoconductive. It has been well studied in animal studies and
clinical trials. In a multicenter, prospective trial for the treatment of long bone
fractures, 267 patients were randomized to be treated with either cancellous iliac crest
autografts or Collagraft with autogenous bone marrow. They reported at 6- and
12-month follow-ups that Collagraft appears to function as well as autogenous graft for
this indication [110].
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In a second clinical trial to study long bone fractures, a prospective, randomized,
multicenter design was used to assess safety and efficacy. The two treatment groups
were the same, and patients were followed for at least 2 years. Two hundred and thir-
teen patients (249 fractures) were treated. There were no significant differences found
in daily living parameters, union rates, and complication rates. Again, the authors
concluded that Collagraft was a viable substitute for ABG [111].

In spine fusion, Collagraft has had mixed results. No clinical trials have been
performed, but there have been two preclinical studies. In a canine spinal fusion
model, Muschler et al. [112] found the Collagraft material and the Collagraft mixed
with ABG to be inferior to ABG in union scores and mechanical testing. In an ovine
lumbar spine model with pedicle screw fixation, Collagraft was evaluated with and
without marrow against ABG. At 6 months postoperatively, animals were killed and
evaluated. Histologically, the Collagraft groups showed good incorporation and more
solid fusion masses than ABG. Mechanical results were not statistically different
between the groups. The authors supported the use of Collagraft in spinal fusion with
pedicle screw fixation [113].

Healos® (DePuy Spine, Inc., Raynham, MA) are bovine-derived collagen fibers
that are entirely coated with HA. There have been no published clinical studies of
Healos. There are two preclinical studies both assessing its use in spinal fusion. The
first study was posterolateral spine fusion model in a rabbit. The groups that were
evaluated were Healos, Healos with ABM aspirate, Healos with ABM aspirate and
heparin, and ABG. Animals were killed and evaluated at 8 weeks postoperatively.
Healos alone was not a successful graft material, yielding an 18 % fusion rate. However,
both Healos/marrow combinations had 100 % fusion rates in comparison to ABG
with a 75 % fusion rate. Histological findings and mechanical testing showed ABG-
treated animals to have the most mature fusion masses and highest stiffness followed
by the Healos/marrow combinations [114]. In a sheep posterolateral spine fusion
model with side-to-side comparison, Healos with MP52 (recombinant human
growth/differentiation factor-5) was compared with ABG. Their results at 4 and
6 months postoperatively found no radiographic or histological differences between
the two treatments [115].

CONCLUSION

The goal of this monograph was to evaluate bone graft substitutes in various indica-
tions. It is clear that there is not one material that applies to all applications. When
making the decision of what to use, follow these simple guidelines. Begin with asking,
“Has this material been proven for this indication in peer-reviewed publications?”
If the material has been tested in the indication, then to what level in the hierarchy of
mammals has it been successful? If it has been clinically evaluated, then remember
that there are different classes of data. IDE trial data are the highest, most controlled
data followed by prospective trials and lastly retrospective data.

31



32

Bone Graft Substitutes and Bone Regenerative Engineering

If your choice is a DBM, one must ask additional questions. DBMs are regulated
as a device but are only evaluated for safety. Efficacy falls upon the surgeon. It is
imperative to understand how the material is screened, cleaned, and virally inacti-
vated; what carriers are mixed; and finally what data exist regarding its end product
osteoinductivity.

Lastly, know the indications and contraindications of your choice. Many materials
are not stand-alone grafting options and must be combined to be successful. When
using recombinant BMPs, know the approved indication and do not assume other
applications will be successful because dosing is essential. Also, remember contraindi-
cations in some products may not make it a suitable for certain patient populations.

Bone grafting is an essential part of orthopedic surgery and an ever-evolving sci-
ence. With each new advance, one needs to understand the characteristics of the
material. The goal is to one day no longer view ABG as the standard of care but as a
classical method of grafting that has become outdated.
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INTRODUCTION

In the field of orthopedic surgery, xenotransplantation is defined as any procedure that
involves the infusion or implantation into a human of nonhuman animal tissue. This
can include fluids, cells, tissues, or organs. Xenotransplants offer an answer to increas-
ing demands for tissue implants. Allograft implants (tissue implants from same
species: i.e., human to human) are available at limited quantity with demand currently
superseding availability. The U.S. Public Health Service has further defined xenotrans-
plantation as any procedure that involves the transplantation, implantation, or infu-
sion into a human recipient of either (1) cells, tissues, or organs from a nonhuman
animal source or (2) human body fluids, cells, tissues, or organs that have had ex vivo
contact with live nonhuman animal cells, tissues, or organs. Further clarification by
the U.S. Public Health Service defines xenotransplantation products as tissues, cells, or
organs [1-3].

One area of medicine that is particularly concerned with xenotransplantation is
orthopedics. Tissues in the body can wear, break, or tear because of overuse, trauma,
or degeneration. Damaged tissue must be repaired, removed, or replaced; however,
recent orthopedic research has focused on replacement of injured tissue. The limited
availability of allograft options and the uncertainty associated with integration and
breakdown of synthetic composite options make xenografts an attractive option for
application in orthopedic injuries. Xenografts are readily available, and the xenograft
tissue often exhibits similar chemical and mechanical properties to that of human
tissue [4]. Limited quantities of allograft (human) tissues and unlimited quantities of
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xenograft (animal) tissues have made xenografts an interesting and potentially favor-
able alternative to human tissue implant sources [5]. Although its availability is plenti-
ful, a concern of using xenograft tissues is the risk of cross-species disease transmission.
This transmission can be viral, bacterial, or prion-mediated [6].

In this chapter, our goal is to discuss xenograft use in orthopedic surgery, explain
the health risks involved in xenotransplantation, and explore current research in
xenotransplantation.

XENOGRAFTS ROLE IN ORTHOPEDIC SURGERY

Xenografts can be fluid, cells, tissues, or organs transferred from one species to another.
As a biologic scaffold it is composed of mammalian extracellular matrix (laminin,
collagen, elastin, and fibronectin) [7]. Xenografts used as scaffolds allow for ingrowth
and replacement by host tissue while concurrently providing structural support for the
tissue deficit it is used to replace. Many products have been cleared for use as surgical
mesh in tissue regeneration and have been labeled as devices by the U.S. Food and
Drug Administration (FDA) [8-15].

Use of xenografts in orthopedics has increased because of need, and many prod-
ucts are commercially available and often stored in the operating room supply room.

Xenograft material that has been cleared by the FDA (Table 3.1) has undergone
strict assessment for potential disease-causing viruses and microorganisms. Viral
inactivation validation assessments of the manufacturing process are part of the FDA’s
strict review process. Postmarket surveillance consists of medical device adverse event
reporting (MDR). This process is outlined by the Center for Devices and Radiological
Health (CDRH) of the FDA [16,17]. For example, when collagen derived from another
animal material is a device component, the FDA’s device application for use identifies

TABLE 3.1 Xeno-Based Implants Currently Available for Orthopedic Surgery Applications.

Product (Manufacturer) Product Composition Indications
Porcine | HAp TCP Bovine
Collagraft (Neucoll, Campbell, CA) . . . Long bone fracture and
bony void filler [8]
CuffPatch (Arthrotek, Warsaw, IN) . Soft-tissue repair
reinforcement [9]
Bio-Gide (Geistlich Biomaterials, . Autologous chondrocyte
Wolhousen, Switzerland) transplantation [10,11]
Bio-Oss (Geistlich Biomaterials) . . Bone grafting [10,11]
Healos (DePuy Spine, Raynham, MA) . . Bone grafting [12]
ZCR-Permacol (Zimmer, Warsaw, IN) . . Soft-tissue repair [13]
Restore (DePuy, Warsaw, IN) . Soft-tissue repair [14]

HAp: hydroxyapatite; TCP: tricalcium phosphate.
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several factors before component utilization. First, the species and tissue from which
the animal material was derived is determined [17]. Second, the general health of each
animal and how its health was monitored and maintained is investigated. Finally,
the manner in which the health of the herd is maintained and monitored is evaluated.
If the material is bovine, then further investigation regarding bovine spongiform
encephalopathy (BSE) is obtained [18].

Products that are a combination of xenograft and synthetic material (polymeric,
metallic) components will need to have additional information provided, such as the
concentration of these products in the final device and the presence of any component
that is potentially toxic, carcinogenic, or immunogenic (i.e., heavy metals, cross-linking
reagents, or organic solvents). Furthermore, information must be provided regarding
sterilization and methods for inactivating bacteria, yeast, and fungi [19].

SAFETY AND DISEASE TRANSMISSION RISK

In addition to the risk of infection that burdens all transplants, xenografts have the
added risk of zoonoses. Zoonoses are infectious diseases that may be passed across
species lines from animals to humans. These infections have been termed xenozo-
onoses. Xenozooneses are of particular concern because these pathogens may not
cause disease in animals but have the potential to cause disease in humans. Potential
xenozoonotic infections in orthopedic surgery have been divided into three categories:
viral-, bacterial-, and prion-mediated.

Nonhuman to human viral disease transmission is a concern with xenotrans-
plantation. Primates and pigs have retroviruses that have the potential to infect
human cells. Porcine xenografts are more relevant to orthopedic surgery because we
are using this tissue currently. Porcine endogenous retroviruses (PERV) are the most
concerning because they can infect human cells. Retroviruses (i.e., PERV) are diffi-
cult to eradicate. Retrospective studies have not found any conclusive evidence of
PERV infection. However, one study found that 23 of 160 human patients showed
microchimerism [20]. Other viral pathogens of concern include swine influenza
virus, swine fever virus, and parvovirus. Bacterial infection with xenografts (as in all
transplants) is also a risk. For example, one possibility of cross-species transmission
of bacterial infections is trichinosis (pig to human), although this has not been clini-
cally documented.

A third xenozoonotic infection, and the most concerning, is prion-mediated
infection. Prions occur naturally in nature and are glycoproteins found in the neu-
ronal cell membranes. When normal tissue is exposed to abnormal prions (PrPsc), the
conversion of normal prions (PrPc) to abnormal prions (PrPsc) can result. Exposure to
prions can occur multiple ways, from ingestion and mutation to iatrogenic induction
[21,22]. A notable and publicized prion-related disease is BSE [21].

A systematic review of prion disease transmission through bone xenografts (bone
substitutes) was completed by Dr. Kim in 2011 [23]. In this review, the author used
electronic databases to search over 1700 titles to better assess the risk of BSE
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transmission through bovine bone substitutes. The author determined that no studies
were identified regarding effective BSE prion inactivation using current treatment of
bone manufacturing. Thus, the risk of BSE prion transmission when using bovine
bone graft substitutes is present, but the risk as of 2011 cannot be quantified [23].

Furthermore, inconsistent results when looking at different BSE diagnostic tests
were not uncommon. Balkema-Buschmann et al. [24] further illustrated a discrepancy
between BSE infectivity and actual detection of the disease. Detection of BSE prion
disease infectivity is currently completed through the use of a marker, PrP [23-27].
Balkema-Buschmann et al. ascertained their inconsistency and discrepancy between
BSE infectivity and detection of the marker [24].

Most xenografts in orthopedic surgery are of porcine or bovine origin. As previ-
ously mentioned, the main concerns with these tissues are PERV and BSE. The relative
risk of transmission of each is very low. Xenograft tissue is unique in that infectious or
pathogenic agents (which may be undetectable or considered non-pathogenic in the
animal source) can still be pathogenic in the human host. This can occur via recombi-
nation or reassortment of the infectious agents with nonpathogenic host infectious
agents, resulting in the formation of new pathogenic agents.

There is a dichotomy of opinion among clinicians regarding the use of xenografts.
Some feel that the process of allowing donor animals to be used, obtaining consent,
and the requirement of lifelong monitoring of patients presents a significant degree of
burden that may outweigh the benefits of xenograft use [18]. Furthermore, concerns
exist about the lack of international regulation of xenotransplantation. For example, a
questionable practice has emerged and been coined “Xenotourism,” which has been
defined as patient travel to another country for a xenotransplantation, primarily
because of its lack of availability in the domestic country. There is currently a lack of
international collaboration and coordination of surveillance of potential infections
that can, in theory, present a significant public health risk [28].

GUIDELINES FOR CLINICAL USE
AND INDUSTRY PRODUCTION
OF XENOGRAFTS

Few guidelines have been published regarding xenotransplantation, its long-term
effects, or its proper use. However, the Center for Biologics Evaluation and Research
(CBER, asubdivision of the FDA) publishes the Guidance for Industry, which addresses
the use of animal transplant tissue in humans [29]. In general, the guidance protocol
suggests that animals should not be imported from any country or region where
transmissible spongiform encephalopathy exists. Further, microbiologic testing of
xenotransplantation products should also be performed. If the tested tissue is found to
have positive results, then the FDA should be notified immediately.

Patient informed consent should be obtained by the clinician and should cover the
risks of using xenotransplantation devices, including the risk of pathogenic infection.
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The clinician is responsible for educating and updating patients on any relevant infor-
mation that may develop after transplantation and throughout the clinical course.

XENOTRANSPLANTATION RESEARCH

Xenotransplantation research focuses on transplantation of organs, tissues, and cells
from an animal source to a human source. Although a significant challenge, research-
ers continue to investigate the viability of xenografts in various areas of science and
medicine.

Recent xenotransplantation research has focused on cell (e.g., pancreatic islets,
neurons, or red blood cells), tissue (e.g., epithelial or connective tissues), and organ
transplants. A 2012 review by Ekser and colleagues [30] suggests that cellular and tis-
sue xenotransplantation present the most promise, whereas organ xenotransplantation
does not appear to be a reality in the imminent future.

As for the field of orthopedics, recent clinical porcine/bovine-to-human xenotrans-
plantation research is relatively limited. The current literature exhibits successful and
unsuccessful clinical results. An emphasis appears to be placed on tendon augmenta-
tion using xenografts to reinforce native soft tissues.

The repair of torn tendons is a challenge to the field of orthopedics because of a
high tendency for the repaired tendon to fail. Several xenotransplantation methods
have recently attempted to circumvent these issues by reinforcing the repaired tendon
with animal tissue. In a 2009 study, Phipatanakul and Petersen [31] augmented mas-
sive rotator cuff repair using porcine small intestinal submucosa. Eleven patients
received tendon repair augmented with a porcine small intestinal submucosa patch,
Patients were reevaluated at a mean of 26 months, with results exhibiting 91 % patient
satisfaction and partial or total repair in 44 % of patients. Despite high patient satisfac-
tion, the authors do not recommend small intestinal submucosa augmentation of
rotator cuff repair because of inflammatory concerns. In a 2013 study, Gupta and
colleagues showed that torn tendon(s) of the rotator cuft were effectively repaired
using a porcine dermal tissue matrix xenograft [32]. This xenograft improved joint
flexibility and strength while decreasing pain. At a mean follow-up of 36 months,
results of the repairs exhibited no inflammation or tissue rejection and partial or total
repair in 21 of 22 shoulders (95 %) [32].

In vitro, cadaveric and animal model xenografts also show promise in repairing,
replacing, or augmenting the repair of injured tendons, ligaments, cartilage, and bone
[25-27,33]. Although the results of these types of experiments are encouraging, a com-
prehensive, long-term, clinical in vivo assessment of a particular xenograft implant is
required before an implant can be deemed effective.

CONCLUSION

Because of scarcity and cost, xenograft options appear to be a much more sustainable
option for orthopedic issues than allograft options. However, orthopedic-related
xenotransplantation has recently been delayed from clinical implementation because
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of uncertainties about host immune rejection and cross-species disease transmission.
The field of xenotransplantation has progressed in recent years. As tissue sterilization
methods improve, xenotransplantation could soon become a reality.
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Chapter 4 | Bone Grafts Based
on Demineralized Bone Matrix
Mark Borden'

INTRODUCTION

The discovery of the proteins capable of inducing bone formation can be traced back
to the work by Marshall Urist in the mid-1960s [1]. Urist found that after removing
the mineral component of bone and creating demineralized bone matrix (DBM), the
residual collagen particles contained entrapped noncollagenous proteins in a cross-
linked collagen matrix. Urist discovered that the implantation of DBM particles into
a rat muscle pouch resulted in the formation of ectopic bone. To further investigate
this response, he subjected DBM to various protein extraction solutions and was able
to isolate a group of proteins that were responsible for inducing bone formation in
the muscle. These proteins were later named bone morphogenetic proteins (BMPs),
and this initial work is often referred to as the “discovery of BMP.” In addition to iden-
tifying BMP, this work introduced the scientific community to the osteoinductive
properties of DBM. Osteoinductivity is the ability of a material to cause stem cells to
differentiate into osteoblasts. After Urist’s initial work, several studies confirmed the
osteoinductive nature of DBM [2-8]. The success of DBM in the laboratory eventually
translated into its use as a clinical bone graft material. Particulate DBM saw its first
use in patients as a bone void filler in dental and periodontal surgery [9]. In this appli-
cation, the DBM powder worked well because of the contained nature of the defect.
However, the use of DBM in more open bone graft applications (e.g., fracture repair
and spine fusion) was limited because of issues with the delivery and containment of
the particulate material.

In the early 1990s, Osteotech, Inc. (currently part of Medtronic) solved this prob-
lem with the introduction of Grafton Gel®. This was the first commercially available
product that greatly improved DBM handling and opened the door for its widespread
use in orthopedic and spine surgery [10-13] as well as maxillofacial surgery [14-17].
Using glycerol as a carrier, the DBM in Grafton Gel® was effectively delivered to the
graft site, thereby improving intraoperative handling and placement. After Grafton

' Synergy Biomedical, Collegeville, PA



50

Bone Graft Substitutes and Bone Regenerative Engineering

FIG. 4.1 Unigue DBM fibers found in Grafton putty.

FIG. 4.2 Grafton family of DBM products includes Grafton Gel® (upper left), Grafton
putty (Upper right), Grafton flex (lower left), and Grafton crunch (lower right).

Gel®, Osteotech introduced Grafton putty, which utilized DBM in a unique fiber form
(Fig. 4.1). This was then followed by a sheet form of the putty (Grafton flex) and a putty
form that included demineralized cortical cubes, Grafton crunch (Fig. 4.2). Since the
introduction of the Grafton product line, various DBM products have been intro-
duced to the market by different manufacturers. Each of these products enlists



BONE GRAFTS BASED ON DEMINERALIZED BONE MATRIX

a different approach to delivering and containing DBM at the graft site. In addition,
there have been many improvements in how DBM is manufactured and processed
into various bone graft products. Although the concept of DBM mixed with a carrier
is relatively straightforward, there are several factors that can affect the product’s
osteoinductivity and resulting bone-forming abilities. The focus of this chapter is to
discuss the methodology for developing a DBM product while maintaining osteoin-
ductivity, and to review some of the key characteristics of currently available
DBM products.

DEVELOPMENT OF A DBM BONE GRAFT

After the introduction of Grafton in the 1990s, additional DBM putties and gels were
also introduced. The manufacturers of these types of DBM implants originally con-
sidered the productsashumantissue thatfellunder U.S. Foodand Drug Administration
(FDA) regulation 21, CFR Part 1271, Human Cells, Tissues, and Cellular and Tissue
Based Products (HCT/P). Because of this classification, products were not required to
be cleared as medical devices through the traditional 510(k) review process. During
this time, tissue banks and DBM companies viewed their products as a simple combi-
nation of human DBM with an inert carrier. However, as more DBM putties and gels
entered the market, FDA began to closely look at the combination of DBM with
carriers that had various chemical compositions. In the early 2000s, FDA contacted
manufacturers and informed them that DBM products containing nonbiologic carri-
ers were considered combination products (human tissue and medical device). FDA
stated that these products would be considered class II medical devices, which
required manufacturers to clear their products through the 510(k) process. After the
notifications, the manufacturers were allowed to keep their products on the market
while 510(k) clearance was obtained. All DBM products on the market were eventu-
ally cleared as bone void fillers through the 510(k) process. All new DBM products
must currently be cleared for use by the FDA before entering the market.

The original position of the DBM product manufacturers was that the carrier was
an inert material that had the sole function of aiding in delivery and containment of
the DBM at the implant site. However, the development of a DBM product is more
involved than just simply mixing DBM particles with a biocompatible gel. The osteo-
inductive proteins in DBM are sensitive to various factors and processing conditions
that need to be considered during the development of a DBM putty or gel. The list of
available biomaterials that can effectively function as a carrier for DBM is reduced by
adding a few bone-specific requirements. The development of a DBM bone graft must
incorporate specific design criteria related to bone regeneration to maximize the
osteoinductive potential of DBM. First and foremost, the carrier must be biocompati-
ble with surrounding soft tissue and bone. However, this does not immediately
qualify a material for use as a DBM carrier. Development of a fibrous capsule around
a biocompatible carrier in a bone defect can interfere with proper bone healing and
must be avoided. For bone grafting applications, the carrier must also be osteocom-
patible. Osteocompatibility is defined as the ability of a material to provide a suitable
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environment for bone regeneration without interfering with the bone healing
mechanism. An osteocompatible carrier will allow the DBM to interact with the
surrounding tissue and allow for bone formation to occur.

In addition to being compatible with the defect site, the carrier should also be
compatible with the DBM. The main purpose of the DBM carrier is to effectively
deliver the particles to the graft site and to maintain graft placement. However, this
must be accomplished without compromising the biological activity of the DBM
powder. The ability of DBM to induce bone formation has been associated with the
diffusion of BMPs out of the cross-linked collagen matrix [18]. Once released, the
BMPs interact with local cells and stimulate bone healing. Work by Landesman and
Reddi shows that the presence of host enzymes during the initial inflammatory phase
of healing may be responsible for the release of osteoinductive proteins by breaking
down the highly cross-linked collagen matrix of DBM [19]. Therefore, the exposure of
DBM to the local host environment is crucial to the success of a DBM product. To
accomplish this task, the carrier must be resorbable within a relatively short period of
time (optimally <7 days) or be porous enough to allow the host enzymes to interact
with the DBM particles. The use of rigid cements such as calcium sulfate or calcium
phosphate is not recommended because the DBM particles would be isolated from the
surrounding cells while the cement slowly resorbs over time. Carriers that isolate
the DBM during the initial healing response because of slow resorption may prevent
the proteins from the DBM particles from interacting with the local cells and may
reduce the ability of the graft to regenerate bone.

With the exception of collagen and gelatin sponges embedded with DBM, most
carriers are solid gels and pastes. These types of carriers are designed to resorb within
the first few days of implantation. Because of their viscosity and fast resorption, these
types of carriers do not confer any mechanical strength to the DBM product. This
results in DBM putties and gels that have a soft, moldable consistency and do not
harden. Although the DBM products lack any significant compressive strength, the
most common use is to fill gaps and voids around stabilizing hardware such as fracture
plates, spinal rods, and spinal screws. Because the hardware provides the main
mechanical support of the implant site, the DBM bone graft does not need to possess
significant mechanical properties.

In addition to the in vivo properties of the carrier, the long-term interaction
between the DBM and its carrier is important to the success of the graft. From the
time of manufacture, DBM products may sit on the shelf for extended periods of time
before implantation. Manufacturing shelf-life validations typically assess only
the sterility of the packaging over time, not the osteoinductivity of the DBM. It has
been shown that freeze-dried DBM is only stable for up to 9 months [20]. However,
many manufacturers have expiration dates beyond 1 year. In addition, the 9-month
time frame applies to dry DBM and not DBM in prolonged contact with a carrier.
Therefore, it is important to evaluate the long-term effects of the carrier on the osteo-
inductivity of the DBM. Potential problems that may occur with extended contact
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include (1) extraction of the BMPs from the DBM, (2) a reduction or complete loss of
activity due to denaturation of the osteoinductive proteins by the carrier, and (3) a
change to the handling properties of the DBM/carrier formulation. In his original
work, Urist found that the osteoinductive proteins in DBM could be extracted from
the residual collagen matrix using various ionic solutions [21,22]. In DBM putties and
gels in which the carrier is capable of partially or fully extracting BMPs, prolonged
exposure of the DBM to the carrier could potentially lead to inactivation and a reduc-
tion in the osteoinductive potential of the DBM. The denaturation of the BMPs could
also potentially occur through the absorption or swelling of the DBM by the carrier.
As long as the carrier is in direct contact with the DBM particles, there could be a
chance of inactivation.

In addition to the loss of osteoinductivity, a long shelf life may also change the
physical properties of the putty or gel. Hydrogels and natural carriers such as gelatin,
hyaluronic acid, alginate, or collagen can degrade over time. This can change the han-
dling of the DBM product, resulting in a sticky or crumbly bone graft that is difficult
to use. Shelf life is also an issue for synthetic carriers, which can be slowly absorbed by
the DBM, thereby changing the consistency and handling of the product over time.
Although the osteoinductivity may be maintained, if the graft is difficult to handle or
does not maintain its placement, then its effectiveness is reduced.

As seen by these issues, the carrier plays an important role in the DBM product.
However, there are several additional characteristics that also affect the product’s
performance and function. A list of optimal DBM product properties is shown in
Table 4.1. The optimal product should consist of an easy-to-handle, osteoinductive
putty or gel that effectively delivers DBM to the graft site. It should be stable on the
shelf for extended periods of time, provide excellent graft handling and contain-
ment, and be resistant to irrigation at the implant site. The carrier should also be
resorbable in a short period of time and be compatible with the DBM so that
long-term exposure would not reduce its osteoinductive potential. In addition, the
product should be compatible with minimally invasive delivery systems and be
capable of being mixed with other graft materials (e.g., autograft, growth factors, or
marrow cells).

]
TABLE 4.1 Characteristics of an Optimal DBM Product.

Maintains osteoinductivity over time Excellent handling/moldability
Stable handling properties Excellent graft containment

Quick resorption of the carrier Resistant to irrigation

Biocompatible and osteocompatible Mixable with bone marrow/autograft

Compatible with minimally invasive

No mixing/heating required i ) SRS

No special storage History of clinical use (carrier)
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CHARACTERISTICS OF COMMERCIALLY
AVAILABLE DBM PRODUCTS

After the initial introduction of Grafton Gel® by Osteotech in 1991, various DBM
products were introduced. Table 4.2 shows an example of various DBM products cur-
rently on the market and provides details on their composition, method of steriliza-
tion, and method for testing osteoinductivity. Although the core formulation for all
products is similar (DBM mixed with a carrier), the individual bone-forming proper-
ties and characteristics of the products vary. This variability can originate from the
donor age, the demineralization process, the sterilization process, and the composi-
tion of the DBM product [18,23-29]. These factors may influence bone formation alone
or in combination, and they are tied to the osteoinductive potential of the DBM and
the clinical performance of the product. To develop an optimal DBM product, it is
important to identify the key processing parameters that can affect osteoinductivity.

Bone Demineralization

DBM is a useful and effective bone graft material because of the presence of osteoin-
ductive proteins within human bone. However, in the normal bone structure, the
proteins are trapped within a mineralized collagen matrix and remain inactive. For
the proteins to actively affect bone formation, the mineral component of the bone
must be removed through demineralization. This process produces a residual cross-
linked collagen particle with exposed osteoinductive proteins. The goal of demineral-
ization is to take recovered bone and gently process the tissue to create DBM without
denaturing the proteins and reducing the osteoinductivity. Although each tissue bank
may use its own technique for creating DBM, the process is generally the same. DBM
is typically produced from ground cortical bone, which is harvested from the long
bones of the tissue donor. This includes the tibia, fibula, femur, humerus, ulna, and
radius. On the other hand, cancellous bone can also be demineralized to create a
porous, spongy bone graft. Once the bone has been harvested, the soft tissue is manu-
ally removed, and the bones are processed using various solutions intended to decel-
lularize, defat, disinfect, and clean the bone. The processed bone is then dried, ground
to a specific particle size range (typically 125-800 pm), and demineralized in a 0.5-N
hydrochloric acid solution. After demineralization, the tissue is neutralized, rinsed in
sterile water, and then freeze-dried. In this form, the DBM can either be used as a
particulate bone graft material or further processed into various bone graft forms
(putties, gels, sheets, etc.).

Although the key processing steps are common amongst tissue banks, the finer
details of demineralization can vary and can have a substantial effect on the resultant
osteoinductivity of the DBM. The osteoinductive proteins in DBM are susceptible to
thermal, physical, and chemical denaturation. During processing, care must be taken
to avoid overexposure of the DBM to any potentially denaturing conditions. Processing
conditions that can negatively affect DBM include long-term storage of the recently
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harvested tissue at room temperature, grinding to particles sizes less than 250 pum,
excessive heat generation during grinding, and excessive exposure to damaging sol-
vents and solutions [26,30,31]. In addition, the hydrochloric acid demineralization step
can also directly affect the osteoinductivity of the DBM. During demineralization,
exposure of the bone mineral to acid causes it to solubilize, allowing the mineral to
diffuse out of the bone particle. This process occurs on the surface of the particle and
works toward the center until the particle is fully demineralized. However, if the
particle is exposed to the acidic environment for long periods of time, the proteins can
denature. On the contrary, if the demineralization cycle is shortened, then the mineral
is not effectively removed and the osteoinductive proteins remain trapped in the
mineral matrix.

The goal of DBM processing is to fully demineralize the tissue without overexpos-
ing the DBM to the acid. This can be done by monitoring the residual calcium levels of
the DBM as a marker for the degree of demineralization. Zhang, Powers, and
Wolfinbarger showed the effect of various residual calcium levels on the osteoinductiv-
ity of the DBM [26]. It was found that a 2 % residual calcium level provided the best
osteoinductivity. Wolfinbarger et al. concluded that the presence of residual calcium
served as a nucleus for new bone mineralization. In addition, demineralizing bone to
the 2 % residual calcium level resulted in a processing time that minimized damage to
the osteoinductive proteins. On the basis of this work, tissue banks modified their
processes to monitor demineralization so that a 2 % residual calcium level could be
achieved. This was done by linking residual calcium to the pH of the demineralization
solution. As the hydrochloric acid reacts with the bone mineral, it is partially neutral-
ized and the pH increases. This continues until the bone is fully demineralized, at
which point the pH stabilizes. To link pH to residual calcium, the pH of the deminer-
alization solution is monitored and bone samples are removed at specific time points.
The samples are then tested for residual calcium and matched to their respective pH
measurements. A plot of pH versus residual calcium is then created, and the pH equiv-
alent to 2 % residual calcium is determined. Because the rise in pH is dictated by the
ratio of bone to acid, the density and particle size of the bone, and other factors, a
standard curve of pH and residual calcium must be specifically generated for each tis-
sue bank’s process. This method gives tissue banks the ability to precisely control the
residual calcium level in their DBM and eliminate acid overexposure.

Although pH monitoring does provide better control over the demineralization
process, it does not affect the time the DBM spends in the acidic demineralization
solution. Once the bone mineral is removed from a DBM particle, the acid begins
attacking the newly exposed osteoinductive proteins. This is particularly an issue
for smaller DBM particles that demineralize at a faster rate than larger particles.
Because tissues banks want to maximize the yield of DBM from a single donor, a
relatively large particle size range is used (typically 125-850 pm). During demineral-
ization, the proteins in the smaller particles are more susceptible to acid denaturation.
However, one tissue bank, LifeNet, has developed a unique demineralization process
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that significantly reduces the exposure time of the tissue to the acid solution [32].
In LifeNet’s pulsatile acidification wave demineralization (PAD) process, the bone/
acid mixture is stirred at a high speed (1350 r/min) throughout the demineralization
process. This agitation increases acid flow around the particles and increases the
demineralization rate. In addition, the acid is completely drained and replaced with
fresh acid at select intervals. These exchanges counter the increase in pH, which typi-
cally diminishes the ability of the acid to demineralize the bone. The combination of
rigorous stirring and acid exchanges allows the bone to be demineralized up to ten
times faster than normal demineralization techniques. In addition, the process also
incorporates Wolfinbarger’s optimal 2 % residual calcium level by measuring pH
throughout the process. This combination of processing and residual calcium control
results in DBM with a high osteoinductivity.

Carriers

The role of a DBM carrier is to provide particulate DBM in a form that improves intra-
operative handling, graft delivery, and graft placement. The common forms of DBM
products are shown in Fig. 4.3. DBM putties are the most commonly used form and
typically consist of DBM particles (25-40 % wet weight) mixed with an aqueous carrier
(60-75 % wet weight). Putties can also include compositions with additional cancellous
or cortical bone chips mixed in (“crunch” and “plus” forms). DBM sheets are formed
by altering the DBM/carrier ratio, adding a flexible component to the carrier, or freeze
drying a DBM putty with an aqueous carrier. DBM is also provided in a gel or paste
form that allows the DBM product to be extruded from a syringe. DBM gels and pastes
typically have the same components of a putty product but with an increased carrier
content to allow extrusion.

The various DBM product forms are achieved by combining particulate DBM
with a suitable carrier. The carrier allows the DBM particles to be easily delivered to the
surgical site by manual or syringe placement. The carrier also aids in containing the
DBM particles at the graft site and allowing the products to be combined with auto-
graft or other graft materials. In orthopedic and spine surgery, putty handling is a key
feature of the product and is linked to the choice of carrier. Surgeons want a doughy,
moldable putty that easily conforms to the irregular defects they are trying to fill. In
addition, because most putties are manually placed into the body, the putty must not
be sticky, crumbly, or fall apart during placement. The putties must also resist dissolu-
tion during exposure to irrigation fluids or blood from the exposed bone. Examples of
irrigation and blood-resistant putties are shown in Fig. 4.4. In addition, the carrier
must also have a relatively short resorption time (optimally within 5-7 days) and must
not interfere with the bone healing process.

In the early phase of the DBM market, the initial putty products used
synthetic-based carriers such as glycerol and an aqueous gel that is based on the
copolymer Poloxamer 407. These carriers were inert materials that provided an effec-
tive means for delivering DBM to the surgical site. Over time, device companies started
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FIG.4.3 Common forms of DBM products.

DBM Product Form Examples Photograph

DBM putty

(InterGro® putty, Biomet/Interpore Cross)

DBM putty with cancellous chips

(AlloMatrix® Custom, Wright Medical)

DBM sheet

(Grafton® flex, Medtronic/Osteotech)

DBM gel

(Grafton Gel®, Medtronic/Osteotech)

looking at carriers that could perform these same functions, but they could also con-
tribute to the bone healing process. Han and Nimni showed that phosphotidylcholine
(lecithin) was not only an effective DBM carrier, but it also enhanced osteoinductivity
by restoring lipids to the DBM [33]. Gertzman et al. combined DBM with hyaluronic
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FIG. 4.4 Examples of a DBM putties with carriers that are resistant to irrigation fluid
and blood. Top: AlloMatrix Putty, Wright Medical. Bottom: InterGro putty,
Biomet/Interpore Cross.

acid to take advantage of hyaluronic acid’s positive effect on vascularization and bone
healing [34-36].

In addition to using carriers that can aid in the bone healing process, new tech-
niques were also developed to create DBM carriers directly from human bone tissue.
Initially developed by Borden et al., these carriers are based on processing DBM or
cortical bone into human gelatin [37,38]. A completely bone-derived DBM product can
be formed by mixing the gelatin carrier with DBM from the same donor. Because the
carrier and DBM are derived from the same tissue source, there is no concern that
the carrier will have a negative effect on the DBM. It is important to note that the same
donor must be used for the carrier and the DBM component. Federal regulations
prevent mixing donors in one product. In one method, the carrier is derived from the
DBM itself. The lot of DBM powder is initially split into a carrier portion and a DBM
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portion. After separation, the carrier DBM is treated with a weak acid (e.g., citric acid)
to gently break down the collagen within the DBM particles and to extract the osteo-
inductive proteins. This is done in such a manner that the osteoinductive proteins
are not denatured while the gelatin is being generated. Once the process is complete, the
solution is neutralized and then freeze-dried to isolate the DBM gelatin/osteoinductive
protein mixture. The result is a DBM-derived gelatin that retains its osteoinductivity.
This gelatin is then recombined with water to form a gel carrier (typically 8 % concen-
tration) and then mixed with DBM to form a putty or gel product. This process creates
a DBM product entirely derived from bone with a carrier that has osteoinductive
properties.

Tissue Cleaning and Sterilization

During the processing of DBM, it is vitally important to ensure that the end product
is free from viral and biological contamination while still maintaining the product’s
osteoinductivity. To minimize the potential transmission of disease, all tissue banks
use a rigid donor screening processes to preselect donors. This involves question-
naires and interviews with the donor’s family, a review of autopsy findings, a physical
exam of the donor, and other methods to assess the donor’s tissue. Although these
procedures are designed to weed out any donors with adverse medical backgrounds,
the process is not 100 % accurate, and secondary levels of decontamination and
sterilization are required. This includes tissue cleaning and disinfection, acid demin-
eralization, and terminal sterilization.

In the cleaning and disinfection process, the recently harvested bone is manually
cleaned of all soft tissue. The bone is then subjected to various solutions to completely
remove all lipids, blood, and cellular material. The solution cleaning also aids in
reducing any viral or microbiological contamination. In general, detergents and sur-
factants are used in the process to aid in removing lipids and to break down residual
cellular material. Alcohol and antibiotics are used to aid in tissue disinfection whereas
peroxides are used to oxidize colored elements of the bone and give it a white appear-
ance. In addition, solvents may be used to aid in the dehydration of the tissue. In
general, the type of solutions used at various tissue banks is similar. However, the
main challenge of a solution-based cleaning process is getting the solutions to fully
penetrate through the entire tissue. Because of this issue, several tissue banks have
developed patented methods to improve the cleaning of bone used for DBM. A sum-
mary of the common cleaning and disinfecting methods is shown in Table 4.3. These
techniques are based on improving cleaning by increasing fluid flow through the tis-
sue. This is done through the use of sonication (ultrasound) to vibrate the tissue and
the cleaning solutions and the use of vacuum/pressurization cycles to pull the solu-
tions into the tissue. These techniques are designed to ensure complete cleaning
throughout the bone.

Once the bone is fully cleaned, it is then subjected to a hydrochloric acid demin-
eralization process. Because of the caustic nature of hydrochloric acid, the solution
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TABLE 4.3 Common Cortical Bone Cleaning Processes.

Process Name | Developed by Solutions Used Tissue Penetration Techniques | U.S. Patents
AlloTrue™ AlloSource Antibiotics, alcohol, Sonication, tissue and 7,658,888
peroxide cleaning solution stirring 7776.291
7,794,653
7,919,043
8,303,898
8,486,344
AlloWash® LifeNet Detergents, surfactants, Sonication, vacuum 5,556,376
antibiotics, alcohol, penetration, dynamic fluid | 5597g75
peroxide flow of cleaning solutions T
5,820,581
5,976,101
5,977,034
6,024,735
BioCleanse® RTI Biologics | Detergents, surfactants, Sonication, cyclic 6,482,584
antibiotics, peroxide, pressurization/vacuum 6.652.818
water rinses R

not only solubilizes the bone mineral to create DBM, but it also inactivates any viral
and microbial contamination. Studies have shown that the 0.5-N hydrochloric acid
solution used to demineralize bone is capable of a 10° viral load reduction [39,40].
Because of the variability in demineralization processes, most tissue banks conduct
viral inactivation validations on their own process. Based on the method of Scarbor-
ough, White, Hughes, Manrique, and Poser, these validations involve spiking the
cortical bone powder with a known amount of virus, subjecting the tissue to the full
demineralization process, and then measuring residual viral levels [39]. In Scarbor-
ough and colleagues’ study, the data showed that demineralization was effective
in a greater than 10° reduction for various viruses, including HIV and hepatitis
A,B,and C.

In addition to tissue cleaning, disinfection, and demineralization, termination
sterilization is often used to add an additional level of sterility assurance to DBM and
DBM products. Of the available sterilization methods, radiation sterilization is pri-
marily used because of its ability to penetrate through the entire material. Radiation
sterilization is conducted by either using a gamma or electron beam (e-beam) radia-
tion source. Although gamma sterilization has a better ability to penetrate a material,
it requires longer radiation exposure times (4 kGy/h) and can generate heat within the
material [41]. An electron beam provides a significantly faster processing time (20
kGy/s), but it can also generate heat and requires product units to be placed in a
low-density arrangement because of penetration limits of the e-beam radiation [42].
Applied to DBM product manufacturing, radiation sterilization can be used to pre-
sterilize the DBM or to sterilize the finished DBM product. For DBM products
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produced by aseptic processing, all components (including the DBM powder) used to
create the finished product must be sterile. Therefore, the DBM raw material is steril-
ized in a freeze-dried form before aseptic compounding into a putty or gel. If aseptic
manufacturing is not used, then the DBM putty or gel is sterilized at the end of the
manufacturing process in its finished packaged form. In this process, the DBM pow-
der is not presterilized before mixing with the carrier and does not receive a double
radiation dose.

Although the use of radiation sterilization can provide additional sterility assur-
ance, the sterilization method and radiation dose can have a negative effect of the
osteoinductivity of DBM. Gamma radiation has particularly been shown in several
studies to have a deleterious effect on DBM powders and DBM putties [27,43,44].
Buring and Urist initially showed that the use of gamma radiation caused a reduction
the osteoinductivity of DBM [27]. Han, Yang, and Nimni showed a similar result with
DBM powder and DBM putties [43]. They found that higher gamma doses resulted in
larger decreases in osteoinductivity. In addition, they found that the gamma steriliza-
tion of a DBM putty with an aqueous carrier significantly increased the drop in osteo-
inductivity. This was confirmed by Connor and colleagues, who showed that the
presence of water in gamma and e-beam sterilized samples amplified the initial
decrease in osteoinductivity and led to a faster loss of osteoinductivity during long-
term storage [44,45]. In these studies, the negative effect of sterilizing DBM in the
presence of water was attributed to the formation of free radicals from the water
component. The free radicals increased the initial denaturation of the osteoinductive
proteins and continued to negatively affect the proteins over time.

Although radiation can reduce the osteoinductivity of DBM, there are methods
to counter these effects. One approach involves using low temperatures during radia-
tion sterilization to avoid heat generation within the DBM. Dziedzic-Goclawska,
Ostrowski, Stachowicz, Michalik, and Grzesik showed that maintaining the DBM at
a low temperature (-72°C) during gamma sterilization preserved the osteoinductivity
of the DBM [46]. Wientroub and Reddi showed a similar result with e-beam
radiation [47]. However, Gertzman, Sunwoo, Raushi, and Dun found that if the low-
temperature gamma sterilization method was applied to a DBM product with an
aqueous carrier, the presence of water negated the benefit of the low-temperature
process. Their results showed that the osteoinductivity of the DBM still decreased
(53 %) [48]. This result emphasizes the importance of not using gamma radiation on
DBM products that contain water.

Another approach to minimizing the decrease in osteoinductivity has been the
use of low-dose radiation (<25 kGy). This is based on the data showing that higher
doses result in greater decreases to osteoinductivity. To use low-dose radiation, the
biological contamination of the DBM or DBM product that is generated during man-
ufacturing must be minimized. In DBM products and other medical devices, radiation
doses are set and validated according to International Standardization Organization
(ISO) 11137 (“Sterilization of Healthcare Products—Radiation—Part 2: Establishing
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the Sterilization Dose”) [49]. This procedure provides various methods for validating
the sterilization dose on the basis of the bioburden level and targeted radiation dose.
For DBM products, the goal is to achieve a radiation dose in the range of 15-25 kGy.
According to ISO 11137, this can be done by following a Method 1 sterilization valida-
tion. In this validation, three production lots are sampled for bioburden and sterility
testing. For the bioburden testing, eleven nonsterile product samples are obtained
from each lot. This provides three samples for recovery efficiency testing (which deter-
mines if a correction factor needs to be applied to the bioburden results). The remain-
ing 30 samples are used for determining the average bioburden level (based on bacterial
and fungal counts). Once the average bioburden level is calculated, this is used to
determine a verification dose. This is a radiation dose that will reduce the bioburden to
a sterility assurance level (SAL) of 10~ (contamination in 1 of 100 units). One hundred
product samples are then radiated at the verification dose and tested for sterility. Three
additional samples are also tested for bacteriostasis and fungistasis (B&F testing) to
ensure that the product does not interfere with the sterility test. If the product passes
the sterility test, then the full SAL 107 sterilization dose is determined by ISO 11137.
This dose is typically two to four times higher than the verification dose and results in
a chance of contamination of 1 in 1,000,000. Using this method, DBM product manu-
facturers can establish a low radiation dose that will terminally sterilize the DBM
product while minimizing the damage to the osteoinductivity.

Osteoinductivity Testing

As seen throughout this chapter, DBM is sensitive to many factors that can signifi-
cantly affect the osteoinductivity of the end product. Variables such as donor age
[24,25,50], method of demineralization [26], and method of sterilization [27,43-45]
all have been shown to affect the osteoinductivity of DBM. In addition, short- and
long-term carrier interactions and DBM product composition also contribute to
this issue. Because the osteoinductivity of DBM is the main characteristic that
makes DBM an effective bone graft, it is important to have an accurate and
reproducible assay that can measure the lot-to-lot osteoinductivity of the final
DBM product.

Historically, a few methods have been established to measure the osteoinductivity
of commercially available DBM products. Initially, the standard model used to assess
osteoinductivity was the athymic rodent assay developed by Edwards et al. [51]. The use
of an athymic animal allows for the implantation of human DBM into a rodent with-
out causing a xenogenic immune response. This model has been shown to be repro-
ducible and sensitive to varying levels of inductivity [52-55]. In this assay, small samples
of DBM powder or a DBM product are placed in a muscle pouch in athymic rats.
The muscle pouch is typically created in the biceps femoris muscle above the posterior
femur (limited to two sites per animal) or in the abdominal muscle (up to eight sites
per animal, four sites per side). The implant is then excised at 28 or 35 days and assessed
for bone formation using a semiquantitative histological analysis developed by
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Edwards, Diegmann, and Scarborough [51]. In this scoring system, the implant area is
scored from 0 to 4 on the basis of the amount of explant area involved in new bone
formation (0 = no bone, 1 = 1-25 %, 2 = 26-50 %, 3 = 51-75 %, and 4 = 75-100 %).
Additional analytical methods can also be used in the analysis, including a qualitative
assessment of mineralization by radiography and a quantitative measurement of in
vivo alkaline phosphatase. However, these methods produce complementary data and
should not be solely used to establish osteoinductivity. Only histological evaluation
can accurately determine if normal ectopic bone formation has occurred. In particu-
lar, abnormal healing processes such as dystrophic calcification can give false positives
in a radiographic assessment. Overall, the athymic rat assay has been the gold standard
of determining DBM osteoinductivity. It is able to directly visualize the presence of
DBM-induced bone formation at an ectopic muscular site. It is also robust enough to
allow for the testing of the DBM putties and gels that contain a carrier. However, it is a
time-consuming assay, with a 28- to 35-day implantation time that requires additional
time for histology processing and analysis.

As a faster alternative to the athymic rat assay, in vitro cell culture assays were
developed to determine the osteoinductivity of DBM [56-62]. In one method, cells
from a readily available mouse muscle cell-line (C2C12 cells) were cultured with
DBM [63]. The osteoinductivity of the DBM was measured by the conversion of the
muscle cells (myoblasts) into osteoblasts. This was done by quantifying the expression
of the bone-specific marker alkaline phosphatase. Because myoblasts have a low basal
level of alkaline phosphatase, increases in alkaline phosphatase expression can indi-
cate conversion into osteoblasts and can be used to predict the osteoinductivity of the
DBM. Work by Han, Tang, and Nimni compared the in vitro results with data from
the in vivo implantation of the same DBM in the athymic rat assay [63]. The results
showed that the in vitro alkaline phosphatase levels correlated with the in vivo alkaline
phosphatase levels and the semiquantitative histological data. In a separate method,
the osteoinductivity of DBM was linked to the proliferation of osteoblast cells. This
was based on the concept that the osteoinductive proteins in DBM cause osteoblasts to
proliferate during endochondral bone formation. In a study by Adkisson et al., DBM
powder was cultured with a human osteosarcoma cell line (SAOS-2) [64]. Cell prolif-
eration was measured using a radiolabeled DNA assay (tritiated thymidine). Similar to
the Han study, the in vitro results were compared with in vivo athymic rat data from
the same lots of DBM. The results indicated a correlation between the in vitro prolifer-
ation data (converted to an osteoinductive index) and the percentage of new bone seen
in the in vivo histomorphometry analysis.

Although both in vitro assays were correlated with in vivo bone formation, they
are primarily used for testing DBM powder. The use of these assays to measure the
osteoinductivity of DBM putties and gels is complicated by the presence of the carrier.
Depending on the carrier, the dissolution of the carrier in the cell culture system can
add interference to the assay and reduce or eliminate the ability of the assay to
accurately and repeatedly detect osteoinductivity. For DBM putty and gel testing,
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the athymic assay appears to be the preferred choice. However, there has been some
controversy on whether the specific assay methods reported in the literature can be
universally used for the wide variety of DBM products on the market. It appears
that the experimental conditions of the assay must be specifically tailored to the
material being tested. For example, studies using the athymic rat assay have shown
a large variability in the inductive response of several commercially available DBM
putties [23,65,66]. The data indicated that some DBM materials were highly
osteoinductive whereas others did not show any osteoinductive properties at all.
Although the results have shown prominent differences in the osteoinductivity of
the different products, variations in the experimental parameters of the athymic
model (e.g., implantation time, implant amount, and implant site) can have signifi-
cant effects on the resulting data. For example, one DBM putty was shown to be
highly osteoinductive in one study [66] whereas separate studies showed that it was
highly toxic with 100 % mortality [67,68]. The main difference between these two
studies was an increased implant volume. Other unpublished work by Borden has
shown that putties implanted for 28 days in the abdominal region of the athymic rat
showed little to no induction whereas the same putty implanted for 35 days in the
biceps femoris muscle showed excellent induction. This demonstrated that by mod-
ifying the experimental parameters of the athymic rat assay, completely different
results could be obtained.

To address these issues, ASTM recently released a new standard for DBM osteo-
inductivity testing in the athymic assay—F2529-13 “Standard Guide for In Vivo
Evaluation of Osteoinductive Potential for Materials Containing Demineralized Bone
(DBM)” [69]. This standard provides detailed guidance on the implantation of DBM
in athymic rodents. This includes recommended implant mass/volumes, implant
numbers, and implant locations. The standard also details sample preparation, surgi-
cal technique, and techniques for assessing bone formation. More importantly, it
comments on establishing and maintaining a validated assay. Although the standard
recommends ideal assay parameters, it does provide ranges that allow for the assay to
be specifically tailored for each DBM product.

In choosing the appropriate assay for lot-to-lot osteoinductivity testing, it is
important for manufacturers to closely evaluate the effect of their DBM product on
the assay system. This may require optimization of the assay’s experimental condi-
tions to account for product composition. Overall, in vitro assays work well
with testing DBM powder. However, this may not be representative of the final DBM
product. The athymic assay works well for finished DBM products, but the DBM must
be fully manufactured before a determination of osteoinductivity can be made.
For failing lots of DBM, this results in unnecessary manufacturing time and cost.
The solution may be to perform an incoming in vitro test on the DBM powder to
preselect passing DBM lots. After production, the finished DBM product could then
be tested in the athymic assay.
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CONCLUSION

Since the introduction of the first DBM products in the 1990s, many DBM putties, gels,
and sheets have entered the bone graft market. Despite a similar formulation of DBM
particles mixed with a resorbable carrier, these products vary widely in their composi-
tion, processing, and method of assessing osteoinductivity. As seen in this chapter,
development of a DBM product is not a simple exercise of combining DBM with a
resorbable carrier. Since Urist’s initial discovery of the inductive properties of demin-
eralized bone, there has been continued research that has identified several key factors
that can affect the osteoinductive potential of DBM. This includes the effects of tissue
processing, demineralization, terminal sterilization, and DBM product composition.
The development of a DBM product and its manufacturing process must carefully
consider the effect of these factors on the osteoinductivity of the end product.
Combined with donor variability, this emphasizes the importance of using a validated
osteoinductivity assay as a lot release criterion. Because of the wide variety of DBM
product compositions and forms, it is difficult to adopt a specific test method that can
be universally used for all DBM products. However, following detailed standards such
as ASTM F-2529 can ensure that an assay is appropriately developed and validated.
The assay experimental parameters should be optimized based on each product being
tested. Assays should be conducted on the finished product and not in-process DBM.
In addition, assays should be validated to show sensitivity to varying levels of osteoin-
ductivity and should be linked to a histological determination of bone formation. With
the implementation of these guidelines, manufacturers can ensure that they are pro-
viding surgeons with a DBM bone graft with a high osteoinductive potential.
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INTRODUCTION

Bone and soft tissue human allografts are used extensively to replace or repair
damaged tissue. Their use extends beyond bone reconstruction. Cartilage restoration
and ligament substitution are common indications. Bone allograft is also processed
into bioactive proteins to aid bone repair. Allograft mesenchymal stem cells (MSCs)
are now available and used as a bone graft substitute. The following is a review of the
clinical perspectives on the use of allogeneic tissue substitutes. Published clinical
outcomes studies will be discussed.

Allograft in Tumor Reconstruction

Bone allograft is an attractive alternative for the reconstruction of the skeleton after
tumor surgery. There is no donor site morbidity or pain, and they are readily available
and cost-effective. There still are some unanswered questions, including graft incor-
poration, disease transmission, strength, and the most effective means of processing
of the allograft. The first use of bone allograft in tumor reconstruction dates back to
the late 1800s. Lexer reported on the substitution of a whole or half joint from freshly
amputated extremities by free plastic operation in 1908 [1,2]. In 1912, Carrel described
the preservation of tissues and bone allograft application in surgery [3]. During the
1940s and 1950s, the U.S. Navy Bank was established, and it popularized tissue bank-
ing. Three surgeons around the world championed the use of bone allografts for
tumor reconstruction. They published their experience and include Ottolenghi [4]
from Argentina in 1972, Parrish [5] from M.D. Anderson in Houston, TX, in 1973,
and Volkov [6] from the Soviet Union in 1976. In general, they reported that one third
of their patients had excellent results, one third had good results, and one third failed.
This high failure rate was unacceptable and was largely related to technical complica-
tions. It was not until the late 1970s that Henry Mankin at Massachusetts General
Hospital reported on his extensive use of bone allografts in tumor reconstruction [7].
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He noted that frozen allografts had diminished immunogenicity, they needed to be
rigidly fixed, that sizing is critical, and that there is a need to be prepared for compli-
cations. Despite the diminished immunity associated with freezing of bone allografts,
an immune response is easily detectable. It is a cell-mediated response to surface
antigens on the allograft tissue. The most active immune response is CD4 and CD8
cytotoxic T cells. It is known that the more robust the immune response, the poorer
the outcome with large bone allografts. It is also known that residual bone marrow is
highly immunogenic and for that reason it should be removed. If cartilage is trans-
planted along with bone, then it is minimally immunogenic because of the antigen
isolation. The active antigen is embedded in a proteoglycan matrix, which protects it
from the immune response. Most bone allografts for tumor reconstruction are fresh-
frozen. Although freezing is advantageous to the bone, it has a negative effect on the
articular cartilage. Articular cartilage is largely water, and freezing creates crystals
that tend to damage the chondrocytes. Several techniques have been tried to mini-
mize cell death, including immersion in glycerol or dimethylsulfoxide (DMSO) for a
period of time before freezing. The cryoprotection achieved with these techniques is
quite minimal; thus, one of the major complications of a frozen osteoarticular allog-
raft is cartilage degradation. William Tomford published his research on approaches
to articular cartilage preservation, and his work represents a major source of our
knowledge [8-11].

Bone allografts are currently used clinically in three reconstructive techniques
for tumors [7-31], including osteoarticular allograft arthroplasty, intercalary recon-
struction of long bones, and in allograft prosthetic composite arthroplasty. Although
there are still some enthusiasts around the world promoting the use of osteoarticular
allografts, many have abandoned this technique for allograft prosthetic composite
arthroplasty. The reason is that the articular cartilage degrades over time. One other
problem with this technique is joint instability. Even if meticulous ligament recon-
struction is performed, the joint remains unstable; thus, there is significant risk of
cartilage and joint degradation along with fracture of the graft. Muscolo et al. [23]
published their outcomes with osteoarticular allografts of the distal femur in 2005.
They reported on 75 distal femoral osteoarticular allografts with a minimum
follow-up of 7 years. The graft survival at 5 and 10 years was approximately 78 %. The
Musculoskeletal Tumor Society score was good at 26 of 30 points. In the series of
patients, joint deterioration secondary to anatomical mismatch and joint instability
were cited as the primary cause for failure of the osteoarticular allografts of the distal
femur. The same group published their outcomes with proximal tibial osteoarticular
allografts, which did not perform as well [25]. The allograft survival was approximately
65 % at 5 and 10 years, but still with good functional outcomes. Unlike distal femoral
osteoarticular allografts, proximal tibial osteoarticular allografts most commonly
failed from infection secondary to prolonged wound exposure, dead space created
by tumor resection, and insufficient soft tissue coverage. They also reported on
hemi-joint osteoarticular allografts for tumor reconstruction in 2007. They reported
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on 40 unicondylar osteoarticular allografts with a survival of 85 % at 5 and 10 years,
thus making this application for tumor reconstruction the most successful [22].
Similar to osteoarticular allografts of the distal femur, unicondylar osteoarticular
allografts would fail because of anatomical mismatch and joint instability.

Intercalary allografts represent another application in tumor reconstruction
[10,11,17,21,24,28,31]. Here, the center of a long bone is transplanted without involve-
ment of the proximal or distal joint. These grafts need to be rigidly fixed, either with
a rod, or better yet a plate, to achieve osteosynthesis at both allograft host bone
junctions. Locking plates are now frequently used to fix an intercalary allograft. An
intercalary allograft can be combined with an onlay vascularized autograft to
improve healing and minimize complications. Frisoni from the Rizzoli Institute
reviewed 101 patients treated with an intercalary allograft of the femur [32]. The
mean age was 20 years with a mean follow-up of 9.3 years. The rate of allograft
failure was 24 %. They observed several adverse variables, including the use of a rod
instead of a plate, chemotherapy, and grafts greater than 17 cm. The Italian group
recommended combining a vascularized fibular autograft to optimize outcome.
Muscolo et al. [21] published their experience with 124 femoral and tibial interca-
lary allografts. Their patients had a mean follow-up of 6 years. The allograft
survival was 82 % at 5 years and 78 % at 10 years. The functional score using the
Musculoskeletal Tumor Society system was 27 of 30 points. Farfalli et al. [33] from
Buenos Aires reported on 26 intercalary allografts after tumor reconstruction of
the tibia. Their mean follow-up was 6 years. Their survivorship was 84 % at 5 years
and 79 % at 10 years. The most common complications included infection (three
patients), fracture (three patients), and nonunion (two patients). Intercalary recon-
struction can also be used in children after a transphyseal resection. This is when
the sarcoma involves the metaphysis of the long bone near the growth plate.
The sarcoma can be resected through the physis, preserving the joint, and an inter-
calary allograft transplanted. Fixation is somewhat difficult with this type of recon-
struction. Only a small wafer of epiphysis remains for the upper fixation. Locking
plates are a good choice in fixing an intercalary allograft after a transphyseal
resection.

Allograft prosthetic composite arthroplasty is a technique that combines a long
bone allograft with metallic implant arthroplasty. The metallic implant is either in the
form of a total hip or total knee replacement. It is attached to the allograft to not only
restore the bone stock but also to replace the joint. Allograft prosthetic composite
arthroplasty does not require maintenance of cartilage viability. The joint is replaced
with a metallic and plastic implant. Joint stability is also improved because of the
mechanics of the metallic arthroplasty. Donati from the Rizzoli Institute reported on
62 patients treated with allograft prosthetic composite arthroplasty of the upper
tibia [34]. Their reconstructive survivorship was 74 %. They did have a significant
infection rate of 24 % and recommended the common use of a gastrocnemius flap to
cover the allograft prosthetic composite arthroplasty.
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When allografts are used in tumor reconstruction, complications should be
anticipated [12]. This is particularly true when an allograft is used to reconstruct the
pelvis. Campanacci from Florence, Italy, reported on 33 pelvic allografts with
33 months of follow-up [35]. There was a 24 % incidence of sciatic nerve palsy, an 18 %
incidence of hip dislocation, and a 15 % incidence of infection. Mankin and Hornicek [36]
reported on a 30-year experience with allografts for giant cell tumor. They had
144 patients in their series, and their complication rates included allograft fracture,
21 %; nonunion, 8 %; and infection, 8 %. Gebhardt also saw a significant complication
rate in his review of 53 patients for high-grade extremity osteosarcoma [17]. His mean
follow-up was 25 months. There were 16 infections, 12 nonunions, 6 fractures, and
6 cases of instability. Eighteen of 53 grafts failed. However, most of his complications
were salvageable with preservation of the limb.

Overall, allografts are a reasonable alternative for limb reconstruction after
tumor surgery. The most common applications currently include osteoarticular allog-
raft, intercalary allograft,and allograft prosthetic composite arthroplasty. Survivorship
of the bone transplant remains reasonably good out to 10 years. Complications should
be anticipated, such as infection, fracture, and nonunion. Osteoarticular allografts are
associated with a significant incidence of joint degradation. To minimize that risk, the
allograft can be combined with an implant in which the cartilage is not necessary to
restore the joint.

Fresh Osteochondral Allograft for Joint Restoration

Observation of focal chondral pathology in the knee is common during knee arthros-
copy [37]. A wide spectrum of chondral disease exists and ranges from superficial
articular cartilage injury to large, full-thickness osteochondral lesions. Defects may
progress to osteoarthritis on the basis of several patient-, limb-, knee-, and defect-
specific factors [38]. The ideal candidate for cartilage restoration surgery is the symp-
tomatic, young or middle-aged, motivated individual with either normal or correctable
comorbidities (alignment, meniscal, or ligament deficiency). However, patients that
meet these criteria only make up 5 % of those with articular cartilage injury in the
knee [39]. The challenge in the identification of symptomatic chondral pathology
warrants caution in proceeding with the surgical techniques used to treat them; thus,
“treat the patient and not the MRIL.” The exact mechanism of symptom initiation
and progression with isolated chondral lesions is not completely known. Nonetheless,
it is recognized that chondral lesions may cause significant pain and limitation of
function [40]. In symptomatic patients who have failed conservative treatment, there
are several viable surgical treatment options. Although many procedures are simple
and inexpensive arthroscopic procedures (e.g., debridement, drilling, microfracture),
others require considerable financial and time investments (e.g., cell-based therapies
or allograft transplants [osteochondral, meniscal]). Furthermore, comorbidities are
addressed simultaneously or sequentially: (1) meniscal repair or transplantation, (2)
high tibial valgus-producing osteotomy (for varus) or distal femoral varus-producing
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osteotomy (for valgus), (3) tibial tubercle osteotomy (for patellofemoral compartment),
and (4) ligament reconstruction as indicated. Therefore, it is the responsibility of the
surgeon to understand the advantages and disadvantages of all potential options and
educate the patient for the best treatment option for “the here and now.” Prophylactic
surgery for the incidental lesion is not recommended.

In the setting of symptomatic, large lesions with subchondral bone involvement,
treatments such as microfracture, osteochondral autograft, autologous chondrocyte
implantation (ACI), and other cell-based therapies are insufficient to address underly-
ing osseous deficiency. Thus, fresh osteochondral graft is advantageous with viable
hyaline cartilage and structural subchondral bone transplanted as a single-stage pro-
cedure. Grafts traditionally were frozen or cryopreserved (inferior chondrocyte
viability, matrix preservation, and clinical outcomes vs. fresh grafts) whereas now they
are aseptically processed and stored at 4°C [41]. Although chondrocyte viability is
decreased beyond 14 days after allograft harvest, this is a necessary step to allow for
disease testing [41]. Modern tissue banks have created guidelines to ensure the safety
of implanted grafts. Most banks recommend transplantation by 28, to a maximum of
35, days postharvest.

The indications for osteochondral allograft transplantation include symptomatic
chondral or osteochondral defects of the knee that have failed prior cartilage repair
techniques and previously untreated primary chondral or osteochondral lesions
greater than 1-2 cm? on the femoral condyles, trochlea, or patella. The surgical tech-
nique varies based on lesion location. Exposure typically involves medial or lateral
parapatellar mini-arthrotomy. Defect preparation involves recipient site sizing, ensur-
ing sufficient surrounding osteochondral walls to support the donor plug. Preoperative
sizing images match the recipient and donor sites. Once the recipient site is reamed to
a healthy subchondral bone bed (typically between 6 and 9 mm), a surface area- and
depth-matched donor plug is press-fit with gentle manual pressure. It is imperative to
ensure flush placement of the donor plug because proud or recessed graft placement
significantly increases the contact pressure and subsequent degeneration [42]. If graft
fixation security is in doubt, then a recessed bioabsorbable compression screw
(Arthrex, Inc., Naples, FL) may be placed in the center of the graft. High-quality
evidence using reliable and validated patient-reported outcomes is currently lacking
for cartilage repair in the knee [43]. However, new meta-analyses have indicated sig-
nificant recent improvements in quality [43]. For focal and diffuse single compartment
chondral or osteochondral lesions, osteochondral allograft predictably and signifi-
cantly improves patient-reported outcomes and results in high patient satisfaction
(Table 5.1) [44]. At short-, mid-, and long-term follow-up, nearly half (46 %) of patients
undergo concomitant or staged osteotomy or meniscal surgery [44]. At 5 years
follow-up, overall satisfaction approaches 90 %, and 65 % of patients have little or no
radiographic osteoarthritis [44]. Short-term complications are infrequent (<3 %).
Although failures are variably defined (repeat surgery, revision cartilage surgery,
osteotomy, or conversion to arthroplasty), they are uncommon (<18 %). Survival rates
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decline with time: 91-95 % at 5 years [45,46], 76-85 % at 10 years [45,46], and 74-76 %
at 15 years [45,46]. Prognostic factors that may negatively influence clinical outcomes
include diagnosis of spontaneous osteonecrosis of the knee (SONK), bipolar lesions,
age greater than 50 years, patellofemoral lesions, Workers’ Compensation status,
preoperative duration of symptoms greater than 12 months, and failure to address
malalignment or meniscal deficiency [46-51].

Patients with osteochondral lesions can frequently present with meniscal pathol-
ogy. In the past, full-thickness chondral defects were considered to be a contraindica-
tion for a meniscal allograft transplant [52]. As aresult of advancement in the treatment
of osteochondral lesions, it is no longer a considerable risk factor for failure of a menis-
cal allograft transplant [52]. In fact, clinical outcomes have demonstrated excellent
results in concurrent procedures with osteochondral allograft and mensical allograft
transplant [53]. The options for mensical allografts include free soft tissue allografts,
separate anterior and posterior bone plugs, and bone bridges. In the presence of con-
comitant procedures, the bone bridge-in-slot has been cited as offering secure bony
fixation along with the flexibility for concomitant procedures [54]. The most impor-
tant factor of successful meniscal allograft transplantation when using bone plugs or
bridge-type allograft is accurate size matching of the allograft to the native meniscus
[53,55,56]. Overall, mensical allograft transplantation has offered encouraging results,
with good to excellent results in almost 85 % of patients [54].

Allograft for Cruciate Ligament Reconstruction

Despite autograft being considered the gold standard in anterior cruciate ligament
(ACL) reconstruction, the use of allograft tissue has recently become more widely used
in cruciate ligament reconstruction [57-59]. Allograft tissue had become unpopular in
the 1990s because of concern over the increased risk of viral disease transmission [57].
However, one institution between 1986 and 2006 demonstrated a significant increase from
2 % to almost 50 % of the patients using allograft tissue for ACL reconstruction [59,60].
Other recent estimates of allograft utilization in ACL reconstruction have been
reported between 20 % and 30 % [61-64]. When allograft is used for ACL reconstruc-
tion, several options exist that include grafts with or without a bone block(s). Allograft
options with bone block(s) are the patellar tendon, Achilles tendon, and quadriceps
tendon. The available options for soft-tissue-only allograft include the quadriceps
tendon and the semitendinosus, tibialis anterior, tibialis posterior, peroneus longus,
and iliotibial band. The choice of graft is often tailored to the patient because no
study has been able to identify a single allograft option as superior to another in ACL
reconstruction [65].

The use of allograft tissue for ACL reconstruction offers advantages over autograft
tissue that have caused a greater demand for allografts. Commonly cited advantages
include decreased donor site morbidity, shorter operative time, decreased rehabilita-
tion period, improved cosmesis, decreased postoperative pain, the ability to easily
customize the bone blocks, lower overall cost for primary ACL reconstruction, use in



CLINICAL PERSPECTIVES ON THE USE OF ALLOGENIC TISSUE SUBSTITUTES

patients with insufficient or poor quality donor tissue for autograft, and readily
available grafts for complex ligamentous injuries [57-59,61,62,65-71]. Advantages to
the patient for allograft versus autograft were noted in a survey in which 63 % of the
patients would have chosen allograft instead of their bone-patella tendon-bone (BTB)
autograft despite being satisfied with the overall results [72,73].

Most orthopedic surgeons consider allograft tissues safe for use; a survey of
American Orthopedic Society for Sports Medicine members cited that 86 % of the
respondents stated that they use allograft tissue [58]. Despite a strong belief in the safety
and efficacy of allograft tissue, the commonly cited disadvantages include disease
transmission, immunogenic response of the host toward the graft, slower incorpora-
tion, and the possibility for higher failure rates [57,65,74]. Allograft incorporation after
ACL reconstruction was previously believed to have been completed after 18 months;
however, a histological study of allografts retrieved during autopsies at 2 years demon-
strated poor central vascularization of the allografts [57,75,76]. On the basis of the more
recent findings, allograft tissue incorporation is likely further delayed from prior esti-
mates. Regardless of the limited number of documented cases of disease transmission
from allograft tissue, the risk of human immunodeficiency virus (HIV), hepatitis C
virus (HCV), bacteremia, and septic arthritis must still be considered when using
allograft tissue. The transmission of viral disease from properly screened allograft
tissue has been cited as approximately 1 in 1.5 million [57]. Documented cases of viral
transmission have primarily been isolated to case reports [77,78]. Bacterial transmis-
sion from allograft tissue has been documented in a series of 14 patients with an
allograft-associated Clostridium infection during the period of 1998-2002, which
resulted in one patient death [79]. An investigation of the series of Clostridium infec-
tions showed that the same tissue bank processed all 14 allografts [79]. Overall, the risk
of septic arthritis after ACL reconstruction has been reported to range between 0.2 %
and 4.0 % [80]. Despite the theoretically higher risk of bacterial transmission with
allograft tissue, Greenberg et al. demonstrated no statistical significance in the rate of
septic arthritis in ACL reconstruction with allograft and autograft tissue [81].

The advent of improved sterilization techniques, which retain the biomechanical
properties of the graft, are credited with the repopularization of allograft tissue in ACL
reconstruction [57,82]. The most commonly used method of allograft harvesting
involves an aseptic technique. Processing of allograft tissue for orthopedic procedures
has not been standardized, which results in varying processes between tissue banks.
The protocol of allograft tissue processing typically involves terminal sterilization with
gamma-irradiation, freeze-drying, or chemical disinfection, or combinations thereof.
Most tissue banks use a low-dose irradiation with 1-3.5 Mrd, which is only effective in
killing bacteria [83,84]. The high-dose irradiation required to kill viral contamination
is no longer used because of its deleterious effects on the allograft tissue’s biomechani-
cal properties [85,86]. Chemical disinfection is used as an adjuvant to the process with
the attempt to limit the effects on graft integrity and minimizing the risk of disease
transmission. Significant differences exist regarding the chemical disinfectant used by
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tissue banks because of the proprietary techniques such as Allowash (Lifenet, Virginia
Beach, VA), Biocleanse (Regeneration Technologies, Alachua, FL), and Clearant
Process (Clearant, Inc., Los Angeles, CA) [58].

Because gamma-irradiation has proven to exhibit dose-dependent deleterious
effects on allograft tissue, it is important to understand the key variables of gamma-
irradiation, including target dose, dose range, and temperature of irradiation.
Gamma-irradiation doses are typically reported as a single target dose or dose range.
When a single target dose has been reported, it represents the intended minimal irra-
diation exposure of the tissue. Because the method of irradiation does not allow for all
tissue in a given batch to receive the same dose, some tissue will have received a much
higher dose of irradiation. On the other hand, the dose range provides a more accurate
representation of the irradiation exposure of the allograft tissue in the batch. The tem-
perature during exposure to irradiation affects free radical generation, with lower
temperatures working to minimize free radical generation and successive tissue
damage [87-89]. As a result, low-dose irradiated allograft tissue with a narrow dose
range and performed at low temperatures will provide an ideal condition for minimiz-
ing the deleterious effects of irradiation on allograft tissue. The dose-dependent effects
on allograft tissue integrity have been extensively researched in controlled laboratory
studies with the conclusion that irradiation doses below 2.0-2.5 Mrd at low tempera-
tures minimizes the biomechanical effects compared with matched nonirradiated
grafts [89]. Performing clinical outcome research to compare irradiated and nonirra-
diated grafts is difficult because of the variable processing between tissue banks and
multiple forms of allograft available. The current literature has not provided a consen-
sus on whether or not a clinically measurable difference exists between irradiated and
nonirradiated allograft tissue [89].

Regardless of any potential measurable difference between allograft and auto-
graft tissue in a controlled laboratory setting, the primary concern is how allograft
tissue performs clinically compared with autograft tissue. Providing an accurate eval-
uation of allograft and autograft tissue in ACL reconstruction is difficult because of
the multiple types of graft, the variable processing of allograft tissue, and differences
in graft fixation and surgical procedures (e.g., single vs. double bundle). The orthope-
dic literature has multiple level II-IV evidence studies investigating the clinical out-
comes between autograft and allograft tissue in ACL reconstruction, with results
ranging from no statistical difference to more favorable outcomes for autograft tissue.
However, many of the studies lack randomization because the patients are provided
the option to choose the graft. In contrast to most studies, Sun et al. published a pro-
spective randomized study comparing 86 BTB autograft knees and 86 BTB allograft
knees with an average follow-up of 5.6 years for both groups [71]. The results demon-
strated no statistical difference between the allograft and autograft groups with the
Lachman test, pivot-shift test, mean laxity with KT-2000 arthrometer testing,
and percentage of knees with laxity greater than 3 mm [71]. In addition, three
meta-analysis studies have been performed to investigate the clinical outcomes
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between allograft and autograft tissue [70,90,91]. Two earlier meta-analysis studies
showed no statistical difference between the groups in regards to the Lachman test,
pivot-shift test, and laxity on arthrometer testing [70,90]. The most recent meta-
analysis demonstrated with statistical significance a mean laxity with arthrometer
testing of 1.4 + 0.2 mm for allograft and 1.8 + 0.1 mm for autograft (P < 0.02) [91].
Despite the small difference in measured knee laxity, no statistical difference existed
in the percentage of knees with less than 3 mm of laxity between the two groups [91].
The literature has not provided a consensus regarding the clinical outcomes between
allograft and autograft tissue, but the belief is currently that allografts and autografts
are clinically equivalent in ACL reconstruction.

DEMINERALIZED BONE MATRIX

Demineralized bone matrix (DBM) is a material derived from donor bone that is
essentially the pure protein of bone. The cellular, fatty, and calcium components of the
bone are removed during processing. DBM is used as a conductive and inductive bio-
material to produce bone healing in humans. Within this material are multiple bone
growth factors (bone morphogenic proteins [BMPs]). These proteins have been shown
to be active and important in bone formation. Therefore, DBM is a biological biode-
gradable substance that promotes bone formation in the proper environment. DBM
can be provided by itself, but it is most often combined with a carrier for improved
handling properties. DBM has a long clinical and scientific history, and it is the most
commonly used bone-promoting agent in the allograft market, being involved in
approximately 20 % of all procedures done per year [92].

It was in the 1930s that it was discovered that acid digestion of bone resulted in a
material that would induce ectopic osteogenesis when injected into skeletal muscle [93,94].
Marshall Urist subsequently published his landmark paper in Science [95] that demon-
strated that demineralized bone would induce osteogenesis when implanted into a
nonbony site. It was Dr. Urist who coined the terms BMP and osteoinduction.
Subsequent to Dr. Urist’s work, Hari Reddi [96] characterized the various BMPs that
were present in DBM. This work eventually led to the production and commercializa-
tion of individual BMPs—BMP-2 and BMP-7. It has been shown through extensive
laboratory and clinical research that DBM is osteoconductive and osteoinductive and
is effective in bone healing situations in humans [97-98].

DBM is acquired through the procurement of human bone tissue through the
tissue donation system. This process and the subsequent manufacturing of this Class I
medical device is regulated by the U.S. Food and Drug Administration (FDA) and
is further overseen by the American Association of Tissue Banks [99]. Once the bone
is initially cleaned, it is further processed into very small particles of various diameters
and then demineralized, freeze-dried, and prepared for application. The various tissue
processing facilities have developed detailed and proprietary techniques for preparing
these materials. Although DBM can be used by itself, it comes in a dry powder form
and is somewhat difficult to handle and introduce into a surgical site. Therefore, most
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DBM is combined with a carrier material to produce a product that can be injected or
packed into and around a surgical site where bone healing is necessary. There are a
myriad of types of carriers, which may or may not affect the activity of the DBM.
Examples of these carriers are calcium sulfate, hyaluronic acid, glycerol, and various
polymers.

Because DBM is acquired from tissue donors, each individual donor lot may have
varying characteristics in regards to its initial biologic activity, processing methods,
sterilization technique, and its eventual combination with a carrier substance. Multiple
studies have been performed that show varying quantities of BMPs within various lots
of DBM, although processing within each facility may be equivalent [100-102]. As
expected, these biologic differences are difficult to predict and measure [103-105].
There have been many efforts to standardize a bioassay for the activity of DBM, but
because of these variables, specific protein assays and in vitro tests have been unreli-
able. The in vivo tests using an athymic rat implant model seem to be the most reliable
method of assessing the overall osteoinductive potential of DBM products [106].
The commercial providers of DBM products have the option of testing the biologic
activities of their materials before release. Some manufacturers test the DBM before
sterilization and the addition of carrier materials; other manufacturers test the end
product. It seems logical that the second method would give the surgeon the best indi-
cation of biologic activity.

DBM has been used in almost all bone healing instances, including dental, cran-
iofacial, neurosurgical, and orthopedic applications [92,100,101]. There have been
many papers using preclinical animal models that illustrate the bone healing capabil-
ities of DBM [92]. There have also been numerous studies exhibiting its effectiveness
in general orthopedic and spine grafting situations [97,100,101,107,108].

Over 50 % of allograft procedures in the United States involve spine grafts [109].
Of these, a high percentage involves the use of DBM product. Although most of the
studies reported are case series, there have been several comparative studies. A study
by Kang et al. [107] compared fusion rates in patients who underwent single-level
instrumented posterolateral lumbar fusion with either local autogenous bone and
DBM or iliac crest autograft. At 2 years follow-up, the groups demonstrated statisti-
cally equivalent computed-tomography-verified fusion rates. In the general orthope-
dic area, there have been multiple papers published on the effectiveness of DBM for the
treatment of unicameral bone cysts [108], fractures, and nonunions. Tiedman et al.
demonstrated that demineralized bone, with or without autogenous bone marrow
aspirate, was effective in bone healing application [97,107] comparing BMP-7 to
demineralized bone protein in fibular defects. At 1 year, there was no difference in
bone mineral density scores between those two products.

Controlled studies and anecdotal reports suggest that DBM is a product that may
induce local bone healing and improve outcomes. DBM is osteoconductive; osteoin-
ductive; and, with a carrier compound, is easily used clinically. It can be used to expand
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the volume of autograft procedures, such as spine surgery, and it can be used effectively
in any area where bone growth is necessary.

HUMAN ADULT STEM CELLS

Over recent years there has been a tremendous amount of interest in using stem cells
for the regeneration and repair of injured and missing tissues. Embryonic and adult
stem cells have been investigated for their regenerative properties. These studies have
exhibited a dramatic potential for tissue repair [110,111]. Because of many factors,
embryonic stem cell technology has been difficult to access and commercialize because
of limited availability and cellular mechanism complexity [112].

Adult stem cells are multipotential, undifferentiated cells with proliferative and
self-renewal capacity. With the appropriate environment and local growth factor
signals, adult stem cells can be directed toward specific cell lineages, including muscu-
loskeletal tissues [113]. These adult MSCs have been shown in laboratory and clinical
situations to assist in the regeneration of connective tissues [114-119].

There are two basic sources for adult MSCs: autologous and allogeneic. Autologous
MSCs are generally derived from bone marrow and have been shown to have an effect
in particular on bone healing. Multiple studies have demonstrated that MSCs will
differentiate into an osteoblast line in vitro with the appropriate growth factors and
nutrients [120,121]. As these cells mature in the appropriate environment, bone forma-
tion occurs.

Various clinical studies have supported these properties. Connolly et al. [122]
show the effects of autologous marrow-derived MSCs as well as Hernigou et al. [123] in
healing nonunions. There appeared in the Hernigou study to be a dose response related
to the number of MSCs present in the marrow aspirate. Clinical and preclinical studies
alike have demonstrated that a higher number of bone marrow cells may enhance
fracture repair [123,124]. The optimal number or biologic activity of MSCs necessary
for bone regeneration has not been elucidated. One of the difficulties in dealing with
autologous bone marrow stem cells is their relative paucity within the aspirate or the
bone graft material [125].

The other source of adult MSCs is from allograft donor tissue. Allograft MSCs
have been shown to be nonimmunogenic when applied to local areas [112,126]. These
cells are isolated from tissue from donors that have been designated for tissue and
organ donation. Strict adherence to FDA and American Association of Tissue Bank
criteria is mandatory for these donors [99]. These are naturally occurring MSCs and
have not been cultured and expanded. There are two common sources of allograft
MSCs. One source involves the actual in situ cells found in cancellous bone where
the non-stem-cell components of the bone marrow have been removed [127,128].
The actual number of stem cells present in these materials is not well understood.
At least one study suggested that bone marrow contains less than 1000 MSCs per
cubic centimetre [129].
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The other source of adult MSCs is from allograft adipose tissue. It has been shown
in vitro and in vivo that adipose-derived MSCs have at least as much potential or per-
haps more potential to form along an osteoblastic line than marrow-derived cells
[112,130-133]. The presumed advantage of using adipose-derived MSCs is that they pref-
erentially bind to demineralized bone and in numbers much higher than that found in
naturally occurring cancellous bone [112,130-132,134,135].

The ideal materials necessary for bone generation involve an appropriate sub-
strate or scaffold, MSCs that are able to respond and proliferate, and the appropriate
growth factor signals to stimulate the differentiation and proliferation of those cells.
Currently available adult MSC products are available in two varieties. The first and
most prevalent is a cancellous bone material that has been procured from a donor and
processed in an attempt to save the MSCs but remove the myeloproliferative cells
and bone inhibitor cells. These products generally come in a particulate form and are
commonly used in spine fusions, arthrodesis, and problem bone healing situations
[119,128,136]. The second material comprises DBM upon which adipose-derived MSCs
have been added, which biologically bind to the scaffold. Although both of these
materials are in common use, there has been no consensus on a method to measure
their overall osteogenic activity. It seems important that methods be developed that
can accurately measure the numbers of active stem cells and quantitate the growth
factors necessary to provide adequate bone formation.

Human-derived stem cells are already being used in clinical medicine to promote
bone healing in various situations. Further work is necessary to define and quantitate
their actual biologic potential and regenerative properties.

SUMMARY

A wide range of soft tissue and osseous allografts are currently available for clinical
use in orthopedic surgery. Allograft tissue has more recently gained popularity
because of the abundant supply and lack of donor site morbidity. However, the pri-
mary concern regarding allograft tissue has been related to disease transmission and
a perception that allograft tissue is not an equivalent substitute for autograft tissue.
When using allograft tissue, the goal is to provide a comparable or superior outcome
to the use of a synthetic implant or autograft tissue. In the process of deciding on an
allograft tissue, the surgeon must take into account many considerations, including
the type of operation, patient demographics, patient expectations, and the patient’s
willingness to use allograft tissue.

Human allograft remains a viable alternative for bone and joint reconstruction.
We have been able to demonstrate the successful use of allograft tissue in a broad
range of orthopedic applications; however, continued research and development is
needed to improve allograft tissue. The focus of future research must include studies
with high levels of evidence to confirm the equivalence of allograft and autograft
tissue. The primary barrier toward achieving equivalent biomechanical properties
of allograft tissue with autograft tissue is centered on the processing of the allograft.
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We must work to develop improved methods of tissue processing that limit disease
transmission without altering the biomechanical properties of the tissue. In addi-
tion, new tissues are being developed that have a significant potential for skeletal
repair. Although much is known about human allograft, questions still remain.
What are the clinical outcomes and how do they compare to autogenous tissue or
manufactured product? How do they work? What is the risk of disease transmission?
Does processing affect performance? What are the long-term effects of implantation
of these bioactive materials? These are other questions that need to be answered
before we have a thorough understanding of human allografts and their use in clini-
cal practice.
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Chapter 6 | Cell-Based Approaches
for Bone Regeneration

Paiyz E. Mikael"? and Syam P. Nukavarapu®23#

STAGES OF NEW BONE FORMATION

Bone is a dynamic tissue that provides many functions; therefore, it has evolved into a
highly specialized natural material [1]. Because of its complex structure, the process of
bone fracture healing consists of a cascade of intricate events that requires the inter-
play of many elements, including cells, growth factors, and extracellular matrix.
As illustrated in Fig. 6.1, these events can be described in four stages: inflammation,
soft callus formation, hard callus formation (primary bone), and finally the remodel-
ing into cortical or trabecular bone or both [2]. Inflammation is naturally the first step
and is triggered by the damaged vasculature because of the distortion of the marrow
architecture caused by a fracture. This results in the activation of nonspecific wound
healing pathways and the release of many factors that, in turn, attract macrophages,
mesenchymal stem cells (MSCs), and other progenitor cells (PCs) to the wound site.
The macrophages not only migrate to the affected site to remove any damaged tissue or
debris, but they also release factors that invite more cells. The second stage begins with
the soft callus formation, which consists of a mesh of clotted blood, fibroblasts, and
fractured bone fragments. These components come together to form a temporary scaf-
fold that bridges the gap and is mechanically sufficient to allow for the new vasculature
and bone formation. In the meantime, the migrated MSCs and other PCs proliferate
and subsequently differentiate into their prospective lineages. Depending on the site of
injury, the MSCs in particular differentiate into either osteoblasts or chondrocytes to
begin the transmembranous or endochondral ossification processes, respectively; this
stage marks the hard callus or primary bone formation [3]. The final stage is the bone
remodeling process, in which the hard callus transitions into cortical or trabecular
bone or both [2].

" Institute for Regenerative Engineering, University of Connecticut Health Center, Farmington, CT
2 Materials Science & Engineering, University of Connecticut, Storrs, CT

* Biomedical Engineering, University of Connecticut, Storrs, CT

4 Orthopedic Surgery, University of Connecticut Health Center, Farmington, CT



Bone Graft Substitutes and Bone Regenerative Engineering

98

"auoq
USAOM JdeaMm a3 sade|dal
auoq paziuedio Ajysiy

pue 8uo13s Ajjed1ueyIap |eJpuoydopusd ysnoiyy Jo

UOI}EW.O0} BUOQ 3I3JIP JBYHD
W04} UOI}BW.O} BUOQ USAOM

Suijopowdy :A| 33e1s

Sn||ed 1JOS WJ0j 0} UOI}2JI9S
uedA|Soa304d pue USSe||0D ¢ uORRJYUI S| WIAIS .
UOISIAIP |19D sisoydody .
UOIIBWIOY [3SSOA POOJq MAN  «  UOIIB|NPOW-OUNWW|
UOoI1eW.I0) BLUOIBWSH .

uoIeWI0 SNj|e) 1JOS ;|| 95€e15

uonewIo4 snjje) piey ||| @seis

uoljeWIWEU| ;| 9363

4NL ‘9-T1

4 %T-11 99ad
493N 493
‘g-401 ‘89
SdININ 8 49
‘saupjolf)
4

‘uoljeausbal BUOQ JO Jledal 8in3oe4y JO S8BRIS |9 '9|4




CELL-BASED APPROACHES FOR BONE REGENERATION

In the case of large or segmental bone defects, the healing process is impaired;
thus, the use of tissue engineering techniques becomes a necessity. To best mimic
the natural bone healing process, three major components are required: a mechan-
ically stable graft, a suitable cell source, and chemical and biological factors.
Extensive research has been done in all three components mentioned above; how-
ever, we are still at the bench stage, in which biomaterials, growth factors, and cell
sources are being examined and optimized for the regeneration of bone. In this
chapter, the focus will be on the different cell sources available and their potential
clinical use.

CELL APPROACHES FOR BONE REGENERATION

The body has the natural ability to recruit PCs to affected areas; this mechanism
helps in the repair and maintenance of physiological balance. Bone in particular is
continuously remodeling through absorption and deposition, which are controlled
by two cell types, osteoclasts and osteoblasts, respectively. However, this strategy
proves to be insufficient when the damage occurring is greater/faster than the repair
mechanism. In such scenarios, cell-based therapy becomes a valuable regenerative
approach and is proven to be very effective and extremely critical in the early stages
of the bone healing process. In addition to traumatic injuries, cell-based therapy may
be used in many skeletal developmental diseases such as osteogenesis imperfecta and
osteoporosis.

Cell Sources for Bone Regeneration

Osteoblasts, which are highly specialized bone-forming cells, seem to be the more
appropriate choice for bone repair. However, the limited proliferation capability of
osteoblasts makes their use extremely difficult for segmental bone regeneration
because large quantities are required. Therefore, the need to identify other osteo-
progenitor cell sources is very essential. Few sources have been identified and well
characterized for the cell-based approach for bone defect repair. Some resources
can directly be implanted into the bone defect area, such as MSCs and the perios-
teum, in this case predifferentiation is not necessary. Others, such as embryonic
stem cells (ESCs), cord-blood cells, and induced pluripotent stem cells (iPSCs) must
be differentiated prior to implantation into the bone defect area. Each of the men-
tioned cell sources holds great promises and challenges. The selection of the more
appropriate sources will depend on many parameters, such as isolation, expansion,
immunogenicity, stability, and bone-forming capability. Regardless of the cell
source chosen, there are still questions regarding the mechanisms by which these
cells contribute to bone formation. As illustrated in Fig. 6.2, transplanted cells can
either directly participate in the regeneration process, or participate indirectly
through the release of growth factors, which facilitate recruitment of the host cells
required for the bone healing process. The following section will briefly describe
each cell source and its advantages and disadvantages.
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|
FIG.6.2 Stem cell or osteoprogenitor cell participation/contribution to the process of
bone regeneration.
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ESCs

ESC cultures were first successfully established in 1981 by researchers from the
University of Cambridge, and these cells were obtained from a mouse embryo [4].
Later, in 1998, Thompson and colleagues isolated and established five ESC lines
(H, H, H, H,, and H ,) derived from the human blastocyst [5]. By definition, ESCs
refer to cells that are derived from the inner mass of blastocyst (an early-stage embryo),
asillustrated in Fig. 6.3. Several cell surface markers specific to undifferentiated human
ESCs (hESCs) have been identified, such as stage specific embryonic antigens 3 and 4
(SSEA3 and SSEA4), which are glycolipids; thymocyte antigen 1 (Thyl) and human
leukocyte antigens (HLA), which are glycoproteins; and transcription-associated pro-
teins-1-60 and -81 (TRA-1-60, TRA-1-81), and germ cell tumor marker 2 (GCTM2),
which are keratan sulfate proteoglycans [6-8].

ESCs are characterized by their unlimited proliferation and ability to differenti-
ate to any somatic cell type, which makes them a great cell source for tissue regenera-
tion. However, there has been a great deal of ethical debate regarding the use of ESCs.
For this reason, hESCs are obtained from extra embryos formed by in vitro fertiliza-
tion methods [7]. The capability of these stem cells to rapidly proliferate is due to their
unique abbreviated cell cycle, in which the G, phase is reduced. The typical doubling
time for a somatic cell is 30-36 h whereas that for a stem cell is only 15-16 h. In fact,
the self-renewal potential of ESCs is intertwined with their pluripotency: as the ESCs
progress in their commitment lineages, the proliferation ability decreases [9].
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FIG. 6.3 Diagram representing human embryonic stem cell isolation and
differentiation.
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ESCs have gained much attention in the field of organ regeneration because of
their ability to differentiate into many cell types, including osteoblasts, chondro-
cytes, cardiomyocytes, adipocytes, hepatocytes, endothelial cells, neurons, and
hemopoietic cells. The osteogenic differentiation of ESCs can be achieved by
directly culturing in media containing ascorbate 2-phosphate, B-glycerophos-
phate, and dexamethasone [10]. ESCs can also be differentiated by forming
embryoid bodies, followed by their growth and differentiation in the osteogenic
media [11].

Most studies have shown the feasibility of using hESCs in bone regeneration by
predifferentiating them into osteoblasts or directly implantating undifferentiated
hESCs co-cultured with an osteogenic-like cell population. Ahn et al. differentiated
hESCs into osteoblasts by allowing them to adhere onto culture plates containing
primary bone-derived cells (PBDs). Results show that bone nodule formation was
possible 14 days after co-culturing [12]. Kuhn et al. studied the potential of using
mesenchymal-like cells derived from hESCs (hESC-MCs). These cells were cultured
on a collagen/hydroxyapatite (HA) scaffold and implanted into calvarial defects in
mice. After only 6 weeks, cells had formed a vascularized new bone that bridged the
defect site [13].

There are many challenges concerning ESCs that can impair their potential use in
regenerative therapy. Because ESCs are isolated from an early-stage embryo, the cell
population is very small (typically 100-150 cells/embryo), which requires extended cell
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culturing to obtain a sufficient cell population. Although hESCs maintain their normal
karyotype through the activation of the G,/S checkpoint, mutations can still occur.
This is largely due to a lack of understanding of the molecular mechanisms underlying
the culture adaptation of hESCs [14,15]. These conditions include different growth fac-
tors, the combination of media, or coated culture plates. The differentiation mechanism
of hESCs requires delicate and extremely intricate cascades of events. In fact, it is well
established that hESCs must be differentiated to the desired cell type before implanta-
tion. However, it is unclear if differentiated ESCs are detected by the immune system
postimplantation [16]. On the other hand, the direct implantation of undifferentiated
hESCs into defects resulted in uncontrollable differentiation and teratoma formation.

MSCs
MSCs offer a great alternative to ESCs in the treatment of skeletal injuries. One of the
main differences between ESCs and MSCs is that MSCs are much less committed
or more primitive than the ESCs. Therefore, it takes more steps to differentiate an ESC
to a specific somatic cell type than it would for MSCs. One other great advantage in
using MSCs is their ability to inhibit the immune function of T and B lymphocytes and
natural killer cells. Although abundant in the bone marrow, MSCs can be found in
amniotic fluid, umbilical cord blood, fat tissue, and many other tissues. MSCs are
characterized by their ability to differentiate into multiple lineages when properly
stimulated, and they are culture adherent [17]. However, MSCs are a heterogeneous
population in terms of morphology and surface markers; therefore, a combination of
surface markers must be recognized for their identification. STRO-1, named after
Simmons and Torok-Storb, is one of the markers recognized in MSCs, but only in a
small subpopulation. Other markers include cluster of differentiation (CD): CD29,
CD44, CD73, CD90, CD105, CD106, CD146, and CD166. MSCs do not express hemo-
poietic and endothelial cell surface markers such as CD11, CD14, CD31, CD33, and
CD45 [18-20]. MSCs have two main inherent functions: (1) their ability to secrete var-
ious factors such as cytokines with autocrine and paracrine activities, vascular endo-
thelial growth factor (VEGF), stem cell factor (SCF-1), leukemia inhibitory factor
(LIF), granulocyte colony stimulatory factor (G-CSF), interleukins (ILs), and others
and (2) the ability to orchestrate the differentiation process with differentiated or
undifferentiated residing cells [21]. One of the main functions of MSCs is to maintain
a constant balance of an activated and quiescent population. MSCs are typically quies-
cent until activated by the need to repair and maintain tissue; this ability is referred to
as “homing” [22]. In addition to the aforementioned MSC sources, research has shown
the possibility of MSCs residing on blood vessels; these are referred to as “pericytes”
[23]. When examined in culture, these vascular-associated cells display MSC-like
characteristics; likewise, bone MSCs have pericyte characteristics [24].

Bone marrow stromal cells (BMSCs) or bone marrow MSCs are a subpopulation
of the stromal cells within the bone marrow, as illustrated in Fig. 6.4. The complex
microenvironment of bone marrow consists of fibroblasts, endothelial cells, adipocytes,
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osteoclasts, plasma cells, hemopoietic cells, and monocytes. MSC-like cells were first
identified in 1960 by Alexander Freidanstien, and these cells were capable of differen-
tiating into osteoblasts [25]. However, BMSC isolation and multilineage potential
came much later in 1994. Their ease of isolation from either the iliac crest or from long
bone makes them an ideal source for bone regeneration. Whether alone or in combi-
nation with three-dimensional scaffolds, BMSCs are extensively studied for their
potential in bone tissue regeneration. However, unlike ESCs, MSCs have a limited
proliferation capability and their population decreases dramatically with age [24].
In addition, isolation of autologous MSCs for clinical treatments of large segmental
bone defect are very invasive and can cause complications because of donor site
morbidity. Researchers have demonstrated bone formation when BMSCs are prediffer-
entiated; however, this limits their clinical potential [26].

Periosteum-derived PCs have greater potential in bone and cartilage regeneration.
The periosteum of endochondral and transmembranous bone consists of two layers.
The outer fibrous layer, which attaches muscles, tendons, and ligaments to bone, con-
sists of fibroblasts and is rich in collagen fibers. The inner layer consists of PCs that are
involved in bone regeneration. Periosteum membrane with PCs has been used in many
surgical procedures for bone repair; however, the periosteum-derived cells are less stud-
ied and understood [27,28]. PCs are regarded as MSCs because of their potential to
differentiate into bone and cartilage, but their adipogenic potential has not been estab-
lished. A recent study populated PC cells onto a collagen scaffold to replicate similar
morphologies as the natural periosteum layer. The construct was then populated with
stem cells, and the results showed enhanced osteogensis in comparison with controls
(pseudoperiosteum-free scaffold) [29]. The superior capacity of PCs to form bone was
examined in vitro and in vivo using BMSCs and PCs isolated from the same patient.
Both cell types were cultured onto porous P-tricalcium phosphate (B-TCP) scaffolds
and implanted subcutaneously. The PC samples showed enhanced mineralization in
vitro but a higher degree of neovascularization and mature bone formation in vivo [30].
The disadvantage of using a periosteum cell population is the difficulty in harvesting
these cells and the limited numbers available. This requires long periods of ex vivo
expansion; therefore, they may possibly lose their multipotency. PCs are among the
least studied MSCs; thus, in vitro expansion and maintenance are not well established.

On the other hand, adipose-tissue-derived MSCs (ADSCs) are a much more
abundant source of autologous stem cells. In general, ADSCs have higher frequency
(~1-5 % of isolated cells vs. <0.1 % for MSCs). ADSCs are easily isolated and expanded
compared with BMSCs or PCs. ADSCs express the same surface markers as BMSCs
with the exception of Stro-1, and, similar to BMSCs, these expressions can vary with
passage number.

One study showed that the isolation of ADSCs from a highly vascularized fat
produced a several-fold increase in the number of colony forming units compared
with the poorly vascularized fat specimen [24,31]. Many researchers have studied the
plasticity of ADSCs, and these cells have the potential to differentiate into osteogenic,
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chondrogenic, and endothelial linages [32]. In vivo studies of ADSCs cultured on
poly(lactide-co-glycolide) (PLGA) scaffolds have shown that preculturing ADSCs in
osteogenic media for at least 14 day before implantation resulted in robust bone forma-
tion [33]. Another study conducted by Jeon and colleagues demonstrated the feasibility
of bone regeneration by direct implantation of ADSCs seeded onto poly(lactide-co-
glycolide)/hydroxyapatite (PLGA/HA) composite scaffolds loaded with bone morpho-
genic protein-2 (BMP-2) [34]. The ease of isolation and abundance in numbers of ADSCs
is counteracted by their inferior osteogenic potential compared with that of BMSCs and
PCs. The osteoblastic priming of ADSCs poses a great obstacle in clinical applications
because culture duration and conditions can potentially lead to phenotypic changes.

Umbilical-cord-blood-derived MSCs (UCMSCs) are considered the youngest and
most primitive source of MSCs. They are isolated from the connective tissue (Wharton’s
jelly) of the umbilical cord. During fetal development, umbilical cord cells are derived
from the extraembryonic mesoderm layer and grow to form a 30- to 50-cm-long
helical organ at birth [35]. UCMSCs express similar cell surface markers to BMSCs, such
as STRO-1, CD44, and THY-1. Because of their origin, UCMSCs have a much higher
self-renewal rate than other MSCs and differentiate to osteogenic, chondrogenic, and
adipogenic lineages. It is interesting to note that studies comparing the osteogenic
potential of UCMSCs to BMSCs found that the former proceeds more rapidly than the
latter; these results were attributed to the higher number of osteoprogenitor cells in
UCMSCs in comparison with BMSCs [36]. In this same study, it was also found that in
vitro culture of human UCMSCs (hUCMSCs) did not demonstrate any contact-
inhibited cell growth even after 20 days of continuous culture; rather, the proliferation
of hUCMSC:s continued after 100 % confluency by forming aggregates layered over the
confluent cells. Another study by Chen and colleagues demonstrated the feasibility of
seeding hUCMSCs onto macroporous calcium phosphate cement (CPC). The con-
structs generated new bone and blood vessels [37]. Although UCMSCs hold great
promise, these cells have not been extensively studied, and their differentiation mech-
anisms and interaction with other cells have yet to be determined.

Combination of Bone-Forming and Vessel-Forming Cells

Treating large bone defects remains a grand challenge because bone is a highly vascu-
larized tissue; thus, its repair must include new vascular network formation. This is
vital for the viability and functionality of the newly forming bone. Blood vessels are the
body’s cargo shuttles that transport nutrients, oxygen, growth factors, and cells and
remove waste. In fact, during the first stage in the fracture healing process, endothelial
PCs (EPCs) and MSCs migrate to the injury site [38-40]. As previously mentioned,
MSCs orchestrate the differentiation process with neighboring cell populations. One
particular cell-cell crosstalk is found between MSC and EPCs (i.e., vessel-forming
cells). Studies have found that the greatest amount of bone formation occurs where
sufficient vascularization is present [41-43]. Recent tissue engineering techniques
attempt to promote vasculature within the constructs. These attempts include the use
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of angiogenic growth factors and in vitro prevascularization [20]. Our own studies
examined the potential of a clinically relevant EPC population on the enhancement of
bone formation [44]. In this study, circulating blood-derived EPCs were isolated and
characterized for endothelial cell morphology (Fig. 6.5A) and vascular function in vitro
(Fig. 6.5B). Also, EPCs and MSCs co-cultured at different ratios resulted in enhanced
expression of key osteogenic and angiogenic markers. In addition, the 4:1 MSC:EPC
ratio had the highest alkaline phosphatase activity in comparison with other combina-
tions, MSCs or EPCs alone culture (Fig. 6.5C). This study not only showed the synergy
in using EPCs and MSCs together, but it also demonstrated the optimum ratio of the
two cell populations for enhanced bone regeneration and neovascularization [44].

Genetically Modified Cells

iPSCs

To overcome the shortcoming of the limited proliferation ability of somatic and MSCs
and to bypass all moral and legal issues associated with the use of human embryos,
iPSCs were developed by genetically reprogramming adult cells into an embryonic-like
state. iPSCs were first established in 2006 by Shinya Yamanaka from the Institute for
Frontier Medical Sciences in Japan. Dr. Yamanaka was able to induce pluripotency from
mouse embryonic and adult fibroblasts using four factors: transcription factors 3 and 4
(Oct3, Oct4), Proto-oncogene c-Myc (the transforming gene of the avian myelocytoma-
tosis virus), and Kruppel-like factor 4 (K1f4) (Fig. 6.6) [45]. Later in 2007, Dr. Yamanaka
and group successfully generated iPSCs from adult human fibroblasts using the same
method [46]. iPSCs express similar markers to ESCs, are able to proliferate indefinitely,
and can differentiate to all three germ layers. iPSCs have become a great tool in drug
development and the study of diseases. These cells are also used to understand the devel-
opmental process of embryos and the mechanisms of cellular repair and differentiation.
Because of the lack of understanding of iPSCs, a more thorough evaluation is required to
characterize and establish iPSC lines. Specific gene and protein expression is evaluated
using reverse-transcription polymerase chain reaction and immunocytochemistry,
respectively. A global expression of genes using a microarray analysis is also used. This in
combination with in vivo and in vitro differentiation assessment is used to confirm their
pluripotency [47]. Autologous iPSCs are a great source for regenerative engineering
because of the lack of immune rejection. However, iPSCs programmed using viral vec-
tors carry the risk of virus-induced toxicity and immunogenicity. Although researchers
are attempting to chemically induce somatic cells, the nonviral vector-based techniques
are still in their infancy and are far from optimized. In addition, the efficiency of these
processes remains extremely low (<1 %) [48].

Engineered Cells to Release Growth Factor

Genetically engineering cells consists of transferring the genetic materials of a cell to
induce the production of desired growth factors or proteins. Genetic engineering or
gene therapy was first established for the treatment of diseases; however, it is currently
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FIG. 6.6 Diagram representing reprograming of adult cells into induced pluripotent
stem cells.
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being used for tissue regeneration purposes. The purpose of gene therapy techniques
applied to bone regeneration is to increase osteoconductive and osteoinductive growth
factors and cytokines. The current efforts using exogenous growth factors in the treat-
ment of segmental bone defects are limited and often insufficient to simulate and
sustain adequate bone growth. Bone morphogenic proteins (BMPs), in particular
BMP-2 and BMP-7, are the most common factors used in bone repair. Laurencin and
colleagues investigated the development of an osteoinductive bone replacement
system by culturing BMP-2-producing cells onto a PLGA-HA matrix. When implanted
subcutaneously, the construct induced heterotopic bone formation [49]. Park and col-
leagues studied the effect of using BMP-2-producing BMSCs on bone formation in a
critical size defect in rat mandible. This study compared the use of adenoviral and
liposome-mediated therapy, and complete bone healing was observed within 4 and
6 weeks, respectively [50]. Lieberman and colleagues studied bone healing in a rat
femoral critical size defect using five experimental groups: 20 ug of recombinant
human BMP-2, BMP-2-producing bone marrow cells, B-galactosidase-producing
bone marrow cells, uninfected bone marrow cells, and DBM alone. The results
revealed that significantly greater bone formation occurred using BMP-2-producing
bone marrow cells in comparison with other groups. The study also concluded that
BMP-2-producing cells supplied adequate amounts of necessary proteins for effective
bone healing [51]. There are many factors involved in bone regeneration, such as VEGF
for the induction of neovasculature, and receptor activator of nuclear factor kappa-B
ligand (RANKL), macrophage colony-stimulating factor (M-CSF), IL-1, and IL-6,
which are involved in secondary bone formation and remodeling. Similar to the effect
of co-culturing on bone healing, the combinations of these growth factors also
enhance bone formation. Peng and colleagues investigated the synergistic effects of
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stem cells expressing VEGF and BMP-4 on bone formation. Although cells that
expressed VEGF alone did not improve bone formation, genetically modified cells
that expressed VEGF and BMP-4 in combination showed significantly enhanced bone
formation [52]. Gene therapy proves to be a very effective strategy in bone healing.
However, the methodologies used to induce cells are mostly based on viral transfec-
tion, which can cause immunogenicity reactions and uncontrollable mutagenic

insertion, leading to malignant transformation.

Clinically Relevant Cell Sources

Aswith any cell-based engineering techniques, the interplay of the autologous cell pop-
ulation and growth factors is essential; the combination provides enhanced stimulus
for bone regeneration. As previously described, there are several viable cells sources in
addition to several growth factors that play a pivotal role in bone regeneration. However,
there are a few clinically viable sources that include BMA, concentrated BMA (cBMA),
platelet-rich plasma (PRP), and PRP containing BMA (PRP-BMA).

BMA and cBMA

Orthopedic surgeons currently treat a fractured area by directly infusing BMA har-
vested from the iliac crest or any of the long bones. The bone marrow niche is rich in
several PCs and growth factors, such as BMPs, VEGF, and platelet-derived growth factor
(PDGF), which makes it a great candidate for segmental bone defect repair. However, the
volumetric amount of BMA required for a certain size defect might not contain a sufhi-
cient PC population, thus leading to limited new bone formation, and a second surgical
procedure is often required. These numbers significantly decrease with age and health
status. Researchers have investigated the possibilities of enriching a larger volumetric
sample of BMA such that PC populations are concentrated in a small sample; these are
referred to cBMA. Most BMA enrichment methods use centrifugation techniques to
eliminate unwanted extra volume while maintaining the desired BMA component,
including MSCs, EPCs, and growth factors. Jager and group studied the potency of
cBMA to regenerate bone. BMA was isolated from 39 patients; cBM A was obtained by a
density centrifugation technique using a SmartPReP® centrifuge. Collagen sponges and
bovine HA were used as scaffolding materials. Patients showed bone healing in both
types of scaffolds, and complete bone healing was achieved after 17 weeks in the case
of the bovine HA scaffold and 22 weeks in the case of the collagen sponge [53]. Although
the centrifuge-based cell enrichment technique is currently used in clinics, this method
has the potential of contaminating samples. Ridgway and colleagues developed a com-
pacted, single-use, acoustically assisted filtration device that can be used to obtain
cBMA at the point of care [54]. Others use a magnetic cell sorting (MACS) technique to
separate large numbers of cells according to their surface markers. Our own studies are
to use completely automated and U.S. Food and Drug Administration (FDA)-approved
cell enrichment devices (MAGELLAN® from Arteriocyte Medical Systems, and
CliniMACS® from Miltenyl Biotech) [55,56]. These efforts are to develop completely
intraoperative tissue engineering strategies for bone defect repair and regeneration.
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PRP

Platelets are rich in growth factors, such as transforming growth factor-p (TGF-f),
PDGF, and VEGE. These factors are involved in chemotaxis, cell proliferation, differ-
entiation, and extracellular matrix synthesis. Therefore, by concentrating platelets,
growth factors are also enriched. Autologous PRP is easily isolated from freshly drawn
whole blood and activated by thrombin and calcium. Although PRP does not include
cells, it can enhance bone formation through the abundance of multiple growth factors
and is proven to be more potent than the individual use of each growth factor. Despite
the progress shown by using PRP in vitro, the in vivo models exhibit various outcomes.
This can be attributed to the variance of growth factor levels in different samples,
which can change with age and health status [57].

PRP alone is not useful in the regeneration of bone; however, PRP readily forms
into a fibrin mesh that can be used as a scaffolding material for bone healing appli-
cations. Marx and colleagues showed a significantly higher bone healing rate and
bone density when using PRP in combination with grafts [58]. Yamada and col-
leagues used a combination of PRP as an autologous scaffold with in vitro expanded
MSCs to increase osteogensis. Compared with scaffold alone, PRP-MSC grafts
showed significantly higher mature bone and neovascular formation by 8 weeks of
implantation [59]. In a recent study describing the treatment of osteonecrosis of the
femoral head using a combination of PRP and MSCs, significant pain relief was
found in 86 % of patients [60].

Efficient Cell Loading

After identifying a cell source, the next important and most challenging step is
efficiently delivering these cells to the area of interest. Tissue engineering tech-
niques combine cells with graft materials to design different geometries, chemis-
try, and biocompatibility. In non-load-bearing settings, there are several
biodegradable hydrogel options that can be used to support tissue regeneration.
The challenge is to design matrices that are load-bearing and yet support rapid and
efficient cell loading. Our laboratory has developed an advanced matrix system
(polymer-hydrogel matrix) composed of a load-bearing polymeric scaffold and a
hydrogel phase in which cells are encapsulated [61]. In this design, the gel phase is
chosen such that it is transient in nature. By choosing a transient gel, one could
design matrices that support rapid and efficient cell transplantation without
affecting the polymer matrix transport properties. This study demonstrated the
feasibility of encapsulating high cell seeding density within the polymer-hydrogel
system with a significant cell proliferation and survival (Fig. 6.7A). Twenty-four
hours postencapsulation, cells were located in the pores and void spaces of the
polymeric scaffold where the hydrogel resides, as shown in Fig. 6.7B. After 7 days
of culture, cells began migrating toward the surface of the polymeric microsphere
scaffold (Fig. 6.7C). As shown in Fig. 6.7D, by day 14, the hybrid scaffolds were fully
cellularized.
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FIG. 6.7 Hybrid scaffold loaded with cells. (A) diagram showing cell encapsulation
and loading onto 3D scaffold (hydrogel was stained with Ponceau S red
staining for visualization purposes). (B), (C ), and (D) live/dead assay to show
growth and survival of cells in hybrid scaffold at days 1, 7, and 14 respectively.
Adopted from Igwe et al. [61].

Cells + Hydrogel  Polymeric Scaffold

Day 1 Day 7 Day 14

SUMMARY

The field of bone regeneration has undergone tremendous advancement in terms of
understanding the cellular mechanisms and developmental stages of bone formation.
Cell-based therapy approaches hold great promises in the field of bone tissue engi-
neering. However, bone repair/regeneration is not only based on the selection of an
appropriate and clinically viable cell source but it is also guided by the chemical,
biological, and physical microenvironment. Many cell sources have been identified,
such as ESCs, adult MSCs, and iPSCs. Cell-based approaches such as cBMA, PRP,
and PRP-BMA have shown to be clinically valuable tools for bone regeneration.
However, the most challenging problem facing bone regeneration therapy is the treat-
ment of critical size defects. In this case, a mechanically strong scaffold is required to
physically support the regeneration process. In addition, an abundant osteoprogeni-
tor cell population and their isolation via FDA-approved methods as well the use of
osteoinductive factors are necessary to ensure a compete healing of bone.
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Chapter 7 | Review of State of the Art:
Growth Factor-Based Systems for Use as
Bone Graft Substitutes

Aditya Arora,' Arijit Bhattacharjee,' and Dhirendra S. Katti'

INTRODUCTION

Decades of research have been directed toward the development of synthetic bone
graft substitutes that can efficiently replace the current gold standard autograft proce-
dures. However, success in the area of synthetic bone graft substitutes has been limited
because of unpredictability of the biological responses to these substitute materials,
especially in the case of large-sized defects [1,2]. One of the critical factors that has
contributed to the low success rates of synthetic grafts is their inability to provide ade-
quate osteogenic and osteoinductive cues [2]. Therefore, a successful bone graft substi-
tute should possess an appropriate three-dimensional substrate for cell adhesion and
proliferation, appropriate cells (or an ability to recruit such cells), and appropriate
growth factors to initiate regeneration [3,4]. Growth factors at the site of interest can be
released from a carrier matrix in a controlled manner. The matrix often doubles as a
scaffold that provides surface area for cell adhesion and proliferation and as a carrier
matrix for growth factor delivery. Growth factors, which are essentially soluble signal-
ing molecules, can facilitate all cell fate processes necessary for bone regeneration. The
matrix sequesters growth factors using various physical cues, thus giving rise to the
possibility of delivering the soluble signals of interest in an appropriate sequence (by
controlling the proximity to scaffold-fluid interface), at an adequate rate (by control-
ling strength of interaction), and in suitable doses (by controlling total encapsulation).
The factors can then act to produce an orchestrated sequence of events that recapitu-
lates the natural bone healing process reminiscent of those occurring during embry-
onic development.

Classically, only molecules such as bone morphogenetic proteins (BMPs) were
thought to be ideal candidates for providing osteoinductive cues. However, exten-
sive work on the molecular mechanisms of osteoinduction has demonstrated that
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the osteoinductive capacity of proteins such as BMP may be enhanced by other
cytokines and growth factors that influence cellular responses and are involved in
native bone healing. These factors include those that influence inflammation, cellu-
lar proliferation, migration, angiogenesis, and osteogenic differentiation. Recent
approaches have focused on using a combination of factors so as to evoke a syner-
gistic response in the healing of nonunion fractures [5-9]. These combinations are
delivered in a manner such that they artificially recreate the native microenviron-
ment of healing bone. However, to recreate this microenvironment it is necessary to
understand the process of bone regeneration and the role of various growth factors
in this process.

BONE REPAIR AND REGENERATION

Fracture healing is a complex process that consists of a cascade of events involving
multiple players such as cells, mechanical cues, and spatiotemporally controlled pre-
sentation of soluble factors. The healing response is classified into primary and second-
ary fracture healing. Primary healing involves active participation of the bone cortex
to re-establish its continuity. This response is observed only in cases in which there is
rigid internal fixation and minimal interfragmentary strain, making it relevant only to
the cases involving rigid compression fixation and small bone cracks [10].

Thus, secondary fracture healing has gathered more interest in the healing of
large nonunion fractures. This response is characterized by active involvement of
periosteum and external tissues, in which regeneration proceeds with the help of com-
mitted cells and mesenchymal stem cells (MSCs). Secondary healing response recapit-
ulates the sequence of events that occur during embryonic development of bone
involving intramembranous and endochondral ossification. The process can be
divided into multiple stages:

« Hematoma formation and inflammation due to damaged vasculature
 Intramembranous ossification leading to outer hard callus

« Cartilage formation leading to inner soft callus

« Induction of hypertrophy followed by vascularization

« Endochondral ossification and finally remodeling [10-12].

The process starts with rupturing of the blood vessels at the site of injury, leading
to formation of platelet-rich clot and influx of inflammatory cells. The inflammatory
cells in and around the clot secrete various inflammatory factors such as tumor necro-
sis factor-o. (TNF-a) and interleukins (IL), which in turn recruit progenitor cells to
initiate regenerative processes. The intramembranous ossification involves formation
of woven bone without an intermediate cartilage-like stage whereas endochondral
ossification involves induction of hypertrophy in the transient cartilage, which is
finally replaced by cancellous bone, after vascularization. Herein, vascularization
plays a crucial role as blood vessels deliver the chondroclasts (cells that resorb carti-
lage) and mesenchymal progenitors to the transient cartilage [10,13].
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ROLE OF SOLUBLE FACTORS IN BONE
REPAIR AND REGENERATION

Each stage of the healing process is characterized by a set of soluble factors and cell
types acting in a coordinated manner. A repertoire of soluble factors is presented to the
cells in a spatiotemporally controlled manner. These factors most often are proteins
secreted by a cell that bind to specific cell surface receptors and can influence inflamma-
tion, cellular proliferation, migration, angiogenesis, and differentiation (Fig. 7.1). They
can have two types of effects, a paracrine effect, meaning that they stimulate neighbor-
ing cells to proliferate and increase matrix protein synthesis, or an autocrine effect,
meaning that they can stimulate themselves for additional metabolic activity, or both.
All musculoskeletal tissues produce and respond to growth factors because
they initiate the cascades of cellular events that lead up to bone healing (Fig. 7.2). Some
of the most popular growth factors that have been associated with fracture healing
include platelet-derived growth factors (PDGFs), IL-1, IL-3, IL-6, colony-stimulating
factors (macrophage colony-stimulating factor, granulocyte macrophage colony-
stimulating factor), the transforming growth factor-f family (TGF-), BMPs, insulin-
like growth factors (IGFs), fibroblastic growth factors (FGFs), parathyroid hormone
(PTH), wingless type proteins (Wnt), hedgehog proteins (Hh), and vascular
endothelial growth factor (VEGF). On the basis of the response that the factors elicit,

FIG.7.1 Schematic of early and late events occurring during bone healing. After bone
injury, growth factors are released from the fracture callus and local fracture
site to stimulate precursor cells on the endosteal and periosteal surfaces to
proliferate and differentiate, initiating a healing response.

Injured Bone @ Neutrophil
* Macrophage

@ Monocyte

. . I
. — @& Osteoblast
IL-1/6 TGFB ™. JN Osteoclast

=>Periosteum

Endosteum

Trabecular bone

Soft Callu; o 4 -
LIy L K —> Cortical bone

Wnt3a VEGF
BMP-2

19



120

Bone Graft Substitutes and Bone Regenerative Engineering

|

FIG.7.2 Schematic of sequence of events that occur during natural bone fracture
healing and temporal sequence of expression of growth factors involved in
the process.
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they can broadly be classified into three categories: (1) inflammatory factors,
(2) proliferative and osteoinductive factors, and (3) angiogenic factors [14,15]. In
addition, platelets secrete a mixture of several growth factors that have also been
used clinically in the form of “platelet-rich plasma” for enabling musculoskeletal
regeneration.

Inflammatory Factors

Inflammation is well known for its catabolic effects in skeletal diseases such as arthri-
tis. However, the same inflammatory factors have been shown to be crucial in the
speedy regeneration of fractured bones. This contradictory behavior of inflammatory
factors is context dependent and varies greatly depending on the receptor type that is
expressed on the target cells. The key inflammatory factors that play a role in fracture
healing are TNF-a, IL-1, and IL-6. They serve functions such as chemotactic effects on
inflammatory cells, recruitment of fibrogenic cells, and enhancing extracellular matrix
(ECM) synthesis and angiogenesis [16-19]. During healing, their expression is precisely
controlled and is biphasic in nature with the first peak being at 24 h postinjury and the
second peak being initiated at approximately 14 days postinjury (initial stage of endo-
chondpral ossification) [12].

TNF-a

In the early phase of healing, TNF-a is responsible for eliciting a chemotactic effect,
which in turn helps in the recruitment of various cell types for regeneration [20].
However, in the later stage (at ~14 days), TNF-a induces apoptosis in hypertrophic
chondrocytes and matrix metalloproteinase (MMP) expression for turnover of
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mineralized cartilage, thus enabling progression of endochondral ossification [21,22].
The applicability of TNF-a in regenerative strategies was recently demonstrated by the
work of Glass et al.,, in which they showed that injecting recombinant human TNF-a
(thTNF-a) during the first 2 days postinjury improved mineralization of fracture
callus at later stages of fracture healing [23].

IL-1

Effects of IL-1 are very similar to those of TNF-a. IL-1 is also responsible for release of
other proinflammatory molecules such as IL-6 and prostaglandins [24,25]. A recent
study demonstrated that injecting IL-1 for 3 days postinjury accelerated in vivo bone
regeneration [26]. In another study, which used prostaglandin agonists, the authors
demonstrated that incorporation of prostaglandin agonists specific for prostaglandin
E2 receptors in poly(lactic acid-co-glycolic acid) (PLGA) matrix significantly enhanced
healing of critical-sized radial and tibial bone defects in dogs [27].

Because of the well-established role of inflammatory factors in catabolic
pathways, very few studies have explored their potential in bone healing. However,
initial studies have shown exciting results and more in vivo studies need to be per-
formed. Furthermore, to harness their full potential in influencing bone regeneration,
it has to be kept in mind that these factors must be presented under precise temporal
control because prolonging or early cessation of these factors can impede bone
regeneration [28].

Proliferative and Osteoinductive Factors

Proliferation and differentiation are two crucial events that are prerequisites for
successful bone formation. There are several growth factors that play either one or
both of the roles in native fracture healing; thus, they have been used for augmenting
fracture healing (Fig. 7.3). These include TGF-B, BMP, FGF, PDGF, and IGF; in addi-
tion to proliferation and osteoinduction, they also play a role in cell recruitment and
ECM synthesis. Because of their crucial role in bone fracture healing and regeneration,
they have been extensively explored in the area of bone repair. Each of these factors is
discussed in further detail in the following subsections.

TGF-f

The discovery of large amounts of TGF-f in bone matrix, its effect on matrix synthesis
in chondrocytes and osteoblasts in vitro, and its release into fracture hematoma by
platelets has led to the belief that TGF-P is a major cytokine involved in regulating
cartilage and bone formation during normal growth and remodeling and after injury
[29,30]. Endogenous TGF-P is most often secreted as a latent complex consisting of
latency-associated peptide, which renders secreted TGF- inactive; thus, dissociation
of the two is crucial for its activation. However, this complex is further stabilized by a
latent TGF-p binding protein—1/3/4 (LTBP)—that leads to the formation of a stable
ternary complex. LTBPs are extracellular fibrillin-like proteins that orchestrate the
function of TGF-p at multiple levels, including folding, secretion, spatial
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FIG.7.3 Schematic depicting involvement of various growth factors in different cell
fate processes that govern natural bone fracture healing.
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distribution, and activation. The role of LTBP in bone was demonstrated in a study

Endochondral Ossification

in which it was shown that LTBP-3-null mice have significant alterations in the skel-
etal system with osteosclerosis, premature obliteration of synchondroses, and osteo-
arthritis [31]. Furthermore, it has been demonstrated that LTBP-bound TGF- is
released at the site of bone resorption via proteolytic cleavage by enzymes such as
MMPs secreted by the osteoclasts, thereby helping in bone remodeling in vivo [32].
In addition, TGF-p is released from the latent complex in a plasmin-dependent man-
ner in many situations. Herein, plasmin can be secreted by various cells such as
interferon-y-activated macrophages and basic FGF (bFGF)-activated endothelial
cells [33,34].

However, most studies involving the use of TGF-p for supporting bone regenera-
tion do not rely on this cell-mediated activation and use an active recombinant form
of the protein that is not bound to the LTBPs. In an in vitro study involving treatment
with recombinant human TGF-f (thTGF-p) in murine parietal bone organ culture, it
was shown that rhTGF- suppressed the formation of mineral in osteoid, probably by
downregulating the expression of mediators of mineralization such as osteocalcin
despite its stimulation of osteoid formation [35]. Therefore, although TGEF-p initiates
new bone formation, when provided exogenously, endochondral ossification started
only after cessation of TGF-{ injections in rat femur [36].

Nevertheless, several in vitro and in vivo studies show that TGF-p is a potentially
osteoinductive substance and has been studied in various animal models using sub-
periosteal injections in the femur, tibia, calvaria, critical-sized defects, and bone
in-growth into prosthetic devices [36-39]. Hock et al. showed that when calvarial
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osteoblasts were incubated in vitro with TGF-{, there was an increase in osteoblast
proliferation and bone matrix formation [37]. Likewise, Joyce et al. demonstrated
that injections of rhTGF-P in the rat femur could stimulate periosteal cells to
undergo endochondral ossification. In addition, TGF-p2 was found to be autoregula-
tory, increasing the production of TGF-Pl in osteoblasts and chondrocytes [36].
These actions suggest the potential of TGF-p in therapeutic applications for osseous
defects.

Lind et al. delivered continuous infusion of human platelet-derived TGF-$
(with either 1 or 10 pg per day for 6 weeks) in rabbit tibial diaphyseal fractures fixed
with a plate and found that there was a significant increase in callus formation, and a
significant increase in bending strength, in comparison to nontreated control
specimens. The group receiving 1 Ug per day demonstrated superior mechanical
strength in three-point bending as compared with the untreated and the higher-
dosed groups [39].

Nielsen et al. also reported mechanical strength of bone in a rat fracture model
that received a local treatment of human platelet-derived TGF-p (either 4 or 40 pg
every other day for 40 days) and demonstrated that the fractures that received TGF-f
showed a significant increase in callus formation and strength. The group that received
the 40-ug dose demonstrated a significant increase in ultimate load to failure than the
lower-dosed and untreated groups [40].

Critchlow et al. investigated the effect of purified porcine TGF-B2 injection
around the developing callus of rabbit tibial fractures healing under stable (fixed with
a dynamic compression plate) or unstable (without plate fixation) mechanical condi-
tions 4 days after fracture. Their results demonstrated that TGF-p2 cannot stimulate
fracture healing under unstable mechanical conditions, but it led to a small increase in
bony callus under stable mechanical conditions [41].

In addition to these, several studies have been performed in recent years that
demonstrated that TGF-p can induce enhanced chondrogenic differentiation,
osteoblast proliferation, and increased bone formation [42-44].

Although these studies [39-44] confirm that TGF-f enhances cellular prolifer-
ation, its potential as an osteoinductive substance and the concentration at which it is
an effective osteoinducer remain equivocal [45,46]. Different isoforms and doses of
TGF-P have been used in various studies that made use of different animal models.
The positive effects of TGF-p in the studies by Lind et al., Nielsen et al., and Critchlow
et al. suggest that relatively large dosages (supraphysiological) are required to enhance
bone repair [39-41]. However, large dosages may not be possible in the clinical setting
because TGF-B enhances proliferation in various cell types, which may cause
undesired side effects. On the basis of studies thus far, it can be concluded that TGF-p
has potential for being developed as an agent for clinical use, but further preclinical
studies need to elucidate dosing parameters, safety, and appropriate methods of
application/administration.
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BMP

BMP was discovered in demineralized bone material to have the unique ability to ecto-
pically induce bone formation [47,48]. The BMPs are a subfamily of the TGF-{ super-
family, consisting of 20 known members [49], and they have the highest osteoinductive
effect amongst all known growth factors [50]. These factors play a key role in bone
formation by stimulating migration and proliferation of osteoblasts and MSCs, after
which they also promote the osteogenic differentiation of MSCs [5,50-52].

Amongst the various BMPs, BMP-2, BMP-4, BMP-7, and growth differentiation
factor-5 (GDF-5/BMP-14) are well-known osteoinductive factors that stimulate
chondrogenic differentiation of MSCs, followed by endochondral bone formation
[53]. BMP-3 is a bone-inductive protein also known as osteogenin. Osteogenin has
shown potent ability to induce the rapid differentiation of extraskeletal mesenchymal
tissue into bone [54].

The use of BMP in humans is currently restricted to spinal arthrodesis, treatment
of spinal nonunions, fractured bone, and periodontal defects [55-57]. BMP-2 and
BMP-7 (also known as osteogenic protein-1 [OP-1]) have been studied extensively for
their ability to induce bone regeneration. The administration of recombinant human
BMP (rthBMP) has been simplified by incorporating it into a collagen sponge/ gel that
acts as a reservoir for the growth factor and can be implanted at the site where bone
induction is desired. Sheehan et al. demonstrated the effectiveness of type I collagen
gel combined with rhBMP-2 and autogenic bone from iliac crest by comparing bone
formation at the sites implanted with and without rhBMP-2. Biomechanical testing of
the harvested specimens showed superior strength of the rhBMP-2-treated sites in
comparison to the control group [58].

Geesink et al. reported the use of thBMP-7/OP-1 in humans for the first time in
1999. OP-1 was combined with a type I collagen carrier and placed at the defect
site [59]. At 6 weeks, the OP-1-treated group showed radiographic evidence of bone
formation, whereas the group receiving only collagen without OP-1 did not show
significant bone formation. This study validated the osteogenic activity of OP-1 in a
critically sized human bony defect [59].

In a prospective, randomized, multicenter study of tibial nonunions treated with
intramedullary nailing, Friedlaender et al. showed that recombinant human OP-1
(thOP-1) implanted with a type I collagen carrier was comparable to autografts.
Parameters measured were radiographic assessment, immunologic assessment, com-
plications, and clinical assessment by physician satisfaction. In 124 tibial nonunions
at the 9-month follow-up time point, 75 % of those in the OP-1-treated group and
84 % of those in the autograft-treated group had radiographic union. By clinical cri-
teria, 81 % of the OP-1-treated patients and 85 % of the autograft-treated patients had
achieved union. At the 2-year follow-up, these results continued at similar levels.
OP-1 proved to be safe and effective for the treatment of tibial nonunions at
2 years after the operative procedure, with the benefit of lack of donor site morbidity
(Fig. 7.4) [60,61].
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FIG.7.4 Radiographs taken at follow-up of a 34-year-old male patient treated
with OP-1 after a closed, comminuted tibial fracture sustained in a
motor vehicle accident. (A) Immediate postoperative radiograph.

(B) Radiograph 9 months after treatment with OP-1. (C) Radiograph
24 months after treatment with OP-1. Source: Reproduced with
permission from [61].

These studies and others have demonstrated the beneficial effect of using BMPs
for accelerated healing of bone defects by recruitment of osteoblast and progenitor
cells, promoting cell proliferation and differentiation, and accelerating matrix miner-
alization [56,58,60-75]. The clinical trial by Friedlaender et al. [60,61] conducted under
a US. Food and Drug Administration (FDA)-approved Investigational Device
Exemption has established the safety and efficacy of OP-1 for the treatment of tibial
nonunions. Therefore, the FDA approved several BMP-based products for use in spinal
fusion (OP-1"™ Putty and InFUSE™ Bone Graft/LT-CAGE™), fractured bone (OP-1™
Implant), and periodontal defects INFUSE® Bone Graft).

One question concerning the use of recombinant BMPs in stimulating bone
healing in animals or humans remains unanswered: Why are large doses (supraphys-
iological) required to have an osteoinductive efficacy? The effective doses are orders of
magnitude greater than the endogenous amounts of BMPs during normal bone repair
or in normal bone remodeling. Presumably, the answer may lie in the combined
action of various other factors giving rise to a synergistic response required for max-
imal efficacy of BMP-mediated osteoinduction.
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FGF

The most abundant members of the FGF family are FGF-1 (acidic) and FGF-2 (basic).
Both members are present and active in cartilage and bone and have been shown to be
mitogenic for endothelial cells, fibroblasts, chondroblasts, and osteoblasts [76-79].

During the early stages of fracture healing, including angiogenesis and chondro-
cyte and chondroblast activation, FGF-1 and FGF-2 have been identified as influential
players. This has been demonstrated by in vivo studies that showed increased bone
formation after exogenous administration of FGF-1 and FGF-2. Their effects were
shown to be mediated by TGF-P and prostaglandins because the production of these
factors is likewise regulated by FGFs [80,81]. FGF-1 and FGF-2 under some circum-
stances are also able to stimulate bone resorption [81].

In vivo studies have shown that exogenously provided FGF stimulates prolifer-
ation of osteoblastic cells and that local injection of FGF-1 can promote calvarial bone
formation [82]. In rabbits, percutaneous application of FGF-2 increased bone forma-
tion and bone mineral density [83]. Exogenous FGF-1 and FGF-2 are thought to act
by increasing the recruitment of osteoblast precursor cells, which differentiate into
osteoblasts. TGF-f increases FGF-2 mRNA in cells; thus, some of its cellular effects
could be related to its regulation of other growth factors [84].

FGF also plays an important role during fracture repair. Ueno et al. demon-
strated that FGF-2 is expressed in granulation tissue after fracture, suggesting that
FGF could be stimulating cell migration and angiogenesis at early stages of fracture
healing [85]. Increased levels of FGF-1, FGF-2, and FGF-18 have also been found dur-
ing callus formation in a distraction osteogenesis model [86].

Exogenously provided FGF-2 has also been shown to accelerate bone repair. The
effect of local injection of recombinant human FGF-2 (thFGF-2) on the healing of
segmental 3-mm tibial defects in rabbits was investigated by Kato et al. [87]. After
osteotomy and subsequent fixation by an external fixator, each animal in the treatment
group received either 0, 50, 100, 200, or 400 pg of rhFGF-2 at the fracture site.
Injection of the growth factor increased the volume and mineral content of the
regenerated bone at the defect in a dose-dependent manner. Significant effects were
observed at concentrations of 100 Ug or greater, as assessed by X-ray, dual-energy
X-ray absorptiometry (DEXA), and histological evaluation at 5 weeks. It was con-
cluded that a single local injection of FGF-2 is capable of stimulating the healing of
segmental defects.

Zellin et al. found an increased number of osteocytes at newly formed bone sites
in transosseous rat mandibular defects [88]. Three different doses of rhFGF-2 (10 ng,
100 ng, and 1 Pg) were delivered in an absorbable collagen sponge carrier. The higher
(1-pg) dose decreased bone formation whereas the lower doses had a mild stimulatory
effect on osteogenesis after 24 days [88]. A more recent study combined a collagen
sponge carrier with an outer microporous poly(lactic acid-co-glycolic acid-co-e-
caprolactone) membrane for the treatment of mandibular defects in beagle dogs. The
study showed that although the presence of bFGF resulted in increased volume of new
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bone, there was no effect of the presence or absence of bFGF on the density of regener-
ated bone [89].

Overall, the potential of FGFs in improving proliferation of osteoblasts, osteoid
formation, and bone union has been demonstrated. However, there is no consensus on
the effect of FGF on osteoblastic differentiation and bone mineral density [83,87-93].
The results of these studies suggest that FGF-2 shows potential to be used in the future
as an adjunct to bone healing. Similar to TGF-p, the effects of the FGFs on increasing
bone formation or induction are modest compared with those of the BMPs.

PDGF

PDGEF is found in higher concentrations in platelets and vascular endothelial cells,
although it is also present in other cell types. PDGF synthesis is often increased in
response to external stimuli, such as low oxygen tension, thrombin, or stimulation by
other growth factors.

The main function of PDGF is to act as a chemotactic factor. It is released by
platelets and monocytes in fracture callus and sites of injury, and it induces MSC
recruitment and proliferation, thus recruiting reparative cell populations [94,95].
PDGF is mitogenic for osteoblasts in vitro [96] because this is its primary effect on
bone cells. Local application of recombinant human PDGEF-BB has shown promise to
promote bone formation via its mitogenic effect on osteoblasts in animal models and
clinical studies [97,98]. PDGF containing product GEM 21S™ has been approved by
the FDA for applications in periodontal defects. Likewise, AUGMENT® BONE
GRAFT, which contains B-tricalcium phosphate as a carrier of PDGF-BB, has been
approved for ankle fusion surgeries in several countries, including Canada,
Australia, and New Zealand.

In a study on the effect of PDGF on tibial osteotomies of rats, Nash et al. [99]
found that PDGF-BB has a stimulatory effect on fracture healing. Radiographically,
there was a clear increase in callus density and volume in the treated tibias when
compared with the untreated group. Histologically, the PDGF-BB-treated tibias dis-
played a more advanced stage of osteogenic differentiation. However, no significant
increase in biomechanical strength was observed.

Although PDGF acts only via its chemotactic and mitogenic effects on MSCs,
osteoblasts, and endothelial and inflammatory cells, it has been used successfully in
the clinic for fracture healing.

IGF

Two IGFs have been identified thus far: IGF-I and IGF-II. Although IGF-II is the predom-
inant form in bone, IGF-I is more potent than IGF-II and has been localized to healing
fracture sites [100]. IGFs are found in multiple tissues, but they are abundant in the bone
microenvironment, acting in an endocrine, paracrine, and autocrine manner to regulate
bone formation [101]. IGF-I and IGF-II stimulate osteoblastic cell proliferation and type I
collagen expression, and interference with IGF function by use of blockers such as IGF
binding proteins (IGFBPs) to the ligands inhibits these effects [102-104].
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Along with growth hormone, IGF is actively involved during fetal skeletal devel-
opment and plays a major role in the repair and remodeling of the adult skeleton. IGF
expression is increased in cells of the growth plate, healing fracture callus tissue, and
developing ectopic bone tissue [100,105-109].

The half-lives of systemically administered IGFs are relatively short because of
their small size. In vivo, IGFs are bound to larger protein complexes known as IGFBPs.
Six IGFBPs have been identified (types I-VI) with types 2-6 being produced by
osteoblasts. IGFBPs have been shown to modulate IGF activity. For example, IGFBP-3
and IGFBP-5 potentiate IGF stimulation of osteoblasts, whereas the other IGFBPs
inhibit IGF activity. Bagi et al. administered rhIGFBP-3 and rhIGF-I alone and in com-
bination in ovarectomized, osteopenic rats. The two agents in combination were
more effective than either agent alone for increasing bone formation in osteopenic
rats [110]. IGFBP-5 is unique in that IGFBP-5 alone or in combination with IGF-I or
IGF-II can bind to hydroxyapatite and hence serve as a route for incorporation of IGFs
into mineralized bone matrix [111].

Previous studies have shown that systemically administered IGF can augment
bone repair. Using a rat calvarial critical defect model, Thaller et al. evaluated the role
of IGF-1 in stimulating intramembranous bone formation [112]. Bone healing in rats
with continuous systemic administration of recombinant IGF-I (rIGF-1) via a subcu-
taneous pump was compared with saline-treated controls. It was observed that in the
rIGF-I-treated group, repair commenced at approximately 1 week and the critical-
size calvarial bone defects were completely obliterated by 6 weeks; in the control group,
the surgical defects remained at 8 weeks. These results indicated that IGF-I does
enhance the healing of intramembranous bony defects [112].

In another study, Thaller et al. examined the influence of rIGF-1 on standard-
ized, critical-sized calvarial defects in 25 adult male streptozotocin-induced diabetic
rats [113]. Their results showed that IGF-1 exerted a potentiating effect on the repair of
bony defects in diabetes-induced rats. Because diabetic patients have an increased
frequency of infection, delayed scar formation, and poor bony union, the results of
this study suggest the possible usefulness of IGF-I in the diabetic population and those
with clinically documented problems in bone healing [113].

It is interesting to note that IGF-I has also been reported to increase osteoclast
recruitment and formation, thus having a stimulating effect on osteoclastic bone
resorption [114]. IGF-I is thought to be released from bone during the resorption phase
and function to increase osteoblast precursors [115]. During the remodeling cycle,
resorption is balanced by an equal amount of bone formation. Therefore, bone forma-
tion and bone resorption are coupled, and IGFs play a role in the mediation of both of
these processes.

IGFs have an important role in bone remodeling, reducing inflammation, and
increasing matrix deposition, but the effects depend on interactions with IGFBPs
[116-119]. Therapeutic potential for bone healing exists for IGFs, but the role needs to be
better defined by further studies, keeping in mind the drawbacks that have been
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associated with free systemic IGF levels such as hypertension, headache, hypoglyce-
mia, fatigue, and dyspnea [120].

PTH

PTH is secreted by the parathyroid gland and is known to increase calcium concen-
tration in the blood. It acts by stimulating bone resorption and thus releasing calcium
from bone. However, it is well established that intermittent exposure to exogenous
PTH has an anabolic effect on bone [121]. In fact, its anabolic use is well established
for a peptide (from amino acid 1 to 34 [PTH(1-34)]) derived from PTH. This peptide
is the only anabolic drug that has been approved for the treatment of postmenopausal
osteoporosis. In the area of regeneration of damaged bone, early studies were per-
formed in a rat tibial fracture model using 60 or 200 pug PTH(1-34)/kg body weight
per day, in which the factor was administered subcutaneously every day. The study
demonstrated a dose-dependent improvement in the ultimate load and callus volume
at late time points [122]. High efficacy of PTH was also demonstrated for a rat calvar-
ial defect model in a similar dose range [123]. However, the dosage used in these
studies was very high, Alkhiary et al. attempted to reduce this dose in a closed femur
fracture model in which they used 5-30 ug PTH(1-34)/kg body weight per day. This
low-dose treatment also led to improved bone mineral content and newly formed
bone volume [124].

In recent studies, PTH was also shown to be effective in improving host integra-
tion of graft and callus formation in healing of critical-sized defects when used in
conjunction with allografts or inorganic scaffold [125,126]. The improved integration of
allografts has been attributed to a decrease in peripheral angiogenesis, mast cell accu-
mulation, and fibrosis in presence of PTH [127].

The efficacy of PTH has also been demonstrated in models with poor bone heal-
ing properties. For example Kim et al. showed that PTH(1-34) significantly improved
mechanical strength and callus formation during fracture healing in ovarectomized
rats (model for postmenopausal osteoporosis) [128]. This was attributed to prolifera-
tion of osteoprogenitor cells and elevated osteogenesis by blocking adipogenesis
occurring because of deficiency of estrogen [129]. Although intermittent systemic
exposure to PTH has been the standard method of administration for PTH, continu-
ous localized release has also shown success in animal studies. In one such study,
poly(ethylene glycol) (PEG) hydrogel was covalently functionalized with RGD and
PTH(1-34) peptides, and this hydrogel was used for the treatment of mandibular
defects with a diameter of 1.5 mm. The hydrogel containing PTH-derived peptide sup-
ported faster bone healing in a canine model [130].

Although PTH has demonstrated widespread success as a bone anabolic factor,
its use is not without the risk of serious complications. A study in rats showed that
PTH(1-34) treatment for 2 years led to the development of osteosarcoma in a dose-
dependent manner [131]. Because the results in rats were not predictive of the clinical
outcome in humans (as supported by clinical trials), FDA approved the drug
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(Teriparatide [intermittent PTH]), but with a condition that these findings be notified
in a black-box warning in the product insert.

Wnt

Wnt proteins are secretory proteins that participate in signal transduction pathways
via cell surface receptors and are recognized for their central role in embryonic devel-
opment of limb [132]. However, the role of Wnt proteins is not limited to development
of skeleton. It has been demonstrated that several Wnts and their receptors are
expressed at high levels in healing bone, indicating their role in regeneration of bone
[133,134]. Wnt proteins act either in a B-catenin-dependent (canonical pathway) or
independent manner (noncanonical pathway), both of which contribute to the healing
of bone. The role of the noncanonical pathway has been thought to be more relevant in
the earlier phases of bone healing, in which it probably supports chondrogenesis and
formation of primary cartilage [135]. Whereas, the canonical pathway was shown to be
involved in the later stages, that is after osteoblastic commitment. It was demonstrated
that upregulation of activated B-catenin specifically in osteoblasts led to a dramatic
increase in the healing of bone in mice by stimulating osteoblast proliferation [136].

Because of the significant involvement of Wnt signaling in bone healing, several
studies have explored the therapeutic potential of Wnt proteins in augmenting bone
regeneration. In one such study, the authors delivered Wnt3a (canonical pathway) pro-
tein via liposomes at the site of skeletal injury in mice. The addition of Wnt3a not only
promoted proliferation of the skeletal progenitor cells but also accelerated the differen-
tiation, leading to faster healing of the bone [137]. In another study, it was shown that
brief exposure of Wnt3a via liposomal vehicles to peri-implant tissue led to rapid
osteogenic differentiation and improved osseointegration of the implant [138].
Pre-exposure of Wnt3a to grafts before implantation has also been shown to restore
osteogenic competency to syngeneic bone grafts taken from aged animals. Wnt3a
pre-exposure led to significantly reduced cell death in the autograft and rapid osseous
regeneration [139].

In addition to direct use of Wnt proteins, pharmacological inhibitors of intracel-
lular blocker of Wnt signaling (glycogen synthase kinase-3( [GSK-3f]) and extracellu-
lar antagonists (Dickkopf [DKK], Sclersostin, Wnt inhibitory factor-1) have also been
used to improve bone healing. One example of this is lithium, which can competitively
inhibit GSK-3p, leading to stabilization of B-catenin and upregulation of canonical
Wnt signaling. On the basis of this, lithium chloride has been explored for augmenting
bone regeneration. In a recent study, lithium chloride was used for enhanced midpala-
tal suture expansion. The study demonstrated that lithium promoted p-catenin signal-
ing and osteoprogenitor proliferation, which together promoted rapid midpalatal
expansion [140]. Another study showed that strontium could upregulate -catenin
expression and improve osteogenesis in vitro and bone formation in vivo [141].
Inhibitors of the extracellular antagonists of Wnt signaling have also drawn attention;
most often, humanized neutralizing antibodies for these antagonists have been
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synthesized. Glantschnig et al. generated immunoglobulin (Ig)-Gs against DKK pro-
tein, and introduction of these antibodies into naive mice led to significant improve-
ment in trabecular bone volume and structure. Furthermore, it increased both
trabecular and cortical bone mineral densities in a dose-dependent fashion, indicating
that bone tissue moved into more active anabolism [142]. The aforementioned studies
demonstrate the potential of targeting the Wnt signaling pathway either by using Wnt
proteins or other molecules. However, this area is still emerging, and results from
future studies may better decide the applicability of these agents in therapy.

Hh Proteins
Hh proteins are key regulators that play a crucial role in development, pattern forma-
tion, and cell proliferation. This family in vertebrates consists of three proteins: Sonic
Hedgehog (Shh), Desert Hedgehog (Dhh), and Indian Hedgehog (Ihh). Although the
protein was discovered in the invertebrate Drosophila, its vertebrate homologs play a
crucial role in chondrogenesis and limb development [143]. In fact, early reports sug-
gest that their role is so crucial that mice lacking Shh fail to form the vertebral column,
ribs, and distal limb elements [144]. Later, it was shown that Thh is also crucial for
endochondral bone development, and mutants lacking Ihh fail to regulate chondro-
cyte maturation and osteoblast development [145]. At the molecular level, it has been
shown that the presence of Shh abolishes adipogenic differentiation and significantly
enhances BMP-mediated osteogenesis. This response was at least partly mediated via
SMAD-dependent upregulation of BMPs [146]. In another study, the anabolic effects
of Shh were demonstrated in organ culture. It was concluded from this study that Shh
treatment led to a significant increase in endochondral ossification via BMP- and
Cbfa-1-dependent pathways [147]. Further, the role of Hh signaling has unambiguously
been shown in a mouse bone autograft model in a study by Wang et al. In this study,
the authors deleted Smoothened (Smo) protein (the receptors of Hh signaling) and
observed that this led to reduced osteogenesis of periosteum-derived stem cells.
Furthermore, there was also a 50 % reduction in periosteal bone callus formation, indi-
cating the role of Hh signaling in adult bone repair [148].

The involvement of Hh signaling in bone repair prompted research for the use of
Hh proteins in therapeutic applications. In one such study, Shh gene-transduced cells
were delivered via alginate/collagen matrices into calvarial bone defects in rabbits. The
study demonstrated that cells carrying the Shh gene supported significantly higher
bone generation as compared with control cells. Further, this treatment did not seem
to adversely affect any other tissue on necropsy [149]. In addition to individual treat-
ment, combinations of Hh proteins with other growth factors have also been explored.
Song et al. co-transduced cells with Shh and basic FGF (bFGF) before implantation in
calvarial defects. The study demonstrated that the combination of the two factors
showed synergistic effects on new bone formation [150]. However, in another study
involving the use of B-TCP-based scaffold in conjunction with BMP-2 or N-Shh
(N-terminal fragment) or both for the treatment of critical-sized defects in rat femur
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showed contrasting results. They observed that the stiffness of explants of N-Shh-
containing constructs were lower than p-TCP control. Furthermore, based on histo-
logical examination, they concluded that addition of N-Shh delayed the bone healing
response; however, it led to a higher amount of cartilage becoming ossified [151]. Thus,
the effects of Hh proteins when used in conjunction with scaffolds and growth factors
are not completely elucidated. With the few studies in animal models, it is difficult at
this juncture to predict the form and combination in which Hh proteins may be useful
for bone regeneration.

Angiogenic Factors

Osteogenesis is closely co-related to and dependent on angiogenesis in the fracture
callus [13]. In native wound healing, angiogenesis occurs because of secretion of VEGF
from hypertrophic chondrocytes, as a result of which blood vessels invade the primary
cartilage template followed by endochondral ossification [10]. However, angiogenesis
in synthetic bone grafts remains a major hurdle in bone tissue engineering; hence,
angiogenesis in bone grafts continues to be a topic of active research [152].

Angiogenesis is critical because the newly formed vessels are responsible for
transportation of nutrients, gases, hormones, and waste products [153,154]; further-
more, progenitor cells are recruited along with new vessels, thus helping in regenera-
tion. In addition, it has been demonstrated that the endothelial cells of blood vessels
produce growth factors such as IGF-I and BMP2, which in turn mediate proliferative
and osteoinductive effects.

Several growth factors are known to assist in angiogenesis, including VEGF,
FGFs, PDGF, IGFs, TGF-f3, and BMPs [152,155-158]. The most crucial factor is VEGF,
which acts by enhancing the proliferation, migration, and morphogenesis of endothe-
lial cells into capillary-like structures [155]. Use of VEGF is further beneficial because
of its role in bone repair, in which it promotes migration and differentiation of
osteoblasts [159,160].

Most other factors like FGFs, PDGF, and BMPs indirectly enhance angiogenesis
by stimulating osteoblast proliferation and upregulation of VEGF expression. IGFs are
also known to enhance angiogenesis by stimulating proliferation of endothelial cells.
Although other factors have been shown to play a role in angiogenesis, VEGF has been
relatively well explored because of its direct and crucial role in angiogenesis [161].

In a study performed by Geiger et al,, the authors demonstrated that a gene-
activated collagen matrix carrying plasmid DNA encoding VEGF could effectively
accelerate healing of large segmental defects. They also showed that after 6 weeks of
implantation, VEGF-carrying matrices had a 2- to 3-fold increase in the number of
blood vessels as compared with the control group [162]. Because bone regeneration has
a significant involvement of other osteoinductive factors, VEGF has also been used in
conjunction with these factors. In one such study, the authors fabricated scaffolds that
enabled the release of VEGF and BMP-2 in a sequential manner. Their results indi-
cated that although VEGF alone could not induce bone formation, it significantly
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enhanced the vascular invasion into the grafts. Furthermore, they demonstrated
that a combination of VEGF and BMP-2 performed much better in terms of bone
formation and vascularization as compared with BMP-2/VEGF alone in ectopic
implants [163].

Platelet-Rich Plasma
Platelets are reservoirs of several biologically active proteins, including growth factors
that enable faster healing of injuries. Platelet-rich plasma (PRP) is a fraction of blood
isolated by centrifugation procedures to enrich platelet content. PRP enables acceler-
ated healing by promoting cell migration, proliferation, and differentiation at the site
of injury [164].

Thus, PRP acts as a cocktail of bioactive molecules that are stored as alpha and
dense granules; the cocktail includes [165,166]
o Cell adhesion molecules: fibrinogen, fibronectin, and vitronectin
+ Growth factors: PDGF, IGF-1, and Epidermal growth factor (EGF)
« Angiogenic factors: VEGF, angiopoietin-2, and FGF-2
Most of these factors can be released from the granules upon activation of platelets,
thus making platelet activation a critical step before injection. Although several proto-

cols for activation of PRP have been reported, some of the more widely used protocols
are as follows:

« Exogenous thrombin: This method of activation results in bolus release of
growth factors, with most of the growth factor being released within the first
few hours [167].

o Calcium chloride: Ca**ions enable the conversion of prothrombin to thrombin,
which results in the formation of a fibrin matrix with activated platelets trapped in
it. This method results in gradual release of growth factors over a period of 6-7
days [164].

 Collagen I: Collagen type I has been reported to successfully activate platelets;
thus, it has been used in conjunction with PRP [168].

It has been reported that PRP enhances fracture healing by playing a crucial role
in chemotaxis, cell proliferation, cell differentiation, and bone formation [169-172]. It
further enhances healing indirectly by initiating angiogenesis. Recruitment and pro-
liferation of endothelial cells by PRP is one of the major strategies by which it initiates
angiogenesis [173]. Because of its beneficial effects and ease of isolation, PRP was first
used by Marx in 1996 for fracture healing [174]. In this clinical study, autografts were
supplemented with autologous PRP, and the results showed that there was a significant
increase in maturity and consolidation in the group of patients that were co-adminis-
tered PRP. It was also observed that patients administered PRP showed a significant
increase in trabecular bone density [174].

Although PRP has shown exciting results in some studies and has been estab-
lished as a safe procedure because of its autologous nature, there are conflicting reports
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in the literature regarding its usefulness in the healing process. For example, a recent
clinical study used cancellous allografts with or without PRP for the treatment of
edentulous ridge defects. The results of the study indicated that PRP enhanced bone
regeneration and horizontal bone gain [175]. However, in another study, no additional
benefit was observed when human-derived PRP was used in conjunction with a col-
lagen carrier for the treatment of a long bone defect in sheep [176]. Likewise, there have
been reports of PRP being ineffective for the treatment of intrabony defects for guided
tissue regeneration in the clinical setting [177]. These differences may be due to the
disparity in platelet concentration used in PRP, the protocol for activation of PRP, and
the protocol for administration of PRP. Thus, in the current scenario, it is difficult to
draw conclusions on the usefulness of PRP in fracture healing. More controlled clini-
cal trials need to be performed before it can be successfully used in the clinic.

MODES OF GROWTH FACTOR
INCORPORATION IN BONE GRAFT
SUBSTITUTES

In the past, significant advancements have been made in understanding the science of
growth factors in terms of their mode of action, effective concentration, and interac-
tions with cells and biomaterials. It has been demonstrated that natural bone healing
involves a cascade of events in which various soluble factors act in a highly orches-
trated manner. This regulated expression of different factors for effective healing has
led to the need of precise temporal control over the presentation of soluble factors for
successful translation of growth factor therapy to the clinic. A study that clearly
demonstrated this fact involved a comparison between sequential and simultaneous
release of BMP and IGF. The results unequivocally showed that sequential delivery of
these factors performed significantly better over their simultaneous delivery in terms
of upregulation of alkaline phosphatase activity and matrix mineralization [178].
Hence, controlled presentation of growth factors has drawn much attention and, as a
result, various methods have been explored. The methods have broadly used the fol-
lowing physicochemical phenomena for controlling the release kinetics of growth
factors: diffusion of factor, charge interactions, covalent interactions, degradation of
polymer, and the osmosis wetting phenomenon [15,179]. On the basis of these phenom-
ena, the different approaches pursued for growth factor delivery include (1) physical
encapsulation of growth factor in the delivery vehicle, (2) ionic complexation and
affinity binding of growth factor into or onto the matrix, (3) covalent binding of
growth factor with the polymer substrate, and (4) growth factor delivery through gene
delivery.

Physical Encapsulation
Physical encapsulation involves the mixing of a growth factor with carrier material
(e.g., synthetic/natural polymer solutions) before solidification/crosslinking. In this
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method, the growth factors show a slow release profile and the release kinetics are
governed by the diffusion of the soluble factor and degradation kinetics of the carrier
material. Hence, the release kinetics of the growth factor can be controlled by altering
the amount of the encapsulated growth factor, size, and geometry of the carrier device;
the crosslinking density; and the material properties (molecular weight, susceptibility
to degradation, mode of degradation, and swelling properties) [180,181]. Control of
growth factor release kinetics obtained by virtue of physical encapsulation averts
the unwanted cytotoxicity and inflammation caused due to the supraphysiological
doses and ectopic bone formation seen in the case of direct administration of growth
factors [182].

Physical encapsulation of growth factors in matrices can be accomplished by a
wide variety of fabrication techniques, which include solvent casting and particulate
leaching, freeze drying, phase separation, emulsion solvent evaporation, in situ poly-
merization, and gas foaming [183]. However, the bioactivity of the growth factors
needs to be maintained during the process, which can be achieved by minimizing the
exposure of growth factors to harsh environments such as high temperatures and sol-
vent concentrations during the process of encapsulation [181]. In addition, the nature of
the carrier and pH have implications in modulating the release kinetics or bioactivity
of growth factors, leading to a differential bone healing response [63].

A combination of two or more fabrication techniques can also be used for sus-
tained release of growth factors and to retain bioactivity. For example, gas foaming has
been combined with particulate leaching to deliver bioactive growth factor in vivo that
led to sustained release of factor and as a consequence resulted in improved tissue
formation. To prevent initial burst release, growth factors can be encapsulated into the
bulk polymer using techniques such as solvent casting that in turn can be incorporated
into scaffolds using techniques such as gas foaming, resulting in sustained release of
growth factor. A similar concept has been demonstrated in a study that made use of
PLGA microparticles embedded in calcium phosphate cement implants for the deliv-
ery of thBMP-2, which resulted in sustained release and consequent bridging of
critical-sized defects in a rat model [184].

A special case of physical encapsulation is when stimulus-responsive release of the
factors can take place. In this approach, different physical stimulus-sensitive polymers
and biomimetic materials undergo reversible stimulus-dependent changes, enabling
release of drug/growth factor under physiological conditions [180]. Stimulus-
responsive release-based delivery systems release the growth factors in response to
external stimuli such as temperature, pH, electric field, magnetic field, light, ultra-
sound, solute concentration, enzyme, etc. [15,181]. In one such study, a pH /thermosen-
sitive block copolymer has been used for encapsulating human MSCs and rhBMP-2.
Subcutaneous injection of this polymer solution into mice resulted in formation of
ectopic bone with high alkaline phosphatase activity and mineralization [65]. In
another study by Lutolf et al. [185], the authors used protease-sensitive collagen-
mimicking synthetic hydrogels to deliver thBMP-2 in rat cranial defects. They used
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poly(ethylene glycol) (PEG)-based hydrogels crosslinked with MMP-sensitive
ligands that led to enhanced release of hBMP-2 in the presence of MMPs. A similar
concept has also been used for the delivery and on-demand release of VEGF for
angiogenesis [186].

Changes in ionic concentration, temperature, pH, light, and electric fields can
also trigger the release of growth factors upon stimulation; hence, they can be used in
growth factor delivery systems [181]. Nevertheless, the application of such system is not
well explored in bone tissue engineering, although they possess the potential to be
used as growth factor release matrices.

lonic Complexation and Affinity Binding

Some studies use the ionic- and affinity-based interactions between growth factors and
the matrix for their controlled presentation. These approaches derive inspiration from
the natural presentation of growth factors by the ECM, in which it presents growth
factors in a controlled manner through ionic- and affinity-based interactions. Further,
it has been shown that the ECM also has the ability to modulate growth factor activity,
improve proteolytic stability, and initiate differential signaling. For example, it has
been demonstrated that although free growth factor-receptor complexes are rapidly
endocytosed, an ECM-growth-factor-receptor complex physically prevents such
endocytosis, leading to constitutive signaling [187,188].

Previous studies have shown that growth factors can be adsorbed on the surface
of matrices via direct charge-charge interactions between growth factors and the
matrix or via indirect interactions through intermediates such as heparin, plasmin,
gelatin, or their mimics [189-191].

One such study has demonstrated sustained BMP-2 release from heparin-BMP-2
complexes at the fracture site to enable enhanced bone formation [192]; however, hep-
arin has been associated with disadvantages such as internal bleeding because of the
strong anticoagulant properties of heparin [193]. To overcome this limitation of hepa-
rin, a bioinspired approach that mimics heparin while eliminating its deterioratory
effects has been attempted by using alginate sulfate. Similar to heparin, alginate sulfate
demonstrated affinity-based high growth factor binding activity while circumventing
the possibility of internal bleeding. The authors demonstrated the potential of
alginate-sulfate-containing hydrogels to present TGF-B1 and BMP-4, which showed
sustained release of the growth factor leading to enhanced chondrogenic and osteo-
genic differentiation of human MSCs, respectively [191,194].

Furthermore, synthetic sulfated colominic acid, another heparin mimic, has also
been shown to potentiate the mitogenic activity of FGF without any cytotoxicity, sug-
gesting its possible use as an FGF potentiator in bone healing [195]. In another study,
sulfonated silk fibroin was shown to protect the potency of FGF-2, leading to enhanced
signaling activity in human MSCs [196]. Taken together, the aforementioned studies
demonstrated the potential of affinity-based strategies not only in controlled release of
growth factors but also in the modulation of growth-factor-mediated signaling.
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Covalent Binding

Growth factors can also be tethered to matrices via covalent binding, which leads to
prolonged presentation of growth factors to cells. Furthermore, covalent tethering of
growth factors provides an ability to precisely control the spatial distribution (e.g.,
establish gradients of growth factors) and amount of these factors in the matrix.
Covalent binding of TGF-p2 with bovine dermal collagen using a PEG linker has been
shown to have long-lasting response in vivo as compared with free TGF-B2 in collagen
gels [197]. Likewise, in another study, Pohl et al. used surface-bound rhBMP-2 via
self-assembled monolayer and demonstrated that covalently bound BMP-2 led to
enhanced SMAD 1/5/8 activation and osteogenic phenotype in comparison to control
[198]. The osteoinductive potential of covalently bound BMP has also been demon-
strated on plasma-treated metallic implants in which the presence of covalently bound
BMP-4 led to spontaneous osteogenic differentiation of MSCs [64].

Covalently bound synthetic mimics of various growth factors have also been
shown to increase bone regeneration. For example, presentation of synthetic BMP-2
derived peptide covalently tethered to alginate hydrogels showed enhanced bone res-
toration in rat tibial bone defects [199].

However, a major issue associated with the covalent binding of growth factors is
the potential loss of bioactivity of the bound factors because of the possibility of block-
age of active sites during the process of immobilization. Hence, greater control over the
process of immobilization of growth factors is desirable for increasing the efficacy of
covalently bound growth factor-based systems.

Growth Factor Incorporation through Gene Delivery
The high cost and poor in vivo stability of growth factors are major limitations in the
translation of direct growth factor delivery in the clinical setting [200]. An alternative
to this is the delivery of a gene encoding the growth factor of interest using a localized
gene delivery approach [15]. Different types of viral vectors such as adenoviral, ade-
no-associated, retroviral, and lentiviral vectors have demonstrated relatively better
transfection efficiency; however, the safety issues associated with them remain a major
bottleneck for their clinical use. In contrast, nonviral vectors are generally considered
to be safe; hence, they have higher potential for clinical translation. Furthermore, they
offer “easy to manipulate” gene delivery systems with higher stability and less immu-
nogenicity. However, the low transfection efficiency associated with nonviral vectors
must be overcome before they can be successfully translated to the clinic [201].
Reduced levels of gene transfer and cellular expression have been seen in the
case of bolus delivery of plasmid DNA in vivo, probably because of the low residence
time of plasmids in tissues [202]. To increase tissue residence time, polymeric
gene delivery systems have been used [203]. In one such study, PLGA matrices
loaded with plasmid DNA showed sustained release of plasmid from matrices, leading
to high transfection of cells. They further showed that delivery of plasmid encoding
PDGF led to upregulation of matrix deposition and angiogenesis in neo tissue [204].
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To overcome the difficulties arising because of low transfection efficiency, poly
(ethyleneimine) condensed plasmid encoding BMP-4 was delivered to rat cranial
defects. The results demonstrated a 4.5-fold increase in osteogenesis along with increase
in osteoid and mineralized tissue density [66].

In addition to these, there have been multiple other studies that show the effec-
tiveness of nonviral delivery systems in stimulating bone formation [205-209]. Thus, it
can be concluded that nonviral vector-based gene delivery systems have the potential
for clinical use provided issues such as low residence time of plasmid in the tissue,
degradation of the delivery system in vivo, and its interactions with the microenviron-
ment are properly addressed.

STRATEGIES USING SINGLE AND MULTIPLE
FACTORS FOR AUGMENTING BONE
REGENERATION

Sampath and Reddi in an in vivo bioassay separated BMP from the insoluble deminer-
alized bone matrix, which enabled the use of this factor as a therapeutic molecule for
augmenting bone fracture regeneration [47]. Later, mass production of BMP and other
factors using recombinant DNA technology enabled their use in research and therapy.
Various growth factors (BMPs, TGF-B, FGFs, IGFs, PDGF, VEGF, etc.) have been
screened since then for their ability to induce accelerated fracture healing. Most of the
early studies concentrated on the local application of single growth factors for bone
regeneration. However, soon it was understood that a more sustained release of the
factors was desirable as compared with a single bolus delivery. Subsequently, many
systems have been developed for controlled administration of these factors. Table 7-1
summarizes the growth factors that have been explored as single therapeutic molecules
along with their overall biological effects and the methods of incorporation used.

Early attempts on growth-factor-assisted bone regeneration focused on the use of
BMPs; however, systems with improved delivery kinetics and scaffold architecture are
still being developed. In a recent study, a hybrid scaffold consisting of an outer tube
made of electrospun polycaprolactone mesh and inner alginate hydrogel with rhBMP-2
was developed for guided bone regeneration (GBR). The results from this study indi-
cated that the construct enabled effective bridging of critical-sized segmental bone
defects with osseous tissue [71]. Although osteoinductive molecules such as BMP have
shown success in enabling the osteogenic differentiation of MSCs, they have little or no
contribution toward vascularization in the newly formed bone, which necessitates the
use of other factors such as VEGE. It has been demonstrated unequivocally that VEGF
promotes vascularization. In one such study, GBR procedures delivered VEGF via an
injectable alginate hydrogel into critical-sized rat calvarial defects. Controlled release of
VEGEF from alginate hydrogel led to increased blood vessel density as compared with no
VEGEF and bolus delivery of VEGF. Increased angiogenesis consequentially resulted in
significantly improved bone regeneration [210].
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Although osteoinductive and proliferative factors are the most explored
among different classes of factors that have been used for promoting bone regen-
eration, cytokines and factors that are part of the inflammatory cascade cannot
be neglected. In a recent attempt, stromal cell-derived factor-la (SDF-la) was
delivered through a micro-osmotic pump in a PLGA scaffold. The study demon-
strated that incorporation of SDF-1a led to reduced inflammatory and fibrotic
response and a concomitant increase in stem cell recruitment and angiogenesis in
the implanted scaffolds [211].

Although single-factor delivery has seemingly shown exciting results in vitro
and in vivo, a major limitation that prevents its translation to the bedside is the
need to administer supraphysiological doses of growth factors for desirable results.
This not only makes the treatment extremely expensive, but it is also disadvanta-
geous because of the undesirable effects of such large doses—namely ectopic bone
formation, risk of abnormal bone formation, and life-threatening cervical swellings
[182,212,213]. Furthermore, regardless of how potent the effect of an individual fac-
tor may seem, it cannot mimic the native healing process, which is regulated by a
highly orchestrated crosstalk between several growth factors and cytokines.
Therefore, much focus has been directed toward the use of combinations of growth
factors. Growth factors used in combination systems may interact synergistically or
antagonistically to support or counteract each other. This interaction not only
depends on the combination of growth factors used but also on their dosage, ratio,
sequence of release, release kinetics, and experimental system. The effect of dosage/
ratio was clear from recent studies that demonstrated that when scaffolds contain-
ing BMP-2 were supplemented with low doses of FGF-2, it facilitated bone regener-
ation, leading to a synergistic effect. However, when the amount of FGF-2 was
increased, it led to inhibition of BMP-2 activity and poor bone regeneration
[214-216]. The inhibitory effect at higher concentrations of FGF may be attributed to
the dominance of its mitogenic effects over the BMP-induced differentiation
response. Furthermore, this interaction could be explained by the dose-dependent
increase in the expression of the inhibitory SMAD (SMADG6) by FGF, which led to
an eventual decrease in bone formation [214].

Likewise, the sequence of administration of the factors also plays a crucial role
in regulating their overall effect. For example, when IGF was used in combination
with BMP-2, it was observed that although sequential delivery of BMP followed by
IGF resulted in increased alkaline phosphatase activity and matrix mineralization,
simultaneous delivery was plagued with counteracting effects, resulting in no
enhancement in activity as compared with the controls [178]. Thus, it becomes
extremely relevant to design systems with appropriate control over the dosage,
sequence, and release kinetics of the growth factors. A summary of the various
growth factor combinations used for augmenting bone regeneration, modality of
administration, method of incorporation, and their overall biological effects have
been listed in Table 7-2.
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CHALLENGES ASSOCIATED WITH
GROWTH-FACTOR-BASED THERAPIES

Although much success has been obtained in growth factor therapy in many preclini-
cal studies, its widespread and off-label use in patients has not been approved and may
not be approved in the near future because of multiple challenges. Several issues need
to be clarified before the wider acceptance of growth factors as therapeutics. These
issues include but are not limited to immunogenicity, risk of cancer associated with
certain growth factors, and cost-to-benefit ratio.

The risk of immunogenicity of recombinant proteins has been a very important
issue that is most often detected during clinical trials or after product launch. Although
in the case of rhBMP-2 and OP-1 immune response has been reported only in a small
subset of patients, further studies need to be performed for a wider set of patients and
dosage patterns [217-219]. In addition, new complications arising because of recombi-
nant proteins have been reported in the case of other proteins, such as recombinant
erythropoietin (EPO), in which the immune reaction cross-reacted with endogenous
EPO, leading to pure red cell aplasia [220]. The possibility of such complications is still
unknown for growth factors being used for bone healing. Furthermore, issues such as
safety of these factors in pregnant women, developing fetuses, and on multiple dosing
is yet to be clarified. The use of rhBMP-2, especially for spinal fusion, has been chal-
lenged because of a postoperative acute inflammatory response that has been reported
as a consequence of hBMP-2 treatment. In a case study, it was reported that the use of
rhBMP-2 led to serious adverse effects such as massive neck swelling including phar-
yngeal tissue. The patient had to be admitted to an intensive care unit and intubated,
and parenteral steroids were administered to decrease swelling [221]. Because of the
risk of such unforeseen complications, the FDA has cautioned the off-label use of
recombinant growth factors.

Another crucial challenge is to overcome the risk of cancer, which has been asso-
ciated with several growth factors for some time. In an animal study involving rats, it
was observed that prolonged exposure of PTH to rats for 2 years led to the develop-
ment of bone neoplasia in a dose-dependent manner [131]. Although the study is not
predictive of the response in humans, risk is associated with PTH therapy, because of
which its use beyond 2 years is not advised. In addition, several other factors such as
IGF and FGF have also been associated with risk of tumorigenicity because of their
strong ability to promote mitogenic response in cells. A study by Toniolo et al. showed
that higher circulating IGF-1 levels correlated with increased risk of premenopausal
breast cancer [222]. Likewise, plasma IGF-1 levels have also been associated with
increased risk of prostate cancer in men [223]. Growth factors such as FGF not only
play a role in mitogenic stimulation but also promote epithelial-to-mesenchymal tran-
sition and possibly promote metastasis [224]. The risk increases further in elderly
patients, making the problems worse because this is the group that most often needs
anabolic factors to augment bone fracture healing. Such problems make it imperative
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that more thorough studies be done to evaluate safe dosage and mode of delivery to
minimize the risk of cancer in patients taking growth-factor-based therapeutics.

Lastly, it is very important for any new or emerging technology to be economi-
cally viable. The economic assessment of a new health-care technology is based on
clear criteria of cost versus benefit. The new treatment modality is categorized as
(1) “better and cheaper,” (2) “worse and more expensive,” or (3) “better but more
expensive” in comparison with the standard treatment [225]. Although the decision-
making for treatments falling in the first two categories is relatively easy, a much more
complex decision process is involved for those classified in the last category. As of now,
clinically successful growth-factor-based bone graft substitutes will most often classify
into the third category. Computing the cost benefit for these technologies encompasses
several factors, such as clinical benefits, cost of equipment, hospital time, unemploy-
ment costs, and cost of caretakers outside of the hospital [226]. Although growth-fac-
tor-based therapy adds to the direct costs of treatment, they may significantly improve
clinical benefits and reduce cost by avoiding secondary surgeries, autograft donor site
complications, and faster healing time, which reduces the unemployment costs.
Garrison et al. have reported that although BMP treatment for open tibial fractures
may be cost-effective, the cost-effectiveness ratio is sensitive to the price of BMP and
the severity of open tibial fractures. Hence, in this case, the cost-effectiveness may be
improved by reducing the cost of BMP and using it only in extremely severe cases.
Furthermore, according to their economic evaluation, the use of BMP is unlikely to be
cost-effective in spinal fusion [227]. Thus, there is an impending challenge to not only
develop newer and better growth-factor-based grafts but also to make them economi-
cally more viable.

SUMMARY

Growth-factor-based bone graft substitutes have shown strong potential in preclinical
studies. Several products have also been tested clinically and have demonstrated thera-
peutic potential. Areas of application for these new technologies include acceleration of
fracture healing, treatment of nonunions, enhancement of spinal fusion, treatment of
periodontal defects, and treatment of significant bone loss. Comprehensive strategies
for therapeutic applications combine concepts of tissue engineering and growth factor
delivery mechanisms for cellular expression toward desirable bone healing effects.

Several BMP-7/OP-1-, BMP-2-, and PDGF-based products are already approved
by the FDA for their therapeutic use in spinal fusion (OP-1" Putty and InFUSE™
Bone Graft/LT-CAGE™), fractured bone (OP-1™ Implant), and periodontal defects
(GEM 21S and INFUSE® Bone Graft). Furthermore, PDGF-based AUGMENT® BONE
GRAFT has been approved for use in foot and ankle fusion surgeries and distal radius
fractures in Canada, Australia, and New Zealand. However, there are other growth
factors and cytokines that are actively being investigated for similar purposes.

Use of single factors is bedeviled by the requirement of supraphysiological doses
to obtain desirable effects. Such high dosages have led to complications such as
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abnormal/ectopic bone formation, hypersensitive reactions, and suppression of signal-
ing responses due to induced expression of antagonists. Dual/multiple growth factor
delivery seems to provide an alternative by which the factors interact and act synergis-
tically, thereby reducing the overall dose requirement. Furthermore, dual factor deliv-
ery is advantageous because of its ability to promote two or more diverse functions
such as mineralization and angiogenesis, leading to overall accelerated fracture heal-
ing. However, it is critical to screen and identify not only the appropriate growth factor
combinations but also the dosage/ratio, sequence, and release kinetics. Few in vivo
studies have been performed in this direction; however, more systematic studies
are required to understand the interaction of growth factors and their underlying
mechanism. Concurrently, there is also a need to develop improved delivery systems to
precisely control the spatiotemporal release of growth factors. Collective development
on all of the aforementioned fronts will ensure faster translation to clinical
applications.
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INTRODUCTION

One cannot tell the story of bone morphogenetic proteins (BMPs) without first
considering the marvelous structure that is human bone. Bone has several properties
that make it unique. Highly noteworthy is the intrinsic ability to restore form and
function without scarring. Restoration of form and function defines regeneration.

A logical question to pose is, “What is special about bone that permits it to
regenerate?” The biological cascade of regenerative osteogenesis is highly complex.
Consequently, the answer to the epochal question of why bone can regenerate is com-
mensurately multifaceted. A consortium of cell phenotypes, soluble biological signals,
and biomechanical cues collectively integrate in time and space. The consequence of
the dynamics of this symphony of elements produces a masterpiece: regeneration.

As tissue engineers, we often painstakingly deconstruct a complex composite
tissue, identify the individual elements, and use these elements to attempt to recon-
struct a functional tissue engineered product. A similar tactic was exploited with bone;
however, the target for discovery focused on a single biological factor that functioned
as “the master switch” for regeneration.

Retrospectively, a single target approach trivializes the precise dynamic interac-
tive composite that blends the cells, signaling molecules, biomechanics, space, and
time required for bone regeneration. Despite the daunting complexity to discover the
master switch for bone regeneration, this goal became the relentless passion for
Marshall R. Urist, M.D., and a legion of dedicated workers. Urist’s tireless commit-
ment to identify and isolate a factor from bone that would promote its regeneration
was heroic, and the outcome of the effort led to the identification, cloning, and expres-
sion of human recombinant BMPs.

The notion that bone contained a substance to induce its regeneration has been
the inspiration for noteworthy bone pioneers. In 1889, Senn treated osseous defects

! Department of Biomedical Engineering, Carnegie Mellon University, Pittsburgh, PA
2 Navy Medicine Research and Development, U.S. Navy, Frederick, MD



168

Bone Graft Substitutes and Bone Regenerative Engineering

using decalcified bone implants [1]. In 1947, Lacroix speculated that a substance within
bone possessed properties to incite bone formation in a new location [2]. He termed
this substance osteogenin. In his pioneering Science article in 1965, Urist demonstrated
that demineralized bone implanted intramuscularly in a nonbony site induced new
bone formation; he termed this process autoinduction [3]. This legendary discovery on
bone healing and several other significant contributions to fundamental bone biology
guided a spirited cadre of dedicated disciples [4]. In 1971 issue of the Journal of Dental
Research, Urist and Strates coined the terms that would be forever linked to Urist: BMP
and osteoinduction [5].

The identification of soluble factors within the insoluble demineralized bone
matrix was a formidable challenge. The breakthrough in the identification and charac-
terization was accomplished by Hari Reddi and Kuber Sampath using the dissociative
extractant guanide hydrochloride [6]. Reddi’s epochal work guided the unveiling of
BMPs as proteins consisting of approximately 120 amino acids with 7 canonical
cysteine-rich residues forming a cysteine knot in the core of the protein [7,8].

The meticulous characterization by Reddi and colleagues revealed BMP homol-
ogy to members of the transforming growth factor-3 (TGF-[3) family of proteins; thus,
it was logical to house BMP in the TGF-B superfamily. Identification of the BMP
amino acid sequences heralded the purification and cloning of the BMPs [9]. Wozney
and associates isolated and cloned BMP-2A and -2B (later termed BMP-2 and -4,
respectively) [7], and Ozkaynak et al. cloned and expressed BMP-7 (osteogenic protein
[OP-1]) and BMP-8 [10] shortly thereafter.

The emphasis for this chapter will be bone regeneration with a focus on recombi-
nant human BMP (thBMP) as the pivot point. We will underscore BMP and BMP
biology. However, the chapter authors first want to provide a short history of BMP to
honor the dedicated workers who transformed orthopedic practice for bone
regeneration.

It is not practical to assay all clinical options that could involve rhBMP; a book,
rather than a chapter, would be appropriate for such an approach. This chapter
will discuss contemporary thBMP biology, biomaterials that may be exploited to
deliver rhBMP for clinical applications, regulatory issues with rhBMP, and clinical
challenges.

BMP BIOLOGY

Subclasses, Receptors, and Signal Transduction Subclasses of BMP

To date, approximately 20 BMP family members have been isolated, characterized,
and categorized into several subclasses on the basis of structure and function. BMPs-1
to -7 are expressed in skeletal tissue; BMPs-2, -4, -6, and -7 are the most readily
detectable in osteoblast cultures. BMP-2 and -4 are similar in structure and are
highly conserved among species. BMP-2 and -4 function in osteogenic differentiation,
and dysregulation of their signaling pathways has been identified in osteochondral
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pathologies including heterotopic ossification (HO) and fibrodysplasia ossificans pro-
gressiva. BMP-5, -6, -7 (also known as OP-1), and -8 (OP-2) form a subclass of BMPs for
which the role extends beyond osteogenesis. For example, it has been noted that defi-
ciencies in embryonic BMP-7 levels in mice lead to mortality as a result of renal failure
[11]. True to their name, the ability of BMPs-5, -6, and -7 to induce the osteogenic
differentiation of cells has been demonstrated [12-14].

Receptors and Signal Transduction

BMP signals are mediated by type I and type II serine/threonine kinase receptors;
these receptors are part of the overall TGF- signaling pathway and are specific to
BMP and activin ligands. Upon ligand binding to a type II receptor, a heterodimer
complex is formed with a type I receptor. The kinase belonging to the type II receptor
activates the type I receptor and initiates the signaling transduction cascade. There are
three type I receptor variants activated by BMPs: activin receptor-like kinase (ALK)-2,
ALK3, and ALK6. The BMP type II receptors include BMP receptor II (BMPRII) and
activin receptor II (ActRII).

Upon BMP ligand binding, type II receptors are phosphorylated and subse-
quently recruit and phosphorylate a type I receptor, beginning the transduction of
an intracellular signal. The first agents in this signaling cascade are the mothers
against decapentaplegics (Smad) proteins; receptor-regulated Smads (R-Smads) are
docked with type I receptors and are phosphorylated upon formation of the het-
erodimeric type I-type Il receptor complex. The Smads function in BMP and TGF-3
signaling cascades. Key agents in the BMP pathway are Smads-1, -5, and -8, whereas
Smads-2 and -3 transduce TGF-J3 signals. Once the Smad-1/5/8 proteins are released
from the cell membrane, they conjoin Smad-4 (known as a co-Smad) to form a
heterodimeric complex that translocates into the nucleus. There, the complex
recruits transcription factors, co-activators, and co-repressors as per the instruc-
tions conveyed by the BMP ligand. Depending on the specific ligand and the signals
being transduced, there may be several nuclear effects that modulate gene expres-
sion and cell fate.

The complex signaling biological process raises the question, “How do different
BMP ligands achieve signal specificity?” The precise answer is not known; however, we
believe that not all BMP type I and type II receptors are identical. Rather, they have
different binding affinities for different BMP/TGE-J} ligands. For example, for type I
receptors, ALK3 only binds to BMP ligands, whereas the ALK2 receptor can bind to
BMPs and activins. On the type II side, BMPRII will bind BMP ligands whereas the
ActRII receptor will also bind to activin ligands [15].

In addition to the canonical Smad-based BMP signaling pathways, BMP ligands
upregulate mitogen-activated protein kinase (MAPK) and extracellular regulated
kinase (ERK) pathways. These pathways independently regulate downstream targets
and act interdependently with the Smad pathway. They activate genes such as alkaline
phosphatase (ALP), osteocalcin, and type I collagen [16].
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Although the BMPs have potent effects related to osteogenesis, they may also
have effects on nonosteogenic cell phenotypes. In this chapter, we focus on the
BMP-osteogenic partnership because it represents their greatest clinical potential.
BMP-2/4/6 and -7 are most frequently linked to osteogenic activity. BMP-2/4/6 and -7
activate the R-Smad/Smad-4 complexes, which subsequently translocate to the nucleus
to promote transcription of RUNX2 and OSX. The RUNX2 and OSX genes encode
for the corresponding Runx2 (runt-related transcription factor 2) and Osx (osterix)
transcription proteins; these two proteins are the master regulators of osteogenic
differentiation.

The transcription and translation of RUNX2 and OSX trigger expression of key
osteoblast protein markers and drive osteoblast lineage progression. Upregulated pro-
teins include type I collagen, ALP, osteopontin, osteonectin, and bone sialoprotein.
The expression profiles of these key markers have been studied [17-25] and are summa-
rized in Fig. 8.1.

The bone morphogenetic process that follows BMP induction occurs in a tightly
regulated, multistep cascade of signals that mimic embryonic osteogenesis. Key steps
include chemotaxis, mitosis, and cell differentiation [26]. In response to exogenous
rhBMP administration, endochondral ossification may ensue; this includes chondro-
genesis antecedent to osteogenesis. Chondrogenesis and osteogenesis occur with pre-
dictable cell phenotypes neatly calibrated in packets of time. Specifically, after
exogenous rhBMP administration to a recipient, chondrogenesis is evident by 7 days.
The hallmark cells for chondrogenesis are chondrocytes. By 9 days post-rhBMP
stimulation, the hypertrophic chondrogenic milieu is invaded by vascular fingers as

FIG.8.1 Osteogenic differentiation markers after rnBMP-2 delivery. Early markers
include RUNX2 and OSX. Osteoblast markers expressed at later hours
include ON, COLTAT, OPN, ALP, BSP, and OCN. RUNX2, runt-related
transcription factor 2; OSX, osterix; ON, osteonectin; COLIAJ, type | collagen;
OPN, osteopontin; BSP, bone sialoprotein; OCN, osteocalcin.

Source: Included with permission from Shrivats et al. [105].
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angiogenesis begins. ALP is denoted as an “early” bone marker; by 4-7 days post-
rhBMP, ALP is detectable with a crescendo at days 10-12. Osteocalcin is referred to as
a “late” bone marker with an activity peak at approximately day 28 [27].

However, it has also been reported that exogenous BMP can induce intramem-
branous ossification (i.e., bone formation without chondrogenesis) in the healing of
stabilized fractures [28]. BMPs can stimulate bone formation alone by recruiting
osteoprogenitor cells and directly inducing them to differentiation to an osteoblast
lineage [28].

Regulation of BMP Signaling

BMPs are robust promoters of bone formation; consequently, it is physiologically
necessary that BMPs are tightly regulated. A meticulous choreography using BMP
antagonists has been engineered to control BMP activity. Approximately twelve BMP
antagonists have been identified; the antagonists titrate BMP activity to maintain bone
homeostasis [13]. Bone homeostasis (homeostasis: the balance between formation and
resorption) is a dynamic and intricate web of cellular, hormonal, and biomechanical
cues. There are tightly modulated physiological and biomechanical feedback loops
(i.e., positive and negative) to balance bone formation and resorption. We will under-
score in this chapter the role for BMPs and their antagonists in the process of bone
homeostasis.

Typically, BMP antagonists act in two manners: (1) binding the BMP ligand ren-
dering it inactive, thus preventing BMP ligand interaction with its receptors, and
(2) competitively binding BMP receptors, thus preventing BMP ligand attachment
(Fig. 8.2). In addition to extracellular BMP antagonists, there are intracellular mecha-
nisms to regulate BMP signaling; included in these mechanisms are Smurf, Twist, and
Ski proteins [29,30]. However, to provide a focused, clinically relevant review of BMP
antagonists and their use, we will eschew intracellular methods to shed a greater spot-
light on true antagonists of BMP ligands and their receptors.

Noggin is the most well-known and characterized BMP antagonist (i.e., anti-
BMP molecule). Noggin is a 222-amino-acid polypeptide that was the first BMP antag-
onist to be identified [31]. It functions by binding BMPs-2, -4, and -7; thus, it may
function in the clinic as an inhibitor of vasculogenesis and osteogenesis. Moreover,
noggin may prevent the pathology HO [32,33]. Noggin expression increases in response
to BMP-2 stimulation in myoblasts—a negative feedback mechanism. In addition,
silencing of noggin using RNA interference results in an acceleration of BMP-induced
osteoblastic differentiation [34]. The effects of BMPs are mirrored by noggin in an
inhibitory manner. Thus, the clinical scope of noggin is predominantly as an antiossi-
fication agent.

Chordin was originally identified in studies analyzing the products of the
Spemann organizer [35]. Chordin is a 105-kDa protein composed of 941 amino acids
and has a strong binding affinity to BMP-2 and -4 [36]. In developmental processes,
chordin appears to share several similarities with noggin. They both function as

171



172

Bone Graft Substitutes and Bone Regenerative Engineering

|

FIG. 8.2 Major components of the BMP signaling pathway leading to osteoblast
differentiation and the points of interference of key inhibitors. The COLIAT
gene (encoding type | collagen) is one of many genes activated downstream
of RUNX2 (encoding runt-related transcription factor 2). Other key markers
include osterix, ALP, osteocalcin, osteonectin, and bone sialoprotein. The
precise mechanisms by which each of these factors become activated has
not yet been comprehensively elucidated. Red dashed lines indicate
processes and mechanisms in the BMP signaling pathway that may be
reduced by the use of inhibitors.
Source: Modified with permission from Shrivats et al. [106].
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dorsalizing agents in the developing embryo by binding ventralizing TGF-f proteins.
Noggin and chordin share the same phenotypic effect; however, there are key
differences between the two. Noggin has an amino acid sequence length of 222, which
is roughly one quarter of the length of chordin. There are no homologies in the
sequences of noggin and chordin, and evidence suggests that they represent indepen-
dent parallel signaling pathways. Expression of chordin is regulated by BMP-1, which
is a metalloprotease that in hindsight was a misnomer: BMP-1 does not induce bone
morphogenesis [37,38].

Noggin and chordin bind BMP ligands and prevent BMP ligand-receptor interac-
tions and subsequent signaling cascades from occurring. However, the strength of
inhibition differs between them. Noggin is a potent inactivator of BMPs; on the other
hand, chordin does not fully inactivate BMP ligands. Chordin causes a reduction,
rather than a complete abrogation, of BMP signaling. As such, therapeutic effects (i.e.,
abrogation of BMP signaling) sought by the delivery of chordin may lack potency in
achieving desirable clinical outcomes [39,40].

Gremlin belongs to the deadenylating nuclease (DAN) family of proteins, which
includes DAN, cerberus, and sclerostin. This family has no sequence similarity to
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noggin or chordin; DAN may function in conjunction with other BMP antagonists
[13]. Gremlin, also termed downregulated by v-mos (DRM), is a 20.7-kDa glycoprotein
originally isolated from Xenopus embryos as an anti-BMP dorsalizing agent [41].
Gremlin binds to BMPs-2, -4, and -7 and prevents interactions with BMP receptors.
Homozygous null mutations of Gremlin in mice models leads to severely affected limb
development and to morbidity [42]. Conversely, overexpression of gremlin in mice also
leads to upregulated bone resorption, leading to osteopenia and impaired bone forma-
tion [43]. As such, the importance of gremlin in regulating BMP activity during devel-
opment and the subsequent remodeling processes cannot be understated [42,44].

Other notable BMP antagonists include fetuin, follistatin, and sclerostin. In brief,
fetuin binds to TGF-f3 and BMP ligands; as such, therapeutic administration of fetuin
may inhibit aspects of the TGE-f signaling pathway that are crucial for normal physi-
ological functions [45]. In addition to inhibiting activins, follistatin may inhibit mem-
bers of the BMP-5/6/7 subclass, although it does not have significant effects on the
BMP-2/4 subclass [46]. Finally, sclerostin is not technically a BMP inhibitor; rather, it
regulates bone formation through the Wnt (originally coined from the
Drosophila melanogaster wingless gene corresponding to int-1 [47]) signaling pathway.
In terms of potential therapeutic applications to control pathological BMP-induced
HO, these BMP antagonists are not as therapeutically compelling as noggin, chordin,
and gremlin [48].

CLINICAL ISSUES WITH rhBMP-2

Engineering a system to deliver thBMP remains an epochal challenge for safe, effec-
tive, and predictable clinical use. In this section, we present the likely reasons that
contribute to challenges for rhBMP delivery systems. We also provide some exciting
options to conquer the challenges.

In 2002, after a review of published reports and the safety data on rhBMP-2 and
rhOP-1 submitted to the U.S. Food and Drug Administration (FDA) and to the
European Agency for the Evaluation of Medicinal Products, Poynton and colleagues
concluded neither reproductive toxicity nor adverse clinical effects had been associ-
ated with rhBMP-2 and recombinant human OP-1 (thOP-1) (thBMP-7) [49]. Systemic
and local toxicity on organs had not been observed in human or animal studies, and
the FDA and the European Agency for the Evaluation of Medicinal Products conceded
that no human safety data were available [49].

Focused upon the 13 original industry-sponsored rhBMP-2 publications regard-
ing safety and efficacy, including reports and analyses of 780 patients receiving
rhBMP-2 within prospective controlled study protocols, the authors of the industry-
sponsored publications indicated no rhBMP-2-associated adverse events [50].

In 2002, the FDA approved Infuse® for spinal fusion in patients with a degenera-
tive disease affecting the lumbar-sacral vertebrae. Since 2002, Medtronic claimed that
Infuse® had been used to treat more than 500,000 patients [51]. Reports of complica-
tions associated with Infuse® accumulated in the literature and prompted the scrutiny
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of a congressional investigation and the medical profession [50,52-54]. Senators

Baucus and Grassley directed an investigation into Medtronic and the Infuse® product.

The Baucus-Grassley report in October 2012 outlined numerous questionable prac-

tices conducted by Medtronic and some of the clinicians who used the product [55]:

« Medtronic prepared an expert’s remarks to the FDA advisory panel meeting
before Infuse® approval. At the time, the expert was a private physician.
Subsequent to the testimony, the same physician was hired as a vice president at
Medtronic in 2007.

o Medtronic’s influential role in authoring and substantively editing articles on the
efficacy of Infuse® was not disclosed in the published articles.

o Medtronic paid approximately $210 million to physician authors of Medtronic-
sponsored studies from November 1996 through December 2010.

Carragee and colleagues conducted a comparative review of FDA documents and
subsequent publications that revealed unpublished adverse events and inconsisten-
cies regarding Infuse® [50]. Level I and Level II evidence from FDA summaries and
published data suggested study design bias in the original clinical trials. An
increased risk of complications and adverse events were associated with patients
receiving Infuse® for off-label (i.e., non-FDA approved use) use in spinal fusion.
The authors estimated that the risk of adverse events associated with Infuse® was
10-50 times higher than the original estimates reported in the industry-sponsored
peer-reviewed publications [50].

BMP AND BONE REGENERATION

BMP functions as a chemoattractant for osteoprogenitor cells, and it promotes prolif-
eration (i.e., mitogenesis) of osteoprogenitor cells and osteoblast-lineage progression.
The clinical outcome of this molecular osteogenic cascade is bone formation.

Administration and localization of BMP to a clinical site to promote an osteo-
genic regenerative outcome requires a delivery system. Before we underscore how
complex the concept of BMP delivery is, let us review some of the biomaterials used to
deliver BMPs.

BMP Delivery Systems

Clinically, thBMP-2 and -7 (thOP-1) have been therapeutically administered in com-
bination with type I xenogeneic (bovine) collagen, p-tricalcium phosphate (B-TCP),
and calcium hydroxyapatite [56-58]. It is crucial for therapeutic effectiveness that
the release kinetics and dosing of these molecules match the cellular and biological
osteogenic cascade.

At the clinical site of administration, BMP initiates the recruitment of mesenchy-
mal stromal cells within 5 days [59]. The recruited cells are cued into a chondrogenic
lineage within 7 days after implantation [59]. In addition, BMPs are angiogenic; angio-
genesis is a compulsory phase of osteogenesis. During endochondral osteogenesis, new
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vasculature presages chondrocyte hypertrophy, subsequent calcification (by osteoblast-
lineage progression), and woven bone formation [60]. In addition, the osteoblasts vacate
their niche on the bone surface and are replaced with osteoclasts (derived from blood-
borne monocytes), which resorb bone. As a consequence of a complex cellular and
coordinated osteoblast-osteoclast coupling, woven bone is remodeled to yield lamellar
bone and bone marrow elements [60]. However, for remodeling to occur during osteo-
genesis, the delivery system for BMP must match the cellular, mechanical, and bio-
chemical synchrony of the bone wound-healing cascade. What is meant by synchrony
is discussed in the next section on the logic for a clinical delivery system for BMP.

Why Is a Delivery System Necessary for the Therapeutic Effectiveness of BMP?

The logic for a BMP delivery system (i.e., carrier) is profound. Without a properly engi-
neered biological carrier, BMP is ineffective. Clinical performance criteria for a
delivery system include biocompatibility, biodegradability, intrinsic porosity, surface
properties to support cell attachment, sterilizability, mechanical properties that match
bone in weight-bearing cases, clinical convenience, and osteoconductivity. Moreover,
the delivery system must localize the BMP to the clinical administration site to pre-
clude off-target BMP effects. Lastly, the BMP delivery system must biodegrade at the
clinical implantation site in synchrony with new bone formation. Biodegradation that
is too rapid may result in soft tissue prolapse whereas biodegradation that lags behind
the bone formation rate will impede osteogenesis.

Example Delivery Systems

RhBMP-2 and -7 have been combined with xenogeneic (bovine) type I collagen, B-TCP,
hydroxyapatite, synthetic polymers (e.g., poly(lactic-co-glycolic acid)), xenografts,
autografts, allografts, and bone-derived extracellular matrix. The preferred rhBMP
carrier for the clinic has been type I bovine collagen [61]. Type I collagen marketed as
Helistat® (Integra LifeSciences, Plainsboro, NJ) has FDA approval for specific, defined
orthopedic applications. It is noteworthy that type I collagen makes up more than
90 % of the organic matrix of bone [62-64]. Furthermore, rhBMP-2 has an affinity for
collagen; this may be explained by the electrostatic interactions between rhBMP and
collagen [65]. The combination product of bovine type I collagen with thBMP-2 is
marketed by Medtronic-Sofamor Danek (Memphis, TN) as Infuse®. This product will
be described more comprehensively in the chapter.

There are major challenges in designing a delivery system for rhBMP. The chal-
lenges include dosing; temporal and spatial calibration of rhBMP-2 release with oste-
geogenesis; and limiting edema, inflammation, and ectopic bone formation.

RhBMP must be delivered to the clinical site at a sufficient dose to produce a pre-
dictable, desired therapeutic outcome. Moreover, the therapeutic rhBMP dose must be
delivered in temporal calibration to the dynamics of the osteogenic cascade. Temporal
calibration means the delivery of the rhBMP at the precise instance in time when
vasculo-osteogenic phenotypes will be available to bind with rhBMP. The precise
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definition has not been elucidated unequivocally for the period of time that rhBMP
must be delivered to produce the desired clinical outcome between the responding cell
phenotypes and the rhBMP. Furthermore, the delivery system must localize the
rhBMP for the appropriate packet of time at the site of administration to achieve the
desired outcome and minimize the migration of the thBMP. The migration of rhBMP
from the site of administration may result in bone formation in soft tissue; this phe-
nomenon is referred to as ectopic bone formation. Once the delivery system has per-
formed these fundamental roles that are not perfunctory, the delivery system must be
neatly and efficiently removed from the clinical application site through physiological
biodegradation. The biodegradation of the delivery system must be sufficiently effec-
tive to not block bone formation. Moreover, the biodegrading delivery system must
remain biocompatible (specifically, as an intact unit and throughout the biodegrada-
tion process), and when biodegradation is complete, regenerated bone replaces the
delivery system.

Recent clinical reports on Infuse® have noted ectopic bone formation, also
described as heterotopic bone formation (i.e., HO) [66]. We posit that ectopic bone
formation sequela may be a consequence of an ineffective delivery system that does not
contain or localize the thBMP to the site of administration. For example, the conse-
quence of delocalization of the thBMP-2 from the collagen at the clinical application
site is that hBMP migrates to skeletal muscle envelopes that surround the bone, and
pluripotential cells in the skeletal muscle bind with thBMP and differentiate to
osteoblasts. The osteoblasts produce ossicles in the muscle—the ectopic bone. Ectopic
bone formation from rhBMP-2/collagen (i.e., Infuse®) spine fusion procedures may
result in symptomatic compression of the spinal nerve roots and the unintended fusion
of nearby spine segments [67].

Infuse®: The Clinical Product

To date, the only FDA-approved rhBMP-2-containing product is the Medtronic/
Sofa-Danek product Infuse®. Infuse® includes thBMP-2 and type I collagen from
bovine Achilles tendon. Infuse® is approved by the FDA as a medical device under the
designation premarket approval (PMA) for single-level anterior lumbar interbody
fusion (ALIF) used in combination with the LT-Cage® (Medtronic Spinal and Biologics)
lumbar tapered fusion device. For ALIF procedures, Infuse® is only approved by the
FDA for the treatment of degenerative disc disease (DDD) at a single level from L2 to
SI. In addition, in ALIF procedures, Infuse® may be used with the LT-Cage®, INTER
FIX™ threaded fusion device, or INTER FIX™ RP fusion device. In 2004, Infuse® was
also cleared by the FDA for use in acute, open tibial shaft fractures, stabilized by
intramedullary (IM) nail fixation (within 14 days after the initial fracture) [68].
In 2007, Infuse® was cleared by the FDA for bone void filling in the sinus area to place
endosseous dental implants in the upper jaw and in extraction sites before implant
placement [69]. However, Infuse® has been applied to many non-FDA-approved proce-
dures for posterior-lateral spine, tibia, and craniofacial applications [50,53,54,70-74].
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Infuse® applications for non-FDA-approved clinical procedures have resulted in
reports of adverse medical events, including inflammatory cyst formation, adjacent
vertebral body osteolysis, ectopic bone formation, cancer, uncontrolled bone growth,
and male retrograde ejaculation [50,52,54,71,72,75,76].

OP-1 Putty®

OP-1 Putty® (Stryker Biotech, Hopkinton, MA) received FDA approval under the
Humanitarian Device Exemption (HDE) in October 2001 as an alternative to auto-
graft in recalcitrant long bone nonunions [77] and in April 2004 as an alternative to
an autograft for patients who require single-level posterolateral (intertransverse)
lumbar spine fusion (PLF) [78]. The HDE emphasizes application for either com-
promised patients (e.g., osteoporosis, smoking, diabetes, geriatric) or those with a
previous spinal fusion that failed (i.e., fusion site became a pseudoarthrosis).

OP-1 Putty® is composed of the OP-1 implant (thBMP-7/type I bovine collagen),
carboxymethylcellulose sodium (CMC; a biodegradable polymer), and sterile saline
solution. CMC is a water-soluble thickener that creates a malleable putty when added
to the rhOP-1/collagen composition, greatly improving the surgical handling charac-
teristics of the blend.

OP-1 Putty® has been used in combination with Calstrux® (3-TCP; Stryker Biotech).
The rationale for adding the CMC to the Calstrux® product was to improve surgical
handling (i.e., localize the product at the site of surgical implantation). Allegedly, CMC
increases B-TCP/collagen viscosity and cohesiveness to provide a more clinically
suitable medium for surgical manipulation [79,80]. However, the combinatorial out-
come may affect hBMP-7 release kinetics with CMC functioning as a diffusion barrier
[79,81]. Therefore, it was expected that the CMC would allow the protein to remain in
place during the beginning of the bone formation process. Complications of OP-1
Putty® have been reported and include autoimmune reactions and hypersensitivity [82].

Calstrux

Calstrux® is a 510(k) FDA-cleared bone void filler that is manufactured by Stryker
Biotech and consists of B-TCP. Reports indicate that Calstrux® has been used in
non-FDA-approved procedures in combination with rhOP-1 [82,83]. The conse-
quences of the non-FDA-approved clinical applications in patients include edema,
pain, indurated tissue at the site of the operation, and neurological sequelae [84].
Moreover, reports suggest that the Calstrux®/OP-1 combination migrates from the
surgical implant site [85], increasing the risk of ectopic ossification.

CLINICAL APPLICATIONS

The goal of spinal fusion is to achieve a solid bone mass to maintain appropriate disc
spacing. When the spinal vertebrae fail to fuse after hBMP treatment, this outcome is
termed a pseudoarthrosis, or the failure to produce a single, solid fusion. A revision
surgery is necessary to correct the pseudoarthrosis and produce the desired vertebral
bone fusion (Table 8.1).
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Posterolateral Lumbar Fusion

Spinal fusion procedures attempt to reclaim vertebral disk space lost to DDD. The FDA
issued an HDE to Stryker Biotech for OP-1 Putty® on April 7, 2004 for spine fusion
applications. The HDE authorized OP-1 Putty® for use as an alternative to autograft in
compromised patients (examples include individuals with osteoporosis, smokers, and
diabetics) requiring revision posterolateral (intertransverse) lumbar spinal fusion for
whom autologous bone and bone marrow harvest are not feasible or are not expected
to promote fusion. The effectiveness of OP-1 Putty® for this indication had not been
demonstrated at the time of approval.

OP-1 Putty® is a two-component system, or “unit,” comprising a vial containing
1 g of bovine collagen and OP-1 and a second vial containing 230 mg of CMC. The
package insert recommends a total of 7 mg of OP-1 to be administered per bilateral
posterolateral revision fusion. Furthermore, no more than two vials of bovine
collagen/OP-1 are recommended per application.

During surgery, the recipient vertebrae are debrided and decorticated to allow
direct contact between the OP-1 Putty® and viable bone. The benefit of the OP-1 Putty®
may be diminished without adequate vascularity. The OP-1 Putty® package insert also
warns that localized ectopic or heterotopic bone formation may occur outside of the
treatment site, and care must be taken to minimize or prevent this complication by
meticulously localizing the treatment administration. Any irrigation and surgical
manipulations to the site should be completed before implantation of the device, and
adequate hemostasis should be provided to ensure that the material remains at the sur-
gical site. The putty is packed into the prepared site, and soft tissues are closed around
the defect containing the OP-1 Putty® using sutures (Fig. 8.4). Surgical closure is critical
for containment and maintenance of the putty in the area of fusion and any stray
particles of OP-1 Putty® should be removed via irrigation of the field after closure.

The Infuse’’ MASTERGRAFT® posterolateral revision device (Medtronic) was
authorized as an HDE for the repair of symptomatic, posterolateral lumbar spine pseu-
doarthrosis in a subset of patients in October of 2008.

The Infuse’/MASTERGRAFT device is indicated to treat two or more levels of the
lumbar spine. Similar to OP-1 Putty®, the subset of patients identified to benefit from
the Infuse”’ MASTERGRAFT device included patients with diabetes mellitus and
smokers for whom autologous bone or bone marrow harvest were not feasible.
Autologous bone and bone marrow harvest are often not feasible for patients with
compromised vasculature.

The Infuse’’ MASTERGRAFT® posterolateral revision device comprises Infuse®
bone graft and MASTERGRAFT" granules as well as a supplemental posterior fixation
system. Under the HDE, all three components of the system must be used in combina-
tion. The MASTERGRAFT® granules are ceramic granules of 15 % hydroxyapatite and
85 % B-TCP. The MASTERGRAFT” granules are placed onto the collagen sponge of
the Infuse® Bone Graft/LT-Cage® lumbar tapered fusion device or Infuse® bone graft on
its own. The HDE was withdrawn at the request of the sponsor, Medtronic Sofamor
Danek, Inc., in March 2010.
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Anterior Lumbar Interbody Fusion

Medtronic Sofamor Danek, Inc., received an FDA PMA (P000058) for the Infuse® Bone
Graft/LT-Cage® lumbar tapered fusion device in July 2002. This device consists of two
components containing three parts: the Infuse® rhBMP-2/absorbable collagen sponge
(ACS) combination and a metallic spinal fusion cage. The biological rationale is that the
Infuse® bone graft induces new bone formation whereas the LT-Cage® allows for local-
ized application of the Infuse® bone graft, restores disc space height, and provides struc-
tural support during fusion.

This device is approved by the FDA for spinal fusion procedures in skeletally
mature patients with DDD at one level from L2 to S1. To be considered for the
device, patients must have undergone 6 months of nonoperative treatment before
implantation of the device.

The Infuse® Bone Graft/LT-Cage® lumbar tapered fusion device is implanted via
an anterior approach to the spine. After removal of the disk, two titanium LT-Cage®
devices are filled with Infuse® bone graft and inserted between the vertebrae to be
fused (Fig. 8.5). The biological rationale is that the Infuse® bone graft induces new bone
formation whereas the LT-Cage® allows for localized application of the Infuse® bone
graft, restores disc space height, and provides structural support during fusion.

It is possible that Infuse® was more clinically successful in ALIF procedures than
in posterior lumbar interbody fusion (PLIF) procedures as a consequence of the ana-
tomical and biomechanical differences between the sites. Anteriorly, there is less mus-
cle, nerves, and vascularity in the spine than posteriorly. Biomechanically, the
compressive load that the implant would be subjected to in an ALIF may be beneficial
for bone formation. Studies suggest that intermittent nonhydrostatic compressive
loads or octahedral shear stress can promote endochondral ossification, which would
improve the efficiency of Infuse” [86,87]. Anatomically, the posterior spine is wrapped
in musculature, the erector spinae muscles, which may be a locus for post-Infuse® HO.
rhBMP-2 in Infuse® may potentially trigger inflammatory neuropeptides, such as sub-
stance P, when in contact with the dorsal root ganglion (DRG) [88]. In addition, in a
PLIF, the implant may be subject to shear stress, which is not optimal for bone forma-
tion and could increase the risk of pseudoarthrosis [87,89].

Long Bone

In atrophic long bone (i.e., clavicle, femur, tibia, fibula, phalange, metacarpal, metatar-
sal, humerus, radius, and ulna) nonunions, the bone healing callus is absent or mal-
formed. The absence of a bone healing callus may be due to vascular or metabolic
causes. Vascular issues include inadequate blood supply from vascular injury, and
metabolic causes include diabetes, smoking, and certain medications (e.g., nonsteroi-
dal anti-inflammatory drugs, steroids, and anticoagulants). The application of BMPs
to these nonunions is especially fitting because osteogenic capacity can be restored.
With this rationale in mind, in October 2001, the FDA approved Stryker’s OP-1
implant under the HDE program for recalcitrant long bone nonunions where auto-
grafting was not feasible and alternative treatments had failed.
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Although osteoinductive, the OP-1 implant is biomechanically not sufficiently
robust to support fixation without a shared loading/stabilizing adjunct (i.e., cast,
instrumentation, etc.) in long bones. Fixation methods have been used in clinical trials
studying OP-1 implants, and these include casts/braces, external fixation, IM rods,
and internal plates.

The benefit of the OP-1 implant may be diminished without adequate vascularity
in the surrounding tissue. The OP-1 implant package insert warns that localized ecto-
pic or heterotopic bone formation may occur outside of the treatment site, and care
must be taken to minimize or prevent this complication. Any irrigation and surgical
manipulations to the site should be completed before implantation of the device, and
adequate hemostasis should be provided to ensure that the material remains at the
surgical site.

The most common adverse medical events associated with the OP-1 implant
include, but are not limited to, fever, complications involving hardware, pain, nausea
and vomiting, wound infection, local inflammation, rash, redness, and itching of the
skin and wound.

In April 2004, Wyeth Pharmaceuticals, Inc., received a PMA (P000054) for
Infuse® bone graft for tibial fractures. The device was approved for treating acute, open
tibial shaft fractures that have been stabilized with intramedullary (IM) nail fixation
after appropriate wound management. The Infuse® bone graft was indicated for skele-
tally mature patients in which graft application within 14 days of the initial fracture
was specified. However, Infuse” bone graft was not approved if used in the vicinity of a
resected or extant tumor and in patients with an active malignancy or undergoing
treatment for one. Its contradictions also include patients with an inadequate
neurovascular status (e.g., at high risk of amputation), an active infection at the opera-
tive site, or a compartment syndrome of the affected limb.

Sinus Lift and Alveolar Ridge Augmentation

On March 9, 2007, Medtronic Sofamor Danek, Inc., was given a PMA for the Infuse®
bone graft. The FDA approval is for clinical use in the maxillary sinus to promote
bone formation antecedent to insertion of endosseous® dental implants. It was also
approved to increase bone in extraction sites before implant placement. As with all
Infuse® bone graft applications, the rhBMP-2 and ACS components must be used as a
system.

According to Wolff’s law, a decrease of functional forces transferred to the bone
after tooth loss causes a shift in the remodeling process toward bone resorption [90].
Osteoclasts are the hallmarks for resorption; increased osteoclastic activity results in
low-density trabecular bone with a minimal cortical layer and poor stress tolerance [91].
Inferior bone height and low bone density are limiting factors for implant placement in
the posterior maxilla and alveolar ridge [92]. The osteoinductive nature of BMPs allow

3 Endosseous dental implants are inserted in the jawbone for dental applications. Some of the most
common dental applications for endosseous implants are crowns, dentures, and fixed bridges.
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for de novo bone formation at these sites originally undergoing bone resorption.
In addition, rather than following a “graft consolidation gradient” in the presence of
pharmacologically relevant doses of BMPs, new bone in the maxillary sinus is equally
distributed throughout the augmented area [93]. This provides the necessary volume of
bone for the mechanical and biologic support of endosseous dental implants [94].

The thBMP-2 powder must be reconstituted with sterile water and applied to the
ACS at least 15 min, but no longer than 2 h, before implantation. The size of the Infuse®
bone graft kit should be selected to reflect the volume required at the implant site, and
the graft is implanted after the implant site is prepared using standard surgical tech-
niques (Fig. 8.3).

For sinus augmentation, the sinus membrane is elevated, and the Infuse® bone
graft is cut into several pieces that are placed with an even distribution within the
lower third of the sinus where bone formation is desired (Fig. 8.3). To prevent migra-
tion of the graft, irrigation should be precede implant placement; complete soft tissue
closure must be achieved. For alveolar ridge augmentations associated with extraction
sockets, the socket should be completely debrided after tooth extraction, and several
perforations should be made in the socket wall to expose the marrow space [95]. The
Infuse® bone graft is cut into small pieces to be loosely packed in the socket, and a large
strip of graft is placed over the entire site before soft tissue closure. In a successful
procedure, new bone formation occurs and completely replaces the Infuse® bone graft
in sufficient volume for dental implant anchorage.

DELIVERY SYSTEM OPTIONS

There is a significant inadequacy in the clinical performance of the delivery systems
used with rhBMP-2 and -7. The inadequacy is a consequence of several factors related
to the physical and biological properties of the delivery system itself and its relation-
ship with the thBMP-2/-7. We have stated these specific deficiencies in previous sec-
tions throughout the chapter. Two unique possible considerations to address delivery
system challenges for the rhBMPs are offered in this section.

One option is BMP-binding peptides (BBPs), which may reduce the inflammatory
response of rhBMP-2 and rhBMP-7 [96]. These synthetic cyclic 19-amino-acid pep-
tides are derived from the cystatin-like domain of an 18.5-kDa fragment of the bone
matrix protein, SPP-24. The BBPs are synthetic peptides that may bind to thBMP-2 and
rhBMP-7, reduce inflammation, and enhance BMP-induced osteogenesis [97-99]. The
question to pose is, “Why does this tactic affect the delivery system?” The answer is as
follows: The inflammatory response to rhBMP-2 and thBMP-7 is dependent on the
dose [96]. Therefore, by incorporating a synthetic peptide into, for example, a collagen
scaffold, tighter pharmacokinetic control over rhBMP release kinetics may result, thus
requiring lower administrative rhBMP dosing [96]. Current delivery systems for
rhBMPs release a supraphysiological dose [100], which could increase the risk of muta-
genesis. Studies demonstrated that by using BBPs, the dosing of rhBMP can reduced
from 70 % to 90 % while achieving the same osteogenic response [96]. A dose closer to
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FIG8.3 (A) Healthy alveolar ridge and makxillary sinus with teeth in place. (B) After
tooth extraction, bone loss in the alveolar ridge or maxillary sinus or both can
occur. (C) INFUSE™ Bone Graft placement for ridge augmentation and sinus
lift. (D) The INFUSE™ Bone Graft is replaced with a sufficient volume of new
bone for dental implant anchorage.

the physiological rhBMP dose will reduce the potential mutagenic risk and side effects
such as soft tissue edema. In vivo studies have reported that delivering BBPs with
rhBMP is as effective as larger doses of BMPs when using a collagen matrix [96-99].

A second strategy is biomimetic calcium phosphate coatings for BMP delivery
systems in spinal fusion procedures [101]. The thBMP is incorporated within the
physical structure of the calcium phosphate. The logic here is to produce a biomi-
metic delivery system for rhBMP; the outcome intended will be physiological oste-
ogenesis [101].

CONCLUSIONS

The rationale for BMP for bone regeneration is compelling. BMP is a potentiator for
the osteogenic cascade: it initiates osteoblast-lineage progression and promotes
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angiogenesis. As a consequence of this powerful biological role, it was a natural process
that evolved into rhBMP-containing therapies.

RhBMP-2 is approved by the FDA as the product Infuse® for ALIF spinal fusion
using a collagen sponge and metal cage. Infuse is approved by the FDA as a medical
device rather than as a drug. The logic for a device approval by the FDA for the
rhBMP-2/xenogeneic combination (i.e., Infuse®) seems odd. Infuse® is approved only
for ALIF; however, non-FDA-approved PLIFs occur.

Because of the diffusion of hBMP from the applied clinical site, milligram quan-
tities of rhBMP-2 are required to produce a therapeutic outcome. The milligram dos-
ing likely exceeds the physiological endogenous BMP, posing unwanted safety
concerns. Moreover, the ALIF spine fusion cages that contain the hBMP-2 include an
rhBMP-2 dose of 1 mg/mL, and there are reports of using up to 8 mg per cage [102].

A dose that exceeds the physiological endogenous level may be termed supraphys-
iological. Supraphysiological doses of thBMP-2 with Infuse®, improperly engineered
delivery systems for rhBMP-2 and -7, and non-FDA-approved surgical applications
have resulted in disturbing reports of clinical complications [54,71,72,76,100].

FIG.8.4 OP-1Putty use in posterolateral revision surgery.
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In addition, the insufficient data on the biomechanical effects of the spine on
spine grafts have also raised serious concerns. Current studies suggest that ALIF is
more stable in left torsion and right torsion compared with PLIF [103]. However,
there is a lack of well-designed, controlled, clinical trials in which data establish the
advantage of one interbody fusion technique compared with another [104]. This is
particularly true when delivering an osteoinductive growth factor such as rhBMP-2
or rhBMP-7 into the spine. Therefore, future work in spine fusion should focus not
only in improving clinical outcomes with enhanced techniques but also on improv-
ing the performance criteria of the current bone grafts to facilitate a positive out-
come for patients.

Lastly, the intent for the content within this chapter was to emphasize the power-
ful and natural physiological role that BMP has in osteogenesis. It is only by respecting
the power of that physiological role that logically designed therapeutics will evolve that
will safely and predictably improve bone regeneration for patients.
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Polymer Scaffolds for Bone Regeneration
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INTRODUCTION

Bone defects resulting from tumors and traumas present a major health-care problem.
Small bone defects are self-repairable because bone itself is a dynamic tissue, which is
highly vascularized with a unique capacity to heal and remodel without leaving a scar.
However, if fractures and defects are greater than a critical size, autogenous healing
may result in malunion or nonunion; therefore, a graft material is needed to achieve
complete repair [1]. The gold standard for a bone graft procedure is currently to use
an autograft from the patient. Some disadvantages to this method are a limited graft
supply, donor site morbidity, and multiple surgery requirements. Allografts from other
human donors provide an alternative option, but their usage is also limited by the
inherent risks of disease transmission and host immune response [2].

Bone tissue engineering has emerged as a promising new approach for bone
repair. Compared with the traditional autograft and allograft procedures, a tissue
engineering strategy has several advantages, including the abundant scaffolding
materials, elimination of the surgery to harvest a bone graft, reduced risk of immune
rejection, and pathogen transmission associated with allografts. The basic elements
needed for tissue engineering include a scaffold, cells, and signaling molecules [3].
Optimization of these three factors is critical in promoting cellular function and tissue
regeneration. Among these three key components, the scaffold plays a critical role in
supporting cell adhesion, proliferation, osteogenic differentiation, and mineralized
bone tissue regeneration in three dimensions (3D). A bone tissue-engineering scaffold
should possess a multitude of properties to provide the required optimal 3D microen-
vironment (synthetic temporary extracellular matrix [ECM]) to facilitate bone tissue
regeneration [4].
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Up to now, various materials have been proposed to fabricate scaffolds, including
metals, ceramics, and polymers. Metals are frequently used as bone implant materials
because of their excellent mechanical properties, but they are disadvantageous scaffold
materials because of their general lack of degradability. Ceramics have also been inves-
tigated as bone regeneration materials. However, they have limitations in forming
highly porous structures because of their brittleness [5]. In contrast, polymers have
great design flexibility in chemical and physical structures, which can be tailored to
meet the specific needs of a tissue-engineering scaffold. Therefore, polymers have
received considerable attention and are widely used as scaffold materials for bone tis-
sue engineering. In general, polymeric materials can be categorized as natural poly-
mers (e.g., collagen and fibrin) and synthetic polymers (e.g., poly(glycolic acid) [PGA],
poly(lactic acid) [PLA], and their copolymer poly(lactic-co-glycolic acid) [PLGA]).
Many naturally derived polymers inherently possess certain biological recognition
and the ability to interact with the host tissue. However, natural polymers also have
several drawbacks, including possibly immunogenic response, variability associated
with sources, and limited range of properties [6]. On the other hand, synthetic poly-
mers have several advantages over natural polymers, such as the absence of
immunological concerns and batch-to-batch uniformity. The chemical versatility and
diverse processing methods of synthetic polymers enable a rational design of a scaffold
with predictable structures and properties. Compared with the natural polymers, syn-
thetic polymers usually lack biological cues. Thus, several strategies have been devel-
oped to incorporate biological cues into the polymers to create advantageously
functional synthetic polymer scaffolds.

This chapter reviews the application of polymeric materials in bone tissue engi-
neering, mainly focusing on the synthetic polymer materials and new advances in
scaffold fabrication technologies using biomimetic approaches.

INTERCONNECTED POROUS SCAFFOLDS

Several desired features for a tissue-engineering scaffold have been identified [7-11]:
(1) the material should be biocompatible and have suitable biodegradability;
(2) the scaffold should possess interconnected pores of appropriate size to facilitate
tissue integration and vascularization; (3) the scaffold should have sufficient
mechanical integrity to maintain the predesigned tissue structure; (4) the scaffold
should have appropriate chemical and physical structures on the pore surface for
cell attachment, proliferation, and differentiation; and (5) the scaffold should ide-
ally also be able to release soluble signals in a spatially and temporally controlled
fashion.

Biocompatibility and biodegradability are the fundamental and imperative
requirements for tissue engineering scaffolds [8]. Scaffolds must be compatible with
the host tissue without eliciting a negative immune response. The degradation rate also
needs to match the neo tissue formation rate so the scaffolds can be totally degraded by
the time the defect is completely repaired [3].
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High porosity in a scaffold design is a desirable feature to support cell prolifera-
tion, tissue formation, and vascularization for most tissue engineering applications,
including bone. In addition, adequate interconnectivity is beneficial not only for uni-
form cell seeding, but also for the diffusion of nutrients and oxygen and elimination of
metabolic wastes from the scaffolds [12]. Various techniques, such as particulate leach-
ing [13,14], gas foaming [15,16], emulsion freeze-drying [17], phase separation [18], and
rapid prototyping (RP) [19,20] have been developed to fabricate interconnected porous
scaffolds with varying degrees of success. Because high porosity and interconnected
pores are well-recognized features for a scaffold and have been widely reported, this
chapter will not focus on exhaustively reviewing the techniques to generate porosities.
Interested readers can read the above-cited literatures and other related chapters in
this book. Here, we would like to use the newer particulate-leaching techniques as
examples to briefly illustrate the importance and methods of achieving the intercon-
nected pore structures.

The particulate-leaching technique is the most widely used method to create
porous scaffolds. The traditional particulate-leaching method involves mixing poro-
gens (pore-generating materials) such as sodium chloride (NaCl) into the polymer
solution [13]. After removal of the solvent, porogens are leached out to yield a porous
scaffold. However, the interconnectivity between the pores is low and the size and the
shape of the pores are difficult to control. Several techniques have been developed to
generate a polymer scaffold with well-controlled spherical pores and interconnectivity.
In one example, paraffin spheres were utilized as the porogen material and assembled
into a negative replica to prepare a 3D scaffold with interconnected spherical pores
[12,21]. Polymer solution was then casted into a paraffin sphere assembly. After removal
of the solvent, the paraffin spheres were leached out with an organic solvent to obtain
a porous structure (Fig. 9.1a). This method can advantageously control the shape and
the size of the spherical pores as well as the interconnectivity by adjusting different
assembly conditions (time and temperature of heat treatment for paraffin spheres). In
another work, sugar spheres were used as an alternative porogen, which retained the
advantages of achieving interconnected spherical pore structure (Fig. 9.1b) while
allowing removal of porogen using water instead of organic solvents [22].

In the past decade, various RP techniques have been introduced such as stereoli-
thography, selective laser sintering, solid free-form fabrication (SFF), fused deposition
molding, and 3D printing [23]. Several studies have investigated the application of RP
technologies for direct and indirect manufacturing of scaffolds from various materials
[24-29]. These techniques enable the creation of highly customizable scaffolds of com-
plex geometries. However, because of the resolution associated with the current
RP technologies, it remains difficult to generate scaffold features at very small scales
such as at the nanometre or even the lower micrometre scales. By integrating the RP
technique with a polymer phase separation technique, our laboratory generated
complex-shaped scaffolds with the nanofibrous (NF) feature to be detailed in
Mimicking the Physical Structure [30].
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FIG 9.1 Scanning electron micrographs of poly(a-hydroxy acid) scaffolds. (a) Porous
PLGA scaffolds prepared using paraffin spheres with a size range of 420-
500 um (x50); (b) porous PLLA scaffolds prepared using sugar spheres
with a size range of 250-425 um ([dbar]x50). Source: Panel a reprinted
with permission from Ma and Choi [12]. Panel b reprinted with permission
from Wei and Ma [22].

Mechanical stability is another important parameter to consider when designing
a scaffold [31]. Bone is a tissue under continuous mechanical stress, and the application
of mechanical stimuli can enhance bone formation [32]. Thus, bone scaffolds should
have sufficient mechanical stability to provide a suitable physical and mechanical envi-
ronment for cell function and new bone formation. It is worth noting that the degree
of porosity and interconnectivity can often influence other properties of the scaffold,
such as the mechanical properties. Thus, these factors should be well balanced to meet
the needs of bone regeneration. The rest of this chapter will focus on how to achieve
desired scaffold pore surface properties and biological signal delivery capacity in
porous scaffolds with special emphases on biomimetic approaches and recent advances.

MIMICKING THE NATURAL ECM

Naturally occurring ECM is known to play a critical role in regulating cell adhesion,
growth, and differentiation. In addition to providing physical support and enabling
diffusion of nutrients and metabolic products, an ideal scaffold should replicate cer-
tain advantageous features of the natural ECM. As our knowledge in bone ECM and
material science progresses, there have been more attempts to incorporate biomimetic
features into scaffolds. This would aid in achieving positive interactions between the
scaffold and the cells, enhancing cell adhesion, growth, migration, and their differen-
tiated function [4]. However, it is not practical or necessary to duplicate all features of
the ECM in a tissue-engineering scaffold; one reason is that the therapeutic bone
regeneration is an accelerated process that differs from the natural development and
healing process. Moreover, the natural ECM from a mature tissue usually does not
possess some of the advantageous features of the artificial scaffolds, including high
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porosity and high interconnectivity, which are essential for the accelerated therapeutic
regeneration. The high porosity and interconnected pore network design can facilitate
cell seeding, nutrient supply, and metabolic waste removal, ultimately accelerating the
bone regeneration process. Thus, an ideal biomimetic artificial scaffold should provide
an optimal microenvironment for tissue regeneration by combining the advantageous
features of natural ECM, synthetic materials, and the porous structural design.

For bone tissue engineering, the natural bone ECM is a source of biomimetic
features for the scaffold design. Collagen is the major component of bone ECM, which
is assembled into nanofibers ranging from 50 to 500 nm [33]. Numerous studies
showed that the nanofibers promote osteogenesis [34,35]. The collagen fibers with
nano-hydroxyapatite (HAP) crystals form a mineralized composite fibrous network,
which gives bone its lightweight and superior mechanical properties [36,37]. To mimic
the key characteristics of the complex natural bone ECM, there is extensive ongoing
research efforts, including imitating the physical structure, chemical composition, and
surface chemistry of the ECM.

Mimicking the Physical Structure

NF scaffolds have been developed to mimic the structural features of the ECM. An NF
polymer scaffold can be fabricated using self-assembly, electrospinning, and thermally
induced phase separation (TIPS) techniques.

The self-assembly approach involves spontaneous organization of molecules into
a well-defined structure such as nanofibers [38]. Various self-assembled molecules
such as peptides [39,40] and block copolymers [41] have been designed to form a stable
arrangement through preprogramed noncovalent interactions. However, these self-
assembled NF scaffolds are currently limited in the form of hydrogels, which are often
unable to provide a stable 3D porous structure for bone tissue engineering application.
Electrospinning is the oldest but the most commonly used method to form nanofibers
[42]. A typical electrospinning system includes a polymer solution or melt reservoir
with a spinneret, a high-voltage electric field, and a grounded target collector. The
polymer solution is drawn onto the collector under the electric field and the jet follows
a whipping and a spiraling path, reducing the diameter during the travel to the ground
collector. By adjusting the operating parameters, the resulting fibers can range from
approximately 0.02 to 20 um [43]. Electrospinning is a quick and a simple way to gen-
erate nanofibers from multiple types of materials ranging from natural polymers such
as collagen [44], chitosan [45], and silk fibroin [46] to synthetic polymers such as poly-
caprolactone (PCL) [47], PGA [48], poly(r-lactic acid) (PLLA) [49], and PLGA [50].
However, it is difficult to create a 3D scaffold with designed pore shapes or complex
geometries using this technique.

In a typical TIPS process, a homogeneous multicomponent system becomes ther-
modynamically unstable under certain conditions and tends to separate into a multi-
phase system (polymer-rich phase and polymer-lean phase) to lower free energy [8].
After removal of the solvent, the polymer-rich phase solidifies to form the polymer
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FIG9.2 Scanning electron micrographs of PLLA NF matrix prepared from a 2.5 %
(w/Vv) PLLA/tetrahydrofuran (THF) solution at a gelation temperature of 8°C.
(a) Original magnification of 500x; (b) original magnification of 20,000x.
Source: Reprinted with permission from Ma and Zhang [18].

skeleton whereas the polymer lean phase becomes the void space. NF matrices have
been created from synthetic biodegradable polymer by using a novel TIPS method.
Poly (r-lactic acid) (PLLA) was dissolved and thermally induced to phase separate
from the solvent when temperature was decreased [18]. After removal of the solvent by
extraction, sublimation, or evaporation, a continuous 3D NF PLLA architecture was
generated. The fibers formed in this manner had diameters ranging from 50 to 500 nm,
similar to the dimensions of collagen fibers, and they had porosity in excess of 98 %
(Fig. 9.2). Other synthetic polymers or natural polymers also have the ability to form
NF matrices via TIPS. A series of biodegradable amphiphilic poly(hydroxyalkyl
methacrylate)-graft-poly(r-lactic acid) copolymers were synthesized to allow for
further conjugation with bioactive moieties via the functional groups grafted to the
PLLA [51]. These copolymers could form nanofibers by TIPS and degrade faster than a
PLLA homopolymer. A highly porous NF gelatin matrix has also been fabricated by
TIPS using either ethanol/water mixture or methanol/water mixture [52]. Compared
with the commercially available product gelatin foam (Gelfoam®) lacking the NF fea-
ture, the NF gelatin matrix generated using the TIPS method exhibited a much higher
surface area and greater mechanical stability.

One major advantage of TIPS over other techniques is the capacity to integrate
with other fabrication methods such as particulate leaching, SFF, and emulsion tech-
niques. The combined techniques broaden the control over the 3D architecture from
macro- to micro- to nanoscales. For example, when combined with the particulate
leaching method, a interconnected porous 3D structure was generated in NF matrices
[22] (Fig. 9.3, a and b). Through the reverse SFF technique, an NF scaffold with the
predesigned shape of bone segment was precisely created using phase separation
technique and a mold reconstructed from the computed tomography scans of the
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FIG 9.3 Various NF scaffolds prepared using a phase separation method. (@) A
scanning electron micrograph of a NF scaffold with interconnected spherical
pore network prepared by integrating a phase separation technique with a
particulate leaching technique, with an original magnification of 50x. (b) A
scanning electron micrograph of the above scaffold with an original
magnification of 10,000x. (¢) An NF scaffold for human mandible segment
reconstruction prepared by integrating a phase separation technigue with a
SFF technique (scale bar: 10 mm). (d) The NF pore wall morphology of the
above scaffold taken at a higher magnification (scale bar: 5 um). (e) A
scanning electron microscopy image of an injectable NF hollow microsphere
prepared by combining phase separation with an emulsion technique at a
lower magnification. (f) A scanning electron microscopy image of the above
NF hollow microsphere taken at a higher magnification to show the NF
morphology. Source: Panels a and b reprinted with permission from Wei and
Ma [22]. Panels ¢ and d reprinted with permission from Chen et al. [30].
Panels e and f reprinted with permission from Liu et al. [53].
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FIG9.4 Scanning electron micrographs of various PLLA/calcium phosphate
composite scaffolds. (@) A PLLA/HAP composite scaffold fabricated using a
phase separation technique. (b) The above scaffold viewed at a higher
magnification. (¢) A PLLA/calcium phosphate composite scaffold prepared
using a phase separation technique and a biomimetic process in an SBF. (d)
The above scaffold viewed at a higher magnification. (€) A PLLA /calcium
phosphate composite scaffold prepared using an electrospinning technique
and an electrodeposition technique at 60°C and 3V for 15 min. (f) A PLLA/
calcium phosphate scaffold prepared under the same conditions as for the
previous scaffold for 30 min. Source: Panels a and b reprinted with permission
from Zhang and Ma [57]. Panels c and d reprinted with permission from
Zhang and Ma [59]. Panels e and f reprinted with permission from
He et al. [62].
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same bone anatomical shape [30] (Fig. 9.3, ¢ and d). Because the bone defects are
rarely of a simple shape, this computer design technique allows customization to
meet the specific requirements for each individual patient. Recently, a novel emulsion
technique has been developed to prepare injectable NF microsphere scaffolds for
irregular shaped defect repair [53] (Fig. 9.3, e and f). Star-shaped PLLA was emulsified
into liquid microspheres and quenched with liquid nitrogen to induce the phase sep-
aration for the formation of NF matrix. Hollow microspheres with openings were
obtained by using star-shaped PLLA while the linear PLLA was not able to generate
the same hollow microspheres with openings. Compared with the traditional 3D
porous scaffold, this new kind of injectable NF scaffold allows greater flexibility and
convenience in repairing irregular shaped tissue defect and for minimally invasive
procedures.

Synthetic NF scaffolds, which mimic the NF architecture of the natural ECM, are
excellent tissue engineering scaffolds because of their unique properties, such as high
surface-to-volume ratio, high porosity, and morphological similarity to the natural
ECM. It has been found that NF scaffolds absorb 4.2-fold more human serum proteins
than solid-walled scaffolds (control scaffolds with smooth pore morphology); there-
fore, they enhance osteoblastic cell adhesion [54]. The NF scaffolds also promoted
osteoblastic progenitor cell (MC3T3-E1) attachment and enhanced the expression of
the osteoblastic marker genes, indicating the increased level of differentiation of these
cells. In addition, a significantly greater amount of mineral deposition was observed in
the NF scaffolds than in the control (solid-walled) scaffolds. Calcium assay revealed
13-fold greater amount of mineral deposition in the NF scaffolds than in the control
scaffolds [55]. These results demonstrated that the biomimetic NF polymer scaffolds
enhanced cells’ osteoblastic differentiation.

Mimicking the Composition

Another approach in creating biomimetic scaffolds is to mimic the chemical composi-
tion of the native ECM. Natural bone matrix is an inorganic/organic composite
material consisting of collagen and minerals. HAP (Ca, (PO,) (OH),) crystals are dis-
persed in the NF collagen matrix and this natural composite has excellent mechanical
and biological properties in the bone [36]. Approximately 60 wt % of bone is made of
HAP and associated calcium phosphates; thus, it is natural that HAP and calcium
phosphates (e.g., a-TCP, B-TCP) have been intensely investigated as a major compo-
nent of scaffold materials for bone tissue engineering. As expected, calcium phosphates
have an excellent biocompatibility because of their close chemical and physical resem-
blance to bone mineral. Numerous in vitro and in vivo assessments have reported that
calcium phosphates, in all forms (powder, bulk, coating, or porous foam) and phases
(crystalline or amorphous) support the attachment, differentiation, and proliferation
of osteogenic cells (such as osteoblasts and mesenchymal stem cells) [56]. Therefore,
calcium phosphates have been incorporated into many polymer matrices to fabricate
inorganic/polymer composite scaffolds for bone tissue engineering.
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One method to prepare PLLA/HAP and PLGA/HAP composite scaffolds is to
combine blending and phase separation techniques (Fig. 9.4, a and b) [57]. These com-
posites showed improved mechanical properties and osteoconductivity. HAP has also
been incorporated into PLGA and PLGA/PCL polymer blends to produce composite
scaffolds using the particulate leaching method [58].

Rather than blending minerals into a polymer matrix, a biomimetic process has
been developed to allow bone-like apatite nanoparticles to “grow” on the internal walls
of the porous NF scaffold in a simulated body fluid (SBF) environment (Fig. 9.4, c and d)
[59,60]. Many nanoparticles were grown on the internal surface of the scaffold after
incubation in SBF and the macropores remained open as in the nontreated plain scaf-
folds. The particle size and the coverage of the surface can be controlled by the incuba-
tion parameters such as SBF concentration, incubation time, and pH value to achieve
a desired composite structure. HAP was also successfully incorporated onto the gela-
tin scaffolds via a SBF method and the composite scaffolds were used to investigate the
osteoblastic differentiation of MC3T3-El cells. The positive biological effect of HAP on
osteogenic differentiation was shown by the enhanced bone marker gene expression:
The genes encoding bone sialoprotein and osteocalcin in MC3T3-E1 cells on the HAP/
gelatin scaffold were significantly upregulated compared with those in the cells on the
unmodified gelatin scaffold [61].

Although the SBF method is a well-established method to deposit HAP onto the
porous scaffolds, a faster method would be more desirable. Recently, a substantially
fast and versatile process has been developed to deposit calcium phosphate via an elec-
trodeposition technique (Fig. 9.4, e and f). A NF PLLA film was deposited on a metal
electrode, followed by the calcium phosphate coating through electrodeposition [62].
High-quality minerals were achieved within 1 h, and the surface topography and
chemical composition (Ca/P ratio) of the minerals could be tailored by processing
parameters such as temperature, deposition time, and voltage. It was found that after
10 days in culture, the cell number was significantly higher on the mineralized NF
PLLA films than on the unmineralized NF PLLA films. The alkaline phosphatase
(ALP) contents of cells on mineralized scaffolds were significantly higher than that on
unmineralized PLLA films after 7 and 14 days in culture, confirming that the presence
of calcium phosphate on PLLA nanofibers enhances osteoblastic differentiation of the
cells. This electrodeposition method has also recently been successfully performed to
achieve rapid mineralization of a gelation matrix [63]. Therefore, the electrodeposition
technique was demonstrated to be a rapid and an effective approach to mineralize
scaffolds. More importantly, electrodeposition offers the potential to modulate the
calcium release kinetics, which is largely determined by the crystal structure and the
chemical composition (Ca/P ratio), and thereby to regulate the cell proliferation and
differentiation (ongoing research in the Ma laboratory).

Mimicking the Surface Chemistry
In addition to mimicking the structure and composition, one approach is to mimic or
reproduce the surface chemistry of the ECM because the scaffold directly affects the
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FIG9.5 Scanning electron microscopy images of PLLA scaffolds 4 weeks after cell
seeding. (@) PLLA control. (b) PLLA scaffold surface-modified with gelatin
using an entrapment method, followed by chemical crosslinking. (¢) The
surface-modified scaffold viewed at higher magnification. A significantly
higher amount of collagen fibers and other cell secretions were deposited on
the surface-modified scaffolds than on the control scaffolds.
Source: Reprinted with permission from Liu et al. [68].
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cellular activity through surface interaction. As discussed earlier, a lack of biological
recognition on the surface is a potential drawback of synthetic polymers; therefore,
various modification methods have been explored to obtain more desirable surface
characteristics of scaffolds for tissue regeneration application.

Bulk or surface modification can generally serve to obtain a desirable cell and
material interface. In a typical bulk modification process, the functional groups or the
biological recognition sites are introduced into the polymer backbone before the scaf-
fold fabrication. For example, an Arg-Gly-Asp (RGD) peptide, a well-known sequence
for cellular adhesion, was chemically grafted onto the lysine residue of poly (v-lactic
acid-co- L-lysine) to enhance cell adhesion [64]. However, a potential drawback of bulk
modification is that the process often results in the change of the properties of the
matrix materials, and many of these bioactive sites may be buried inside of the pore
walls rather than on the pore surfaces.

On the other hand, surface modification is performed after the scaffolds have
been created. Therefore, this strategy will not significantly alter the architecture and
properties of the scaffolds. Many techniques (e.g., partial hydrolysis [65], chemical
vapor deposition [CVD] treatment [66], plasma treatment [67]) have been developed to
modify the scaffold surface, but thus far most of them have only focused on a two-di-
mensional film or a very thin 3D scaffold.

Gelatin is derived from collagen by hydrolysis and has almost identical composi-
tion to that of natural collagen. Because gelatin is a denatured biopolymer, the selec-
tion of gelatin as a scaffolding material can avoid the concerns over possible
immunogenicity and pathogen transmission associated with collagen. An entrapment
method has been developed to enable gelatin to be physically immobilized on the sur-
face through the entanglement with the molecule chains of the scaffold matrix [68]. A
prefabricated PLLA 3D scaffold was immersed in a gelatin solution in a solvent mix-
ture (e.g., dioxane and water) in which the PLLA matrix swelled but was not dissolved,
allowing the gelatin molecules to penetrate to a certain degree. Then, the scaffold was
moved to a nonsolvent of the PLLA, which caused the matrix PLLA to shrink, result-
ing in the entrapment of the gelatin. MC3T3-El preosteoblasts were seeded on the
gelatin-modified scaffolds and were cultured for 4 weeks. It was observed that the
surface modification significantly improved cell attachment (Fig. 9.5). In addition, cell
numbers on the surface-modified films and scaffolds were significantly higher than
those on the control films and control scaffolds. One advantage of the entrapment
method is that it does not require functional groups on the matrix materials as long as
proper solvent system is selected. Another advantage of the entrapment method is that
it can be used to modify scaffolds with any porous geometry and morphology.

The electrostatic layer-by-layer self-assembly process has also been used to incor-
porate gelatin onto the surface of 3D NF scaffolds [68]. An interconnected porous 3D
PLLA scaffold was first fabricated and was then activated with poly(diallyldimethy-
lammonium chloride) (PDAC) to induce a positive surface charge. After being washed
with water, the activated scaffold was then immersed in a solution of negatively charged
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biomolecules (e.g., gelatin). Alternately immersing the scaffold into the two different
solutions created multiple layers of biomolecules on the surface of the scaffold. This
process is simple and can be performed in aqueous solutions, providing a controlled
way to regulate the charge types and the thickness of the layers within the 3D
scaffold.

As discussed previously, mimicking the natural collagen matrix with the gelatin-
modified porous scaffolds combines the advantages of synthetic and natural materials.
The synthetic PLLA provides the mechanical strength and controllable degradation
rate whereas the gelatin material promotes cell adhesion and proliferation. In modify-
ing complex 3D scaffolds, these methods are not limited to gelatin and can be applied
with other bioactive molecules such as proteins, peptides, and growth factors.

Nanostructures on material surface have recently been shown to enhance scaffold
performance because of their significantly increased surface area and roughness com-
pared with the conventional material surface. Therefore, nanostructures have been
used to increase cell adhesion and viability on porous scaffolds [69]. Nanophase
ceramics such as nano-HAP have been demonstrated to promote mineralization in
bone tissue engineering [70]. In addition to nanophase ceramics, nanophase metals,
such as nanophase titanium and their alloys, were demonstrated to significantly
enhance osteoblast adhesion compared with conventional metals [71]. Carbon nano-
tubes (CNTs) on scaffold surface were reported to accelerate ectopic bone formation
[72]. However, many publications reported the adverse health effects of CNTs [73,74].
Therefore, further evaluation of the long-term effects of such nanomaterials is needed
for their safe use in the field of tissue engineering.

MIMICKING THE SOLUBLE FACTOR
MICROENVIRONMENT

In addition to the insoluble signals transmitted from ECM to cell (e.g., through matrix
morphology and surface chemistry), soluble signals such as growth factors, hormones,
and small molecules are important in cell function and tissue formation [75]. At any
time of bone regeneration or fracture healing, multiple growth/differentiation factors
are functioning in a coordinated manner. One of the research fronts in the tissue engi-
neering field is to design bioactive scaffolds that can elicit a controlled action or reac-
tion or both in a physiological environment. Scaffolds capable of delivering biological
signals have the ability to regulate cells through the soluble signaling molecules and
thereby regulate cellular activity. Considering the high cost, short half-life, and cells’
sensitivity to biomolecule concentration, a biomolecule-releasing scaffold should be
carefully designed. While maintaining the biological activity in vivo, such scaffolds
should be able to release the desired dosage of the biomolecules in a temporally and
spatially controlled fashion.

Biological factors have been directly incorporated inside of the scaffold matrix by
several methods such as emulsion freeze-drying [76,77] and polymer-protein coaxial
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FIG9.6
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BMP-7 releasing macroporous and NF PLLA scaffolds for bone regeneration.
(@) In vitro release kinetics of rhBMP-7 from PLGA nanospheres immobilized
on NF PLLA scaffold pore surfaces. (b) A scanning electron micrograph of
the PLGA nanospheres immobilized on an NF PLLA scaffold at a lower
magnification. (¢) The above scaffold at a higher magnification showing the
immobilized nanospheres on the surface of the internal pore walls. (d)
Fibrous tissue formation in a control scaffold without rhBMP-7 after
subcutaneous implantation in a rat for 6 weeks. (e) Fibrous tissue formation
in a control scaffold presoaked in a rhBMP-7 solution after subcutaneous
implantation in a rat for 6 weeks. (f) Significant bone formation in the
rhBMP-7 nanosphere-containing scaffolds after subcutaneous implantation
in a rat for 6 weeks (Panels d-f are hemotoxylin and eosin staining images
with an original magnification of 100x).

Source: Reprinted with permission from Wei et al. [82].
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FIG 9.7 A pulsatile drug releasing system. (a) Schematic cross-sectional view of
the device, showing alternately stacked polyanhydride layers and drug-
containing layers. (b) Pulsatile release profile of BSA from the layered device.
BSA, bovine serum albumin.
Source: Reprinted with permission from Liu et al. [86].
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electrospinning [78]. The control over the release kinetics is limited when these tech-
niques are used because the protein release is dependent on the bulk degradation of the
scaffold. There have been also some attempts to coat the surface with biological factors
by certain coating techniques [79], but poor ability to control the release kinetics and
loss of bioactivity are two major shortcomings.

Polymer microspheres or nanospheres have been widely used to encapsulate
various biomolecules to retain the bioactivity and to achieve controlled release [80].
Bone morphogenetic proteins (BMPs) are the most commonly used growth factors to
induce osteoblast differentiation in bone tissue engineering [81]. PLGA nanospheres
encapsulating recombinant human bone morphogenetic protein-7 (thBMP-7) were
prepared by using a double emulsion method [82]. Sustained or continuous delivery
of thBMP-7 from days to months could be easily achieved through varying the PLGA
molecular weight and PLGA copolymer LA/GA ratio [83]. Subsequently, by using a
postseeding technique, the rhBMP-7 nanospheres were immobilized uniformly on
the scaffold via tight attachment to the surface of the matrix (Fig. 9.6, cand e). Scaffolds
functionalized with rhBMP-7 nanospheres without cells were evaluated in a rat sub-
cutaneous implantation study. After 6 weeks, histological results indicated that the
sustained delivery of the thBMP-7 from the nanosphere-functionalized scaffold
actively induced ectopic bone formation while only fibrous tissue was formed within
the blank scaffold or the scaffold with passively absorbed rhBMP-7. This technique
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allows the 3D structure and the properties of the scaffold to be separated from the
drug release system. Therefore, it provides greater flexibility and versatility in engi-
neering a biomolecule delivery system and a scaffold architecture that can be inde-
pendently achieved. Bone is a highly vascularized tissue; thus, bone regeneration
should benefit from angiogenesis and corresponding blood vessel formations.
Platelet-derived growth factor (PDGF) is a multifunctional growth factor that has
been shown to play important roles in inducing vascularization and postnatal tissue
repair. Using a similar technique as discussed above, PDGF-releasing microspheres
incorporated in a porous 3D scaffold have been shown to promote angiogenesis
in vivo [11,84].

For some drugs, intermittent (pulsatile) delivery is preferable to continuous
delivery. Parathyroid hormone (PTH) is a typical example. The pulsatile delivery of
PTH can improve bone microarchitecture whereas continuous exposure to PTH
results in bone resorption [85]. An implantable device has been fabricated by alter-
nately stacking polyanhydride isolation layers and PTH-loaded alginate layers [86].
Multipulse release of PTH was achieved while retaining the desired biological activity
(Fig. 9.7). Because of the surface erosion property of the polyanhydrides, by adjusting
the chemical composition and thickness of the isolation polyanhydride layer, the
duration between the two adjacent pulses and the release profile can be adjusted. This
device appears promising as release of multiple drugs can be achieved by loading
different drugs in the same layer or in different layers based on a preprogrammed
time sequence.

Although growth factor or protein delivery was used as an example, the
approaches described above can be easily adapted to deliver other kinds of biological
signals such as small molecules, DNA, and small interfering RNA (siRNA). The tech-
niques discussed above provide a platform to engineer 3D scaffolds with controlled-
release capacity. The release kinetics (continuous or pulsatile manner) as well as
the spectrum of the biological factors (single drug or multiple drugs) and their release
sequence can all be designed and programmed to regulate cellular activity and tissue
regeneration.

PERSPECTIVE

Bone tissue engineering has progressed tremendously in the last 2 decades and has
benefited significantly from the development of novel and advantageous scaffolds.
Tissue engineering scaffolds have evolved from simply the physical supporting materi-
als to biomimetic and bioinstructive materials, which better regulate cell function to
promote bone regeneration.

Life sciences (including stem cell biology, genomics, proteomics, and so forth)
are evolving dramatically and have substantially expanded the knowledge base
for tissue regeneration. The rapid advancement of stem cell biology brings
more and more cell types (e.g., new stem cells such as iPS cells) into the bone
regeneration field and increases the complexity along with the new opportunities.
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The biomimetic scaffold designs have greatly benefited from the knowledge of
the natural extracellular environments around the regenerative cells. However,
more systematic and quantitative studies are needed to uncover the underlying
mechanisms of cellular interactions with their microenvironments and to establish
the relationships between new tissue formation and the three key components
(scaffold, cells and biological factor