
Wayne State University

Wayne State University Dissertations

1-1-2011

Supercritical carbon dioxide-processed resorbable
polymer nanocomposites for bone graft substitute
applications
Kevin Baker
Wayne State University,

Follow this and additional works at: http://digitalcommons.wayne.edu/oa_dissertations

Part of the Biomedical Engineering and Bioengineering Commons, and the Materials Science
and Engineering Commons

This Open Access Dissertation is brought to you for free and open access by DigitalCommons@WayneState. It has been accepted for inclusion in
Wayne State University Dissertations by an authorized administrator of DigitalCommons@WayneState.

Recommended Citation
Baker, Kevin, "Supercritical carbon dioxide-processed resorbable polymer nanocomposites for bone graft substitute applications"
(2011). Wayne State University Dissertations. Paper 268.

http://digitalcommons.wayne.edu/?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F268&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F268&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F268&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F268&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/229?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F268&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/285?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F268&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/285?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F268&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations/268?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F268&utm_medium=PDF&utm_campaign=PDFCoverPages


 
 

 

 

SUPERCRITICAL CARBON DIOXIDE-PROCESSED RESORBABLE 

POLYMER NANOCOMPOSITES FOR BONE GRAFT SUBSTITUTE 

APPLICATIONS 

by 

KEVIN C. BAKER 

DISSERTATION 

Submitted to the Graduate School 

of Wayne State University, 

Detroit, Michigan 

in partial fulfillment of the requirements 

for the degree of 

DOCTOR OF PHILOSOPHY 

2011 

                                                                          MAJOR:  BIOMEDICAL ENGINEERING                            

                                                                          Approved by:   

 

                                                                          _________________________________________ 

Advisor                                                             Date    

 

 

_________________________________________ 

 

 

 

_________________________________________ 

 

 

 

_________________________________________  



 

ii 
 

 

 

 

 

 

 

 

 

 

 

© Copyright By 

Kevin C. Baker 

2011 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 



 

iii 
 

DEDICATION 

 

 

 

“All endeavor calls for the ability to tramp the last mile, shape the last 

plan, endure the last hours toil.  The fight to the finish spirit is the one 

characteristic we must possess if we are to face the future as finishers.” 

 Henry David Thoreau 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 
 

ACKNOWLEDGMENTS 

First and foremost, I would like to thank my committee members (Drs. Sandro da Rocha, 

Howard Matthew and Pamela VandeVord) for their time, consideration and support.  I would 

also like to thank my advisor, Dr. Rangaramanujam M. Kannan, for always being understanding 

and willing to work with a sometimes challenging work and family schedule.  His mentorship 

and direction over the years have certainly shaped who I am today and sharpened my focus on 

performing research of exceptional quality and significant societal impact.  I would also like to 

thank my former lab-mates (Drs. Robert Bellair, Emre Kurtoglu and Mihai Manitiu) for guiding 

me through the maze that is graduate school.  Their technical assistance with research was 

surpassed only by their constant encouragement.  I would also like to acknowledge my current 

lab-mate in the Nanocomposite Group, Fengyuan Yang, for his technical assistance with 

rheology.  A big thanks also goes out to Wayne State University’s Graduate School for the 

Graduate-Professional Scholarship that allowed me to remain a student in the program.  From 

Beaumont Health System, I would like to thank my employees for being understanding of my 

hectic schedule over the last few months and for always offering to assist.  I would also like to 

thank my Chair, Dr. Harry Herkowitz, who has become not only a vehement supporter and 

caring mentor, but someone who I consider to be a close friend.  Of course, none of this would 

be possible without family.  I would like to thank my Mother and Father, as well as my Mother-

in-Law and Father-in-Law.  The sacrifices that you all have made in terms of watching the boys, 

helping with projects around the house have helped to make this possible.  Finally, I would like 

to thank my wife Erin and my two sons, Everett and Miles. We have been through so much 

together. Without your constant support, words of encouragement and tremendous sacrifice, 

none of this would be possible. I am forever indebted to you and cannot wait to return the favor 

as you begin your Ph.D.  I know we can get through anything life throws our way!   



 

v 
 

TABLE OF CONTENTS 

Dedication ....................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iii 

List of Tables ................................................................................................................................. iv 

List of Figures ............................................................................................................................... vii 

Chapter 1:  Orthopaedic Surgery and Conditions Necessitating Bone Grafting .....................1 

Background ..................................................................................................................................1 

Structure of Human Bone .............................................................................................................3 

Cell Biology of Bone ....................................................................................................................6 

Bone Remodeling .........................................................................................................................8 

Fracture Healing and Bone Regeneration ....................................................................................9 

The Need for Bone Grafting .......................................................................................................11 

Bone Grafts for Osseous Neoplasms ..........................................................................................12 

Bone Grafts for Spine Fusion .....................................................................................................15 

References ..................................................................................................................................19 

Chapter 2:  Bone Graft Materials – From Autologous to Synthetic .......................................23 

Background ................................................................................................................................23 

Requirements of Bone Graft Materials ......................................................................................24 

Autologous Bone Graft ..............................................................................................................27 

Allogenic Bone Graft .................................................................................................................28 

Clinically Used Bone Graft Substitutes .....................................................................................29 

Resorbable Polymers as Emerging Candidate Materials for Bone Graft Substitute Applications

 ....................................................................................................................................................32 

References ..................................................................................................................................34 

Chapter 3:  Polymer-Clay Nanocomposites ..............................................................................37 

Background ................................................................................................................................37 

Structure of Montomorillonite Clay ...........................................................................................37 

Polymer-Clay Nanocomposites ..................................................................................................38 

Supercritical CO2 Processing of Polymer-Clay Nanocomposites ..............................................41 

Proposed Use of scCO2 Processing to Create Synthetic Bone Graft Substitute Materials ........42 

References ..................................................................................................................................45 



 

vi 
 

Chapter 4:  Structure and Mechanical Properties of Supercritical Carbon Dioxide    

                     Processed Resorbable Polymer Constructs:  Influence of Polymer Composition   

                     and Processing Parameters ....................................................................................47 

Introduction ................................................................................................................................47 

Materials & Methods ..................................................................................................................49 

Results ........................................................................................................................................52 

Discussion ..................................................................................................................................58 

Conclusion ..................................................................................................................................64 

References ..................................................................................................................................65 

Chapter 5:  Supercritical Carbon Dioxide Processed Resorbable Polymer Nanocomposites        

                    as Bone Graft Substitutes ........................................................................................68 

Introduction ................................................................................................................................68 

Materials & Methods ..................................................................................................................71 

Results ........................................................................................................................................78 

Discussion ..................................................................................................................................87 

Conclusion ..................................................................................................................................93 

References ..................................................................................................................................94 

Chapter 6:  Influence of Polymer End Functionality and Nanoclay Organic Modification on     

                    Dispersion and Rheological Behavior ....................................................................99 

Introduction ................................................................................................................................99 

Materials & Methods ................................................................................................................100 

Results ......................................................................................................................................103 

Discussion ................................................................................................................................108 

Conclusion ................................................................................................................................110 

References ................................................................................................................................110 

Chapter 7:  In Vivo Inflammatory Response to and Osteoinductivity of Supercritical  

                    Carbon Dioxide Processed Resorbable Polymer Nanocomposites ....................112 

Introduction ..............................................................................................................................112 

Materials & Methods ................................................................................................................115 

Results ......................................................................................................................................121 

Discussion ................................................................................................................................130 



 

vii 
 

Conclusion ................................................................................................................................134 

References ................................................................................................................................134 

Abstract ........................................................................................................................................138 

Autobiographical Statement.........................................................................................................140 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

viii 
 

LIST OF TABLES 

Chapter 4:  Structure and Mechanical Properties of Supercritical Carbon Dioxide   

                    Processed Resorbable Polymer Constructs:  Influence of Polymer Composition  

                    and Processing Parameters .....................................................................................47 

Table 1 – Pore Diameter and Pore Wall Thickness in scCO2-Processed Constructs .................53 

Table 2 – Static Mechanical Properties of scCO2-Processed Constructs ...................................57 

Chapter 6:  Influence of Polymer End Functionality and Nanoclay Organic Modification on  

                    Dispersion and Rheological Behavior ....................................................................99 

Table 1 – Summary of diffraction data as a function of polymer and clay composition .........105 

Chapter 7:  In Vivo Inflammatory Response to and Osteoinductivity of Supercritical  

                    Carbon Dioxide Processed Resorbable Polymer Nanocomposites ....................112 

Table 1 – Description of Treatment Groups used for Bare Particulate In Vivo Inflammation  

                Assay ........................................................................................................................116 

Table 2 – Description of Treatment Groups used for Nanocomposite Particulate In Vivo  

                Inflammation Assay .................................................................................................117 

Table 3 – Description of Treatment Groups used for In Vivo Ectopic Osteogenesis Assay ...121 

 

 

 

 

 

 

 

 

 

 

 



 

ix 
 

LIST OF FIGURES 

Chapter 1:  Orthopaedic Surgery and Conditions Necessitating Bone Grafting .....................1 

Figure 1 – Illustration of Cortical & Cancellous Bone ................................................................5 

Figure 2 – Interconnected Porous Morphology of Cancellous Bone ...........................................6 

Figure 3 – Illustration of Posterolateral & Interbody Spine Fusion ...........................................16 

Figure 4 – X-ray of Patient with Cervical Interbody Fusion ......................................................18 

Chapter 2:  Bone Graft Materials – From Autologous to Synthetic .......................................23 

Figure 1 – Illustration of Harvest of Iliac Crest Bone Graft ......................................................28 

Chapter 3:  Polymer-Clay Nanocomposites ..............................................................................37 

Figure 1 – Illustration of Clay Dispersion in Polymer Matrices ................................................41 

Chapter 4:  Structure and Mechanical Properties of Supercritical Carbon Dioxide  

                    Processed Resorbable Polymer Constructs:  Influence of Polymer Composition  

                    and Processing Parameters .....................................................................................47 

Figure 1 – Scanning Electron Micrographs of the Influence of Processing Temperature on  

                  Porous Morphology of 65:35 PDLGA Constructs ...................................................53 

Figure 2 – Scanning Electron Micrographs of the Effect of Construct Constraint After scCO2  

                  Processing .................................................................................................................55 

Figure 3 – Scanning Electron Micrographs Comparing the Morphology of Human Iliac Crest  

                  Bone Graft to scCO2-Processed Constructs .............................................................55 

Figure 4 – Stress-Strain Curves for scCO2-Processed Constructs .............................................56 

Figure 5 – Comparison of Water Uptake as Function of Construct Composition .....................58 

Chapter 5:  Supercritical Carbon Dioxide Processed Resorbable Polymer Nanocomposites  

                    as Bone Graft Substitutes ........................................................................................68 

Figure 1 – Chemical Structure of Modifier in Cloisite 93A ......................................................72 

Figure 2 – Scanning Electron Micrographs Comparing Porous Morphology of Pure PDLA and  

                  PDLA-93A Nanocomposite .....................................................................................78 

Figure 3 – Scanning Electron Micrographs Comparing Human Iliac Crest Bone Graft to  

                  scCO2-Processed PDLA-93A Nanocomposite .........................................................79 

Figure 4 – Small Angle X-ray Diffraction of Nanoclay Dispersion in scCO2-Processed  

                  Nanocomposite Constructs .......................................................................................79 

Figure 5 – Time-Temperature Superposed Master Curves of Rheological Measurements of  



 

x 
 

                  Storage and Loss Moduli and Pure PDLA and PDLA-93A Nanocomposites .........80 

Figure 6 – Compressive Strength and Compressive Moduli of Pure and PLDA-93A  

                  Nanocomposite Constructs .......................................................................................82 

Figure 7 – Alkaline Phosphatase Activity and Osteoprotegerin Expression of Human  

                  Osteoblasts Cultured on Pure and PDLA-93A Nanocomposite Constructs ............84 

Figure 8 – Scanning Electron Micrographs of Human Osteoblasts Cultured on Nanocomposite  

                 Constructs and Surface Degradation of Construct ....................................................85 

Figure 9 – Phase Contrast Microscopy of Pit Formation on Dentine Discs by Cultured  

                 Osteoclasts .................................................................................................................86 

Figure 10 – Phase Contrast Microscopy of TRAP Expression by Cultured Osteoclasts ...........87 

Chapter 6:  Influence of Polymer End Functionality and Nanoclay Organic Modification on  

                    Dispersion and Rheological Behavior ....................................................................99 

Figure 1 – Illustration of the organic modifiers used in Cloisite 30B and Cloisite 93A ..........101 

Figure 2 – Small Angle X-ray Diffraction of Nanocomposite Constructs as a Function of  

                  Polymer End Functionality and Nanoclay Organic Modifier ................................104 

Figure 3 – Rheological Measurements of Storage and Loss Moduli as a Function of Polymer  

                  End Functionality and Rheological Behavior ........................................................105 

Figure 4 -  Enlarged Region of Master Curve for Comparison of Cross-Over Frequency ......107 

Figure 5 – Tan() Curves of Pure and Nanocomposite Constructs ..........................................108 

Chapter 7:  In Vivo Inflammatory Response to and Osteoinductivity of Supercritical  

                    Carbon Dioxide Processed Resorbable Polymer Nanocomposites ....................112 

Figure 1 – Multiplex ELISA of Pro-Inflammatory Cytokine Expression in Murine Air Pouch  

                  Tissue Exposed to Bare Particulate ........................................................................123 

Figure 2 – Hematoxylin & Eosin Stained Histologic Sections of Murine Air Pouch Tissue  

                  Exposed to Bare Particulate ...................................................................................124 

Figure 3 – Comparison of Murine Air Pouch Tissue Membrane Thickness as a Function of  

                 Bare Particulate Composition ..................................................................................125 

Figure 4 – Scanning Electron Micrographs of Nanocomposite Particulate used for In Vivo  

                  Inflammation Assay ...............................................................................................126 

Figure 5 – Multiplex ELISA of Pro-Inflammatory Cytokine Expression in Murine Air Pouch  

                  Tissue Exposed to Nanocomposite Particulate ......................................................127 



 

xi 
 

Figure 6 – Micro-Computed Tomography of Pure Polymer vs. Nanocomposite Disc Bone  

                  Formation ...............................................................................................................128 

Figure 7 – Micro-Computed Tomography of Nanocomposite-Supported Ectopic Osteogenesis  

                  in a Murine Muscle Pouch Model ..........................................................................130



 1 
 

 

CHAPTER 1:  THE STRUCTURE, FUNCTION AND REGENERATION OF BONE 

Background 

 Orthopaedic surgery is a field of healthcare concerned with the diagnosis and treatment 

of disorders of the musculoskeletal system resulting from trauma, congenital abnormalities, 

tissue degeneration, or other pathology.  These disorders may effect any structural component of 

the musculoskeletal system, including cartilage, tendon, ligaments, muscle and bone.  

Frequently, injury or pathology affecting these structural components result in extreme 

dysfunction, pain and an overall reduction in the patient’s quality of life.  The societal impact of 

musculoskeletal disorders is significant both from a financial and social perspective.  It is 

estimated that more than one in four Americans have musculoskeletal pathology or injury 

requiring direct medical attention, which is associated with the expenditure of $849 Billion in 

indirect costs annually (www.boneandjointburden.org).  Musculoskeletal injuries and disorders 

account for nearly one third of work days missed by employees.   

 Owing to the significant impact of musculoskeletal disorders, continuous research and 

development work is being performed by scientists and physicians to enhance patient outcomes 

associated with orthopaedic surgical procedures.  One of the main methods of improving patient 

outcomes of surgical procedures is to enhance the rate of healing of the tissue being repaired.  As 

the primary structural support of the body, bone has received a significant amount of attention in 

terms of research aimed at improving healing and regeneration of this important tissue.  Most 

modern research in the area of bone healing centers on the use of tissue engineering techniques, 

including the use of growth factors, multi-potent cells and scaffolds.  Research into novel 

scaffold constructs for structural bone tissue engineering has lagged behind the considerable 

advancements made in growth factor and stem cells research.   
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While numerous materials have been developed to support new bone growth, the vast 

majority of these constructs lack the static mechanical properties to support in vivo 

biomechanical loading.  Non-resorbable materials, such as porous metals, possess adequate 

compressive strength, but their permanence in vivo represents a challenge to surgeons 

performing revision surgeries.  Device permanence also increases the patients risk for late-onset 

infection.  Ceramic materials, such as sintered calcium phosphates, are attractive from the 

standpoint of biocompatibility, favorable surface chemistry and porosity.  The brittle behavior of 

these materials is concerning in the setting of structural bone grafting, especially if there is a 

bending or torsional component to biomechanical loading in the desired anatomic location.  

Resorbable polymers, especially those based on lactic and glycolic acid are attractive candidate 

materials.  The predictable and labile degradation profile and nearly four decades of in vivo use 

are desirable characteristics.  However, concerns persist regarding both the initial mechanical 

properties and loss of mechanical strength as a function of construct degradation.  This concern 

is especially warranted considering the relatively poor mechanical behavior of resorbable 

polymer constructs with a porous morphology.   

    A considerable amount of new research is now focused on reinforcing resorbable 

polymer matrices with nanostructured filler materials, such as hydroxyapatite, -tricalcium 

phosphate and phosphate glasses.  The addition of these filler materials has been associated with 

improvements in in vitro osteoblast response, due to their biologic activity.  However, only 

modest gains in mechanical strength have been reported with these filler particles in lactic and 

glycolic acid-based polymer matrices.  The lack of significant improvements in reinforcement 

have been attribute to the inability to adequately disperse the ceramic particulate in the polymer 

matrix.  Additionally, it is hypothesized that the poor interaction between polymer chains and the 



 3 
 

 

ceramic materials does not allow for the effective restriction of polymer chain mobility, which is 

necessary for significant improvements in mechanical strength. 

A promising new method for synthesizing porous, resorbable polymer nanocomposite 

materials has been developed (Baker et al., 2008; Baker et al., 2011).  This method shows 

promise in terms of the rapid synthesis of nanocomposites suitable for in vivo load-bearing bone 

graft substitute applications.  The method consists of dispersing organically-modified 

Montmorillonite clays (nanoclay) in a matrix of poly(D-lactide) (PDLA) using supercritical 

carbon dioxide (scCO2) processing.  In addition to effectively dispersing the nanoclay throughout 

the PDLA matrix, scCO2 processing simultaneously imparts an interconnected porous 

morphology to the material.  The porous morphology is of the resulting nanocomposite construct 

is similar that of human cancellous bone.  Resulting compressive mechanical properties are 

similar to normal human cortico-cancellous bone.  In vitro and in vivo analyses illustrate the 

ability of the scCO2-processed resorbable polymer nanocomposites to support bone formation, 

thus making it an ideal candidate for bone graft substitute applications. 

Structure of Human Bone 

 In order to effectively develop a material to replace a tissue, a knowledge about the 

structure and biology of the tissue is required.  Bone is a true composite material comprised of a 

predominantly organic matrix, reinforced by inorganic consituents.  The organic matrix of bone 

consists primarily of Type I collagen (90%), with additional collagens, non-collagenous 

extracellular matrix proteins, lipids, growth factors and cytokines.  This organic matrix is 

reinforced by inorganic substances, principally hydroxyapatite.  Hydroxyapatite is a calcium 

phosphate-based mineral (Ca10(PO4)6(OH)2), which is present within the collagenous organic 

matrix as plate-like crystals approximately 20-80 nm in length and 2-5 nm in thickness.  
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Numerous elemental substitutions are possible within hydroxyapatite crystals, including Mg
2+

, 

Sr
2+

, Na
+
 and K

+
 substituting for calcium.  Phosphate groups can be replaced by carbonate 

groups, or hydrogenated phosphates, while the hydroxyl group can also become carbonated, or 

fluorinated.  These substitutions depend on age, anatomic location and the presence of disease 

states and tend to have a large effect on solubility, rather than structural properties (Bolstrom et 

al., 2000)   

   On a macroscopic scale, human long bones (i.e. femur, humerus, tibia, etc.) are 

comprised of a dense outer shell called cortical bone.  The dense cortical bone transitions 

abruptly to a porous morphology referred to as cancellous bone.  Cortical bone is comprised of 

individual functional units called osteons, which are oriented longitudinally in most long bones, 

as shown in Figure 1.  Osteons are composed of rings of cortical bone, referred to as lamellae, 

which surround the Haversian canal.  Bone’s neurovascular supply runs through these canals 

after being fed from the outer sheath of tissue known as the periosteum.  Osteons are bonded to 

one another at the periphery by the cement line, which is a region rich in glycosaminoglycans.  

Volkmann’s canals run in a pseudo-tangential path and act as the connection between individual 

osteons and also serve as connections between the osteon and periosteum.   
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Figure 1.  Illustration of the hierarchical structure of cortical and cancellous bone.  (Image 

taken from Haeys WC: Biomechanics of cortical and trabecular bone: Implications for 

assessment of fracture risk, in Basic Orthopaedic Biomechanics.  New York, NY, Raven Press, 

1991, pp 93-142.) 

 The porous core of the long bone is comprised of cancellous bone, which is extremely 

porous in morphology, but rigid enough to withstand biomechanical loading.  On an 

ultrastructural and compositional level, cancellous bone is identical to that of cortical bone.  The 

main difference is the density of the tissue.  As previously mentioned, cortical bone is comprised 
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of densely packed osteons running in a longitudinal direction, parallel to the primary direction of 

biomechanical loading.  Cancellous bone is comprised of a network of interconnected trabecular 

struts, as shown in Figure 2, and does not contain the same Haversian system that cortical bone 

does.  Depending on the anatomic location and even the location within the long bone, the 

morphology of the functional units (trabeculae) of cancellous bone vary from being rod-like to 

plate-like.  Similar to cortical bone, trabeculae are composed of lamellae, which are oriented in a 

longitudinal fashion, rather than concentrically.   

 

Figure 2.  Interconnected porous morphology of human cancellous bone.  Image taken from 

www.sciencephoto.com. 

Cell Biology of Bone 

 Functionally, bone hosts three distinct cell types, which include osteoblasts, osteocytes 

and osteoclasts.  Bone is the only tissue that contains two specific cell types that are responsible 

http://www.sciencephoto.com/
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for tissue formation and tissue destruction.  Tissue formation and destruction is a normal process 

within human bone and relies on the coupling between osteoblast and osteoclast function.  

Osteoclasts are the cell type responsible for resorption of bone and are descended from marrow-

derived hematopoietic progenitor cells that additionally give rise to a monocytic lineage.  Mature 

osteoclasts reside within the structure of bone in small cavities called Howships lacunae and 

express tartrate-resistant acid phosphatase (TRAP).  In order to resorb bone, osteoclasts attach to 

the proposed site of resorption through integrin binding.  Once attached, osteoclasts utilize a 

carbonic anhydrase system to produce pH-lowering hydrogen ions.  The significant reduction in 

local pH solubilizes the inorganic constituent of bone and hydrolytically digests the organic 

matrix.   

 The anabolic counterpart to an osteoclasts is the osteoblast.  Osteoblasts line surfaces of 

bone and express Type I collagen and other phenotypic markers, including osteocalcin, bone 

sialoprotein and several other extracellular matrix proteins.  The extracellular matrix produced 

by osteoblasts is referred to as osteoid and acts as an interface between the osteoblast and host 

bone.  Osteoblasts are responsible for regulating the process of mineralization, which occurs in 

two specific phases: nucleation and growth (Bolstrom et al., 2000).  The nucleation phase of 

mineralization consists of a local supersaturation of precipitating species, including Ca
2+

 which 

is accomplished by extracellular secretion by osteoblasts.  Following the build-up of 

precipitating species, nucleation sites are exposed on the osteoid extracellular matrix.  The 

nucleation of Ca
2+

 and PO4
-
 groups is followed by a rapid accumulation and growth phase.  The 

addition of more hydroxyapatite crystals during this phase improves the rigidity of the substrate 

and provides the structural basis of new bone formation. 
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 Osteocytes are another integral cell component of bone.  Osteocytes are actually 

osteoblasts that have been completely surrounded by mineralized osteoid and are considered to 

be the terminal phase of the osteoblastic lineage.  Within a section of cortical bone, osteocytes 

are distributed in concentric rings of the osteon.  The immobile osteocytes communicate with 

each other by extended cell processes that travel through the canaliculi of bone (Keaveny and 

Hall, 1993).  Osteocyte communication, which is both autocrine and paracrine (communicating 

directly with osteoblasts on the bone surface) in nature can help to regulate the homeostasis of 

bone and is implicated in one of the main driving forces of new bone remodeling (Bolstrom et 

al., 2000).    

Bone Remodeling 

 The function of osteoblasts and osteoclasts are coupled during the process of bone 

remodeling by a distinct set of pathways.  Bone remodeling is necessary for two distinct reasons: 

1. maintenance of systemic (circulating) calcium concentrations and 2. optimization of bone 

geometry and structure for adequate load bearing capacity.  For the purposes of this discussion, 

we will focus on the second reason.  It is known that new bone forms and existing bone remodels 

according to the mechanical loading that it experiences; a property known as Wolff’s Law.  This 

mechanism optimizes the geometric and material properties of bone based on predominant 

loading amplitudes, frequencies and directions.  Even in skeletally mature humans, bone 

continuously remodels as a function of body mass index, level of activity, diet and pathology. 

While the exact mechanisms of how mechanical forces are converted to cell-level 

communication are unknown, it is understood that the process is dependent on the coupling of 

anabolic and catabolic activity by osteoblasts and osteoclasts, respectively.  The functional 
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coupling of these cells is accomplished through a variety of physicochemical and biochemical 

signals.  In terms of physical signaling, osteoclast-mediated bone resorption can be mediated by 

osteoblast signaling.  Upon exposure to elevated levels of 1,25-dihydroxyvitamin D3, 

osteoblastic lining cells are stimulated to contract, which exposes mineralized osteoid.  

Activation of osteoclastic resorption requires exposure of mineralized matrix, as well as 

exposure to matrix-bound proteins.  Osteoblast surfaces express receptor activator for nuclear 

factor- ligand (RANKL) (Bolstrom et al., 2000).  RANKL is a cell surface protein that is 

necessary for receptor activator for nuclear factor-- (RANK) induced activation of nuclear 

factor- (NF-), as well as nuclear factor of activated T cells (NFATc1).  Activation of NF-

 and NFATc1 stimulates active resoprtion, as well as the recruitment and differentiation of 

osteoclast precursors.  To inhibit resorption, other local osteoblasts begin to express 

osteoprotegerin (OPG).  OPG binds to RANKL on osteoblast surfaces, which eliminates NF- 

and NFATc1 activation and brings the process of resorption to a halt.  Active degradation of the 

bone results in the release of growth factors with osteogenic activity, including bone 

morphogetic proteins (BMPs), which are members of the transforming growth factor-beta (TGF-

) superfamily of proteins.  Release of these growth factors from the matrix results in increased 

matrix production by osteoblasts.  As shown, the process of osteoclastic bone resorption and 

osteoblastic bone formation is a continuous feedback loop relying with each cell relying on the 

function of the other to maintain homeostasis.                  

Fracture Healing and Bone Regeneration 

 Despite the hierchical structure of human cortical and cancellous bone and the complex 

cellular basis for homeostatic balance between anabolism and catabolism, bone is still prone to 
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mechanical failure.  Fractures accounted for over 20% of all reported musculoskeletal injuries in 

2008 (www.boneandjointburden.org).  Long bones of the upper and lower extremities are the 

most common anatomic locations of these fractures, followed closely by fractures of the 

vertebral column.  Severe fractures are associated with significant physical limitations and the 

greatest number of missed days of work compared to any other type of musculoskeletal injury 

(www.aaos.org).   

 Bone is a tissue that does have a relatively potent intrinsic healing mechanism in the 

event of fracture (Day et al., 2000).  Depending on the magnitude, direction and mode of 

loading, immediately upon fracture, there is a disruption in the structural aspect of the tissue, its 

blood supply and surrounding soft tissues.  Attending physicians attempt to reduce the fracture, 

which involves the direct application of force to restore the normal anatomy of the fractured 

bone.  Depending on the type of injury, stability of the reduced fracture and anatomic location, 

the extremity affected by the fracture may be placed in a cast to reduce mobility.  In other 

situations, open reduction and internal fixation (ORIF) is necessary.  In the case of ORIF, 

metallic implants, such as intramedullary nails or screw and plate constructs will be used to 

create rigid fixation at the site of fracture.  Both the quality of the fracture reduction and the 

degree of fixation used dictate the healing response of the bone.  Primary cortical healing is one 

such healing response, which entails the attempt by the bone to re-establish osteon-osteon 

contact between the fracture fragments.  Gaps that persist between fracture fragments after 

reduction become vascularized and a callus forms.  The callus consists of a milieu of cytokines 

which direct neoangiogenesis, facilitate cellular infiltration to the fracture site and provide the 

biochemical impetus for healing.  MSCs differentiate towards an osteoblastic lineage and begin 

to express osteoid, which later becomes mineralized.  These initial phases of osteogenesis occur 
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in the absence of osteoclastic bone resorption, as the direct need is for tissue anabolism.  Days 

after this period of pure anabolic response at the fracture site, osteoclastogenesis occurs.  

Osteoclasts activate and begin to chemically debride any non-viable bone at the fracture site.  

The fracture callus is then resorbed and osteoblast-osteoclast coupling occurs to initiate the 

process of remodeling.  With an appropriately rigid reduction and fracture fixation, stresses and 

strains will still be effectively transmitted to the tissue, as the patient is encouraged to begin 

using the affected limb.  Osteoclasts form cutting cones to remodel the newly formed bone to be 

optimized for bearing of biomechanical loads (Bolstrom et al., 2000; Day et al., 2000). 

 Secondary healing is another mechanism by which fractures can heal.  Unlike primary 

healing, secondary healing does not involve the re-establishment of osteonal contact between the 

fracture fragments.  Instead, a potent reaction by the bone’s outer sheath-like covering 

(periosteum) immediate initiates the formation of a callus that covers the entire fracture site (Day 

et al., 2000).  The biochemical and biologic microenvironment of the callus contains a high 

concentration of endogenous promoters of neoangiogenesis and osteogenesis.  Host osteoblasts 

in each of the fracture fragments are encouraged to excrete a collagenous extracellular matrix.  

Secondary healing often involves bone formation by endochondral ossification.  This method of 

bone formation mimics embryonic bone formation and involves the formation of a collagenous 

template by MSCs.  The collagenous template is subsequently mineralized to form highly 

functional bone tissue in a relatively short period of time.  Similar to primary healing, osteoclasts 

begin to remodel the newly formed bone to ensure a return to normal weight bearing status with 

minimal dysfunction. 

The Need for Bone Grafting 
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Despite the ability of bone to heal through a variety of intrinsic processes and pathways, 

several clinical situations arise where the patient’s healing and regeneration response is 

insufficient to provide a return of the bone to a normal structure.  Measures are taken by 

surgeons to restore the load bearing capacity of the bone by augmenting the site of bone injury or 

dysfunction with biologic, or synthetic constructs.  These constructs are meant to serve not only 

as load bearing structures, but also scaffolds onto which the patient’s new bone will form.  

Sometimes these constructs contain endogenous, or exogenous factors that promote the 

recruitment of stem cells to the site to speed the rate and amount of new bone formation.  

Regardless of the configuration, these constructs are referred to as bone grafts and are used quite 

frequently in orthopaedic surgery.  In 2003, over 1 million bone grafting procedures were 

performed in the United States alone (www.aaos.org).  While use of bone grafting in 

musculoskeletal trauma situations is obvious, there are two other scenarios that account for a 

significant portion of the number of bone grafting procedures performed each year.  As both of 

these scenarios have become increasingly more common, even over the last decade, it is 

pertinent to discuss the application of bone grafting in these situations.              

Bone Grafts for Osseous Neoplasms 

 The presence of malignant or benign neoplasms, or tumors, within osseous tissue is a 

relatively common occurrence (Clohisy 2000).  Several types of benign tumors exist, including 

aneurysmal bone cysts, osteoid osteomas and osteochondromas.  Aneurysmal bone cysts 

frequently occur as a result of a pre-existing bone tumor, which can lead to increases in local 

blood flow.  This increase in local blood flow, as well as local blood pressure cause the 

formation of a cyst in a location previously occupied by the bone tumor.  These types of tumors 

can arise on the surface of a bone, or remain confined within the marrow cavity.  Osteoid 
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osteomas are small focal lesions that tend to occur in the vertebrae and are characterized by a 

dense area of random oriented (woven) bone, fibrovascular tissue with a focal area of osteolysis 

(bone resorption) and a dense ring of sclerotic (non-viable) bone (Clohisy 2000).  

Osteochondromas are tumors that present as osseous outgrowths on a bone.  The outgrowth often 

has a cap of cartilage at the most distal end and tend to affect the long bones of the extremities.  

Malignant tumors of bone include osteosarcomas, Ewing’s sarcomas and secondary tumors 

arising from metastatic cancer.  Malignant tumors tend to be quite aggressive and destructive in 

nature.  Osteosarcoma is the most common primary osseous tumor and occurs frequently in the 

pediatric population.  Ewing’s sarcoma is another malignancy that tends to affect the adolescent 

population and is characterized by an expansile lesion, usually found in the femur, humerus or 

tibia. 

 Aside from presenting with constitutional symptoms (fever, chills, night sweats) and the 

insidious onset of pain, another common clinical presentation of a bone tumor is fracture of a 

bone from a seemingly low energy event.  Frequently, a patient will describe falling from a 

standing height and present with a fracture.  Upon analysis of X-rays, the presence of a lesion is 

in the region of the fracture is observed.  The so-called “pathologic fracture” is a function of the 

structural compromise of a bone affected by either a benign or malignant tumor (Day et al., 

2000).  All of the above-described benign and malignant tumors are associated with focal 

disruption of cortical bone in load bearing anatomic locations, including the vertebrae, femur, 

tibia and humerus.  Disruption of the cortices creates a stress riser in the bone, which can lead to 

compression fractures in the spine, or transverse and oblique fractures in long bones.   

 In a setting where an osseous tumor is discovered prior to pathologic fracture by X-ray, 

computed tomography (CT) or bone scintigraphy, treatment often involves surgical excision of 
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the lesion.  Debridement of a wide margin of bone accompanies excision of the lesion, in an 

attempt to remove the full extent of malignant or non-normal tissue.  Because of both the 

excision and debridement, the bone still remains susceptible to fracture through the original site 

of the tumor.  Extremely aggressive tumors can also compromise the integrity of a an entire 

region of bone, necessitating radical resection of entire sections of bone to prevent spread of 

malignancy.   

 In addition to surgical excision of the bone tumor, radiation and/or chemotherapy is 

frequently employed to reduce the size and viability of a tumor.  Post-operative radiation is often 

used to ensure that the, even when wide margin excision or resections are performed, the 

tumorous tissue will not return.  Radiation and certain types of chemotherapy have been shown 

to alter the biology within bone.  Further evidence exists which details the effect of radiation on 

local MSC populations in terms of their ability to differentiate towards an osteoblastic lineage 

and, ultimately, to repair bone.  Chemotherapeutic agents, such as methotrexate and Adriamycin 

have been shown to alter systemic bone formation dynamics, leading to an uncoupling between 

osteoclastic bone resorption and osteoblastic bone formation.  Georgiou, et al. demonstrated the 

effect of methotrexate on the differentiation capacity of marrow-derived MSCs in a rate model.  

In animals treated with methotrexate, MSCs were more likely to differentiate towards an 

adipogenic lineage, rather than an osteoblastic lineage.   

As described, the presence, as well as the treatment of osseous neoplasms results in a 

challenging clinical situation in terms of affecting bone healing.  The excision of a bone tumor, 

or resection of an entire section of bone creates a critical defect that necessitates the use of a 

bone graft construct to support biomechanical loading.  Pre- and post-operative radiotherapy 

and/or chemotherapy can have a negative effect on the potential of the patient to rapidly 
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regenerate bone at the site of excision.  As such, the bone graft employed must present a surface 

and morphology conducive to bone formation.  Additional agents, endogenous or exogenous, 

locally or systemically administered may be necessary to induce the rapid formation of bone at 

the grafting site. 

Hariri, et al recently described the use of a free vascularized fibular graft for 

reconstruction of metadiaphyseal bone of the femur and tibia following resection for expansile 

neoplasms, such as Ewing’s sarcomas (Hariri et al., 2010).  The graft was harvested from the 

fibula on the same side as the femur affected by the tumor.  This type of graft provides excellent 

load bearing support, due to the high ratio of cortical to cancellous bone.  In addition to load 

bearing support, this graft also contains fresh vascular tissue, which aids in the formation of a 

callus.  Callus formation precedes new bone formation due to the high concentrations of 

osteoinductive proteins and chemotactic agents for MSCs (Day, 2000)    

Bone Grafts for Spine Fusion 

Spinal arthrodesis, also known as spinal fusion, is a procedure which relies on the 

creation of a bony bridge between adjacent vertebrae, as shown in Figure 3.  Spine fusion is 

indicated for the treatment of both acute and chronic conditions of the spine, such as 

intervertebral disc herniation, degenerative disc disease, spondylolisthesis and 

spondyloarthropathy (DePalma et al., 1972; Hu and Bohlman, 1994; Malloy and Hilibrand, 

2002).  These conditions most often involve impingement of neurovascular structures by 

herniated intervertebral disc tissue, or vertebrae which have translated too far in relation to 

adjacent vertebrae.  Patients experiencing this impingement may present clinically with radiating 

pain (radiculopathy) throughout an extremity, numbness, tingling, loss of motor function and 
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even cognitive deficits (DePalma et al., 1972).  Other patients will present with debilitating axial 

back pain, which is confined to the midline of the spine without any radicular symptoms. 

 

                           

Figure 3.  Illustration of common intervertebral disc pathology leading to pain and 

dysfunction (right) and the technique of interbody fusion (right).  Image taken from 

www.orthogate.com/spine. 

 

Treatment of the symptomatic spine level involves the formation of a bony bridge 

between adjacent vertebrae.  The spine level is fused to restore the normal lordotic or kyphotic 

curvature of the spine, while increasing stability of the segment, thus reducing the incidence of 

future compromise of neurovascular structures, pain and dysfunction.  In the case of interbody 

fusion, arthrodesis is created between the vertebral bodies of adjacent vertebrae (DePalma et al., 

http://www.orthogate.com/spine
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particles, PDLA-2.5wt%93A nanocomposite particles, PDLA-2.5wt% 30B nanocomposite 

particles and PBS (control). 

 

Osteoinductivity of rhBMP-2-Loaded Nanocomposites 

 All mice undergoing open implantation of pure PDLA and PDLA-93A discs tolerated the 

procedure well and none were lost to complications.  No animals exhibited constitutional 

symptoms or physical signs of infection.  Upon gross observation of tissues during harvest, no 

outwardly observable signs of deep infection or foreign body response were noted.  Micro-CT of 

the mice showed some reactive bone formation at the two week and four week time point in all 

mice receiving PDLA and PDLA-93A constructs without rhBMP-2, as shown in Figure 6.  This 

bone formation was slightly more pronounced in the mice receiving PDLA-93A nanocomposites.   
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Figure 6. Axial micro-CT images of in vivo bone growth after two weeks in mice receiving pure 

PDLA constructs (Top Left) and PDLA constructs with E. Coli-expressed rhBMP-2 (Bottom 

Left), compared to mice receiving PDLA-93A constructs (Top Right) and PDLA-93A constructs 

with E. Coli-expressed rhBMP-2 (Bottom Right). The red ring represents the area of construct 

implantation. 

By six weeks, the reactive bone formation had disappeared in constructs without rhBMP-

2, as shown in Figure 7.  Both construct types with adsorbed rhBMP-2 displayed a significant 

amount of bone formation at each of the three time points.  Simultaneous orthogonal projections 

(combined views of axial, sagittal and coronal sections) displayed evidence of appositional, as 

well as three dimensional bone growth.  No differences were observed between animals which 

received PDLA or PDLA-93A constructs, in terms of CT evidence of bone formation.  All 

animals receiving constructs with rhBMP-2 adsorbed did show more fluid accumulation in the 

gluteal pouch, which is consistent with growth factor-induced bone formation. 
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Figure 7.  Axial micro-CT images of in vivo bone growth in PDLA-93A nanocomposites with E. 

Coli-expressed rhBMP-2 (top right, bottom right) and without rhBMP-2 (top left, bottom left) at 

two weeks (top row), four weeks (middle row) and six weeks post-op. 

Discussion  

 In the simulated worst case scenario consisting of the exposure of filler materials directly 

to the biologic environment, without intervening polymer chains, both Cloisite 93A and Cloisite 

2 Weeks 

4 Weeks 

6 Weeks 
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30B particulate induced a significantly higher inflammatory response, compared to 

hydroxyapatite and saline controls.  In particular the cytokines IL-1, IL-6 and MIP-2 were 

significantly elevated in the clay-treated tissues.  While cytokine expression was significantly 

different, no similar trends were found in measurements of membrane thickness in the pouch 

tissues.  This could be due to the relatively short exposure of the pouch tissue to the particulate.  

Montmorillonite clay-induced inflammation is not well-described in the musculoskeletal setting.  

There is a paucity of data in general regarding the immune and inflammatory response to layered 

silicate structures in vivo and in vitro.  Styan et al., examined the in vitro response of fibroblasts 

to nanocomposites composed of polyurethane reinforced with nanoclays modified with 

quaternary ammonium compounds (QAC) similar in structure to Cloisite 30B (Styan et al., 

2008).  This group found a negative effect on fibroblast proliferation and viability and referred to 

this effect as cytotoxicity, though no studies were performed to confirm cytotoxicity, or rule out 

apoptosis and necrosis.  Liquid chromatography mass spectroscopy demonstrated leeching of 

QAC from the nanocomposites while in culture, which the authors posited led to the cytotoxicity 

(Styan et al., 2008).   Rueda, et al., also examining polyurethane polymers reinforced with 

Cloisite 30B, found a similar effect on fibroblast proliferation (Rueda et al., 2011).In contrast, 

Katti, et al. found that blends of chitosan-Montrmorillonite and hydroxyapatite supported 

osteoblast function with no observable reduction in viability (Katti et al., 2008).  

Montmorillonite was observed to act synergistically with hydroxyapatite in supporting cell 

function by the osteoblasts (Katti et al., 2008).  Zhuang, et al. also did not observe a negative 

effect of Montmorillonite clay in blends of gelatin and chitosan during in vitro analyses (Zhuang 

et al., 2007).  It should be noted that neither Katti, nor Zhuang utilized organically-modified 

Montmorillonite.  While Cloisite 93A is modified with a QAC, no in vitro or in vivo studies have 
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been performed to date to directly assess the effect of this specific QAC on cell viability or 

inflammatory response.   

 When the murine air pouches were challenged with nanocomposite particulate, the 

differences between nanoclay-loaded and hydroxyapatite-loaded constructs were not as 

substantial.  MIP-2 showed the greatest difference between PDLA-HA, PDLA-93A and PDLA-

30B with nanoclay-loaded particulate expressing greater concentrations of the cytokine, but this 

difference failed to reach statistical significance.  PDLA-HA particulate actually induced a 

higher expression of both IL-1 and GM-CSF, compared to PDLA-93A and PDLA-30B.  IL-6 

was not reported for the nanocomposites particulate challenge, as technical difficulties with this 

assay were noted.  Future work will include this analyte, as it has been shown to play an 

important role in inflammatory response and osteoclastogenesis.  These results may be attributed 

both to the reduction of direct contact between nanoclay particulate and the biological 

environment, as well as the difference in filler content between hydroxyapatite-loaded and 

nanoclay-loaded particulate.  Clinically-used products and pre-clinical tissue engineering 

constructs tend to use high concentrations of hydroxyapatite, both to enhance mechanical 

properties and to potentially facilitate osteoconduction.  Peng, et al. used 20 wt% hydroxyapatite 

in a nanospun PLLA nanocomposite scaffold, while Guan, et al. used up to 75 wt% of 

hydroxyapatite in a PLGAmatrix (Peng et al., 2011; Guan et al., 2004).  For the present study, 

nanocomposite particulate was loaded with 45 wt% hydroxyapatite, as this represented the 

median concentration of hydroxyapatite used in recent studies.  Nanoclay-PDLA particulate was 

loaded with 2.5wt% Cloisite 93A or Cloisite 30B, as this was the concentration previously 

shown to result in the greatest gains in compressive strength and modulus (Baker et al., 2011).  

Though not a focus of this study, scCO2-processed PDLA-93A constructs exhibit compressive 
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mechanical properties exceeding that of porous constructs with significantly higher 

concentrations of hydroxyapatite particulate. 

 Though the final disposition of nanoclay in PDLA nanocomposites remains as conjecture, 

a significant body of work exists detailing the mineralization of silicate structures.  It is likely 

that in the event of complete matrix degradation, nanoclay would be incorporated within the de 

novo bone.  Cunningham, et al. have demonstrated the incorporation of metallic debris within the 

developing posterolateral spine fusion mass in rabbits inoculated with titanium particulate 

(Cunningham et al., 2003).  Further, Cunningham and colleagues demonstrated no significant 

reduction in bone formation as a function of exposure to the particulate, despite significantly 

elevated pro-inflammatory cytokine production and osteoclast activity (Cunningham et al., 

2003).  Nanocomposites synthesized for this study are not intended to be used in bearing surface 

applications, such as total joint arthroplasty devices.  As such, the final size and morphology of 

particles will vary significantly with the particle sizes and morphologies used in in vitro and in 

vivo studies examining the osteolytic potential of mechanical wear debris.  No data currently 

exists, which has examined the physical characteristics of particulate shed from porous 

resorbable polymer nanocomposites as a function of cyclic loading in an aqueous media.  Future 

research will focus on creating nanocomposites particulate that more closely resembles the 

physical characteristics of debris found in vivo. 

 PDLA and PDLA-93A constructs synthesized by scCO2 processing showed the ability to 

support in vivo bone formation, when functionalized with E. Coli-expressed rhBMP-2.  Similar 

to other studies, the constructs displayed both appositional bone growth, as well as three 

dimensional infiltration of osteogenesis.  These results suggest that the interconnected, porous 

morphology of the constructs are sufficient for bone graft applications where three-dimensional 
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bone growth is desired and often achieved with the addition of exogenous growth factors.  No 

significant difference was noted between PDLA and PDLA-93A constructs in terms of bone 

growth at early time points.  This results suggests that, despite the increased inflammatory 

response to nanoclay when compared with hydroxyapatite at identical concentrations, bone 

growth remains unaffected.  Future studies will also seek to characterize neoangiogenesis 

associated with bone growth on the nanocomposites constructs.  Vessel formation is an important 

requirement for the growth of sustainable osseous tissue.  Results from the four week and six 

week timepoints, are encouraging, as bone resorption is a hallmark of non-viable and non-

nutrient supplied neo-osseous tissue. 

Conclusions  

 This is the first study to demonstrate the in vivo inflammatory response to Cloisite 30B, 

Cloisite 93A and nanocomposite particulate composed of these nanoclays dispersed in a PDLA 

matrix.  The inflammatory response to PDLA-93A and PDLA-30B nanocomposite particulate 

was substantially equivalent to the more traditional PDLA-HA compositions, suggesting 

appropriate biocompatibility.  Additionally, this study demonstrated the ability of supercritical 

carbon dioxide-processed PDLA-93A nanocomposites to support exogenous growth factor-

induced bone formation.  Supercritical CO2-processed resorbable polymer-clay nanocomposites 

may be suitable as bone graft substitute in load-bearing orthopaedic applications.  
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