Contributors, xi
Preface, xxi
How to use this Book, xxiii

Part I: Materials Science and Engineering

Section 1.1: Overview of Biomaterials

1.1.1

1.1.2

Introduction to Biomaterials Science: An
Evolving, Multidisciplinary Endeavor, 3
Buddy D. Ratner, Allan S Hoffman, Frederick J. Schoen,
Jack E Lemons, William R Wagner, Shelly E
Sakiyama-Elbert, Guigen Zhang and Michael J.
Yaszemski

A History of Biomaterials, 21
Buddy D. Ratner and Guigen Zhang

Section 1.2: Properties of Biomaterials

1.2.1

1.2.2

1.2.3

1.2.4

1.2.5

Introduction: Properties of
Materials—the Palette of the
Biomaterials Engineer, 35
Jack E Lemons and Guigen Zhang

The Nature of Matter and Materials, 37
Buddy D. Ratner

Bulk Properties of Materials, 41
Guigen Zhang and Christopher Viney

Surface Properties and Surface
Characterization of Biomaterials, S3
Buddy D. Ratner and David G Costner

Role of Water in Biomaterials, 77
Buddy D. Ratner and Robert A Latour

Section 1.3: Classes of Materials Used

1.3.1

in Medicine

The Materials Side of the Biomaterials
Relationship, 83
William R Wagner



1.3.2 Polymers: Basic Principles, 85
Garrett Bass, Matthew L Becker, Daniel E Heath and
Stuart L Cooper

1.3.2A  Polyurethanes, 103
Daniel E Heath, Scott A. Guelcher and Stuart L Cooper

1.3.2B Silicones, 109
Jim Curtis and Stephanie D. Steichen

1.3.2C Fluorinated Biomaterials, 125
David W Grainger

1.3.2D The Organic Matrix of Restorative
Composites and Adhesives, 139
Jack L Ferracane and Carmem S Pfeifer

1.3.2E Hydrogels, 153
Nicholas A. Peppas and Allan S Hoffman

1.3.2F Degradable and Resorbable Polymers,
167
Laura Macdougall, Heidi Culver, Chien-Chi Lin,
Christopher Bowman and Kristi Anseth

1.3.2G Applications of “Smart Polymers* as
Biomaterials, 191
Allan S Hoffman and Patrick S Stayton

1.3.3 Metals: Basic Principles, 205
Jeremy L Gilbert

1.3.3A Titanium Alloys, Including Nitinol, 229
Sertan Ozan, Khurram Munir, Arne Biesiekierski,
Rasim Ipek, Yuncang Liand Cuie Wen

1.3.3B Stainless Steels, 249
Phillip J. Andersen

1.3.3C CoCr Alloys, 257
Amit Bandyopadhyay, Kellen D. Traxel, Jose D. Avila,
Indranath Mitra and Susmita Bose

1.3.3D Biodegradable Metals, 271
Frank Witte



1.34 Ceramics, Glasses, and Glass-Ceramics:
Basic Principles, 289

Julian R Jones and lain R Gibson

1.3.4A Natural and Synthetic Hydroxyapatites,
307
lain R Gibson

1.3.4B Structural Ceramic Oxides, 319

Gary Fischman

1.35 Carbon Biomaterials, 327

Artur M. Pinto, Andreia T. Pereira and Inés C Gonsalves

1.3.6 Natural Materials, 361

Manuel Gémez-Florit, Rui M. A. Domingues, Syeda
Mahwish Bakht, Barbara B. Mendes, Rui L Reis and
Manuela E Gomes

1.3.6A Processed Tissues, 377
Raymond M. Wang, Pamela Duran and
Karen L Christman

1.3.6B Use of Extracellular Matrix Proteins and
Natural Materials in Bioengineering, 401
Katja Schenke-Layland, Simone Liebscher and
Shannon Lee Layland

137 Composites, 415
Guigen Zhang, Helen Lu, Sachin Mamidwar
and Min Wang

1.3.8A Microparticles, 431
Yang Liand Daniel S. Kohane

1.3.8B Nanoparticles, 453
Lichen Yinand Zhiyuan Zhong

Section 1.4: Materials Processing

141 Introduction to Materials Processing for
Biomaterials, 485
Shelly E Sakiyama-Elbert

1.4.2 Physicochemical Surface Modification of
Materials Used in Medicine, 487
Buddy D. Ratner, Allan S Hoffman and
Sally L McArthur

1.4.3A Nonfouling Surfaces, 507

Peng Zhang, Buddy D. Ratner, Allan S Hoffman and
Shaoyi Jiang

1.4.3B Nonthrombogenic Treatments and
Strategies, 515

Michael V. Sefton and Maud B. Gorbet



144

145

1.4.6

1.4.7

1.4.8

Partii:
Section

2.11

2.1.2

2.1.3

2.1.4

2.1.5

2.1.6

Surface-Immobilized Biomolecules, 539
Steven J. Frey, Allan 5. Hoffman, Jeffrey A. Hubbelland

Ravi 5. Kane

Surface Patterning, 553
Jae Sung Lee, Ryan T Hill, Ashutosh Chilkoti and

William L. Murphy

Medical Fibers and Biotextiles, 575
Calvin Chang, Brian Ginn, Natalie K. Livingston,
Zhicheng Yao, Benjamin Slavin, Martin W. King,
Sangwon Chung and Hai-Quan Mao

Textured and Porous Biomaterials, 601
W. Benton Swanson and Peter X. Ma

Biomedical Applications of Additive
Manufacturing, 623

Brachi Dhavalikar, Ziyang Lan, Ronit Kar, Karim
Salhadar, Akhilesh K. Gaharwar and Elizabeth
Cosgriff-Hernandez

Biology and Medicine

2.1: Some Background Concepts

Introduction to Biology and Medicine—
Key Concepts in the Use of Biomaterials in
Surgery and Medical Devices, 643
MichaelJ. Yaszemskiand Buddy D. Ratner

Adsorbed Proteins on Biomaterials, 645
Thomas A. Horbettand Robert A. Latour

Cells and Surfaces in Vitro, 661
S Adam Hacking, Nureddin Ashammakhiand
Ali Khademhosseini

Functional Tissue Architecture,
Homeostasis, and Responses to Injury,
683

Richard N. Mitchelland Frederick J. Schoen

The Extracellular Matrix and
Cell-Biomaterial Interactions, 701
Woojin M. Han, Young C Jang and Andrés J. Garcia

Effects of Mechanical Forces on Cells and
Tissues, 717

Austin Veith, Dan Conway, LeiMei, Suzanne G. Eskin,
Larry V. Mcintire and Aaron B. Baker



Section 2.2: Host Reaction to Biomaterials
and Their Evaluation

221 Introduction to Biological Responses to
Materials, 735
Shelly E Sakiyama-Elbert

2.2.2 Inflammation, Wound Healing, the
Foreign-Body Response, and Alternative
Tissue Responses, 737
Julia E Babensee

2.2.3 Innate and Adaptive Immunity: The
Immune Response to Foreign Materials,
747
Benjamin George Keselowsky, Abhinav Acharya and
Jamal S Lewis

2.2.4 The Complement System, 777
Richard J. Johnson

225 Systemic and Immune Toxicity of
Implanted Materials, 791

Aaron Barchowsky

2.2.6 Blood Coagulation and Blood-Material
Interactions, 801
Stephen R Hanson, Erik I. Tucker and Robert A. Latour

2.2.7 Tumorigenesis and Biomaterials, 813
Vickie Y.Jo and Frederick J. Schoen

2.2.8 Biofilms, Biomaterials, and Device-Related
Infections, 823
lolanda Francolini, Luanne Hall-Stoodley and
Paul Stoodley

Section 2.3: Characterization of Biomaterials

231 How Well Will It Work? Introduction to
Testing Biomaterials, 841
Buddy D. Ratner

2.3.2 The Concept and Assessment of
Biocompatibility, 843
Buddy D. Ratner and Frederick J. Schoen

2.3.3 In Vitro Assessment of Cell and Tissue
Compatibility, 851
Michael F Wolf, Kelly P Coleman, Edward A. Rankin
and Gregory M. Lewerenz

2.3.4 In Vivo Assessment of Tissue
Compatibility, 869
James M. Anderson, Frederick J. Schoen and
Nicholas P Ziats



2.35

2.3.6

Section

24.1

24.2

243

24.4

2.4.5

Section

251

2.5.2A

2.5.2B

253

Evaluation of Blood-Materials
Interactions, 879

Buddy D. Ratner, Thomas A. Horbettand
William R Wagner

Animal Surgery and Care of Animals, 899

Michael Y. Esmail and David Lee-Parritz

2.4. Degradation of Materials in the
Biological Environment

Introduction: The Body Fights
Back-Degradation of Materials in the
Biological Environment, 917

Buddy D. Ratner and William R Wagner

Chemical and Biochemical Degradation of
Polymers Intended to Be Biostable, 919
ArthurJ. Coury

Metallic Degradation and the Biological
Environment, 941
Jeremy L Gilbert

Degradative Effects of the Biological
Environment on Ceramic Biomaterials,
955

Maria Vallet Regi, Pedro Esbritand Antonio J. Salinas

Pathological Calcification of Biomaterials,
973

Frederick J. Schoen, RobertJ. Levy, Hobey Tam and
Naren Vyavahare

2.5: Applications of Biomaterials

Introduction to Applications of
Biomaterials, 995

Michael J. Yaszemski, Frederick J. Schoen and
Jack E Lemons

Cardiovascular Medical Devices: Heart
Valves, Pacemakersand Defibrillators,
Mechanical Circulatory Support, and
Other Intracardiac Devices, 999

Robert E Padera and Frederick J. Schoen

Cardiovascular Medical Devices:
Stents, Grafts, Stent-Grafts and Other
Endovascular Devices, 1033

Michael A. Seidman, Robert F Padera and
Frederick J. Schoen

Extracorporeal Artificial Organs and
Therapeutic Devices, 1051

Rei Ukita, Alastair Campbell Ritchie, Angela Lai and
Keith E Cook



254

255

2.5.6

25.7

258

259

2.5.10

2511

2512

2513

Section

26.1

2.6.2

2.6.3

Orthopedic Applications, 1079

Nadim James Hallab and Joshua J. Jacobs

Dental Applications, 1119
David H. Kohn and Jack E Lemons

Ophthalmologic Applications:
Introduction, 1135

Heather Sheardown, Emily Anne Hicks, Aftab Tayab
and Ben Muirhead

Bioelectronic Neural Implants, 1153
Andrew J. Shoffstall and Jeffrey R Capadona

Burn Dressings and Skin Substitutes, 1169
Steven Boyce, Philip Chang and Petra Warner

Description and Definition of Adhesives,
and Related Terminology, 1181

Darshan S Shah, Bryan K Lawson and

Michael Yaszemski

Biomaterials for Immunoengineering,
1199

Susan N. Thomas, Paul A. Archerand

Margaret P Manspeaker

Biomaterials-Based Model Systems
to Study Tumor-Microenvironment
Interactions, 1217

Brittany E Schutrum, Matthew A. Whitman and
Claudia Fischbach

Drug Delivery Systems, 1237
Danielle SW. Benoit, Clyde T. Overby,
Kenneth R Sims Jr. and Marian A. Ackun-Farmmer

Responsive Polymers in the Fabrication of
Enzyme-Based Biosensors, 1267
John R Aggas and Anthony Guiseppi-Elie

2.6: Applications of Biomaterials in
Functional Tissue Engineering

Rebuilding Humans Using Biology and
Biomaterials, 1287
Shelly E Sakiyama-Elbert

Overview of Tissue Engineering Concepts
and Applications, 1289

Sarah Miho Van Belleghem, Bhushan Mahadik,

Kirstie Lane Snodderly and John P. Fisher

Tissue Engineering Scaffolds, 1317
Hannah A. Pearce, Yu Seon Kim, Luis Diaz-Gomez and
Antonios G. Mikos



2.6.4

2.6.5

2.6.6

2.6.7

2.6.8

Part Ill:

311

3.1.2

3.1.3

3.14

3.1.5

3.1.6

3.1.7

3.1.8

Micromechanical Design Criteria for
Tissue-Engineering Biomaterials, 1335
Ying Lei, Zachary E Goldblatt and Kristen L Billiar

Tendon Tissue-Engineering Scaffolds,
1351

Phong K Nguyen, Kiheon Baek, Feiyang Deng,

Joseph D. Criscione, Rocky S. Tuan and Catherine K Kuo

Bone Tissue Engineering, 1373
Justin L Brown and Cato T Laurencin

Biomaterials for Cardiovascular Tissue
Engineering, 1389

Jennifer L West

Soft Tissue Engineering, 1399
Nicole R Raia, Meghan McGill, Tyler Marcet,
Sarah E Vidal Yucha and David L Kaplan

The Medical Product Life Cycle

Introduction: Biomaterials in Medical
Devices, 1417
Frederick J. Schoen and Guigen Zhang

Total Product Lifecycle for Biomaterial-
Based Medical Devices, 1421
Elaine Duncan

Safety and Risk Considerations in Medical
Device Development, 1425
Elaine Duncan

Sterilization and Disinfection of
Biomaterials for Medical Devices, 1431
Roger E Harrington, Teja Guda, Bryron Lambertand
Jeffrey Martin

Verification and Validation: From Bench to
Human Studies, 1447

Josh Simon

Commercial Considerations in Medical
Device Development, 1457
Seth J. Goldenberg

Regulatory Constraints for Medical
Products Using Biomaterials, 1463
Elaine Duncan

Role of Standards for Testing and
Performance Requirements of
Biomaterials, 1475

Carl G. Simon, Jr. and Liisa T Kuhn



3.1.9

3.1.10

3.1.11

Medical Device Failure—Implant
Retrieval, Evaluation, and Failure

Analysis, 1485
Melinda K Harman

Legal Concepts for Biomaterials
Engineers, 1497
Miles Grody and Stephen f Bodylak

Moral and Ethical Issues in the
Development of Biomaterials and Medical
Products, 1509

Bryan N. Brown, Martin J. Haschak, Alexis L. Noln and
Mangesh Kulkami



Appendix A Properties of Biological Fluids, 1519
Steven M. Slack

Appendix B Properties of Soft Materials, 1525
M. Cristina L Martins

Appendix C Chemical Composition of Metals and
Ceramics Used for Implants, 1531
David H. Kohn and Jack E Lemons

Appendix D The Biomaterials Literature, 1533
William R Wagner

Appendix E Assessment of Cell and Matrix
Components in Tissues, [Online only]
Richard N. Mitchell and Frederick J. Schoen

Index, 1537



