Edited by Wenguo Cui, Xin Zhao, and Shen Liu

Biofabrication
for Orthopedics

Methods, Techniques, and Applications







Biofabrication for Orthopedics






Biofabrication for Orthopedics

Methods, Techniques, and Applications

Edited by
Wenguo Cui
Xin Zhao
Shen Liu

Volume 1

WILEY-VCH



Biofabrication for Orthopedics

Methods, Techniques, and Applications

Edited by
Wenguo Cui
Xin Zhao
Shen Liu

Volume 2

WILEY-VCH



Editors

Prof. Wenguo Cui

Shanghai Jiao Tong University School of
Medicine

Shanghai Institute of Traumatology and
Orthopaedics, Ruijin Hospital

197 Ruijin 2nd Road

200025 Shanghai

China

Prof. Xin Zhao

Hong Kong Polytechnic University
Department of Biomedical Engineering
11 Yok Choi Road, Hung Hom

999077 Hong Kong

Hong Kong

Prof. Shen Liu

Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital
600 Yishan Road

Department of Orthopaedics
200233 Shanghai

China

Cover Image: © SciePro/Adobe Stock
Photos

All books published by WILEY-VCH are carefully
produced. Nevertheless, authors, editors, and
publisher do not warrant the information
contained in these books, including this book,
to be free of errors. Readers are advised to keep
in mind that statements, data, illustrations,
procedural details or other items may
inadvertently be inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available
from the British Library.

Bibliographic information published by

the Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek lists this
publication in the Deutsche Nationalbiblio-
grafie; detailed bibliographic data are available
on the Internet at <http://dnb.d-nb.de>.

© 2023 WILEY-VCH GmbH, Boschstrafie. 12,
69469 Weinheim, Germany

All rights reserved (including those of
translation into other languages). No part of
this book may be reproduced in any form - by
photoprinting, microfilm, or any other means -
nor transmitted or translated into a machine
language without written permission from the
publishers. Registered names, trademarks, etc.
used in this book, even when not specifically
marked as such, are not to be considered
unprotected by law.

Print ISBN:  978-3-527-35169-5
ePDF ISBN:  978-3-527-83136-4
ePub ISBN: 978-3-527-83135-7
oBook ISBN: 978-3-527-83137-1

Typesetting Straive, Chennai, India


http://dnb.d-nb.de
http://dnb.d-nb.de

1.1

1.2
1.2.1
1.2.1.1
1.2.1.2
1.2.1.3
1.2.1.4
1.2.2
1.2.2.1
1.2.2.2
1.2.3
1.2.3.1
1.2.3.2
1.2.3.3
1.2.34
1.3

Contents

Volume 1

Foreword from Prof. Changsheng Liu xi
Foreword from Prof. Yingze Zhang  xiii
Foreword from Prof. Lianfu Deng xv
Foreword from Prof. Cato T. Laurencin xvii
Preface xix

Part| Biofabrication Techniques 1

Current Progress and Technological Challenges in
Translational 3D Bioprinting 3

Greeshma Ratheesh, Natividad G. Cerezo, Weidong Gao, Jayanti Mendhi,
Prashant Sonar, and Yin Xiao

Introduction 3

Challenges in the 3D Bioprinting Process 5
Manufacturing Challenges 5

Choice of Bioink 5

Cell Selection and Optimization 7

Printing Resolution and Mechanical Stability 8
Design and Post-processing 9

In Vitro Challenges 11

Cell Viability 11

Cell Differentiation 12

Clinical Challenges 13

Remodeling and Maturation 13

Immune Response 13

Vascularization 14

Innervation 16

Conclusion and Future Perspectives 18
Acknowledgments 19

References 19



vi | Contents

2 Bioceramics for Promoting Bone Regeneration 25
Meng Zhang, Hongshi Ma, and Chengtie Wu

2.1 Introduction 25

2.2 Types of Bioceramics 26

2.2.1 Bioactive Ceramics 26

222 Biodegradable Ceramics 26
2.2.2.1 Bioactive Glass 26

2.2.2.2  B-Tricalcium Phosphate 30
2.2.2.3  Calcium Phosphate Cements 32
2.2.24  Silicate Bioceramics 32

2.3 Mechanical Properties 36
2.4 Biological Properties 38
2.4.1 Protein Adsorption 39

2.4.2 Immunomodulation 40
243 Vascularization 42

2.5 Summary 44

Acknowledgments 44
References 45

3 3D Printing and Bioprinting Strategies Applied Toward
Orthopedics 55
Zongliang Wang, Prajwal Agrawal, and Yu Shrike Zhang

3.1 Introduction 55

3.2 Biomaterial Inks 58

3.2.1 Hydrogel Biomaterial Inks 59

3.21.1 Collagens 59

3.21.2 Gelatin 60

3.2.1.3  Alginate 62

3.2.1.4 Hyaluronic Acid 63

3.2.2 Thermoplastic Polymeric Inks 64

3221 PCL 65

3.2.22 PLA 66

3.2.2.3  Polyetheretherketone (PEEK) 66

3.2.3 Calcium Phosphate (CaP) Ceramic Inks 67

3.24 Supramolecular and Stimuli-Responsive Inks 68

3.3 3D Printing and Bioprinting Techniques 71

331 Extrusion-Based (Bio)printing 71

3.3.2 Inkjet-Based (Bio)printing 77

3.3.3 Light-Based (Bio)printing 81

3.4 Current Challenges and Future Directions 85
Acknowledgments 86
References 86



4.1
4.2
4.2.1
4.2.2
4.2.3
4231
4.3

4.4
4.4.1
4.4.1.1
4.4.1.2
4.4.2
4.4.3
4.4.3.1
4.4.3.2
4.4.4
4.4.4.1
4.4.4.2
4.5

4.6

5.1

5.2
521
5.2.2
5.2.3
524
5.2.5
5.2.6
5.2.7
5.2.7.1
5.2.7.2
5.2.7.3

Contents

Stem Cells and Their Application in Orthopedics 93

Xiao Li, Xiaobo Zhu, Jing Sun, Patrick S.H. Yung, Rocky S. Tuan, and
Yangzi Jiang

Introduction 93

Mesenchymal Stem Cells (MSCs) 94

Tissue Sources of MSCs 94

Isolation, Identification, and Expansion of MSCs 96

Current Cell Markers for MSC Identification 99
Differentiation of MSCs both In Vitro and In Vivo 102
MSC-Derived Extracellular Vesicles (MSC-EVs) and Exosomes 108
Clinical Application of Stem Cells in Orthopedics 109

Bone Defects, Non-union, and Osteogenesis Imperfecta 109
Bone Non-union and Defects 109

Osteogenesis Imperfecta (OI) 110

Osteochondral Defect and Osteoarthritis (OA) 110

Tendon and Ligament Injury 115

Rotator Cuff Tear 115

Anterior Cruciate Ligament (ACL) Reconstruction 117

Spine 117

Spinal Fusion 117

Spinal Cord Injuries (SCI) 117

Considerations of Stem Cells and Derivations for Clinical Usage 118
Conclusion 122

Acknowledgments 122

Abbreviations 122

References 124

Electrospinning Techniques 133

Yuanfei Wang, Ziyi Zhou, Xiaopei Zhang, Na Liu, Zhendong Feng,
Xiumei Mo, Wenguo Cui, and Tong Wu

Introduction 133

Different Types of Electrospinning Techniques 134
Traditional Electrospinning 134

Coaxial Electrospinning 137

Emulsion Electrospinning 138

Conjugated Electrospinning 138

Dynamic Liquid Electrospinning 139

Multi-fluid Electrospinning 140

Electrospun Fibers Integrated with Post-treatments 141
Coating Physical Components on the Fibers 141

Deposition of Electrosprayed Microparticles on the Fibers 141
Welding of Nanofibers 143

vii



viii | Contents

5.2.7.4  Remolding Electrospun Nanofibers to 3D Scaffolds 143
53 Typical Applications of Electrospun Fibers in Orthopedics 144
5.3.1 Bone Tissue Repair 144
53.2 Vascularization 147
5.3.3 Cartilage Repair 148
534 Tendon and Ligament Repair 149
5.3.5 Repair of Tendon-to-Bone Interface 153
5.4 Conclusion and Future Outlook 155
References 155

6 Joint Lubrication and Wear 159

Yi Wang, Keming Hu, Weiwei Zhao, and Hongyu Zhang
6.1 Introduction 159
6.2 Natural Joint Structure 160

6.2.1 Role of Articular Cartilage 160

6.2.2 Regional Classification of Articular Cartilage 161
6.3 Joint Lubrication Mechanism 162

6.3.1 Tribological Theory 162

6.3.2 Hydration Lubrication 163

6.4 Joint Lubrication Behavior 164
6.4.1 Component 164

6.4.2 Lubrication Performance 164
6.5 Artificial Biolubricants 168

6.6 Artificial Joint Prosthesis 174

6.6.1 Metal Material 175

6.6.2 Polymer Material 175

6.6.3 Ceramic Material 176
Acknowledgments 177
References 177

7 Microfluidic Biotechnology for “Bone-on-a-Chip” 181
Chaenyung Cha

7.1 Introduction 181

7.2 Basic Principles and Properties of Microfluidics 185

7.2.1 Fabrication of Microfluidic Devices via Soft Lithography 185
7.2.2 Fluid Controlling Components of Microfluidic Devices 187
7.2.2.1  Microvalves 188

7.2.2.2  Micropumps 189

7.2.2.3  Micromixers 190

7.2.24  Concentration Gradient 190

7.2.3 Cell/Tissue Culture in Microfluidic Devices 192

7.3 Microfluidic “Organ-on-a-Chip” Technology 193

7.3.1 Cell/Tissue Culture in Microfluidic Devices 193

7.3.2 Biological Features of Organ-on-a-Chip Devices 194

7.3.2.1  Tissue Barrier Functions 194

7.3.2.2  External Stimulation 195



7.3.2.3
7.3.3
7.3.4
7.3.5
7.3.6
7.3.7
7.4

8.1
8.2
8.2.1
8.2.2
8.2.3
8.3
8.4
8.4.1

8.4.1.1
8.4.1.2
8.4.2
8.4.2.1
8.4.2.2
8.4.2.3
8.4.3
8.4.4
8.5

Contents

Microvascular Network 195

Recent Advances in “Bone-on-a-Chip” Technology 197
Mineralization and Osteogenesis 198

Osteochondral Tissue 201

Bone Marrow 203

Cancer 204

Conclusion and Future Perspectives 206
Acknowledgments 207

References 207

Bioactive Glasses in Orthopedics 211

Amel Houaoui and Jonathan Massera

First Bioactive Glass 211

Bioactive Glass Versatility 212

Osteogenesis 212

Angiogenesis 213

Antimicrobial Activity 214

Alternative Bioactive Glasses 215

Bioactive Glasses in Composites and Hybrid Materials 216
Materials Used as Organic Phase in Composites or Hybrid Devices for
Bone Repair 217

Natural Polymers 217

Synthetic Polymers 219

Composite Materials 220

Bioactive Glasses Used in Composites 221

Bioactive Glass Influence on Cell Behavior In Vitro 222
Composites’ Fabrication Methods 224

Hybrid Materials 226

Composites in Clinics 229

Conclusion 230

Acknowledgments 231

References 231

Volume 2

Foreword from Prof. Changsheng Liu  xiii
Foreword from Prof. Yingze Zhang xv
Foreword from Prof. Lianfu Deng  xvii
Foreword from Prof. Cato T. Laurencin xix
Preface xxi

Part Il Biomedical Applications in Orthopedics 243

3D Printing for Orthopedics 245
Lan Li and Qing Jiang



X

Contents

10

11

12

13

14

15

16

17

18

19

20

21

Bone Implants (Bone Regeneration and Bone Cancer

Treatments) 265

Hangxiang Sun, Xingzhi Zhou, Yongxing Zhang, Lei Zhang, Xiaohua Yu,
Zhaoming Ye, and Cato T. Laurencin

Bionic Fixation: Design, Biomechanics, and Clinical
Application 323
Wei Chen and Qi Zhang

Cartilage Injury and Repair 341
Yusheng Li, Ning Wang, Di Liu, and Zijun Cai

Biofabrication for Cartilage Regeneration 367
Sien Lin, Boguang Yang, and Gang Li

Intervertebral Disc Repair 401
Yong Cao, Tianding Wu, Chunyue Duan, JinSong Li, Yuxin Jing, Jiagi Xu,
Daudi R. Manini, and Jianzhong Hu

New Prospects in Skin Tissue Engineering and
Fabrication 423
Lei Wang, Xiaonan Liu, and Ke Shen

Techniques for Biofabrication of Vascular and Vascularized
Tissue 461
Zhe Zhang, Qiang Yang, and Chunming Wang

Vascularization 481
Xiao Lu, Jianxi Lu, Fangchun Jin, and Yajie Lu

Muscle Repair 513
Rong Bao, Wei Wang, Shen Liu, and Cunyi Fan

Rotator Cuff Repair 535
Chongyang Wang and Yaohua He

Tendon Repair 559
Xiao Wang

Nerve Regeneration 581
Zhiwen Yan, Wei Chen, Yun Qian, and Cunyi Fan

Index 607



Contents

Volume 1

Foreword from Prof. Changsheng Liu xi
Foreword from Prof. Yingze Zhang  xiii
Foreword from Prof. Lianfu Deng xv
Foreword from Prof. Cato T. Laurencin  xvii
Preface xix

Part| Biofabrication Techniques 1

Current Progress and Technological Challenges in

Translational 3D Bioprinting 3

Greeshma Ratheesh, Natividad G. Cerezo, Weidong Gao, Jayanti Mendhi,
Prashant Sonar, and Yin Xiao

Bioceramics for Promoting Bone Regeneration 25
Meng Zhang, Hongshi Ma, and Chengtie Wu

3D Printing and Bioprinting Strategies Applied Toward
Orthopedics 55
Zongliang Wang, Prajwal Agrawal, and Yu Shrike Zhang

Stem Cells and Their Application in Orthopedics 93
Xiao Li, Xiaobo Zhu, Jing Sun, Patrick S.H. Yung, Rocky S. Tuan, and
Yangzi Jiang

Electrospinning Techniques 133
Yuanfei Wang, Ziyi Zhou, Xiaopei Zhang, Na Liu, Zhendong Feng,
Xiumei Mo, Wenguo Cui, and Tong Wu

Joint Lubrication and Wear 159
Yi Wang, Keming Hu, Weiwei Zhao, and Hongyu Zhang



vi

Contents

9.1
9.2
9.3
9.4
9.4.1
9.4.2
9.4.3
9.5
9.5.1
9.5.2
9.5.3
9.6

9.6.1
9.6.2
9.6.3
9.7

10

10.1
10.1.1

Microfluidic Biotechnology for “Bone-on-a-Chip” 181
Chaenyung Cha

Bioactive Glasses in Orthopedics 211
Amel Houaoui and Jonathan Massera

Volume 2

Foreword from Prof. Changsheng Liu  xiii
Foreword from Prof. Yingze Zhang xv
Foreword from Prof. Lianfu Deng xvii
Foreword from Prof. Cato T. Laurencin xix
Preface xxi

Part Il Biomedical Applications in Orthopedics 243

3D Printing for Orthopedics 245

Lan Li and Qing Jiang

Overview of 3D Printing Technology 245
Bone Tissue Engineering and 3D Printing 246
Cartilage Tissue Engineering and 3D Printing 247
Structural Requirements of 3D Printing 248
Pore Size 248

Porosity 249

Pore Structure 249

Biomaterials for 3D Printing 250

Metal 251

Bioceramics 252

Polymer Materials 253

Application of 3D Printing in Cell Printing and Orthopedic Tissue
Engineering 254

Inkjet 3D Printing 254

Extrusion-Based 3D Bioprinting 255
Laser-Assisted Printing 256

Future Prospects 256

Acknowledgments 258

References 258

Bone Implants (Bone Regeneration and Bone Cancer

Treatments) 265

Hangxiang Sun, Xingzhi Zhou, Yongxing Zhang, Lei Zhang, Xiaohua Yu,
Zhaoming Ye, and Cato T. Laurencin

Bone Regeneration 265

Introduction 265



10.1.2
10.1.2.1
10.1.2.2
10.1.3
10.1.3.1
10.1.3.2
10.1.3.3
10.1.3.4
10.1.3.5
10.1.3.6
10.1.4
10.2
10.2.1
10.2.1.1
10.2.1.2
10.2.1.3
10.2.1.4
10.2.1.5
10.2.1.6
10.2.1.7
10.2.2
10.2.2.1
10.2.2.2
10.2.2.3
10.2.2.4
10.2.2.5
10.2.2.6
10.2.3
10.2.3.1
10.2.3.2
10.2.3.3

11

11.1
11.2

11.2.1
11.2.2
11.2.3
11.2.4
11.3

Contents

Biological Characteristics of Bone 266

Bone Biology 266

Osteogenesis and Bone Healing (Biomineralization) 267
Role of Implants for Bone Regeneration 268
Providing Structural Support 271

Regulating Stem Cell Behaviors 273
Activating Gene-Associated Therapy 274
Application of Orthobiologics 275

Generating Stimulus Responses for Bone Healing 276
Converging Multiple Synergistic Strategies 279
Concluding Remarks and Future Outlook 281
Bone Cancer Treatments 281

Clinical Approach to Bone Cancer 281
Introduction 281

Traditional Approaches 282

Surgery 283

Chemotherapy 283

Radiotherapy 284

Molecular Targeted Therapy 284

Other Therapy 285

State-of-the-Art Nanotechnology 285
Nanotechnology for Bone Cancer Therapy 285
Cytotoxic Agents 286

Drug Delivery Platform 286

Phototherapy 287

Gene Therapy 289

Summary and Future Direction 289
Biofabrication for Bone Cancer Treatments 291
Introduction 291

Application in Bone Cancer Treatments 291
Summary and Future Direction 294
Acknowledgments 295

References 295

Bionic Fixation: Design, Biomechanics, and Clinical

Application 323

Wei Chen and Qi Zhang

Bionics and Medical Bionics 323

Structural Bionics in the Field of Orthopedics and

Traumatology 324

Elastic Bionic Fixation Device for Distal Tibiofibular Syndesmosis 324
Minimally Invasive Adjustable Plate for Pelvic Fractures 327
Bionic Implants for Intertrochanteric Fracture of the Femur 328
Bionic Fixation of Calcaneal Fracture 331

Bionic Materials 335

vii



viii | Contents

11.3.1  Application and Designation of New Composite Materials 335
11.3.2  Bionic Design 337
114 Future Perspectives and Current Limitations 337
Acknowledgments 338
References 338

12 Cartilage Injury and Repair 341
Yusheng Li, Ning Wang, Di Liu, and Zijun Cai
12.1 Introduction 341
12.2 Pathology of Cartilage Injury 342
12.3 Clinical Characteristics of Cartilage Injury 343

12.4 Evaluation of Cartilage Injuries 343
12.4.1  Arthroscopic Evaluation of Cartilage Injury 343
12.4.2  Histopathology Evaluation of Cartilage Injury 344
12.4.3  Magnetic Resonance Imaging (MRI) Assessment of Cartilage
Injury 345
12.5 Clinical Strategies of Cartilage Repair 347
12.5.1  Debridement, Cartilage Shaving, and Joint Lavage 347
12.5.2  Bone Marrow Stimulation and Augmentation 348
12.5.3  Osteochondral Autografts and Allografts 349
12.5.4  Autologous Chondrocyte Implantation (ACI) 351
12.6 Potential and Advanced Strategies of Cartilage Repair 352
12.6.1  Tissue Engineering Approaches 352
12.6.2 Platelet-Rich Plasma (PRP) for Cartilage Repair 354
12.6.3  Gene Editing for Cartilage Repair 356
12.7 Conclusion 357
References 358

13 Biofabrication for Cartilage Regeneration 367
Sien Lin, Boguang Yang, and Gang Li

13.1 Introduction 367

13.2 Biological Responses of Cartilage Injury 369

13.3 Biofabrication: Traditional Cellular Products 370
13.4 Biofabrication: Bioprinting 374
13.5 Biofabrication: Electrospinning 382

13.6 Biofabrication: Microfluidic 386
Acknowledgments 389
References 389

14 Intervertebral Disc Repair 401
Yong Cao, Tianding Wu, Chunyue Duan, JinSong Li, Yuxin Jing, Jiagi Xu,
Daudi R. Manini, and Jianzhong Hu

14.1 Introduction 401

14.2 Technique for Intervertebral Disc Therapy 405

14.2.1  Cell-Based Treatment Techniques 405



14.2.2
14.3
14.4
14.4.1
14.4.2
14.4.3
14.4.4
14.5
14.6

15

15.1
15.2
15.3
15.4
15.4.1
15.4.2
15.4.3
15.4.4
15.5
15.5.1
15.5.2
15.5.3
15.5.4
15.5.5

16

16.1
16.2
16.2.1
16.2.2
16.2.3
16.3
16.3.1
16.3.2
16.4
16.5

Contents

Patient Selection for Cell Therapy 408
Gene Therapy for IVD 409

Molecular Therapy for IVD Degeneration 411
Anticatabolic Regulators 411

Mitogens 412

Chondrogenic Morphogens 412
Intracellular Regulators 414
Biomaterial Therapy 414

Summary 417

Authorship Contribution Statement 417
References 417

New Prospects in Skin Tissue Engineering and
Fabrication 423

Lei Wang, Xiaonan Liu, and Ke Shen

Skin Anatomy and Related Cell Types 423

Types of Skin Wounds and Wound Healing Process 425
Treatments for Wound Healing 427

Skin Regeneration Using Tissue Engineering 429
Local Stem Cells 429

Induced Pluripotent Stem Cells (iPSC) 435

Bone Marrow Stem Cells (BMSC) 437

Summary 439

Skin Substitutes 439

3D Printing 440

Acellular Skin Substitute 440

Cell Allogeneic Skin Substitutes 441

Cellular Autologous Skin Substitutes 441
Summary 447

Acknowledgments 447

References 447

Techniques for Biofabrication of Vascular and Vascularized
Tissue 461

Zhe Zhang, Qiang Yang, and Chunming Wang
Introduction 461

3D Printing 462

Inkjet Bioprinting 463

Extrusion Bioprinting 463
Laser-Assisted Bioprinting 465
Microfabrication 468
Micropatterning/Microfluidics 468
Micromodule Assembly 469
Electrospinning 471

Decellularized Vascular Tissue 473



x | Contents

16.6 Cell-Only Fabrication 473

16.6.1  Cell-Only Bioprinting 474

16.6.2  Cell Sheet 474

16.7 Conclusion and Outlook 475
Acknowledgments 476
References 476

17 Vascularization 481
Xiao Lu, Jianxi Lu, Fangchun Jin, and Yajie Lu
17.1 Introduction 481
17.2 Is Porous Structure Needed for Vascularization? 482
17.3 Promotion of Vascularization in Biomaterials 486

17.3.1 Vascular Graft 486

17.3.2 Growth Factors 487

17.3.2.1 Vascular Endothelial Growth Factor 488

17.3.2.2 Bone Morphogenetic Protein 489

17.3.2.3 Basic Fibroblast Growth Factor 490

17.3.2.4 Multifactor Combination 490

17.3.3 Stem Cells 491

17.3.3.1 Endothelial Cells and Endothelial Progenitor Cells 491

17.3.3.2 Mesenchymal Stem Cells 492

17.3.3.3 Embryonic Stem Cells 493

17.3.3.4 Induced Pluripotent Stem Cells 493

17.3.4 Microfabricated Vasculature 494

17.4 Vascularization in Porous Biomaterials 495

17.4.1 Influence of the Pore Diameter 495

17.4.2 Influence of the Interconnection Diameter 498

17.5 Vascularization of Porous Biomaterials in Bones 500

17.5.1 Influence of the Porous Structure 501

17.5.2 Guided Vascular Growth in Porous Biomaterials 503

17.5.3 Clinical Application of Guided Vascularization with Porous
Biomaterials 505

17.6 Conclusion 507
References 509

18 Muscle Repair 513
Rong Bao, Wei Wang, Shen Liu, and Cunyi Fan
18.1 Introduction 513

18.2 Anatomy of Skeletal Muscle 514

18.2.1  Morphological Characteristics of Skeletal Muscle 514
18.2.2 Composition of Skeletal Muscle 514

18.3 Pathophysiology After Skeletal Muscle Injury 515
18.3.1  Inflammatory Phase 515

18.3.2  Repair Phase 515

18.3.3  Remodeling Phase 516



18.4
18.4.1
18.4.2

18.4.3
18.4.4
18.4.5
18.5

18.5.1
18.5.2

19

19.1
19.2
19.3

19.3.1
19.3.2
19.3.3

19.3.4
19.4
19.4.1
19.4.1.1
19.4.1.2
19.4.2
19.4.3
19.4.4
19.5
19.5.1
19.5.2
19.5.3
19.5.4
19.6

20

20.1
20.2
20.3

Contents

Biofabrication for Skeletal Muscle Regeneration 517
Materials for Fabrication (Natural, Synthetic, and Hybrid) 517
Biochemical Substances for Fabrication (Cytokines, Genetic Drugs,
Micromolecules, Etc.) 518

Acellular Scaffolds 519

Cellular Scaffolds for Skeletal Muscle Regeneration 521
Tissue Engineering for Muscle Repair 523

Application and Prospect 525

Promising Strategies for Skeletal Muscle Regeneration 525
Challenges and Future Perspectives 527

References 528

Rotator Cuff Repair 535

Chongyang Wang and Yaohua He

Introduction 535

Histology of the Rotator Cuff Tendon-to-Bone Enthesis 537

Risk Factors Associated with High Failure Rates of Rotator Cuff
Repair 537

Rotator Cuff Tear Size 539

Fatty Infiltration of Rotator Cuff Muscles 540

Failure to Regenerate the Microstructure of Normal Tendon-to-Bone
Enthesis 541

Low BMD of the Humeral Head 541

Biofabrication for Rotator Cuff Repair 541

Biofabrication Promotes the Regeneration of Enthesis Structure 542
Biofabrication Interplate Between the Tendon and Bone 542
Biofabrication Overlays the Repaired Rotator Cuff Tendon 543
Biofabrication Bridges the Torn Tendon and Bone 544
Biofabrication Inhibits Fat Infiltration of Rotator Cuff Muscles 546
Biofabrication Increases Bone Mineral Density 547

Biological Augmentation for Rotator Cuff Repair 547

Cell-Based Strategies 547

Cell-Derived Hybrid Biological Factors 549

Growth Factors 550

Drugs or Small Molecules 550

Future Perspectives of Biofabrication for Rotator Cuff

Repair 551

Acknowledgments 553

References 553

Tendon Repair 559
Xiao Wang
Introduction 559
Tendon Biology 560
Tendon Injury 562

Xi



xii

Contents

20.4
20.5
20.5.1
20.5.2
20.5.3
20.5.4
20.5.5
20.6

21

21.1

21.1.1
21.1.2
21.1.3
21.2

21.2.1
21.2.2
21.2.3
21.3

21.3.1
21.3.2
21.3.3
21.3.4
21.3.5
21.4

Tendon Healing 563

Tendon Repair 564

Physical Modalities 564

Mechanical Loading and Mobilization 565
Cytokines and Growth Factors 566

Tissue Engineering 567

Prevention of Adhesions 568

Conclusion 568

References 568

Nerve Regeneration 581

Zhiwen Yan, Wei Chen, Yun Qian, and Cunyi Fan
Peripheral Nerve Regeneration 581
Introduction 581

Microenvironmental Imbalance 583
Microenvironmental Rebalance 585

Spinal Cord Regeneration 587

Introduction 587

Pathophysiological Process 588

Bio-fabrication for Spinal Cord Regeneration 590
Clinical Application of Nerve Conduit 594
Clinical Classification of Nerve Injuries 594
Clinical Evaluation 595

Surgical Repair of Peripheral Nerve Injuries 597
Surgical Repair of Spinal Cord Injuries 600
Future Development of NGCs 601

Conclusion 601

Acknowledgments 602

References 602

Index 607



Foreword from Prof. Changsheng Liu

I would like to thank Profs Wenguo Cui, Xin Zhao, and
Shen Liu for inviting me to write this foreword. I am hon-
ored to take part in the knowledge exchange of our scientific
culture, as well as to promote training of our students and
professionals.

With the rapid development of biomaterials and bio-
: fabrication technologies, a variety of biomaterials have

Ve been made for the repair and regeneration of bone, mus-
cle, tendon, and other orthopedic tissues and organs.
This book focuses on the current state of biofabrication
technologies and materials in orthopedics biomedical applications. The vari-
ous highlights of this book include a comprehensive analysis of different bio-
fabrication methods for constructing relevant biomaterials in the orthopedics
field, with an emphasis on the recent developments of technologies involv-
ing 3D printing, bioceramic, electrospinning, microfluidics, bioactive glass, etc.
A detailed look into these biofabrication techniques using different biomateri-
als is also included in terms of functional performance, advantages, and dis-
advantages for repairing and regeneration in orthopedics, of which the choices
of biomaterials are especially critical since their applications must be based on
a thorough knowledge of the anatomy and physiology of the bone, muscle,
and adjacent tissue. With the content being organized clearly, practically, rig-
orously, and most importantly, up to date with current knowledge, this review
will therefore provide the research community a reference source for current
approaches to biomaterials and scaffold preparation in orthopedics, as well as
to reinforce our readers’ understanding of materials’ biomedical applications in
orthopedics.

In essence, this book is clear and well written in a way that provides highly
useful and relevant content to support trained orthopedic doctors and bio-
material researchers. This helps give the readers the basis of the preparation
of a variety of biomaterials and thus enhance the understanding of their
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application in orthopedics. Through this book, the authors have faith that the
readers and researchers can generate next-generation biomaterials for orthopedic

applications.

Changsheng Liu
East China University of Science
and Technology, P.R. China



Foreword from Prof. Yingze Zhang

In the past decades, traditional orthopedic metal implants
such as plates and rivets have benefited many patients with
orthopedic diseases. However, problems such as mechan-
ical failure and poor efficacy always exist, which need to
be solved through innovation. Nowadays, interdisciplinary
convergence and cross-border integration of several tech-
nologies are becoming the norm and will continue to
give birth to the forefront of new disciplines. Thanks to
the development of tissue engineering and regenerative
medicine, a large number of new materials and technolo-
gies with great application prospects in orthopedic medicine have emerged, provid-
ing new opportunities for the diagnosis and treatment of orthopedic diseases.

This book systematically demonstrates the widely popular and eye-catching bio-
materials and biofabrication technologies, explains in detail their advantages and
disadvantages in orthopedics, and lists their applications in the repair of bone, mus-
cle, ligament, tendon, and other orthopedic organs.

Each chapter of this book emphasizes the impact of advanced materials and
biofabrication technologies in the field of orthopedics, including how biofabrication
affects all substances used in bone implants (from 3D printing to electrospinning
and microfluidic technology). One of the highlights of this book is apparently to
cover the most innovative biomaterial manufacturing technologies and emphasizes
the safety of biofabrication that we have not fully understood and need to develop
solutions. It also provides concise reasons on why we should consider using
these materials to complete the regeneration and repair of orthopedic systems,
discussing in-depth beyond the typical trial-and-error thinking of traditional
orthopedics.

The editors and authors of this book hope to enrich readers and researchers in
the field of orthopedics, orthopedic biomaterials, and their clinical applications, and
in my opinion, this book is certainly a must-have for all those who want to cre-
ate new solutions to the most stubborn problems in orthopedics, so that we can
improve the quality of life for patients of implants with novel biofabrication tech-
nologies. We believe that new orthopedic biofabrication technologies for bone tissue
regeneration and a better understanding of the interface between biomaterials and
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adjacent tissues will be an important part of orthopedic biomaterials and implants
in the future for better orthopedic surgery.

vind ze 2hond

1" /

Yingze Zhang

Department of Orthopedic Surgery
Third Hospital of Hebei

Medical University Director

NHC Key Laboratory
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Foreword from Prof. Lianfu Deng

— With the rapid development of medical science and engi-
neering technology, the field of orthopedics has also made
great progress. In recent years, biomaterial implants have
been widely used in the replacement treatment or adjunc-
tive therapy of injured bones to replace, support localiza-
tion, or repair human bones, joints, and soft tissues. The
clinical demand for orthopedic implanted medical devices
has been maintaining a rapid growth rate. However, due
to the differences in disease or injury types, the demand
for personalized design and fabrication of biomaterials and
biomaterials with specific functions is also increasing. This also greatly promoted
the development of orthopedic materials through biofabrication technology.

The continuous innovation and development of biomaterial fabrication technolo-
gies (3D (three-dimensional) bioprinting, electrospinning, and microfluidic) have
improved the utilization of biomaterials, including the fabrication of complex 3D
structures, the improvement of biomaterial interface and cell interaction, and the
development of controlled drug-release systems. The development and biofabrica-
tion of advanced biomaterials in orthopedics field covers the interdisciplinary study
of materialogy, tissue engineering and regenerative medicine, cell and molecular
biology, and clinical medicine. The biofabrication techniques bridge basic research
and clinical treatment, help to accelerate the orthopedic basic scientific research to
the engineering application of the industrialization process, and promote the devel-
opment of targeted treatment strategies for different orthopedics diseases or injuries.
It is meaningful to advance the development progress of translational medicine.

It is timely to compile this book on advanced fabrication technology of biomate-
rials and its application in orthopedics. This book summarizes the latest scientific
research progress and development trend of orthopedics worldwide, aiming to
track the frontier of the discipline, introduce advanced theories and technolo-
gies, and promote the development of orthopedics and orthopedics technology.
This book will help doctors, researchers, and students of medical specialty to
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have a good command of the design, fabrication, and application of biomaterials
as well as the regulatory mechanism of bone regeneration process and better
understand the development direction of biological fabrication and orthopedic

technology.
Wazy22t

Lianfu Deng
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for Prevention and Treatment

of Bone and Joint Diseases
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Foreword from Prof. Cato T. Laurencin

It is always a great privilege to be invited to write a fore-
word for a book. Moreover, when the book enlarges our
scientific knowledge and viewpoints while promoting the
training of our students and professionals, it is even more
welcome. I am therefore more than happy to provide my
insights regarding such books.

The convergence of the life, physical, and engineering
sciences has led to the creation of a new multidisciplinary
field, which I have termed as “regenerative engineering.”
Orthopedic surgery is a prominent field that stands to gain
from the insights of regenerative engineering. In particular, biofabrication tech-
niques developed in this field applying the principles of regenerative engineering
have the potential of bringing revolutionary treatments to clinical practice. This
book summarizes important aspects of biofabrication techniques for orthopedic
surgery and offers valuable information of state-of-the-art technological advance-
ments that can ultimately become a practical toolbox for physicians, scientists, and
engineers. While traditional orthopedic surgery books cover conventional strategies,
this book focuses on newer biological strategies such as bioprinting, stem-cell ther-
apy, and organ-on-a-chip technology. The chapters encourage readers to examine
and embrace novel technologies to address clinical challenges. The content is well
organized while covering a wide range of related fields. The knowledge and infor-
mation provided by all the contributors are up to date, covering comprehensively
technological aspects as well as clinical applications involved in orthopedic surgery
practice.

The editors of this book, Profs Wenguo Cui, Xin Zhao, and Shen Liu, have assem-
bled an excellent team and have created an important contribution to our field. The
contributors to this book are respected scholars and professionals that come from a
broad background including orthopedic surgery, biomedical engineering, stem-cell
biology, and physics. This allows the book to have insights regarding the current
status and future trends of this field.

Scientific books must evolve to capture important aspects of the corresponding
fields. This book is published at the right time when many exciting new biofabri-
cation technologies have arisen, many of them inspired by the field of regenerative
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engineering. I congratulate again the editors of the book. This well-organized contri-
bution to the world’s literature will be relevant to scientists, engineers, and clinicians

everywhere.

Cato T. Laurencin, MD, PhD

Member, National Academy of Science/
National Academy of Engineering
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Preface

Wenguo Cui Xin Zhao Shen Liu

Bone, as one of the most essential organs in the body, not only supports the stability
of body along with protection of other organs, but also provides hematopoietic
function and stores minerals such as calcium and phosphorus. Unfortunately, when
some damages/diseases, such as fracture, osteoarthritis, and osteoporosis, appear
in the bones, these functions will be disrupted, leading to the systemic responses
as seen clinically. Researchers are therefore proposing to develop techniques to
remodel the damaged/diseased bone functions. Last decades, biofabrication tech-
niques, including three-dimension (3D) bioprinting, 3D printing, electrospinning,
microfluidics, and stem-cell therapy, have been widely applied in tissue regenera-
tion. Some products of these biofabrication techniques were even commercialized,
such as Absorb GT1 and XinSorb. Biofabrication for Orthopedics — Special Topic
in Wiley mainly focuses on the development of biofabrication and applications in
orthopedics, comprising 20 chapters in total, as detailed below.

Areas Covered in the Special Topic
The book starts with the two popular biofabrication techniques in the recent

decades, namely, translational 3D bioprinting and 3D printing, which are compre-
hensively reviewed by Xiao and colleagues in the choice of bioink, cell types, the



