W()()I)Illi;\D PUBLISHING SERIES IN BIOMATERIALS

Nanocomposites
for Musculoskeletal
Tissue Regeneration

Edited by Huinan Liu

PPPPPPPPPP



Woodhead Publishing Series in Biomaterials:
Number 109

Nanocomposites for
Musculoskeletal Tissue
Regeneration

Edited by

Huinan Liu

wP

AMSTERDAM « BOSTON » CAMBRIDGE = HEIDELBERG WHOBHEAR

PUBLISHING
LONDON * NEW YORK ® OXFORD e PARIS * SAN DIEGO
SAN FRANCISCO  SINGAPORE * SYDNEY « TOKYO : l
Woodhead Publishing is an imprint of Elsevier \



Woodhead Publishing is an imprint of Elsevier

The Officers’ Mess Business Centre, Royston Road, Duxford, CB22 4QH, UK
50 Hampshire Street, 5th Floor, Cambridge, MA 02139, USA

The Boulevard, Langford Lane, Kidlington, OX5 1GB, UK

Copyright © 2016 Elsevier Ltd. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage
and retrieval system, without permission in writing from the publisher. Details on how to
seek permission, further information about the Publisher’s permissions policies and our
arrangements with organizations such as the Copyright Clearance Center and the Copyright
Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the
Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional practices,
or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described herein.
In using such information or methods they should be mindful of their own safety and the
safety of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of
products liability, negligence or otherwise, or from any use or operation of any methods,
products, instructions, or ideas contained in the material herein.

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

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

ISBN: 978-1-78242-452-9 (print)
ISBN: 978-1-78242-475-8 (online)

For information on all Woodhead Publishing publications
visit our website at https://www.elsevier.com/

m Working together
E e to grow libraries in
ELSEVIER

Book&d developing countries

www.elsevier.com « www.bookaid.org

Publisher: Matthew Deans

Acquisition Editor: Laura Overend

Editorial Project Manager: Lucy Beg
Production Project Manager: Poulouse Joseph
Designer: Greg Harris

Typeset by TNQ Books and Journals



Nanocomposites for Musculoskeletal Tissue
Regeneration



Related titles

Bioactive Glasses

(ISBN 978-1-84569-768-6)

Bioceramics and Their Clinical Applications
(ISBN 978-1-84569-204-9)

Bone Repair Biomaterials
(ISBN 978-1-84569-385-5)



List of contributors

S. Anil King Saud University, Riyadh, Saudi Arabia

J. Buschmann University Hospital Zurich, Zurich, Switzerland

N.J. Castro The George Washington University, Washington, DC, United States
C. Chain Purdue University, West Lafayette, IN, United States

Y.E. Choonara University of the Witwatersrand, Johannesburg, South Africa
M. D’Agati Stony Brook University, Stony Brook, NY, United States

M. Del Ponte Purdue University, West Lafayette, IN, United States

M. Deng Purdue University, West Lafayette, IN, United States

B. Farshid Stony Brook University, Stony Brook, NY, United States

S.A. Guelcher Vanderbilt University, Nashville, TN, United States

A.J. Harmata Vanderbilt University, Nashville, TN, United States

C.B. Horner University of California-Riverside, Riverside, CA, United States

R. Jayakumar Pukyong National University, Busan, South Korea; Amrita Institute
of Medical Sciences and Research Centre, Kochi, India

J. Jiang University of Nebraska Medical Center, Omaha, NE, United States
W. Jiang University of California, Riverside, CA, United States

S.-K. Kim Pukyong National University, Busan, South Korea

W.E. Krause North Carolina State University, Raleigh, NC, United States

L. Kuang Purdue University, West Lafayette, IN, United States



xii List of contributors

P. Kumar University of the Witwatersrand, Johannesburg, South Africa
G. Lalwani Stony Brook University, Stony Brook, NY, United States
H. Liu University of California, Riverside, CA, United States

W. Liu Peking University School and Hospital of Stomatology, Beijing, PR China;
Northeastern University, Boston, MA, United States

K. Low University of California-Riverside, Riverside, CA, United States

L.A. Lucia North Carolina State University, Raleigh, NC, United States; Key Laboratory
of Pulp & Paper Science and Technology of the Ministry of Education, Jinan, People’s
Republic of China

A. Martins University of Minho, Barco, Guimaraes, Portugal; ICVS/3B’s — PT
Government Associate Laboratory, Braga/Guimaraes, Portugal

G. Modi University of the Witwatersrand, Johannesburg, South Africa

V. Mouriiio University of Buenos Aires, Buenos Aires, Argentina; A CONICET,
Buenos Aires, Argentina

J. Nam University of California-Riverside, Riverside, CA, United States
A.G. Nandgaonkar North Carolina State University, Raleigh, NC, United States
N. Narayanan Purdue University, West Lafayette, IN, United States

N.M. Neves University of Minho, Barco, Guimardes, Portugal; ICVS/3B’s — PT
Government Associate Laboratory, Braga/Guimaraes, Portugal

P. Palmero Politecnico di Torino, Department of Applied Science and Technology,
Corso Duca degli Abruzzi 24, Torino, Italy

V. Pillay University of the Witwatersrand, Johannesburg, South Africa

R.L. Reis University of Minho, Barco, Guimardes, Portugal; ICVS/3B’s — PT
Government Associate Laboratory, Braga/Guimardes, Portugal

F.D. Shuler Marshall University, Huntington, WV, United States
B. Sitharaman Stony Brook University, Stony Brook, NY, United States

P. Sol University of Minho, Barco, Guimaraes, Portugal; ICVS/3B’s — PT Government
Associate Laboratory, Braga/Guimardes, Portugal



List of contributors Xiii

M.J. Teusink University of Nebraska Medical Center, Omaha, NE, United States
J. Venkatesan Pukyong National University, Busan, South Korea

T.J. Webster Northeastern University, Boston, MA, United States; King Abdulaziz
University, Jeddah, Saudi Arabia

J. Xie University of Nebraska Medical Center, Omaha, NE, United States

L.G. Zhang The George Washington University, Washington, DC, United States






Woodhead Publishing Series in
Biomaterials

1 Sterilisation of tissues using ionising radiations
Edited by J. F. Kennedy, G. O. Phillips and P. A, Williams
2 Surfaces and interfaces for biomaterials
Edited by P. Vadgama
3 Molecular interfacial phenomena of polymers and biopolymers
Edited by C. Chen
4 Biomaterials, artificial organs and tissue engineering
Edirted by L. Hench and J. Jones
5 Medical modelling
R. Bibb
6 Artificial cells, cell engineering and therapy
Edited by S. Prakash
7 Biomedical polymers
Edited by M. Jenkins
8 Tissue engineering using ceramics and polymers
Edited by A. R. Boccaccini and J. Gough
9 Bioceramics and their clinical applications
Edited by T. Kokubo
10 Dental biomaterials
Edited by R. V. Curtis and T. F. Watson
11 Joint replacement technology
Edited by P. A. Revell
12 Natural-based polymers for biomedical applications
Edited by R. L. Reiss et al.
13 Degradation rate of bioresorbable materials
Edited by F. J. Buchanan
14 Orthopaedic bone cements
Edited by S. Deb
15 Shape memory alloys for biomedical applications
Edited by T. Yoneyama and S. Miyazaki
16 Cellular response to biomaterials
Edited by L. Di Silvio
17 Biomaterials for treating skin loss
Edited by D. P. Orgill and C. Blanco
18 Biomaterials and tissue engineering in urology
Edited by J. Denstedt and A. Atala



xvi

Woodhead Publishing Series in Biomaterials

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Materials science for dentistry

B. W. Darvell

Bone repair biomaterials

Edited by J. A. Planell, S. M. Best, D. Lacroix and A. Merolli
Biomedical composites

Edited by L. Ambrosio

Drug-device combination products

Edited by A. Lewis

Biomaterials and regenerative medicine in ophthalmology

Edited by T. V. Chirila

Regenerative medicine and biomaterials for the repair of connective tissues
Edited by C. Archer and J. Ralphs

Maetals for biomedical devices

Edited by M. Niinomi

Biointegration of medical implant materials: Science and design
Edited by C. P. Sharma

Biomaterials and devices for the circulatory system

Edited by T. Gourlay and R. Black

Surface modification of biomaterials: Methods analysis and applications
Edited by R. Williams

Biomaterials for artificial organs

Edited by M. Lysaght and T. Webster

Injectable biomaterials: Science and applications

Edired by B. Vernon

Biomedical hydrogels: Biochemistry, manufacture and medical applications
Edited by S. Rimmer

Preprosthetic and maxillofacial surgery: Biomaterials, bone grafting
and tissue engineering

Edited by J. Ferri and E. Hunziker

Bioactive materials in medicine: Design and applications

Edited by X. Zhao, J. M. Courtney and H. Qian

Advanced wound repair therapies

Edited by D. Farrar

Electrospinning for tissue regeneration

Edited by L. Bosworth and S. Downes

Bioactive glasses: Materials, properties and applications

Edited by H. O. Ylinen

Coatings for biomedical applications

Edited by M. Driver

Progenitor and stem cell technologies and therapies

Edited by A. Atala

Biomaterials for spinal surgery

Edited by L. Ambrosio and E. Tanner

Minimized cardiopulmonary bypass techniques and technologies
Edited by T. Gourlay and S. Gunaydin

Wear of orthopaedic implants and artificial joints

Edited by S. Affatato

Biomaterials in plastic surgery: Breast implants

Edited by W. Peters, H. Brandon, K. L. Jerina, C. Wolf and V. L. Young



Woodhead Publishing Series in Biomaterials xvii

43

44

45

46

47

48

49

50

oy |

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

MEMS for biomedical applications

Edited by S. Bhansali and A. Vasudev

Durability and reliability of medical polymers

Edited by M. Jenkins and A. Stamboulis

Biosensors for medical applications

Edited by S. Higson

Sterilisation of biomaterials and medical devices

Edited by S. Lerouge and A. Simmons

The hip resurfacing handbook: A practical guide to the use and management
of modern hip resurfacings

Edited by K. De Smet, P. Campbell and C. Van Der Straeten
Developments in tissue engineered and regenerative medicine products
J. Basu and J. W. Ludlow

Nanomedicine: Technologies and applications

Edited by T. J. Webster

Biocompatibility and performance of medical devices

Edited by J.-P. Boutrand

Medical robotics: Minimally invasive surgery

Edited by P. Gomes

Implantable sensor systems for medical applications

Edited by A. Inmann and D. Hodgins

Non-metallic biomaterials for tooth repair and replacement
Edited by P. Vallittu

Joining and assembly of medical materials and devices

Edited by Y. (Norman) Zhou and M. D. Breyen

Diamond-based materials for biomedical applications

Edited by R. Narayan

Nanomaterials in tissue engineering: Fabrication and applications
Edited by A. K. Gaharwar, S. Sant, M. J. Hancock and S. A. Hacking
Biomimetic biomaterials: Structure and applications

Edited by A. J. Ruys

Standardisation in cell and tissue engineering: Methods and protocols
Edited by V. Salih

Inhaler devices: Fundamentals, design and drug delivery

Edited by P. Prokopovich

Bio-tribocorrosion in biomaterials and medical implants

Edited by Y. Yan

Microfluidic devices for biomedical applications

Edited by X.-J. James Li and Y. Zhou

Decontamination in hospitals and healthcare

Edited by J. T. Walker

Biomedical imaging: Applications and advances

Edited by P. Morris

Characterization of biomaterials

Edited by M. Jaffe, W. Hammond, P. Tolias and T. Arinzeh
Biomaterials and medical tribology

Edited by J. Paolo Davim

Biomaterials for cancer therapeutics: Diagnosis, prevention and therapy
Edited by K. Park



xviii

Woodhead Publishing Series in Biomaterials

67

68

69

70

71

72

73

74

75

76

11

78

79

80

81

82

83

85

86

87

88

89

New functional biomaterials for medicine and healthcare

E. P. Ivanova, K. Bazaka and R. J. Crawford

Porous silicon for biomedical applications

Edited by H. A. Santos

A practical approach to spinal trauma

Edited by H. N. Bajaj and S. Katoch

Rapid prototyping of biomaterials: Principles and applications

Edited by R. Narayan

Cardiac regeneration and repair Volume 1: Pathology and therapies
Edited by R.-K. Li and R. D. Weisel

Cardiac regeneration and repair Volume 2: Biomaterials and tissue engineering
Edited by R.-K. Li and R. D. Weisel

Semiconducting silicon nanowires for biomedical applications

Edited by J. L. Coffer

Silk biomaterials for tissue engineering and regenerative medicine

Edited by S. Kundu

Biomaterials for bone regeneration: Novel techniques and applications
Edited by P. Dubruel and S. Van Vlierberghe

Biomedical foams for tissue engineering applications

Edited by P. Netti

Precious metals for biomedical applications

Edited by N. Balizer and T. Copponnex

Bone substitute biomaterials

Edited by K. Mallick

Regulatory affairs for biomaterials and medical devices

Edited by S. F. Amato and R. Ezzell

Joint replacement technology Second edition

Edited by P. A. Revell

Computational modelling of biomechanics and biotribology in the musculoskeletal
system: Biomaterials and tissues

Edited by Z. Jin

Biophotonics for medical applications

Edited by 1. Meglinski

Modelling degradation of bioresorbable polymeric medical devices
Edited by J. Pan

Perspectives in total hip arthroplasty: Advances in biomaterials and their
tribological interactions

S. Affatato

Tissue engineering using ceramics and polymers Second edition

Edited by A. R. Boccaccini and P. X. Ma

Biomaterials and medical-device associated infections

Edited by L. Barnes and I. R. Cooper

Surgical techniques in total knee arthroplasty (TKA) and alternative procedures
Edited by S. Affatato

Lanthanide oxide nanoparticles for molecular imaging and therapeutics
G. H. Lee

Surface modification of magnesium and its alloys for biomedical applications
Volume 1: Biological interactions, mechanical properties and testing
Edited by T. S. N. Sankara Narayanan, I. S. Park and M. H. Lee



Woodhead Publishing Series in Biomaterials Xix

90 Surface modification of magnesium and its alloys for biomedical applications
Volume 2: Modification and coating techniques
Edited by T. S. N. Sankara Narayanan, 1. S. Park and M. H. Lee
91 Medical modelling: the application of advanced design and rapid prototyping
techniques in medicine Second Edition
Edited by R. Bibb, D. Eggbeer and A. Paterson
92 Switchable and responsive surfaces and materials for biomedical applications
Edited by Z, Zhang
93 Biomedical textiles for orthopaedic and surgical applications: Fundamentals,
applications and tissue engineering
Edited by T. Blair
94 Surface coating and modification of metallic biomaterials
Edited by C, Wen
95 Hydroxyapatite (HAP) for biomedical applications
Edited by M. Mucalo
96 Implantable neuroprostheses for restoring function
Edited by K. Kilgore
97 Shape memory polymers for biomedical applications
Edited by L. Yahia
98 Regenerative engineering of musculoskeletal tissues and interfaces
Edited by S. P. Nukavarapu, J. W. Freeman and C. T. Laurencin
99 Advanced cardiac imaging
Edited by K. Nieman, O. Gaemperli, P. Lancellotti and S. Plein
100 Functional marine biomaterials: Properties and applications
Edited by S. K. Kim
101 Shoulder and elbow trauma and its complications Volume 1: The shoulder
Edited by R. M. Greiwe
102 Nanotechnology-enhanced orthopedic materials: Fabrications, applications
and future trends
Edited by L. Yang
103 Medical devices: Regulations, standards and practices
Edited by S. Ramakrishna, L. Tian, C. Wang, S. L. and T. Wee Eong
104 Biomineralisation and biomaterials: Fundamentals and applications
Edited by C. Aparicio and M. Ginebra
105 Shoulder and elbow trauma and its complications Volume 2: The elbow
Edited by R. M. Greiwe
106 Characterisation and design of tissue scaffolds
Edited by P. Tomlins
107 Biosynthetic polymers for medical applications
Edited by L. Poole-Warren, P. Martens and R.Green
108 Advances in polyurethane biomaterials
Edited by S. L. Cooper
109 Nanocomposites for musculoskeletal tissue regeneration
Edited by H. Liu
110 Thin film coatings for biomaterials and biomedical applications
Edited by H. J. Griesser






Contents

List of contributors
Woodhead Publishing Series in Biomaterials

Part One Designing nanocomposites for musculoskeletal
tissue regeneration

1  Design and fabrication of nanocomposites for musculoskeletal

tissue regeneration

N. Narayanan, L. Kuang, M. Del Ponte, C. Chain and M. Deng

1.1 Introduction

1.2 Design considerations of nanocomposites for musculoskeletal
tissue engineering

1.3 Fabrication of nanocomposites for musculoskeletal tissue
engineering

1.4 Conclusions
Acknowledgments
References

2 Carbon and inorganic nanomaterial-reinforced polymeric

nanocomposites for bone tissue engineering

G. Lalwani, M. D’Agati, B. Farshid and B. Sitharaman

2.1 Introduction

2.2 Nanomaterial-reinforced polymeric nanocomposites

2.3 Design criteria and nanomaterial properties for maximum
mechanical reinforcement

2.4 In vitro and in vivo cyto- and biocompatibility of
nanomaterial-reinforced polymeric nanocomposites

2.5 Summary and future perspective
References

3 Effects of surface modification on polymeric biocomposites
for orthopedic applications
A.J. Harmata and S.A. Guelcher
3.1 Introduction
3.2 Orthopedic applications

xi
XV

12
17
19
19

31

31
34

43
46
59
60
67

67
68



vi

Contents

33
34
3.5
3.6

3.7

Surface modifications of solid fillers 70
Polymeric biocomposites 73
Effects of surface modification on filler properties 79
Effects of surface-modified fillers on the properties of resultant

polymeric biocomposites 84
Future trends 86
Sources of further information and advice 88
References 88

Part Two Polymer nanocomposites for musculoskeletal

tissue regeneration 93

4  Toxicity and biocompatibility properties of nanocomposites
for musculoskeletal tissue regeneration 95
W. Liu and T.J. Webster

4.1
4.2
4.3
4.4
4.5

Introduction 95
Musculoskeletal tissue and natural nanocomposite structures 97
Biocompatibility and toxicity of nanocomposites 97
Biocompatibility and toxicity for musculoskeletal tissue 104
Conclusions and future perspectives 115
References 116

5  Advanced polymer composites and structures for bone
and cartilage tissue engineering 123
P. Sol, A. Martins, R.L. Reis and N.M. Neves

5.1
52
53
54

55

5.6

Introduction 123
The natural extracellular matrix 123
The requirements of structures for tissue engineering 126
Polymer composite structures for bone and cartilage

tissue engineering 127
Functionalization of composite structures for bone

and cartilage tissue engineering 131
Conclusions and future trends 137
Acknowledgments 137
References 137

6  Bioactive polymer nanocomposites for spinal cord tissue engineering 143
P. Kumar, Y.E. Choonara, G. Modi and V. Pillay

6.1
6.2
6.3
6.4

Introduction 143
Bioactive-loaded nanoenclatherated polymer composites 144
Biomaterial carbon nanotube composites 152
Future trends 155
List of abbreviations 156

References 157



