MICRO AND
NANOTECHNOLOGIES
IN ENGINEERING STEM
CELLS AND TISSUES



IEEE Press
445 Hoes Lane
Piscataway, NJ 08854

IEEE Press Editorial Board 2013
John Anderson, Editor in Chief

Linda Shafer Saeid Nahavandi George Zobrist
George W. Arnold David Jacobson Tariq Samad
Ekram Hossain Mary Lanzerotti Dmitry Goldgof
Om P. Malik

Kenneth Moore, Director of IEEE Book and Information Services (BIS)



MICRO AND

NANOTECHNOLOGIES
IN ENGINEERING STEM
CELLS AND TISSUES

Edited by

MURUGAN RAMALINGAM
ESMAIEL JABBARI
SEERAM RAMAKRISHNA
ALI KHADEMHOSSEINI

EMB IEEE Engin g n M d

and Bi lgyS ciety, Spon

IEEE Press Series in Biomedical Enginee
Metin Akay, Series Editor

< IEEE

IEEE PRESS

WILEY

ring



Copyright © 2013 by The Institute of Electrical and Electronics Engineers, Inc.
Published by John Wiley & Sons, Inc., Hoboken, New Jersey. All rights reserved.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or
by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as
permitted under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior
written permission of the Publisher, or authorization through payment of the appropriate per-copy fee to
the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax
(978) 750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should be
addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ
07030, (201) 748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in
preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained herein may not be suitable
for your situation. You should consult with a professional where appropriate. Neither the publisher nor
author shall be liable for any loss of profit or any other commercial damages, including but not limited to
special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762-2974, outside the United States at
(317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may
not be available in electronic formats. For more information about Wiley products, visit our web site at
www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Micro and nanotechnologies in engineering stem cells and tissues / edited by
Murugan Ramalingam ... [et al.].
p.;cm.

Includes bibliographical references.

ISBN 978-1-118-14042-0 (cloth)

I. Ramalingam, Murugan. II. Institute of Electrical and Electronics
Engineers.

[DNLM: 1. Cell Engineering-methods. 2. Stem Cells—physiology. 3. Microtechnology—
methods. 4. Nanotechnology—methods. 5. Tissue Engineering—methods. QU 325]

612.6°4018—dc23

2012039996

Printed in the United States of America

10987654321


http://www.copyright.com
http://www.wiley.com/go/permission
http://www.wiley.com

CONTENTS

Preface

xiii

Contributors XV

1  Stem Cells and Nanotechnology in Tissue Engineering

and Regenerative Medicine 1
1.1 A Brief History of Tissue Engineering and Regenerative Medicine, 1
1.2 Introduction to Stem Cells, 3
1.3 Tissue Engineering and Regenerative Medicine Strategies, 5

1.3.1 Cell Therapy, 5

1.3.2 Tissue Engineering and Biomaterials, 6

1.33 Bioactive Factors in Tissue Engineering, 8
1.4  Nanotechnology in Regenerative Medicine and Tissue Engineering, 8

1.5

1.4.1 Introduction to Nanotechnology, 8
142 Nano-Based Cell Tracking, 9
1.4.3 2D Nanotopography, 10

1.4.4 3D Nanoscaffolds, 11

1.4.5 Growth Factor Delivery, 17
Conclusions, 19

Acknowledgments, 19

References, 20

2 Nanofiber Technology for Controlling Stem Cell Functions
and Tissue Engineering 27

2.1
22

Introduction, 27
Fabrication of Nanofibrous Scaffolds by Electrospinning, 30



vi

CONTENTS

2.3 Stem Cells: Type, Origin, and Functionality, 32
2.3.1 Mesenchymal Stem Cells, 33
2.3.2 Embryonic Stem Cells, 34
233 Induced Pluripotent Stem Cells, 34
2.4  Stem Cell-Nanofiber Interactions in Regenerative Medicine
and Tissue Engineering, 35
24.1 Skin, 35
242 Cardiac, 39
243 Bone and Cartilage, 41
244 Neural, 43
2.5 Conclusions, 44
Acknowledgments, 45
References, 45

Micro- and Nanoengineering Approaches to Developing
Gradient Biomaterials Suitable for Interface Tissue Engineering 52

3.1 Introduction, 52
3.2 Classification of Gradient Biomaterials, 54
3.2.1 Physical Gradients, 54
322 Chemical Gradients, 57
3.2.3 Biological Gradients, 58
3.3 Micro- and Nanoengineering Techniques for Fabricating Gradient
Biomaterials, 59
3.3.1 Salt Leaching, 60
332 Gas Foaming, 61
333 Phase Separation, 61
334 Emulsification, 62
3.35 Solid Free-Form Technology, 63
33.6 Photolithography, 63
3.3.7 Microfluidics, 64
3.3.8 Microcontact Printing, 66
339 Electrospinning, 67
3.3.10  Nanoimprint Lithography, 68
3.3.11  Inkjet Printing, 69
3.3.12 Gradient Makers, 69
3.4  Conclusions, 70
Acknowledgments, 71
References, 71

Microengineered Polymer- and Ceramic-Based Biomaterial
Scaffolds: A Topical Review on Design, Processing,
and Biocompatibility Properties 80

4.1  Introduction, 80
4.2 Dense Hydroxyapatite Versus Porous Hydroxyapatite Scaffold, 85
4.3  Property Requirement of Porous Scaffold, 86



CONTENTS vii

4.4  Design Criteria and Critical Issues with Porous Scaffolds
for Bone Tissue Engineering, 88
4.4.1 Cytocompatibility, 88
4.4.2 Osteoconductivity, 89
443 Porous Structure, 89
444 Mechanical Properties, 89
445 Biodegradability, 89
4.4.6 Fabrication, 89
4.5  An Exculpation of Porous Scaffolds, 90
4.6 Overview of Various Processing Techniques of Porous Scaffold, 92
4.7  Overview of Physicomechanical Properties Evaluation of Porous
Scaffold, 95
4.8  Overview of Biocompatibility Properties: Evaluation of Porous
Scaffolds, 104
4.9  Outstanding Issues, 107
4.10 Conclusions, 109
Acknowledgment, 109
References, 110

5  Synthetic Enroutes to Engineer Electrospun Scaffolds for
Stem Cells and Tissue Regeneration 119

5.1 Introduction, 119
5.1.1 Electrospun Nanofibrous Scaffolds for Tissue
Engineering, 121
5.1.2 Electrospun Nanoparticle Incorporated Natural
Polymeric Scaffolds, 122
5.2 Synthetic Enroutes, 125
5.2.1 Chemistry of Cross-Linking, 125
522 Elastomeric Scaffolds, 126
523 pH Responsive Polymers, 127
5.2.4 Thermo-Responsive Polymer Fabrication and
Engineering, 128
5.2.5 Modified Electrospinning Processes, 129
5.3 Novel Nanofibrous Strategies for Stem Cell Regeneration and
Differentiation, 131
5.4  Conclusions, 135
Acknowledgment, 135
References, 135

6 Integrating Top-Down and Bottom-Up Scaffolding Tissue
Engineering Approach for Bone Regeneration 142

6.1 Introduction, 142

6.2  Clinic Needs in Bone Regeneration Fields, 143

6.3  Bone Regeneration Strategies and Techniques, 144
6.3.1 Top-Down Tissue Engineering, 144



viii CONTENTS

6.3.2 Modular Tissue Engineering (Bottom-Up Approach), 147
6.3.3 Novel Strategy (Integrating Approach), 150

6.4  Future Direction and Concluding Remarks, 151
References, 151

7  Characterization of the Adhesive Interactions Between Cells and
Biomaterials 159

7.1 Introduction, 159
7.2 Adhesion Receptors in Native Tissue, 160
7.2.1 Integrins, 160
722 Cadherins, 164
7.2.3 Immunoglobulins, 165
7.3 Optimization of Cellular Adhesion Through Biomaterial
Modification, 166
7.4  Measurement of Cell Adhesion, 170
7.4.1 Micromanipulation, 171
742 Centrifugation, 173
7.4.3 Hydrodynamic Shear Stress, 173
7.5 Conclusions, 174
Acknowledgments, 175
Disclaimer, 175
References, 175

8 Microfluidic Formation of Cell-Laden Hydrogel Modules
for Tissue Engineering 183

8.1 Introduction, 183
8.2  Cell-Laden Hydrogel Modules, 184
8.2.1 Types of Hydrogels, 184
8.2.2 Microfluidic Devices for Hydrogel Module
Production, 185
8.3  Cell Assay Systems Using Microfluidic Devices, 189
8.3.1 Microfluidic Devices for Handling Modules, 189
832 Cell Analysis Using Microfluidic Devices, 190
8.4 Implantable Applications, 191
8.4.1 Cell-Laden Hydrogel Modules for Transplantation, 192
8.4.2 Implantable Applications of Cell-Laden Hydrogel
Modules, 192
8.5 Tissue Engineering, 194
8.5.1 Microtissue Units, 194
8.5.2 Random Assembly of Microtissue Units, 196
8.5.3 Controlled Assembly of Microtissue Units, 196
8.54 Macroscopic Assembly of Microtissue Units, 197
8.6  Summary, 198
References, 198



CONTENTS ix

9 Micro- and Nanospheres for Tissue Engineering 202

9.1 Introduction, 202

9.2 Materials Classification of Micro- and Nanospheres, 204

9.3  Applications of Micro- and Nanospheres in Tissue Engineering, 205
9.3.1 Micro- and Nanospheres as Delivery Vehicles, 205

9.3.2 Micro- and Nanospheres as Functional Components
to Modify Mechanical Properties of Scaffolds, 207
9.33 Micro- and Nanospheres as Microreactors, 209

9.3.4 Micro- and Nanospheres as Building Blocks, 210
9.4  Conclusions, 212

Acknowledgments, 212

References, 212

10 Micro- and Nanotechnologies to Engineer Bone Regeneration 220

10.1 Introduction, 220
10.2 Nano-Hydroxyapatite Reinforced Scaffolds, 221
10.3 Biodegradable Polymeric Scaffolds and Nanocomposites, 225
10.4 Silk Fibers and Scaffolds, 227
10.5 Summary, 231
Acknowledgments, 231
References, 232

11 Micro- and Nanotechnology for Vascular Tissue Engineering 236

11.1 Introduction, 236
11.2  Conventional Vascular Grafts, 237
11.3 Tissue-Engineered Vascular Grafts, 237
11.4 Micro- and Nanotopography in Vascular Tissue Engineering, 238
11.4.1  Micro- and Nanotopographies to Mimic Native
Architecture, 238
11.4.2  Microengineered Cell Sheets, 240
11.4.3  Conclusion, 240
11.5 Micro- and Nanofibrous Scaffolds in Vascular Tissue Engineering, 241
11.5.1 Nanofibrous Scaffolds, 241
11.5.2  Electrospun Fibers, 241
11.5.3  Synthetic and Natural Hybrid Nanofibers, 242
11.5.4  Release from Nanofibers, 243
11.5.5  Antithrombogenic Nanofibers, 244
11.5.6  Cell-Adhesive Nanofibers, 245
11.5.7  Future Work and Conclusion, 245
11.6 Microvascular Tissue Engineering, 246
11.6.1  Need for Microvascular Networks in Tissue Engineering, 246
11.6.2  Microfluidics, 246
11.6.3  Microfluidic Hydrogels, 247
11.6.4  Micropatterning, 248



X CONTENTS

11.6.5 Hybrid or Advanced Approaches, 249
11.6.6  Nanofiber Gels, 251
11.6.7  Conclusion, 252
11.7 Conclusions, 253
References, 254

12 Application of Stem Cells in Ischemic Heart Disease 261

12.1 Introduction, 261
12.1.1  Potential Uses of Human Stem Cells, 263
12.1.2  Various Sources of Stem Cells, 263
12.1.3  Unique Properties of Stem Cells, 263
12.1.4  Stem Cells Can Give Rise to Specialized Cells, 264
12.1.5 Embryonic Stem Cells, 264
12.1.6  Recommendations, 266
12.1.7  Limitations and Concerns with Embryonic Stem Cell
Transplantation, 267
12.2  Adult Skeletal Myoblast Cells, 267
12.2.1  Advantages to Myoblast Transplantation, 269
12.2.2  Disadvantages with Skeletal Myoblasts, 269
12.2.3  Further Recommendations, 269
12.3 Adult Bone Marrow—Derived Stem Cells, 269
12.3.1  Advantages of Adult Bone Marrow Cell Transplantation, 270
12.3.2  Limitations and Concerns with Adult Bone Marrow Cell
Transplant, 270
12.3.3  Resident Cardiac Progenitor Cells, 271
12.3.4  Adult Stem Cells, 271
12.3.5  Advantages of Adult Stem Cells, 272
12.3.6  Limitations of Adult Stem Cells, 272
12.3.7  Culturing Embryonic Stem Cells in the Laboratory, 272
12.3.8  Stem Cell Lines, 273
12.3.9  Tests Used to Identify Embryonic Stem Cells, 273
12.3.10 Tests Used in Identifying Adult Stem Cells, 273
12.4 Type of Stem Cells Used to Treat Cardiac Diseases, 273
12.4.1 Potency, 275
12.4.2  Identification of Stem Cells, 275
12.4.3  Mechanisms of Action of Stem Cells, 275
12.4.4  Immunomodulatory Effect of Stem Cells, 276
12.5 Application, 277
12.5.1  Routes of Application, 277
12.5.2  Complications, 278
12.5.3  Using Stem Cells in Clinical Application and to Treat
Disease, 278
12.5.4  Results of Clinical Trials, 280
12.5.5  Cell Therapy in Acute Myocardial Infarction, 280
12.5.6  Research with Stem Cells, 281



CONTENTS xi

12.5.7  Organ and Tissue Regeneration, 281

12.5.8  Brain Disease Treatment, 281

12.5.9  Cell Deficiency Therapy, 281

12.5.10 Blood Disease Treatments, 282

12.5.11 General Scientific Discovery, 282

12.5.12 Transplantation and Left Ventricular Devices, 282

12.6 Other Developing Technologies in Cell Engineering, 282

12.6.1 Hybrid Embryos, 282

12.6.2  Upcoming Techniquesin Guidance to Homing of Stem Cell, 283

12.6.3  Future Perspectives in Myocardial Repair and
Regeneration, 287

12.6.4  New Method Helps Stem Cells Find Damaged Tissue
Better, 288

12.6.5  Shortcomings in Stem Cell Applications, 290

12.6.6  Stem Cell Research Controversy, 291

12.6.7  Problems with Embryonic Stem Cell Research, 291

12.6.8  Challenges Remain for Stem Cell Therapies, 292

Acknowledgments, 293

References, 293

Index 303






PREFACE

More than a million people worldwide are in need of an organ transplant while only
100,000 transplants are performed each year. More than 100,000 Americans need a
transplant each year but only 25,000 transplants are performed. Tissue engineering
has become increasingly important as an unlimited source of bioengineered tissues to
replace diseased organs. Tissue engineering attempts to build body parts by assem-
bling from the basic components of biological tissues, namely, the matrix, cells, and
tissue morphogenetic growth factors. As tissue-specific cells are limited in quantity,
stem cells with their ability for self-renewal and pluripotency are becoming
increasingly important as a cell source in regenerative medicine. These cell sources
include but are not limited to bone marrow—derived stromal cells and hematopoietic
cells, umbilical cord—derived stem cells, and induced pluripotent stem cells. Top-
down approaches utilizing porous scaffolds with random or well-defined pore
structures, seeded with cells and growth factors, have been used, in some cases
successfully, as cellular constructs in the clinically relevant length scale in regener-
ative medicine. However, top-down approaches cannot recreate the intricate struc-
tural characteristics of native tissues at multiple nano- and microscales, leading to the
formation of less than optimal composition and distribution of the extracellular
matrix. It should be emphasized that the hierarchical organization of native biologi-
cal tissues is optimized by evolution to balance strength, cell-cell and cell-matrix
interactions, growth factor presentation, and transport of nutrients. Consequently,
bottom-up approaches to build a single modular unit to mimic the structural features
of native tissues and to serve as a building block for assembly to a larger tissue scale
have received more attention in recent years. The processes of cell adhesion,
migration, differentiation, extracellular matrix formation, and cell maturation
depend on interactions at multiple length scales between the cell surface receptors

xiii



xiv PREFACE

and their corresponding ligands in the matrix. The success of engineered tissues as an
unlimited source for replacement of damaged organs depends on our depth of
understanding of those interactions and our ability to mimic those interactions using
enabling nano- and microscale technologies and to build modular scalable units for
implantation. This book provides an overview of enabling micro- and nanoscale
technologies in designing novel materials to elucidate the complex cell-cell and
cell-matrix interactions, leading to engineered stem cells and tissues for applications
in regenerative medicine. The editors, Murugan Ramalingam, Esmaiel Jabbari,
Seeram Ramakrishna, and Ali Khademhosseini, thank the authors for their contri-
bution to this timely book.
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