Contents

Preface XIII
List of Contributors XVII

1 Titanium Dioxide Nanocomposites 1
Hans Arora, Caroline Doty, Ye Yuan, John Boyle, Katarina Petras,
Bryan Rabatic, Tatjana Paunesku, and Gayle Woloschak

1.1 Introduction 1

1.2 Photocatalysis by TiO, Nanoparticles, Nanocomposites
and Nanoconjugates for Chemical Degradation and
Antimicrobial Activity 2

1.2.1 Methods for Evaluating Photocatalysis 12

1.2.2 Different Types of TiO, Nanocomposites 12

1.2.2.1 Modifying TiO, with Charge-Transfer Catalysts 12

1.2.2.2  Coating with Photosensitizing Dyes 12

1.2.2.3 Noble Metal Deposition or Coupling 13

1.2.2.4 Doping and Grafting 13

1.2.2.5 Coupling with Semiconductors, Blending with Metal Oxides 14

1.2.2.6 Modifying with Polymers or Clays 14

1.2.3 Antimicrobial Uses of Nanocomposites 15

1.2.3.1 Antimicrobial Nanocomposites with Noble Metal Deposition 16

1.2.3.2  Antimicrobial Doped and Grafted Nanocomposites 16

1.2.3.3 Modifying with Polymers 17

1.2.3.4 Creation of Magnetic Nanocomposites 17

1.3 Use of TiO, Nanoparticles, Nanocomposites, and Nanoconjugates
for Phosphopeptide Enrichment from Biological Materials
In Vitro 18

1.4 Uptake and Effects of Nanoscale TiO, and Nanocomposites
in Cells 20

1.4.1 Uptake of TiO, Nanomaterials 21
1.4.2 Intracellular Localization of TiO, Nanomaterials 22
1.4.3 Intracellular Interactions of TiO, Nanomaterials 23

Nanomaterials for the Life Sciences Vol.8: Nanocomposites. Edited by Challa S. S. R. Kumar
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32168-1



VI | Contents

1.4.4

1.5

1.5.1
1.5.2
1.5.3
1.5.4
1.5.5
1.6
1.6.1
1.6.1.1
1.6.1.2
1.6.2
1.6.3
1.6.4
1.6.5
1.6.6
1.7

2.1

2.2
221
2211
2.2.1.2

2213
2.2.2
2.2.3
2.3
231
2.3.2
233
234
2.4
241
2.4.2
243
2.5

Photocatalytic Uses of TiO, Nanomaterials to Induce DNA
Cleavage and Cytotoxicity 24

Use of Titania Oxide and Its Composites for Implants and
Tissue Engineering 26

Osseointegration 27

Implantation Methods 27

Osteoblast Adhesion 28

Modification of Surface Chemistry 28

Artificial Bone Substitute Materials 29

Toxicology Studies of TiO, Nanomaterials in Animals 30
Inhalation and Intratracheal Instillation 31

Intratracheal Instillation 31

Inhalation 32

Dermal Exposure 33

Ingestion and Oral Lavage 33

Intravenous Injection 34

Intraperitoneal Injection 37

Subcutaneous Administration 40

Conclusions 41

References 42

Chitin Nanocomposites for Medical Applications 53

Aji P. Mathew and Kristiina Oksman

Introduction 53

Chitosan/Chitin Nanocomposites 55

Chitosan as the Matrix Phase 55

Carbon Nanotube-Based Chitosan Nanocomposites 55
Inorganic Nanoreinforcement-Based Chitosan
Nanocomposites 57

Biobased Reinforcement-Based Chitosan Nanocomposites 60
Chitin as the Reinforcing Phase 61

All-Chitin Nanocomposites 63

Processing of Chitosan/Chitin Nanocomposites 63
Film-Casting 64

Freeze-Drying 66

Layer-by-Layer Assembly 68

Electrospinning 69

Biomedical Products from Chitosan/Chitin Nanocomposites 71
Films/Membranes/Coatings 71

Mats and Sponges 71

Hydrogels 72

The Path Forward 73

Acknowledgments 74

References 74



3.1
3.2
3.2.1
3.2.2
3.3
33.1

33.1.1
33.1.2
3.3.1.3
33.14
33.2
333
334

3.4
3.5

4.1
4.2
4.3

4.3.1
43.1.1
4.3.1.2
4.3.2
43.2.1
4.3.2.2
4.3.3

4.3.4
4.4

4.5
4.5.1
4.5.2
4.5.3
4.5.4
4541
4.5.4.2

Contents

Silver Nanocomposites and Their Biomedical Applications 81
Andrea Travan, Eleonora Marsich, lvan Donati, and Sergio Paoletti
Introduction to Silver Nanocomposites 81

Preparation and Characterization of Silver Nanocomposites 82
Preparation Techniques 82

Characterization Techniques 90

Biomedical Applications 100

Silver Nanocomposites for Biocidal Applications

(Antimicrobial, Antiviral, Antifungal) 100

General Considerations 100

Overview of in vitro Results 101

Effects of Nanoparticles Properties and Role of the Matrix 105
Antimicrobial Mechanism 107

Silver Nanocomposites in Wound Healing 112

Silver Nanocomposites and Inflammation 115

Silver Nanocomposites for Applications in Biological Sensing and
Nanoscale Photonics 116

Biological Hazards of Silver Nanocomposites 120

Perspectives 126

References 127

Gold Nanocomposite Biosensors 139

Maria Isabel Pividori and Salvador Alegret

Introduction 139

Electrochemical Biosensing and Transducing Features 139
Modification Strategies of Gold Surfaces and Gold Nanoparticles
with Biomolecules 142

Physisorption 142

Physisorption of Proteins 142

Physisorption of Oligonucleotides and DNA 142
Chemisorption Based on Self-Assembled Monolayers (SAMs) 143
Chemisorption of Proteins 146

Chemisorption of DNA Probes 147

Covalent Immobilization of Self-Assembled Monolayers (SAMs)
147

Spacer Arms 148

Synthesis and Properties of Gold Nanoparticles 148
Composites and Nanocomposite Materials in Biosensors 150
Biological and Engineering Composites 150

Nanostructured Composite and Nanocomposites 151
Conducting Composites 151

Polymer Composites 151

Conducting Composites Based on Conducting Polymers 151
Conducting Composites Based on Nonconducting Polymers 152

vil



Vil | Contents

4.5.4.3 Carbon Conducting Composites Based on Nonconducting
Polymers 153

4.6 Rigid Conducting nanoAu-GECs for Improved Immobilization of the
Bioreceptor in Genosensing Devices 154

4.7 Other Approaches Based on Gold Nanocomposites for
Electrochemical Biosensing 159

4.8 Final Remarks 162
References 162

5 Quantum Dot Nanocomposites 769
Jianxiu Wang, Yunfei Long, and Feimeng Zhou
5.1 Introduction 169

5.2 Synthesis and Characterization of QDs 169
5.2.1  Synthesis of QDs in Organic Solvents 170
5.2.2  Synthesis of QDs in Aqueous Media 171
5.2.3  Synthesis of QDs in the Two-Phase System 173
5.3 Synthesis and Characterization of the Core-Shell QDs 175
5.4 Quantum Dot-Based Metal Ion Fluorescent Sensors 177
5.5 Quantum Dot-Based Fluorescence Resonance Energy Transfer 178
5.5.1  Chemiluminescence Resonance Energy Transfer 184
5.5.2 Bioluminescence Resonance Energy Transfer 184
5.6 Quantum Dot-Based Nanohybrids 186
5.7 Conclusions and Outlook 188
Acknowledgments 188
Abbreviations 188
References 189

6 Gold-Polymer Nanocomposites for Bioimaging and Biosensing 199
Nobuo Uehara and Tsutomu Nagaoka

6.1 Introduction 199

6.2 Fabrication of Gold Nanocomposites 201

6.2.1  General Aspects 201

6.2.2  “Grafting-From” Modifications 203

6.2.3  “Grafting-To” Modifications 204

6.2.4  Post-Modification 205

6.3 Imaging and Labeling with Gold Nanocomposites 205

6.3.1  Optical Imaging 205

6.3.2  Magnetic Resonance Imaging, X-Ray Imaging, and Surface-Enhanced
Raman Scattering Imaging 207

6.3.3  Gold Nanocomposites as Indicators 208

6.4 Colorimetric Sensors 208

6.4.1  General Aspects 208

6.4.2  Red-to-Blue Sensors 209

6.4.2.1 Crosslinking Aggregation 209

6.4.2.2 Non-Crosslinking Aggregation 212



6.4.3
6.5
6.5.1
6.5.1.1
6.5.1.2
6.5.1.3
6.5.2
6.6

6.6.1

6.6.1.1
6.6.1.2

6.6.1.3
6.6.2
6.6.2.1
6.6.2.2
6.7

7.1
7.2

7.2.1
7.2.2
7.3

7.3.1.1

7.3.1.2
7.3.2

7.3.2.1
7.3.2.2
7.3.3
7.4
7.4.1
7.4.2
7.4.3

Contents

Blue-to-Red Sensors 214

Fluorometric Systems with Gold Nanocomposites 216
Fluorescence Quenching 217

System A: Disruption of dsDNA Linker 217

System B: Disruption of Biological Interaction 218

System C: Cleavage of Linking Aptamer and Peptide 218
Time-Resolved Fluorometry and Fluorescence Polarization 218
Electrochemical Applications of Gold Nanoparticles and Their
Composites 219

AuNPs Assembled on Electrode Surfaces for Enhanced Electrode
Responses 219

Conducting Polymer/AuNP Composites on Electrodes 219
Applications of Conducting Polymer/AuNP Composites on
Electrodes 222

Other Composite Materials for Electrochemical Measurements 222
Composite Nanoparticles and Their Applications as Labels 224
Quantification Strategies 224

Sensitivity Enhancements 227

Perspective 229

References 230

Design and Applications of Genetically Engineered
Nanocomposites 241

Gopal Abbineni and Chuanbin Mao

Introduction 241

Genetically Modifiable Biomacromolecules for the Design of
Genetically Engineered Nanocomposites 242

Bacteriophage as a Bacteria-Specific Virus 242

Bacterial Flagella as Genetically Modifiable Protein Nanotubes 243
Nanocomposites Built from Genetically Engineered
Biomacromolecules 245

One-Dimensional Nanocomposites Templated by

Filamentous Biotemplates 245

Inorganic Nanomaterials on Genetically Engineered Biotemplates
246

Organic Nanomaterials on Genetically Engineered Biotemplates 251
Three-Dimensional Assembly of Genetically Engineered
Biomacromolecules and Nanomaterials 255

Layer-by-Layer Assembly into 3-D Structures 256
Solvent-Assisted Capillary Molding into 3-D Assemblies 257
Genetically Engineered Nanocomposite Films 258

Applications of Genetically Engineered Nanocomposites 260
Engineered Nanocomposites for Device Applications 260
Engineered Nanocomposites for Medical Applications 262
Engineered Nanoconstructs for Sensing Applications 263



X | Contents

7.5

8.1

8.2
8.2.1
8.2.2
8.2.3
8.3
8.3.1
8.3.1.1
8.3.1.2
8.3.1.3
8.3.2
8.3.2.1
8.3.2.2
8.3.2.3
8.3.3
8.3.3.1
8.3.3.2
8.3.3.3
8.3.34

8.3.4
8.3.4.1
8.3.4.2
8.343
8.3.4.4
8.4

9.1

9.2
9.2.1
9.2.1.1
9.2.1.2
9.2.2
9.2.3

Summary and Outlook 265
Acknowledgments 266
References 266

Multifunctional Nanocomposites for Biomedical Applications 273
Seungjoo Haam, Kwangyeol Lee, Jaemoon Yang, and Yong-Min Huh
Introduction 273

Anatomy of Multifunctional Nanocomposites 274

The Biomedical Payload 275

The Carrier 277

The Biological Surface Modifier 280

Types of Nanomaterial Multifunctionality 282

Multimodal Imaging 282

Multicolor Optical Coding 282

Optical/T; MR Bimodal Image Probes 284

Optical/T, MR Bimodal Image Probes 284

Theragnostics: Simultaneous Diagnosis and Therapy 284
Optical Imaging/Therapy 284

MR Imaging/Therapy 288

Optical Coherence Tomography Imaging/Therapy 290
Combination Therapy 290

Therapeutic Antibodies/Chemotherapeutic Drugs 290
Combinations of Different Chemotherapeutic Drugs 291
Combinations of Chemotherapeutic Drugs and Genes 291
Photothermal or Photodynamic Agents with Chemotherapeutic
Drugs 293

Activatable Smart Nanocomposites 294
Temperature-Responsive Nanocomposites 294
pH-Responsive Nanocomposites 297

Enzyme-Responsive Nanocomposites 297

Reactive Oxygen Species-Responsive Nanocomposites 298
Conclusions and Outlook 299

Acknowledgments 300

References 300

Nanocomposites for Drug Delivery 3713

Shoucang Shen, Yuan-Cai Dong, Wai Kiong Ng, Leonard Chia, and
Reginald Beng Hee Tan

Introduction 313

Nanoparticle Composites for Drug Delivery 314

Polymeric Nanoparticle Composites 316

PLGA Nanoparticle Composites 317

Chitosan Nanoparticle Composites 319

Liposomes 320

Solid Lipid Nanoparticle Composites 321



9.2.4
9.2.5
9.2.6
9.3

9.3.1
9.3.2
9.33
9.3.4
9.4

9.4.1
9.4.1.1
9.4.1.2
9.4.1.3
9.4.1.4
9.4.2
9.4.3
9.5

9.6

9.7

10

10.1
10.2
10.3
10.3.1
10.3.2
10.3.3
10.3.4
10.3.5
10.3.5.1
10.3.5.2
10.4

10.4.1
10.4.2
10.4.3
10.4.4
10.4.5
10.5

10.5.1
10.5.2
10.6

Micelles 322

Iron Oxide Nanoparticle Composites for Drug Delivery 322
Silica Nanoparticle Composites 324

Nanofiber Composites for Drug Delivery 324

Delivery of Antibiotics 325

Delivery of Anticancer Drugs 326

“Smart” Nanofiber Drug Carriers 327

Multifunctional Nanofibers 330

Two-Dimensional Mesoporous Material-Incorporated
Nanocomposites 332

Inorganic 2-D Nanoporous Composites 332
Oxide-Modified Nanoporous Composites 332
Mesoporous Bioactive Glasses 334

Magnetic Functionalized Mesoporous Composites 335
Luminescent Mesoporous Composites 339
Polymer-Silica Nanocomposites 340
Stimuli-Responsive Nanocomposites 343
Three-Dimensional Nanostructured Nanocomposites 347
Hydrogel Nanocomposite Drug Carriers 349
Summary and Outlook 351

References 352

Nanocomposites for Bone Tissue Engineering 367
Kalpana S. Katti, Dinesh R. Katti, and Avinash H. Ambre
Introduction 367

Tissue Engineering Scaffolds 368

Materials 370

Hydroxyapatite 370

Silicates 371

Carbon Nanotubes 371

Bioactive Glass 372

Polymers 373

Natural Polymers 374

Synthetic Polymers 377

Processing Methods/Routes for Nanocomposites in Bone
Tissue Engineering 379

Electrospinning 380

Phase Separation 381

Freeze-Drying 383

Particulate Leaching 384

Self-Assembly 384

Biocompatibility 385

Counting Cell Densities 386

Spectroscopic Techniques 386

Bioactvity 386

Contents

Xi



Xl | Contents

10.7 Engineering the Bone—Cartilage/Bone-Ligament Interface 387

10.8 Interfacial Interactions in Nanocomposites for Bone Tissue
Engineering 389

10.8.1  Fourier Transform-Infrared (FT-IR) Spectroscopy 390

10.8.2  Atomic Force Microscopy 391

10.8.3 Modeling and Simulation Studies 391

10.9 Summary and Conclusions 392
References 393

11 Nanocomposites for Tissue Engineering 405
Michael Gelinsky and Sascha Heinemann
11.1 Introduction 405
11.1.1  Requirements for Successful Tissue Engineering 406
11.1.2  Composites and Nanocomposites 408
11.1.2.1 Composites 408
11.1.2.2 Nanocomposites 409
11.1.2.3 Hybrids 409
11.2 Biological Nanocomposites 409
11.2.1 Bone 410
11.2.2  Biological Nanocomposites as Scaffolds 412
11.3 Organic—Organic Nanocomposites 413
11.4 Inorganic-Inorganic Nanocomposites 414
11.5 Organic-Inorganic Composites 416
11.5.1 Mineralized Collagen: Nanocomposites that Mimic the ECM of
Bone 416
11.5.2  Silica-Based Nanocomposites for Tissue Engineering 421
11.5.3  Organic-Inorganic Nanocomposites Containing Fibers 424
11.6 Nanocomposites Containing Carbon Nanotubes (CNTs) 425
11.7 Summary and Outlook 425
References 426

Index 435



