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Àngel Gómez-Sicilia, and Mariano Carrión-Vázquez

6.1 Introduction 157
6.1.1 Why Single-Molecule Force Spectroscopy? 157
6.1.2 SMFS in Biology 158
6.1.3 SMFS Techniques and Ranges 158
6.2 AFM-SMFS Principles 159
6.2.1 Length-Clamp Mode 160
6.2.2 Force-Clamp Mode 163
6.3 Dynamics of Adhesion Bonds 165
6.3.1 Bond Dissociation Dynamics in Length Clamp 165
6.3.2 General Considerations 167
6.3.3 Bond Dissociation Dynamics in Force Clamp 168
6.3.3.1 The Need for Robust Statistics 169
6.4 Specific versus Other Interactions 169
6.4.1 Intramolecular Single-Molecule Markers 170
6.4.1.1 The Wormlike Chain: an Elasticity Model 170
6.4.1.2 Proteins 171
6.4.1.3 DNA and Polysaccharides 174
6.4.2 Intermolecular Single-Molecule Markers 174
6.5 Steered Molecular Dynamics Simulations 176
6.6 Biological Findings Using AFM–SMFS 177
6.6.1 Titin as an Adjustable Molecular Spring in the Muscle

Sarcomere 177



Contents IX

6.6.2 Monitoring the Folding Process by Force-Clamp Spectroscopy 180
6.6.3 Intermolecular Binding Forces and Energies in Pairs of

Biomolecules 180
6.6.4 New Insights in Catalysis Revealed at the Single-Molecule Level 181
6.7 Concluding Remarks 182

Acknowledgments 182
Disclaimer 182
References 182

7 High-Speed AFM for Observing Dynamic Processes in Liquid 189
Toshio Ando, Takayuki Uchihashi, Noriyuki Kodera, Mikihiro Shibata,
Daisuke Yamamoto, and Hayato Yamashita

7.1 Introduction 189
7.2 Theoretical Derivation of Imaging Rate and Feedback Bandwidth 190
7.2.1 Imaging Time and Feedback Bandwidth 190
7.2.2 Time Delays 191
7.3 Techniques Realizing High-Speed Bio-AFM 192
7.3.1 Small Cantilevers 192
7.3.2 Fast Amplitude Detector 194
7.3.3 High-Speed Scanner 194
7.3.4 Active Damping Techniques 196
7.3.5 Suppression of Parachuting 198
7.3.6 Fast Phase Detector 199
7.4 Substrate Surfaces 200
7.4.1 Supported Planar Lipid Bilayers 200
7.4.1.1 Choice of Alkyl Chains 201
7.4.1.2 Choice of Head Groups 201
7.4.2 Streptavidin 2D Crystal Surface 201
7.5 Imaging of Dynamic Molecular Processes 203
7.5.1 Bacteriorhodopsin Crystal Edge 203
7.5.2 Photoactivation of Bacteriorhodopsin 204
7.6 Future Prospects of High-Speed AFM 206
7.6.1 Imaging Rate and Low Invasiveness 206
7.6.2 High-Speed AFM Combined with Fluorescence Microscope 206
7.7 Conclusion 207

References 207

8 Integration of AFM with Optical Microscopy Techniques 211
Zhe Sun, Andreea Trache, Kenith Meissner, and Gerald A. Meininger

8.1 Introduction 211
8.1.1 Combining AFM with Fluorescence Microscopy 214
8.1.1.1 Epifluorescence Microscopy 214
8.1.2 Examples of Applications 215
8.1.2.1 Ca2+ Fluorescence Microscopy 215
8.1.2.2 AFM – Epifluorescence Microscopy 217



X Contents

8.2 Combining AFM with IRM and TIRF microscopy 217
8.2.1 Interference Reflection Microscopy 217
8.2.1.1 Optical Setup 218
8.2.2 Total Internal Reflection Fluorescence Microscopy 218
8.2.2.1 Optical Setup 218
8.2.2.2 Applications of Combined AFM–TIRF and AFM–IRM

Microscopy 220
8.3 Combining AFM and FRET 221
8.3.1 FRET 221
8.3.2 FRET and Near-Field Scanning Optical Microscopy (NSOM) 222
8.4 FRET-AFM 222
8.5 Sample Preparation and Experiment Setup 223
8.5.1 Cell Culture, Transfection, and Fura-Loading 223
8.5.2 Cantilever Preparation 224
8.5.3 Typical Experimental Procedure 225

References 225

Part II Biological Applications 231

9 AFM Imaging in Liquid of DNA and Protein–DNA Complexes 233
Yuri L. Lyubchenko

9.1 Overview: the Study of DNA at Nanoscale Resolution 233
9.2 Sample Preparation for AFM Imaging of DNA and Protein–DNA

Complexes 234
9.3 AFM of DNA in Aqueous Solutions 236
9.3.1 Elevated Resolution in Aqueous Solutions 236
9.3.2 Segmental Mobility of DNA 237
9.4 AFM Imaging of Alternative DNA Conformations 239
9.4.1 Cruciforms in DNA 239
9.4.2 Intramolecular Triple Helices 244
9.4.3 Four-Way DNA Junctions and DNA Recombination 245
9.5 Dynamics of Protein–DNA Interactions 247
9.5.1 Site-Specific Protein–DNA Complexes 247
9.5.2 Chromatin Dynamics Time-Lapse AFM 251
9.6 DNA Condensation 253
9.7 Conclusions 254

Acknowledgments 254
References 255

10 Stability of Lipid Bilayers as Model Membranes: Atomic Force
Microscopy and Spectroscopy Approach 259
Lorena Redondo-Morata, Marina Inés Giannotti, and Fausto Sanz

10.1 Biological Membranes 259
10.1.1 Cell Membrane 259
10.1.2 Supported Lipid Bilayers 259



Contents XI

10.2 Mechanical Characterization of Lipid Membranes 263
10.2.1 Breakthrough Force as a Molecular Fingerprint 263
10.2.2 AFM Tip-Lipid Bilayer Interaction 265
10.2.3 Effect of Chemical Composition on the Mechanical Stability of Lipid

Bilayers 267
10.2.4 Effect of Ionic Strength on the Mechanical Stability of Lipid

Bilayers 268
10.2.5 Effect of Different Cations on the Mechanical Stability of Lipid

Bilayers 271
10.2.6 Effect of Temperature on the Mechanical Stability of Lipid

Bilayers 273
10.2.7 The Case of Phase-Segregated Lipid Bilayers 274
10.3 Future Perspectives 279

References 279

11 Single-Molecule Atomic Force Microscopy of Cellular Sensors 285
Jürgen J. Heinisch and Yves F. Dufrêne
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