Contents

Preface xvii

1. Micromechanical Cues Converging on Fibroblasts,
Cardiac Myocytes, and Stem Cells 1

James R, Pinney, Goinar Doroudian, Patrick Chew, Tejal A. Desali,
and Brenda Russell

1.1 Introduction 1
1.2 Fibroblasts 2
1.2.1 Microenvironmental Forces and Fibroblastic

Remodeling 2

1.2.1.1 Mechanosensors in the cell
membranes 4

1.2.1.2 Focal adhesion and integrin-mediated

mechanotransduction 5
1.2.1.3 Cryptic ECM signaling domains 5
1.2.2 Fibroblasts and Topographical Cues 6
1.2.3 Fibreblasts in Tissue Engineering 8
1.3 Cardiomyocytes 9
1.3.1 Micromechanical Forces and Cardiomyocytes 9
1.3.1.1 Matrix stiffness and contraction 9
1.3.1.2 Costameres and focal adhesions 10

1.3.1.3 Cyclic and anisotropic strain and
the sarcomere 10
1.3.2 Microtopography 11

1.2.3 Micromechanical Forces for Tissue

Engineering 13
1.4 Stem Cells 13
1.4.1 Stem Cells and the Environment 13
1.4.2 Substrate Stiffness 14



vi| Contents

1.43 Microtopography 14
' 1.44 Applied Micromechanical Forces 14
1.45 Stem Cells and Focal Adhesions 17
1.46 Proliferation 18

1.47 Stem Cells in the Cardiac Microenvironment 18
1.5 Summary and Conclusions 20

2. How Microbes Sense and Respond to Force:
A Single-Molecule View 35

Peter N. Lipke, Jirgen |, Heinisch, and Yves F Dufréne

2.1 Introduction 35
2.2 Atomic Force Microscopy of Live Cells 37
2.2.1 Live-Cell Imaging ; 37

2.2.2 Single-Molecule Detection and
Manipulation 38
2.3 Protein Mechanics 29
2.31 Membrane Sensors 39
: 2.3.2 Cell Adhesion Proteins 42
i 2.4 Protein Clustering 44
‘ 2.4.1 Membrane Sensors 45
| 2.4.2 Cell Adhesion Proteins 46
2.5 Conclusions and Future Prospects 48

3. Modulating Cell Adhesion by Non-Covalent Ligand
Attachment 55

Andreas Milller, Christina Miiller, and Tilo Pompe

! 3.1 Introduction 55
! 3.2 Viscous Properties of Cell Culture Substrates 57
] 3.2.1 Viscous Bulk Properties 57
' 3.2.2 Viscous Processes, Including Ligands 58
3.3 Non-Covalent Substrate-Ligand Interactions 58

3.3.1 Dissipation Processes during Ligand
Sorption 58

3.3.2 Ligand Mobility 60




Contents | vil

3.4 Cell Response to Non-Covalently Attached
Adhesion Ligands 62

3.4.1 Characteristics of Cell Adhesion Sites in
Response to Non-Covalently Attached

Ligands in 2D 62
3.4.2 Fibronectin Matrix Remodeling during
Cell Adhesion 63
343 Cell Force Balance on Gradually Mobile
Ligands 64
3.44 Pattern Formation of Cell Adhesion Sites
on Non-Covalently Attached Fibronectin 65
3.45 Influence of Ligand Attachment on
Intracellular Signaling 68
3.5 Ceonclusion 69
4. Traction Microscopy 75

Ramaswamy Krishnan, Dhananfay Tambe, Robert L. Steward,
Corey C. Hardin, and fames P Butler

4.1 Introduction 75
4.2 What Are Tractions? 76
4.3 How Are Tractions Measured? 78
4.3.1 Wrinkling Assays 78
4,3.2 Beam-Bending Assays 78
4,33 Deformation Assays 79
44 How Are Tractions Regulated? 81
4.4.1 Mechanical Stress Associated with
Stiffness of the Extracellular Matrix 81
4.4.2 Mechanical Stress Associated with
Thickness of the Extracellular Matrix B2
4.4.3 Maechanical Stress Associated with 3-D
Deformation: Out-of-Plane Tractions 83
444 Mechanical Stress Associated with Stretch
of the Extracellular Matrix 83
4,45 Mechanical Stress Associated with Fluid
Flow in the Extracellular Matrix 85



wiii

Contents

4.4.6 Mechanical Stress Associated with

Neighboring Cellular Interactions

4461 Cell-cell force measured from
cell-substrate tractions

4.4.6,2 Plithotaxis: The principle of
collective cell puidance

4.4.6.3 Kenotaxis: Traction regulation
to fill unfilled space

45 Concluding Remarks

5. Mechanical Regulation of Myofibroblasts:
Mechanically Guided Matrix Remodeling and
Prevention of Fibrosis in Regenerative Medicine

Jenna L. Balestrini and Boris Hinz

5.1 Introduction
5.2  What Fibroblasts Feel: Stretching Is Important
Not to Get Stff
5.3 The Myofibroblast—Dedicated to Produce
and Remaodel ECM
5.4 Mechanical Stretch in Wound Healing and
Regenerative Medicine
5.4.1 Mechanical Intervention: Regulating
Dermal Wound Healing through Stretch
5.4.2 Mechanical Stretch in Regenerative
Medicine: Toward Building Functional
Tissue Equivalents
54.3 Building Custom-Tailored Tissue
Equivalents with Diverse
Biomechanical Properties
5.4.4 Determining Optimal Loading Conditions
for the Creation of Tissue Equivalents
5.45 Myofibroblasts in Tissue-Engineering:
An Organ Specific Affair
5.5 Matrix Stiffness: Cues That Direct Both Cell
Health and Dysfunction
5.5.1 Matrix Stiffness and Fibrosis: Artifact
or Active Contributor to Pathology?

86

86

86

88
89

a7

97

98

100

104

104

104

105

106

107

109

109




Contents | ix

5.5.2 Controlling Stem Cell Fate: Utilizing
Substrate Rigidity as a Toolin
Regenerative Medicine 112

5.6 Conclusions and Perspective 113

6. Interstitial Fluid Flow Mechanosensing:
Mechanisms and Consequences 127

Arpit D. Shah and Adrian C. Shieh

6.1 Introduction 127
6.2 Basics of Interstitial Fluid Flow 128
6.2.1 Interstitial Flow Velocity 128
6.2.2 Starling's Equation 129
6.2.3 Darcy’s Law and Brinkman's Equation 130
6.2.4 Shear Stress 131
, 6.2.5 Convective Mass Transport 132
| 6.3 Mechanisms of Interstitial Fluid Flow
' Mechanosensing 133
6.3.1 Glycocalyx Shear Stress Sensing 133
| 6.32 Autologous Gradient Formation 134
: 6.3.3 Matrix Tension and Integrin Activation 136
6.4 Effects of Interstitial Flow in Biological Systems 136
6.41 Blood Vessels 137
6.4.2 Lymphatic Vessels 138
6.4.3 Cancer 140
6.5 Conclusion 143
7. Mechanical Properties of Cytoskeletal Structures

and Their Response to Externally Applied Forces 155

Takahiro Watanabe-Nakayama, Shin'ichi Machida,
Masakazu Saito, Rehana Afrin, and Atsushi Ikai

| 7.1 Introduction 155

7.2 Varlous Methods for Measurement of Mechanical

' Properties in Cells Using an AFM 157

! 7.2.1 Biochemically Modified Probes 158
7.2.2 Lateral Force Measurement 158



7.3

Hooking Probes

7.2.4 Bead-Glued Cantilevers

7241 Introduction
7.2.42 QOverview

7.2.4.3 Quantification of cellular
mechanical response

7.2.4.4 Model for tension recovery
7.2.5 Micro Scoop Cantilever
Mechanosensing Proteins in Response to
Mechanical Cues to Actin Cytoskeleton
7.3.1 Introduction
73.2 Transient Accumulation of Paxillin at
Damaged Sites on SFs

Shape and Mechanical Cues Underlying Cellular
Homeostasis in Soft Organs

Jordi Aicaraz and Pere Roca-Cusachs

8.1

8.2

8.3

8.4

Introduction: Biochemical Cues Cannot Do

It Alone

Overview of Tools to Study Cell Shape and

Mechanics

8.2.1 Tools to Provide ECM Signaling to
Cultured Cells: 2D versus 3D Cultures

8.2.2 Tools to Study Cell Shape

8.2.3 Tools to Study Mechanical Cues

Cell Shape: Regulatory Role and Mechanisms

£.3.1 Cell Shape and Proliferation

8.3.2 Cell Shape and Differentiation

8.3.3 Cell Shape, Chromatin Condensation,
and Epigenetics

Tissue Mechanics: Mechanical Aspects and

Molecular Regulators

B.4.1 ECM Mechanics and Turnover

8.4.2 Integrin ECM Receptors: Role in Force
Transmission and Mechanoresponse

160
161
161
161

163
164
166

169
169

169

177

178

179

179
180
181
183
183
184

185

186
187

189



1 Contents | xi

8.4.3 Mechanical Hallmarks of Cells 193
8.5 Integration of Form, Mechanics and Function:
Emerging Molecular Players 196
B5.1 asp, Integrin and Differentiation 196
I 852 MMP14 and Collective Cell Invasion 197
853 TGF-f1 and Repair 198
8.6 Aberrant Mechanical and Morphological Cues
in Fibrosis and Cancer 199
B.6.1 Aberrant Features in Lung Fibrosis 200
B.6.2 Aberrant Features in Cancer 202
8.7 Translational Implications 204
9. Mouscle Contraction and Sarcomere Length
Non-Uniformities 211
Walter Herzog
9.1 Background 211
9.2 The Cross-Bridge Theory 212
9.3 Limitations of the Cross-Bridge Theory 214
9.4 The Force-Length Relationship 215
9.5 Instability on the Descending Limb of the
Force-Length Relationship 217
9.6 Sarcomere Length Non-Uniformity 218
5.7 Muscle Injury 219
9.8 Residual Force Enhancement and Sarcomere
Length Non-Uniformity 220
9.9 The Smallest Contractile Unit of Muscle
Contraction 224
9.10 Conclusions 227
10. Microfluidic Modeling of Cancer Metastasis 235
Zeta Tak For Yu, Koh Meng Aw Yong, and fianping Fu
10.1 Introduction 235
10.2 The Metastatic Process 237
10.2.1 Invasion 237
. 10.2.2 Circulating Tumaor Cells 238




wii

Contents

11.

10.2.3 Colonization of Distal Sites

10.2.4 Conventional Technologies to Study
Cancer Metastasis

10.3 Microfluidics for Studying Cancer Metastasis

10.3.1 Microfluidic Modeling of
Epithelial-Mesenchymal Transition

10.3.2 Microfluidics for Capture and Informative
Analysis of Circulating Tumor Cells

10.3.3 Microfluidics to Study Cancer Cell
Migration

10.3.4 Microfluidic Tools to Study Interactions
of Cancer Invasion, Intravasation, and
Extravasation with the
Microenvironment

10.3.5 Microfluidic Study of Cancer Cell
Deformation

10.3.6 Microfluidic Modeling of Angiogenesis
10.3.7 Microfluidics for Cancer Imaging
104 Conclusion and Perspective

Engineering Strategies to Recapitulate the
Tumor Microenvironment

Andrew Rape and Sanfay Kumar

11.1 Introduction

11.2 Tumeor-Microenvironment Interactions
11.2.1 Primary Tumor
11.2.2 Metastasis

11.3 Engineering the Cancer Microenvironment
11.3.1 Natural Matrices
11.3.2 Chemotaxis
11.3.3 Interstitial Pressure and Flow
11.3.4 Mechanical Properties of the Tumor
11.3.5 Tumor-Associated Fibroblasts
11.3.6 Angiogenesis
11.3.7 Extravasation

238

239
24

242

243

245

246

247
248
248
249

257

258
260
260
262
263
264
266
268
269
270
271
272




Contents | xil

. 11.4 Future Directions and Conclusions 273
' 11.4.1 Next-Generation Matrices 273
' 11.5 Conclusions 276
12. Micropost Methods for Cell Biomechanics of the
Cardiovascular System 291
Fevin 5. Bielawski and Nathan [. Sniadecki

12.1 Background on Cardiovascular System 292
12.2 Background on Microposts 292
12.2.1 Overview of Micropost Technology 293
12.2.2 Manufacturing Methods of Microposts 295
12.3 Cardiomyocytes Contract on Microposts 297

12.3.1 Power of Neonatal Cardiomyocytes
Measured with Microposts 297

124 Endothelial Cells Produce Force on Microposts 299
12.4.1 Endothelial Cell Patterning on

Microposts 299
1242 Endothelial Cells in Pairs Studied
Using a Bowtie Pattern 300
12.4.3 Transmigration of Leukocytes 3m
12.4.4 Endothelial Cells Are Affected by the
Type of Flow 302
12.5 Platelet Contraction with Microposts 304

12.5.1 Formation of Microclots on Microposts 305
12.5.2 Platelet Force Increases with Time and

Thromhbin Concentration 305
12.6 Future Directions in Micropost Methods for
Cardiovascular Cell Studies 306

13. Dynamic Mechanical Environments to Quantify
and Control Cellular Dynamics 311

Luke MacQueen, Christopher Moraes, Yu Sun,
and Craig A. Simmons

13.1 Introduction 312
13.2 Deformable Elastomeric Membranes 313




xiv | Contents

13.2.1 Biomechanics and Mechanobiology:
There Is Plenty of Room in the Middle 314

13.2.2 Deformable Elastomeric Membranes:

Operating Principles 316
13.2.3 Deformable Elastomeric Membranes:
Microfabrication 317
13.2.4 Cell Stretching 318
13.2.5 Biomaterial Compression 321
13.3 Fluid Shear and Co-Cultures 323
13.3.1 Fluid Shear Forces and Endothelial
Adhesion 325
13.3.2 Fluid Shear Forces and Endothelial
Permeability 326
13.3.3 Cell-Cell Interactions and Fluid Flow 327
13.4 Conclusion 328

14. Tip Growth in Walled Cells: Cellular Expansion
and Invasion Mechanisms 335

Amir Sanati Nezhad and Anja Geitmann

14.1 Introduction 336

14.2 Tip Growth and Diffuse Growth:
Twao Examples on a Continuous

Spectrum of Morphogenetic Patterns 336
14,2.1 The Geometry of Cellular Growth

in Walled Cells 336
14.2.2 Spatial Regulation of Cell Wall

Properties 340
14.2.3 Measuring Cell Wall Properties 342

14.2.4 Targeted Intracellular Transport:
A Necessity for Cellular Morphogenesis 343

14.3 Tip Growth as a Tool for an Invasive Life Style 345
14.3.1 Plant Cell Growth within a

Microenvironment 345

14.3.2 Driving Force for Invasion 347

14.3.3 Supplementary Tools to Overcome
Mechanical Impedance 348




14.3.4

Target Finding

144 Conclusion

15. Expansive Growth of Cells with Walls:
Force Generation and Growth Regulation

Joseph K E. Ortega, Jason T. Truong, Cindy M. Munoz,
and Elena L. Ortega

15.1

152

Introduction

15.1.1
15.1.2
15.1.3

15.1.4

Expansive Growth and the Cell Wall
Turgor Pressure

Mechanical Behavior of the Wall and
Relevant Molecular Mechanisms

Expansive Growth Process and
Growth Zones

Mathematical Models

15.2.1
15.2.2

15.2.3
15.2.4

15.2.5
15.2.6

Augmented Growth Equations

Validation of the Augmented
Growth Equations

Growth Rate Regulation

Utility and Limitations of the
Augmented Growth Equations

System Models
Models for Morphogenesis

15.3 Summary, Future Research, and Conclusions

Index

Contents

348
351

357

358
359
361

364

365
366
367

369
370

in
371
373
373

381

v




