ace

XI1X

- Introduction 1

1.1
1)

1N
1.4

o

1.6

1474

1.8
1.9
1.10
il

The Role of Transport Processes in Biological Systems 1
Definition of Transport Processes 2

1.2.1 Diffusion 2

1.2.2 Convection $

1.2.3 Transport by Binding Interactions 8
Relative Importance of Convection and Diffusion 9
Transport within Cells 11

1.4.1 Transport across the Cell Membrane 13
1.4.2 Transport within the Cell 16

Transcellular Transport 17

1.5.1 Junctions between Cells 19

1.5.2 Epithelial Cells 20

1.5.3 Endothelial Cells 21

Physiological Transport Systems 23

1.6.1 Cardiovascular System 23

1.6.2 Respiratory System 29

1.6.3 Gastrointestinal Tract 34

1.6.4 Liver 36

1.6.5 Kidneys 38

1.6.6 Integrated Organ Function 40

Application of Transport Processes in Disease Pathology, Treatment,

and Device Development 40
1.7.1 Transport Processes and Atherosclerosis 40
1.7.2 Transport Processes and Cancer Treatment 43

1.7.3 Transport Processes, Artificial Organs, and Tissue
Engineering 44

Relative Importance of Transport and Reaction Processes 46

Questions 47
Problems 48
References 50




Part |

Introduction to Physiological Fluid
Mechanics 51

2 Conservation Relations and Momentum
Balances 53

5
o

= b

I
(aJ

2.8

Introduction 53

Fluid Kinematics 53

2.2.1 Control Volumes 54

2.2.2 Velocity Field 54

2.2.3 Flow Rate 56

2.2.4 Acceleration 57

2.2.5 Streamlines, Streamtubes, and Streaklines 58
Conservation Relations and Boundary Conditions 62
2.3.1 Conservation of Mass 62

2.3.2 Momentum Balances 63

2.3.3 Forces 63

2.3.4 Boundary Conditions 65

Fluid Statics 67

2.4.1 Static Equilibrium 67

2.4.2 Surface Tension 70

2.4.3 Membrane and Cortical Tension 72
Constitutive Relations 74

2.5.1 Newton’s Law of Viscosity 74

2.5.2 Non-Newtonian Rh-::n]ugy 76

2.5.3 Time-Dependent Viscoelastic Behavior 79
Laminar and Turbulent Flow 83

Application of Momentum Balances 87

2.7.1 Flow Induced by a Sliding Plate 87

2.7.2 Pressure-Driven Flow through a Narrow Rectangular
Channel 90

2.7.3 Pressure-Driven Flow through a Cylindrical Tube 93

2.7.4 Pressure-Driven Flow of a Power Law Fluid in a Cylindrical
Tube 96

2.7.5 Flow between Rotating Cylinders 97

Rheology and Flow of Blood 102

2.8.1 Measurement of Blood Viscosity 102

2.8.2 Rheology of Blood Flow in Large Vessels 103

2.8.3 Blood Flow in Small Tubes 106

2.8.4 Blood Flow in Capillaries 109

2.8.5 Regulation of Blood Flow 110



2.9 Questions 112
2,10 Problems 112
2,11 References 116

Conservation Relations for Fluid Transport,
Dimensional Analysis, and Scaling 118

3.1 Introduction 118
3.2 Differential Form of the Equation of Conservation of Mass
in Three Dimensions 119

3.2.1 General Form of the Equation of Conservation
of Mass 119

3.2.2 Conservation of Mass for Incompressible Fluids 121

3.3 Differential Form of the Conservation of Iinear Momentum
and Navier-Stokes Equation in Three Dimensions 123

3.3.1 General Form of the Equation of Conservation of Linear
Momentum 123

3.3.2 The Navier-Stokes Equation for an Incompressible
Newtonian Fluid 129

3.4 Fluid Motion with More than One Dependent Variable 134
3.4.1 Two-Dimensional Flow in a Channel 135

3.4.2 Time Required to Establish Steady Flow in a Rectangular
Channel 139

3.5 Dimensional Analysis and Dimensionless Groups 144
3.5.1 Dimensional Analysis 144
3.5.2 Dimensionless Form of the Navier-Stokes Equation 147
3.5.3 Dimensional Analysis and Dynamic Similarity 148

3.6 Low Reynolds-Number Flow 151

3.6.1 Conservation Relations for Low Reynolds-Number
Flow 151

3.6.2 Low Reynolds-Number Flow around a Sphere 153
3.7 Questions 160
3.8 Problems 161
3.9 References 166

Approximate Methods for the Analysis
- of Complex Physiological Flow 167

4.1 Introduction 167
4.2 Integral Form of the Equation of Conservation of Mass 168

4.3 Integral Form of the Equation of Conservation of Linear
Momentum 171



4.4

4.5

4.6
4.7
4.8
4.9
4.10
4.11

Bernoulli’s Equation 174
4.4.1 Bernoulli’s Equation Applied to Stenotic Heart Valves 179

4.4.2 The Engineering Bernoulli Equation: The Effects of Viscous
Losses and Time-Dependent Energy Changes 181

Boundary Layer Theory 184
4.5.1 Background to Boundary Layer Theory 184
4.5.2 Derivation of the Boundary Layer Equations 185

4.5.3 Integral Momentum Equations for Boundary Layer
Flows 189

Flow Separation 192
Lubrication Theory 195
Peristaltic Pumping 203
Questions 207
Problems 207
References 210

5 Fluid Flow in the Circulation and Tissues 211

5.1
5.2
e
5.4
5.5
5.6

i

5.8

5.9

5.10
LA &
k. T 7

Introduction 211

Oscillating Flow in a Cylindrical Tube 213
Entrance Lengths 224

Flow in Curved Vessels 224

Flow in Branching Vessels 228

Flow in Specific Arteries 230

5.6.1 Carotid Artery 232

5.6.2 Aorta 233

5.6.3 Effect of Vessel Wall Elasticity 234
5.6.4 Coronary Arteries 235

Arterial Fluid Dynamics and Atherosclerosis 236

5.7.1 Hemodynamic Variables Associated with
Atherosclerosis 237

5.7.2 Effect of Hemodynamics upon Endothelial Cell
Function 240

Heart-Valve Hemodynamics 242
5.8.1 Artificial Heart Valves 242
5.8.2 Turbulent Flow around Heart Valves 243

Fluid Dynamic Effects of Reconstructive Surgery for Congenital
Heart Defects 247

Questions 249
Problems 249
References 251



-' Pa It | Fundamentals and Applications of Mass
Transport in Biological Systems 255

O Mass Transport in Biological Systems 257

6.1 Introduction 257

6.2 Solute Fluxes in Mixtures 257
6.2.1 The Dilute-Solution Assumption 260

6.3 Conservation Relations 261
6.3.1 Equation of Conservation of Mass for a Mixture 261
6.3.2 Boundary Conditions 262

6.4 Constitutive Relations 263
6.4.1 Fick’s Law of Diffusion for Dilute Solutions 263
6.4.2 Diffusion in Concentrated Solutions 264

6.5 Diffusion as a Random Walk 266

6.6 Estimation of Diffusion Coefficients in Solution 270
6.6.1 Transport Properties of Proteins 271
6.6.2 The Stokes-Einstein Equation 272
6.6.3 Estimation of Frictional Drag Coefficients 274
6.6.4 The Effects of Actual Surface Shape and Hydration 277
6.6.5 Correlations 281

6.7 Steady-State Diffusion in One Dimension 282
6.7.1 Diffusion in Rectangular Coordinates 282
6.7.2 Radial Diffusion in Cylindrical Coordinates 291
6.7.3 Radial Diffusion in Spherical Coordinates 293

6.8 Unsteady Diffusion in One Dimension 295
6.8.1 One-Dimensional Diffusion in a Semi-Infinite Medium 295
6.8.2 One-Dimensional Unsteady Diffusion in a Finite

Medium 305

6.8.3 Model of Diffusion of a Solute into a Sphere from a
Well-Stirred Bath 313

6.8.4 Quasi-Steady Transport Across Membranes 317
6.9 Diffusion-Limited Reactions 321
6.9.1 Diffusion-Limited Binding and Dissociation in Solution 322

6.9.2 Diffusion-Limited Binding between a Cell Surface Protein
and a Solute 323

6.9.3 Diffusion-Limited Binding on a Cell Surface 326
6.10 A Thermodynamic Derivation of Stokes—Einstein Equation 328
6.11 Questions 330
6.12 Problems 331
6.13 References 336



] Diffusion with Convection or Electrical
Potentials 338

£l
7ol

Tl
7.4

Lid

7.6

o
7.8

i
7.10
s 1

Fick’s Law of Diffusion and Solute Flux 339
Conservation of Mass for Dilute Solutions 339
7.2.1 Transport in Multicomponent Mixtures 344
Dimensional Analysis 347

Electrolyte Transport 349

7.4.1 Nernst-Planck Equation 349

7.4.2 Electrolyte Transport across Membranes 339
Diffusion and Convection 361

7 5.1 Release from the Walls of a Channel: A Short-Contact-Time
Solution 362

7 59 Momentum and Concentration Boundary Layers 368

Macroscopic Form of Conservation Relations for Dilute
Solutions 370

Mass Transfer Coefficients 372

Mass Transfer across Membranes: Application
to Hemodialysis 375

7.8.1 Co-Current Exchange 377
7.8.2 Counter-Current Exchange 378
Questions 384

Problems 3835

References 386

8  Transport in Porous Media 387

8.1
8.2
8.3

8.4

8.5
8.6
8.7

Introduction 387

Porosity, Tortuosity, and Available Volume Fraction 389

Fluid Flow in Porous Media 398

8.3.1 Darcy’s Law 398

8.3.2 Brinkman Equation 405

8.3.3 Squeeze Flow 408

Solute Transport in Porous Media 412

8.4.1 General Considerations 412

.4.2 Effective Diffusion Coefficient in Hydrogels 414

343 Effective Diffusion Coefficient in a Liquid-Filled Pore 415
Q4.4 FEffective Diffusion Coefficient in Biological Tissues 419
Fluid Transport in Poroelastic Materials 419

Problems 423

References 425




Transvascular Transport 427

9.1 Introduction 427
9.2 Pathways for Transendothelial Transport 428
9.2.1 Continuous Capillaries 429
9.2.2 Fenestrated Capillaries 430
9.2.3 Discontinuous Capillaries 430
9.3 Rates of Transvascular Transport 431
9.3.1 Osmotic Pressure 431
9.3.2 Rate of Fluid Flow and Starling’s Law of Filtration 435

9.3.3 Rate of Solute Transport and the Kedem-Katchalsky
Equation 436

9.4 Phenomenological Constants in the Analysis of Transvascular
Transport 438

9.5 A Limitation of Starling’s Law 441
9.5.1 Fluid Filtration in the Steady State 441
9.5.2 A New View of Starling’s Law 443

9.6 Problems 444

9.7 References 447

Part Il The Effect of Mass Transport upon
F? Biochemical Interactions 449

] 0 Mass Transport and Biochemical Interactions 451

10.1 Introduction 451

10.2 Chemical Kinetics and Reaction Mechanisms 451
10.2.1 Reaction Rates 451
10.2.2 Reaction Mechanisms 454
10.2.3 First-Order Reactions 455
10.2.4 Second-Order Irreversible Reactions 456
10.2.5 Reversible Reactions 462

10.3 Sequential Reactions and the Quasi-Steady-State
Assumption 463

10.4 Enzyme Kinetics 467
10.4.1 Derivation of Michaelis—=Menten Kinetics 469

10.4.2 Application of the Quasi-Steady-State Assumption
to Enzyme Kinetics 473

10.4.3 Determination of Kyyand R, 474



10.5 Regulation of Enzyme Activity 475
10.5.1 Competitive Inhibition 475
10.5.2 Uncompetitive and Noncompetitive Inhibition 476
10.5.3 Substrate Inhibition 479

10.6 Effect of Diffusion and Convection on Chemical Reactions 480
10.6.1 Reaction and Diffusion in Solution 481
10.6.2 Interphase Mass Transfer and Reaction 483
10.6.3 Intraphase Chemical Reactions 486
10.6.4 Interphase and Intraphase Diffusion and Reaction 490
10.6.5 Observable Quantities and the Effectiveness Factor 492
10.6.6 Transport Effects upon Enzymatic Reactions 495

10.7 Questions 502

10.8 Problems 504

10.9 References 507

11 Cell Surface Ligand-Receptor Kinetics
and Molecular Transport within Cells 509

11.1 Receptor-Ligand Binding Kinetics 509
11.2 Determination of Rate Constants for Receptor-Ligand Binding 513
11.3 Deviations from Simple Bimolecular Kinetics 517
11.3.1 Ligand Depletion 518
11.3.2 Two or More Receptor Populations 520
11.3.3 Interconverting Receptor Subpopulations 523
11.4 Receptor-Mediated Endocytosis 525

11.4.1 A Kinetic Model for LDL Receptor-Mediated
Endocytosis 529

11.4.2 Receptor Interaction with Coated Pits 533
11.5 Receptor Regulation during Receptor-Mediated Endocytosis 536
11.6 Signal Transduction 541
11.6.1 Qualitative Aspects of Signal Transduction 541
11.6.2 Quantitative Aspects of Signal Transduction 546
11.7 Regulation of Gene Expression 556
11.7.1 Simplified Model for Gene Induction and Expression 558
11.8 Questions 562
11.9 Problems 563
11.10 References 567

]2 Cell Adhesion 568

12.1 Introduction 3568
12.2 Effect of Force on Bond Association and Dissociation 569




J'

12.3

12.4

12.5

12.6
12.7
12.8

12.2.1 The Influence of Energy Barriers on Molecular
Interactions 569

12.2.2 Bond Disruption in the Presence of an Applied Force 571
12.2.3 Bond Formation in the Presence of an Applied Force 571
12.2.4 The Effect of Loading Rates on Bond Forces 572
Cell-Matrix Adhesion 574

12.3.1 Cell Attachment 576

12.3.2 Cell Detachment 579

Biophysics of Leukocyte Rolling and Adhesion 588

12.4.1 Overview 588

12.4.2 Modeling Leukocyte-Endothelial Cell Interactions 589

12.4.3 Effect of Cell Deformation on Leukocyte Adhesion
to Endothelium 594

Stochastic Effects on Chemical Interactions 596
12.5.1 Kinetic Analysis of Stochastic Chemical Reactions 596

12.5.2 Monte Carlo Analysis of Stochastic Chemical
Reactions 601

Questions 602
Problems 602
References 603

;Part \% Transport in Organs 607

-'-l 3 Transport of Gases between Blood

and Tissues 609

13.1
155
o.3
13.4
(1 8

13.6

13,7
13.8
8.9

Introduction 609

Oxygen-Hemoglobin Equilibria 610

Oxygen-Hemoglobin Binding Kinetics 615

Dynamics of Oxygenation of Blood in Lung Capillaries 616
Oxygen Delivery to Tissues 621

13.5.1 The Krogh Cylinder Model of Oxygen Transport
in Tissues 621

13.5.2 Analysis of Assumptions Used in Krogh Model 626
Nitric Oxide Production and Transport in Tissues 630

13.6.1 NO Formation and Reaction 630

13.6.2 NO Formation, Diffusion, and Reaction in Tissues 632
Questions 636

Problems 636

References 638

Lontents



14 Transport in the Kidneys 639

14.1 Introduction 639
4.2 Mechanisms of Transmembrane Transport 640
[4.2.1 Direct Diffusion 640
14.2.2 Facilitated Transport 644
14.2.3 Active Transport 648
4.3 Renal Physiology 648
14.3.1 Renal Blood Flow 648
14.3.2 Urine Formation 651
4.4  Quantitative Analysis of Glomerular Filtration 657
14.4.1 Hydraulic Conductivity of Glomerular Capillaries 657
14.4.2  Solute Transport across Glomerular Capillaries 659
4.5 Quantitative Analysis of Tubular Reabsorption 665
[4.5.1 Mass Balance Equations 666
14.5.2 Fluxes of Passive Diffusion and Convection 668
14.5.3  Goldman-Hodgkin-Katz Equation for lon Channels 669
14.5.4 Mathematical Modeling of Carrier-Mediated
Transport 670
14.5.5 A Mathematical Model of Na'/K* ATPase 680
4.6 A Whole-Organ Approach to Renal Modeling 682
14.6.1 Filtration 683
14.6.2 Reabsorption 683
14.6.3 Secretion 684
14.7 Problems 685
14.8 References 687

12 Drug Transport in Solid Tumors 689

[5.1 Introduction 689
15.1.1 Drug Delivery in Cancer Treatment 689
15.1.2 Routes of Drug Administration 691
15.1.3 Drug Transport within Solid Tumors 692
15.2 Quantitative Analysis of Transvascular Transport 697
15.3 Quantitative Analysis of Interstitial Fluid Transport 697
15.3.1 Governing Equations 697
15.3.2 Unidirectional Flow of Fluid at Steady State 698
15.3.3 Unsteady State Fluid Transport 700
5.4 Interstitial Hypertension in Solid Tumors 704
15.4.1 Effects of Interstitial Hypertension on Drug and Gene
Delivery 704
15.4.2 Etiology of Interstitial Hypertension 706
15.4.3 Strategies for Reducing Interstitial Fluid Pressure 707



".s» 15.5 Quantitative Analysis of Interstitial Transport of Solutes 709
15.5.1 Governing Equations 709
15.5.2 Unidirectional Transport in a Solid Tumor 710
15.5.3 Unidirectional Transport in the Krogh Cylinder 711

15.6 Problems 714

15.7 References 716

Transport in Organs and Organisms 718

16.1 Introduction 718

16.2 General Considerations in Pharmacokinetic Analysis 719

16.3 Simple Compartment Models in Pharmacokineric Analysis 720
16.3.1 One-Compartment Model 720
16.3.2 Two-Compartment Model 722

16.4 Physiologically Based Pharmacokinetic Models 726
16.4.1 Transport in Individual Organs 726

16.4.2 Physiologically Based Pharmacokinetic Analysis of
Methotrexate 728

16.5 Allometric Scaling Law and Its Application to Transport
Properties 733
el Scdling Laws 733

16.5.2 Applications of the Allometric Scaling Law in
Pharmacokinetic Analysis 735

16.6 Problems 740
16.7 References 743

ppendlx Mathematical Background 744

A.1 Review of Calculus and Solution of Ordinary Differential
Equations 744

A.2 Solution of Partial Differential Equations by the Method
of Separation of Variables 752

A.3 Basics of Vectors and Tensors 758
A.4 Introduction to MATLAB 766
A.5 References 772

5' idex 773

Contents

XVil



