Part1 Fundamentals of Biological Optics

1 Interferometry ........couumnnnni it eeeeeraaeeanen 3

1.1 Two-Wave Interference..........cooeeviiiiiiiiinineiniieiiannn.. 3

1.1.1 Complex-Plane Representation of Plane Waves ........... 3

1.1.2 Two-Port Interferometer..................oooiiiiiiiinnnn, 7

1.1.3 Homodyne Phase Quadrature......................oooeeeen. 11

1.1.4 Heterodyneand Beats................oeviiiiiiiinniiaaan, 12

1.1.5 Noiseand Detection...............oiiiiiiiiiiiiiiiiinnnn, 13

1.1.6 Sub-nanometer Noise-Equivalent Displacement ........... 16

1.2 Interferometer Configuration Classes.........cc.ocvvvveviiennan.... 17
1.2.1 Wavefront-Splitting Interferometers:

Young’s Double Slit ...........iiiiiiii i 17

1.2.2 Amplitude-Splitting Interferometers........................ 20

1.2.3 Common-Path Interferometers.............................. 26

1.3 Holography.......oooviiiiiiiiiiiiiiiii 29

1.3.1 Holographic Gratings ..............oooiviiiiiiiiiiiain. 30

1.3.2 Image Reconstruction...............o.ooiviiiiii i, 32

1.3.3 Image-Domain or Fourier-Domain Holography............ 33

1.4 COREIence ... . .ot e 35

1.5 Spectral Interferometry ............ooiiiiiiiiiiiiiii 36

1.5.1 Non-transform-Limited Pulses: Broadening................ 39

1.6 Interferometry and Autocorrelation...................oooi L, 39

1.7 Intensity—Intensity Interferometry ... 43

1.7.1 Degree of Coherence...............oooiiiiiiiiiiiiinnae.... 45

1.7.2 Hanbury Brown-Twiss Interferometry ..................... 45

Selected Bibliography.............oooooiiiiiin 47

23 3 15 1 1o = 47



viii * Contents
2 Diffraction and Light Scattering .................... ...l 49
2.1 DIffraction..........ccoovveererviiiiiiiiiiie i e, 50
2.1.1 Scalar Diffraction Theory.....ccovviriiiieiiiiieiiniaennns 50
2.1.2  Fraunhofer Diffraction from Apertures and Gratings ..... 53
2.1.3 Linear vs. Quadratic Response and Detectability ......... 61
2.2 Fourier OptiCS....vcuieureieterieiiiiiiiiniiivseaneae 64
2.2.1 Fresnel Diffraction..........cccovvvvvvnniiiiiniiniiine.. 66
2.2.2 Optical Fourier Transforms....................oviieel, 67
2.2.3 Gaussian Beam OpHCS .. ..o vooieiiiiiiiiieeenae, 69
2.3 Dipoles and Rayleigh Scattering............ccvvvvvveinininnannan 71
2.4 Refractive Index of a Dilute Molecular Film...................... 75
2.4.1 Phase Shift of a Single Molecule

in a Focused Gaussian Beam ......................ooooae. 76
2.4.2 Phase Shift from a Dilute Collection of Molecules ....... 78
2.5 Local Fields and Effective Medium Approaches.................. 79
2.5.1 Local Fields and Depolartization........................... 79
2.5.2 Effective Medium Models ................cooiiiiiiiiint, 80
2.6 Mie SCAtErING. ... vt iiiiiiiee et ererenrareareaeaareaeranennenans 83
2.6.1 Spherical Particles ...........cviviiiiiiiiiiiiiiiiiiaaas 83

2.6.2 Effective Refractive Index
of a Dilute Plane of Particles ..............ccoceiiiiiin.... 85
2.7 Nanoparticle Light-Scattering ...........c.coooviiiiiiiiiiiin.. 87
271 Quantum DotS......oooveiiiie et i e 88
2.7.2 Gold and Silver Nanoparticles..................ooovee.en. 89
Selected Bibliography.........coviiiiiiiiiiiiiiii i 94
References. .. ....oouuiieiiiiiii i 94
3 Speckle and Spatial Coherence.................coiiiiiiiiiiiii. 95
31 Random Fields .........ooiiiiiiiiiiiiiii i 96
3.2 Dynamic Light Scattering (DLS) ........ccooviiiiiiiiiiiiiiiin.. 99
3.2.1 Heterodyne: Field-Based Detection ....................... 101
3.2.2 Homodyne: Intensity-Based Detection .................... 103

3.2.3 Fluctuation Power Spectra:
Wiener-Khinchin Theorem .............cooiiiiiiiiia... 104
3.3 Statistical Optics . ...oviiiiiiiiiiiiiiiiii e 106
3.4 Spatial Coherence..........ocvvveeriiiiiiiiiii i, 108
3.4.1 Autocorrelation Function and Power Spectrum ........... 108
342 Coherence Area .........oovvviviieiiinniiniienieneaninanes 112
3.5 Speckle Holography. ... e 114
N I 6 113 T S 115
Selected Bibliography.........covvvviiiiriiiiiiiii e 120

) 2055 (5 (71 o - S 120



Contents ix

4 Surface OPtics ........ooiiiiiiiiii i i e 123
4.1 Reflection from Planar Surfaces.........................oeeelL L. 123
4.2 Reflectometry of Molecules and Particles......................... 128

4.2.1 Molecules on Surfaces..........o.ovvvviiiieiiiiininnnnnn.. 129
4.2.2 Particles on SUrfaces........ccovvvviiriviiienieneiennnnnn.. 132
43 Surface FIIMS. .....oooiiii i it 134
4.3.1 Transfer Matrix ........cooviiiiiiiriiiiiiie i, 136
4.3.2 BiolayersonaSubstrate ................cceiiiiiiieiLL, 137
4.4 Surface Plasmons ..........cvveieeererninaiireerireiriiieeineenens 140
441 Planar Gold Films.........ocoviiiiiiiiiiiiiiiiiieeenenns, 140
4.4.2 Plasmon Polariton Coupling..............cccovvviinninnnn. 143
Selected Bibliography............ccooiiiiiiiiiiiiiiiiiiii 145
| 1 (5 (11 T 145

Part I Molecular Interferometry and Biosensors

5 Interferometric Thin-Film Optical Biosensors....................... 149
5.1 Label-Free Optical Biosensors and Direct Detection ............. 150
5.2 Ellipsometric BioSensors. ........ovuvvevrenmiiieeieieruiniaannena 151

5.2.1 Experimental Ellipsometry on Biolayers.................. 151
5.2.2 Interferometric Ellipsometry on Biolayers ................ 154
5.3 Thin-Film Colorimetric Biosensors............................... 156
5.4 Molecular Interferometric Imaging.............ccoeeeiiiinit, 158
5.4.1 In-line Quadrature............cccooeviinniiiinnneiinnnnnnnnn. 159
5.4.2 Image Shearing and Molecular Sensitivity ................ 162
5.4.3 Biosensor Applications ..................cc 165
55 TheBioCD . ..coiviiiiiiiii it e 167
5.5.1 Spinning Interferometric Biochips..................... ... 167
5.5.2 Molecular Sensitivity, Sampling, and Scaling............. 170
Selected Bibliography.........ccooviiiiiiiiiiiiiiiiiiiiii i 174
ReferenCes. . c.oiee ittt i e e 174

6 Diffraction-Based Interferometric Biosensors ....................... 177

6.1 Planar Diffractive Biosensors...........cooovviiviiniiiiiaiiaaaa., 177
6.1.1 Diffraction Efficiency of Biolayer Gratings................ 179
6.1.2 Differential Phase Contrast ..., 182

6.2 Microstructure Diffraction.............coooiiiiiiiiii 185
6.2.1 Micro-diffraction on Compact Disks ...................... 185
6.2.2 Micro-Cantilevers..........coooviiiiiiiiiiiieneiiiiaa,, 189

6.3 Bead-Based Diffraction Gratings ....................oooiiial L. 192

A0S () £ 11 = T A 194



X Contents

7 Interferometric Waveguide Sensors .........................c...c.0es 197
7.1 Evanescent Confinement................cviruieiiiiiierneeieenanens 197
7.1.1 Total Internal Reflection (TIR) ...........c..connneeae.. 198
7.1.2 Dielectric Waveguide Modes...............cooooieeniian 200

7.2 Waveguide Couplers.......oiiiiiiriiiiiiiiiiiiiaieniaeenreneaees 206
7.3 Waveguide Structures. . ... .ooviiiii i iiiiiiiiiieeeaeeaeeeaeees 208
7.3.1 Antiresonant Waveguide (ARROW) .............coveen. 209
7.3.2 The Resonant MiIror..........ccocivieiieineereeennreneens 210

7.4 Mach-Zehnder Interferometric Waveguide Sensors .............. 211
7.5 Young’s-Type Fringe-Shifting Interferometers ................... 213
7.6 Guided-Mode Resonance (GMR) Sensors..........cceeveeevennn.. 214
7.7 Optofluidic BioSensors.........o.vveiiiiiiiiiiiiiiinneiaeenaeneenns 217
7.8 Ring and Microdisk Resonators ...........c.coiveveuinienennnnnnnens 219
7.9 Photonic-Bandgap Biosensors .............coeiiiiiiiiii e 220
| 23 ) (34 Vo7 222

Part II Cellular Interferometry

8 Cell Structure and Dynamics.........................coeiiiiiieennn. 227
8.1 Organization of the Cell ............coooiiiiiiiiiiiiinne, 227
8.2 Optical Properties of Cellular Components ....................... 229
8.3 The Cytoskeleton .......coviiiiiiiiiiiiiiiiiiiieeieiiiianeaeennnnn 230
8.4 Cellular Mechanics.........covviiiiiiiiniiniiiiiiiiiiiiiiiiaen, 231

8.4.1 Brownian Motion ............c.coiiiiiiiiiiiiiiiii, 232
8.4.2 Anomalous Diffusion ..............coeiiiii i 234
843 Cell RBeology...cuvveiiiiiiiiiiiiiii i, 237
8.4.4 Generalized Stokes-FEinstein Relation ..................... 238
8.5 Active Intracellular Motion..............coviiiiiiiiiieiinnann. 240
8.5.1 Microrheology Far from Equilibrium...................... 240
8.6 Membrane Mechanics. .........cooiiiiiiiiiiiiiiiiiiiiiin i, 243
Selected Bibliography........c..o.iiiiiiiiii i 248
References. . ..ot 248

9 Interference MiCroSCOPY ........ooooiiiiiiiiiii it eeii i 251
9.1 Phase-Contrast MiCroSCOPY .....coviiiviniiiiiiiici e, 251
9.2 Differential Interference Contrast..............coovveeviiererneanns 255
9.3 Particle Tracking Interferometry..............cooiiiiiiiinn, 257

9.3.1 Back Focal-Plane Interferometry .......................... 257

9.3.2 DIC Displacement Measurement ............ooveveeeieenns 260
9.4 Reflection Interference Contrast MicroScopy...........oooeevenn. 262
9.5 Fluorescence Interference Contrast Microscopy .................. 264
9.6 Angular Scanning Interferometry................cocociiiivniannn. 265
9.7 Broad-Field Interference Microscopy ..........ccccveviiiannnn... 266
9.8 Digital Holographic MicCroscopy ........cccevvriveeveanninnnnnnns 268

| 2 153 (= 1 (o1 N 271



Contents xi

Part IV Interferometry of Biological Tissues

10 Light Propagationin Tissue ..........................oieiiiiL, 275
10.1 Origins of Light Scattering in Tissue ..............c.ccooevui... 276
10.1.1 Scattering Phase Functions ..................c..o.oile, 277

10.1.2 Henyey—Greenstein Phase Function..................... 281

10.1.3 Absorption, Scattering, and Extinction.................. 281

10.2 Photon Transport ..........c.veiiieiiiiiiieeeeniaiiiianaaan.n, 283
10.2.1 Diffuse Surface Reflectance............................. 286

10.3 Enhanced Backscattering...........cccovvveeniaineiiniiiiinai... 288

10.4 Multiple Dynamic Light Scattering ................ccoooeeue. ... 291
10.4.1 Diffusing Wave Spectroscopy........c.covvvvviieninn.... 291

Selected Bibliography........cvveiiiiiiiiiiiiiiiiiiiiiieiee e, 293

11 Optical Coherence Tomography .........................oooiiiiiiaL.. 297
11.1 Coherence Gating...........ccovveiiiiiiiiiiiiiiiiiiiiiiinae... 297

11.2 Time-Domain OCT ........cooiiiiiiiiiiiiiiiiiiiiiiae 299

11.3 Fourier-Domain OCT....... ... 302
11.3.1 Spectral-Domain OCT...........ooooiiiiiiini it 303

11.3.2 Swept-Source and In-Line OCT......................... 304
References......covvvvieiiiiiiiniiiiii i 305

12 Holography of Tissues...................oooiiiiiiiiiiiiii 307
12.1 Dynamic Holography...............ooooiiiiiiiiiiiiii, 308
12.1.1 Photorefractive Holography ...................ciol 308

12.1.2 Holographic Coherence-Gating ......................... 310

12.1.3 Multicellular Tumor Spheroids.......................... 312

12.1.4 Photorefractive Optical Coherence Imaging ............ 314

12.1.5 Phase-Conjugate Imaging ...................oiiee.. 316

12.2 Digital Holography ...........cooiiiiiiiiiiiiiiiiieiin, 319
12.2.1 Free-Space Propagation ..................cceeiiiiiL, 319

12.2.2 Phase EXtraction................oooviiiiiiiiniiiiinnann, 321

12.3 Motility Contrast Imaging and Tissue Dynamics Spectroscopy. 326
12.3.1 Motility Contrast Imaging..................c..iiaiL. 327

12.3.2 Tissue Dynamics Spectroscopy (TDS).................. 329

| S 15 1= 1701 T O 330

13 Appendix: Mathematical Formulas.................................. 335
13.1 Gaussian Integrals ... 335

13.2 Gaussian Beams .......oooviviiiniiniiiiiiiiiiiiiiiiiae e 336

13.3 Fourier Transforms ..........c.oooeiiiiiiiiiiiiniiniereniaiia, 337

13.3.1 Autocorrelation Relationships......................... 337



Contents
Gaussian Pulses. ......cooiiiiniiiiiiriiiiiie i eaieriiicaaas 338
Error FUNCHON .. ..oive ittt ii i e e eiieeeiiincneanns 339
Gaussian DHIUSION .......cooiiiiiiiiiiiiiiii et iiiiieenas 339
Probability Distribution Generation..............c..coovvvvnenn.. 340
Trigonometric Identities . ............ooiviiiiveiiiiiiinieennne. 340



