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2D diffraction pattern 3

2-photon 12, 14, 16, 47, 64, 94, 188

— absorption 24

3B see also Bayesian analysis of blinking and
bleaching (3B)

4Pi 13, 18, 121, 188, 365

— configuration 14, 190, 319

— SMLM (iPALM) 190

B-mercaptoethanol (BME) see also imaging
buffer

B-mercaptoethylamine (MEA) see also
imaging buffer

a

Abbe resolution limit 3
aberrations

— chromatic 99, 102, 103, 198, 333
— correction 92, 103

— effects 93

— magnification distortion 102, 103, 171
— spherical 84, 102, 103, 325, 334
absorption cross section 24
acceptance cone 3

— objective lens 84

accuracy 17

acousto-optical tunable filter (AOTF) 320
adaptive optics 92, 302

— setup 95

— STED 302

afterpulsing 287

air bubbles in the sample 144

Airy disk 5, 6, 10, 100

Airy unit 5

Airyscan 166

Airy-scan detection 118
analog-to-digital unit (ADU) 89
anamalous subdiffusion 240
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aptamers 56

ascorbic acid see also imaging buffer

atomic force microscopy (AFM) 8, 243, 307,
370

avalanche photodiode (APD) 286

axial intensity distribution (AID) 121

axially structured illumination microscopy
(aSIM) 98, 118, 369

— axial intensity distribution (AID) 121

— illumination pattern 122

— nanosizing 119, 124

— position determination 119, 125

— setup 119

axicon 319

b

back focal plane 85

back-thinned CCD 87

bacterial artificial chromosome (BAC) 54

Bayesian analysis of blinking and bleaching
(3B) 16, 200

beads, fluorescent

— calibration sample 103, 126, 292

beam shaper 90

Bessel beam 11, 91, 325, 369

— annular mask 319

— generation 319

Bessel function 4

best practice 110

bleaching 25, 61, 91

— reversible 25, 62

— stepwise 53, 70, 197

— transient 25, 62

bodipy dyes 45

brightness 49

c
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— beads in gel matrix 103, 106
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— beads, fluorescent 126, 292

— DNA origami 223

— fluorophores in gel matrix 162

— thin fluorescence layer 144

camera see also detector

carbocyanine dyes 66

carbopyronine dyes 45

charge-coupled device (CCD) see also
detector

clathrin-coated pits (CCPs) 213

cleaning cover glasses 323

clearing 291, 328, 339, 343

— 2,2'-thiodiethanol (TDE) 291, 344

— 3DISCO 344

— ACT-PRESTO 347

— benzyl alcohol and benzyl benzoate
(BABB) 344

— CLARITY 346

— ClearT 346

— formamide 346

— polyethylene glycol (PEG) 346

— Scale 346

— SeeDB 346

— SWITCH 347

cluster analysis 234

colocalization analysis 246

commercialization 372

complementarity determining region (CDR)
52

computer technology 94, 368

confidence analysis 109

confocal laser scanning microscopy (CLSM)
9, 125, 158, 316, 323, 348, 360

— community 368

— setup 10

confocal microscope 9

confocal theta microscopy 316, 317

contrast 24

contrast mechanisms 8, 372

contrast-to-noise ratio (CNR) 11, 220

correlative microscopy 370

CRISPR 54, 368

cross-talk 102, 103, 210

cut-off frequency 7, 11, 85, 170

cw STED 271

cyanine dyes 45, 48, 208

cysteamine (p-mercaptoethylamine, MEA)
see also imaging buffer
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DAOSTORM 101, 180
deconvolution 13, 109, 162, 200, 298
deep tissue imaging

— alternative approaches 349

— clearing see also clearing

— ExM 348

— expansion microscopy (ExM) 339

— LSFM 324

— OPT 336

— STED 299, 301

dental silicone 70, 126

depletion efficiency 265

depth of field/depth of focus (DOF) 91, 187,
189, 326, 330, 333

descriptors, shape 237

detector 86

— afterpulsing 288

— avalanche photodiode (APD) 286

— back-thinned CCD 87

- CCD 86, 89

— dual-view adapter 90

— EMCCD 87, 89, 334

— — analog mode (AM) 88
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— — excess noise factor (ENF) 88

— hybrid photodetector (HPD) 286

- HyD 285

— ICCD 87
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— micro-channel plate (MCP) 87

— multi-channel 90

— offset 89

— photomultiplier tube (PMT) 87, 285
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— pixel size 88

— quantum efficiency 89

— read-out noise 89

- sCMOS 88, 90, 334
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— selecting the right detector 88

diazabicyclo[2.2.2]octane (DABCO) see also
imaging buffer

diffraction pattern

— Airydisk 5,6

— axial 4

— lateral 3

diffractive optical element (DOE) 320, 370

diffusion 75

— single-molecule see also trajectories

diffusion constant 240

digital micro-mirror device (DMD) 141, 159,
302

dispersion 72

distortions in the illumination 144

dithiothreitol see also imaging buffer

DNA

— labeling 54



DNA repair 28, 156, 243
double-strand break (DSB) 156
drift 108, 127, 164, 185, 194, 215
— correction 96, 99, 102
dual-color STED 279

dual-view adapter 90

duty cycle see also fluorophores

e

electron microscopy (EM) 8, 358, 370

— block-face scanning 362

electron multiplying charge-coupled device
(EMCCD) see also detector

electron spectroscopic imaging (ESI) 8

embedding media see also imaging buffer

EMCCD see also detector

emission OPT (eOPT) 329

energy transfer 25, 59

— fluorescence resonance (FRET) 49

error correction 102

excess noise factor (ENF) 88

ExM see also expansion microscopy (ExM)

expansion microscopy (ExM) 328, 339,

361-363

combined with SMLM 343

principle 339

proteinkinase K 340

— protein-retention ExM (proExM) 340

extinction coefficient 46, 49

f

fDOT see also fluorescence diffusion optical
tomography (fDOT)

Fick’s law 239

fiducial markers 99, 106, 107, 322

field of view

— increased 369

field-programmable gate array (FPGA) 94

fixation 74

fluorescence correlation spectroscopy (FCS)
287, 307

fluorescence diffusion optical tomography
(fDOT) 349

fluorescence imaging with one nanometer
accuracy (FIONA) 198

fluorescence in situ hybridization (FISH) 52,
54, 57, 126, 132, 202

fluorescence lifetime 25, 49, 87, 358, 364

— localization microscopy 180

— OPT 338

— STED imaging 308

fluorescence molecular tomography (FMT)
349

fluorescent burst 23
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— duty cycle 49, 53, 210
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— imaging buffer see also imaging buffer

— intrinsic 46

— organic 44

— photobleaching see also
photobleaching|seebleaching

— photon number 210

— photoswitching 63

— proteins 45

— requirements on 49

— STED 277

FMT see also fluorescence molecular
tomography (FMT)

focused nanoscopy

— 4Pi 13

— STED 2

fourier ring correlation (FRC) 109

free diffusion 240

frequency-distance relationship (FDR) 335

fundamental limitations

— onimaging 361

future challenges 357

9

gas lasers 128

gated cw STED 272

gene positioning system (GePS) 132

generalized optical coordinates 4

GLOX see also imaging buffer

glutathione see also imaging buffer

graphical processing unit (GPU) see also
hardware

ground state depletion (GSD) 19

h

hardware 83

beam shaper 90

— computer 94

— detector see also detector

— dual-view adapter 90

— FPGA 94

— future challenges 368

— GPU 94, 95, 101, 222, 332, 337, 368

— Heterogeneous System Architecture
(HSA) 95

— light scrambler 90

— objective lens 84

— overall system 96

— RAID 96

— SSD 96

heavy atoms 65

heavy water see also imaging buffer
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Heterogeneous System Architecture (HSA)
95

hidden Markov model (HMM) 201

highly inclined and laminated optical light
sheet (HILO) 91, 189, 321

Hough transform 331

hybrid photodetector (HPD) 286

— photocathode 286

i

I5M 14, 188

I5S 188

ICCD 87

illumination 90

illumination effects on the sample 73

illumination pattern

— Bessel beam see also Bessel beam

— Gaussian beam 11

— oscillating 11

— remove distortions 144

speckles 139

— TIRF 84

image recombination transform (IRT) 150

image registration 102, 106

— cross-correlation 109

image scanning microscopy (ISM) 118, 157

— deconvolution 164

— implementation 159

— instant SIM 160

— principles 158

image stitching 148, 337

imaging buffer 362

— antifade 62

— ascorbic acid 64, 68

— characteristics 71

— DABCO 126, 291

— dithiothreitol 64

— dye combinations 71

— fluorescent proteins 66

— GLOX 64, 211, 250

— glutathione 64, 247

— heavy water 65

— L-cysteine methyl ester (L-Cys-ME) 208

— B-mercaptoethanol (BME) 64, 211

— B-mercaptoethylamine (MEA) 64, 211,
247

— methyl viologen 64, 68

— Mowiol 126, 291

— N-propyl gallate (NPG) 291

— OxEA 69,71

— oxygen-scavanging system 64

— phosphate buffered saline (PBS) 66

— phosphine (TCEP) 69

— polyvinyl alcohol 66

— p-phenylene diamine (PPD) 291

— protocatechuic acid/protocatechuic
dioxygenase 65

— pyranose oxidase 65

— refractive index 291

— ROXS 53, 64, 247, 291

- SMLM 208

— STED 290

— thiol 64, 208

— Tris 66, 291, 342

— trolox 64

— VectaShield 126, 208

— viscosity 65,75

in vivo

- fDOT 349

— future challenges 361

— LSEM 325

— micro-perfusion chamber 126

— OPT 336

SIM 126, 151

- SMLM 246, 361

— STED 299, 361

independent component analysis (ICA) 196

intensified CCD (ICCD) 87

interference pattern

— secondary 144

interferometric microscopy 14

iPALM see also localization microscopy

1

labeling density 57

lattice light-sheet microscopy 91, 152, 250,
326

L-cysteine methyl ester (L-Cys-ME) see also
imaging buffer

LED illumination

— OPT 332

— SIM 141

light scrambler 90

light-sheet fluorescence microscopy (LSFM)
11, 148, 189, 316, 333, 348, 369

— Bessel beam

— — setup 319

— clearing see also clearing

— community 368

— invivo 325

— lattice see also lattice light-sheet
microscopy

— multi-color 322, 325

— oblique 91

— principle 317



— Raman micro-spectroscopy 328

— reconstructions 321

— resolution 315

— sample holder 323

— SIM 152

— spheroids 325

— nSPIM 319

— video-rate 326

limitations in imaging

— fundamental 363

linear excitation 6, 18, 90, 316, 318, 358

linear shift invariant (LSI) 6

linear spectral unmixing 103, 147, 297

localization microscopy 6, 179, 358

- 3D 189

— backpumping 70, 208, 210, 251

— BALM 180, 198, 209

— center-of-intensity (COI) 101, 222

— cluster analysis 234

— combined with ExM 343

— dSTORM 91, 181, 214, 217, 219

— filtering the list 102, 222

— fPALM 17,181

— gSHRImP 16, 198

— HILO 189

— invivo 246, 361

— iPALM 96, 121, 190, 365

— least-squares estimator (LSE) 101, 222

— maximum-likelihood estimator 101, 222

— microtubule staining protocol 207

— multi-emitter localization 100, 101, 180,
196, 219, 222

— NALMS 16, 197

— optical sectioning 217

— PAINT 180, 209, 244, 251

- PALM 2,19, 26, 91, 181, 361

— PALMIRA 26

— reactivation 70, 208

- SMLM 64, 88, 181

— software see also software

- SPDM 16, 22, 64, 181, 198, 217, 219

— spectrally resolved stochastic optical
reconstruction microscopy (SR-STORM)
248

— stop criterion 215

— STORM 19, 26, 91, 181

— structural biology 247

— thinning out clusters while conserving the
stoichiometry of labeling 204, 244

— threshold 219

— TIRF 189

— troubleshooting 225

— video rate 247
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Lorentzian distribution 269

LSEM see also light-sheet fluorescence
microscopy (LSFM)

luminescence 42

m

Markov chain Monte Carlo sampling 201

MEA see also imaging buffer

mean square displacement (MSD) 240

— increase 240

mesoscale imaging 348

meta-analysis 108

methyl viologen see also imaging buffer

micro-axial tomography 369

micro-channel plate (MCP) 87

micro-perfusion chamber 126

molecular orbital 42

— o-bond 43

— highest occupied (HOMO) 43

— lowest unoccupied (LUMO) 43

molecular switch 66

motion effects 74

multi-color

— aSIM 127

— cross-talk 210

— future challenges 362, 363

— image registration see also image
registration

— imaging 26

- ISM 164

— LSFM 322, 325

— SMLM 245

— SMLM colocalization 205

— STED 298

multi-emitter localization see also
localization microscopy

multi-focal SIM (MSIM) 118, 159, 370

multi-modal

— multi-spectral optoacoustic tomography
(MSOT) 349

— super-resolution imaging 370

multi-point-emitter fitting see also
localization microscopy

multi-scale data visualization 97

multi-scale imaging 250, 315

— alternatives 348

— expansion microscopy (ExM) see also
expansion microscopy (ExM)

— LSFM see also light-sheet fluorescence
microscopy (LSFM)
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— nanoscopy 369

— OPT see also optical projection
tomography (OPT)

multi-spectral optoacoustic tomography
(MSOT) 349

n

nanometer-localized multiple
single-molecule fluorescence microscopy
(NALMS) 197

nanoparticles

— gold 55

— nanocrystals 55

nanosizing 119, 124

nanostructure analysis 118

near field 12

near-field scanning optical microscopy 12

next-generation sequencing (NGS) 28

non-linear microscopy 12

— RESOLFT 19, 140

— SAX 20, 140

- SIM 20

— SPEM 19, 20, 140

— SSIM 19, 20, 140

numerical aperture (NA) 3, 14, 85, 91, 93,
138, 158, 166, 267, 315, 329, 338, 357

Nyquist—Shannon sampling theorem 58, 88,
99, 209

o

objective lens 84

— TIRF 84

oblique SPIM 91

oligonucleotides 56

open source software 110, 368

OPT see also optical projection tomography
(OPT)

optical coordinates 4

optical photon reassignment (OPRA) 159

optical projection tomography (OPT) 315,
329, 348, 369

— 3D image formation 330

— clearing 333

— emission OPT 329

— frequency-distance relationship 335

— helical OPT (hOPT) 337

— mounting 333

— resolution 315

— sample holder 323

— sample preparation 333

— setup 332

— sinogram 331, 334

— transmission OPT 329

— upconversion 348

optical properties 71

optical transfer function (OTF) 7, 11, 137,
149, 169

orthogonal plane fluorescence optical
sectioning (OPFOS) 316

out-of-focus light rejection 188

oversampling 89

oxazine dyes 45, 65, 66

oxygen-scavenging system 60, 64

p

pair correlation analysis 228

PALM see also localization microscopy

— with independently running acquisition
(PALMIRA) see also localization
microscopy

paraxial approximation 6

patterned excitation microscopy (PEM) 13

Pearson’s correlation coefficient 246

phase-of-peaks (POP) 150

photoactivated localization microscopy
(PALM) see also localization microscopy

photoactivation 63, 181

photobleaching see also bleaching

photoblinking 63

photoconversion 181

photodeactivation 63, 181

photolysis 25

photomultiplier tube (PMT) 9, 87, 285

photon reassignment microscopy 157

photoswitch 66

photoswitching 63, 361

pixel 86

pixel size 88

point accumulation for imaging in nanoscale
topography (PAINT) see also localization
microscopy

point process 228

point spread function (PSF) 6, 84, 93, 220

— band-limited 7

— depolarization effects 138, 289

— detection 10, 84, 328

— excitation 10

excitation beam 266

— Gaussian approximation 6

— high quality STED 289

— illumination 10

— Lorentzian 269

point-pair correlation function 229

Poisson distributed quantized emission 25

precision 17

programming environment 95

protected STED 274



protein-retention expansion microscopy
(proExM) see also expansion microscopy
(ExM)

proximity effects (fluorescence) 89

pulsed STED (p-STED) 270

q

quantification 360
quantum dots 55
quantum efficiency 89
quantum yield 24, 49
quenching 25

r

radial distribution function (RDF) 229, 233

radical state 64, 68, 70

— lifetime 26

Radon transform 331

Raman micro-spectroscopy 328

rapidSTORM 102

ratiometric imaging 103

Rayleigh criterion 5

Rayleigh resolution limit 2

read-out noise 89

recall 100, 109

reducing and oxidizing buffer system (ROXS)
see also imaging buffer

redundant array of independent disks (RAID)
96

refractive index

— correction collar 293

relay lens system

— adjustment 144

re-scan confocal microscopy (RCM) 159

resolution

- CLSM 10

— confidence 98

— confocal theta microscopy 317

— future challenges 362

— gated cw STED 272

— LSFM 315

- OPT 315

— ROCS 170

- SMLM 223

— STED 267

— structural 99

— vs. depth of field 333

resolution limit

— Abbe 3

— classical 3

— contrast-to-noise ratio (CNR) 11

— Rayleigh 2,5
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reversible saturable optically linear
fluorescence transitions (RESOLFT) 19,
21, 140, 263

rhodamine dyes 45, 48, 66, 281

Ripley’s K and L functions 231

rotating coherent scattering (ROCS) 118,
166

— principle 166

— resolution 170

— setup 167

ROXS see also imaging buffer

rylene dyes 45

s

saturated excitation microscopy (SAX) 20

saturated patterned excitation microscopy
(SPEM) 19, 20, 140

saturated structured illumination
microscopy (SSIM) 19, 20, 140

scan speed

— STED 294

scanning near-field optical microscopy 12

scanning tunneling microscopy (STM) 8

scientific complementary
metal-oxide-semiconductor (sCMOS) see
also detector

sCMOS see also detector

selective plane illumination microscopy
(SPIM) see also light-sheet fluorescence
microscopy (LSFM)

shear plate 144

signal-to-noise ratio (SNR) 98, 189

SIM see also structured illumination
microscopy (SIM)

single element detectors 285

single-molecule diffusion 238

single-molecule high-resolution
colocalization (SHREC) 198

single-molecule high-resolution imaging
with photobleaching (SHRImP) 197

single-molecule localization microscopy
(SMLM) see also localization microscopy

single-particle tracking (SPT) 220

single-photon emission computed
tomography (SPECT) 335

single-photon-counting silicon avalanche
photodiodes (SPAD) 287

sinogram see also optical projection
tomography (OPT)

SMLM see also localization microscopy

SOFI see also super-resolution optical
fluctuation imaging (SOFI)

software 97

— feature extraction 98
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— future challenges 368
— localization 98

— — accuracy 98

- — fitting 98

— open source 110, 368
solid-state drive (SSD) 96
spatial frequency 7

spatial light modulator (SLM) 138, 140, 196,

277, 302

spatial wave vector 7

spatially modulated illumination (SMI) 98,
118

speckle patterns 90

spectral precision distance microscopy

(SPDM) see also localization microscopy

spectral unmixing see also linear spectral
unmixing

spectroscopic localization microscopy 248

SPED light-sheet microscopy 333

spheroids see also light-sheet fluorescence
microscopy (LSFM)

SPIM see also light-sheet fluorescence
microscopy (LSFM)

spiral phase plate (SPP) 277

STED see also stimulated emission depletion

(STED)
stepwise photobleaching 53, 70, 197

stimulated emission depletion (STED) 2, 13,

18, 19, 21, 263, 358, 361
— adaptive optics 302
— base instrument 282
— c¢w STED 271
— data acquisition 293
— deconvolution 298
— deep tissue imaging 299, 301
— depletion efficiency 265
— detector selection 285
— donut generation 275
— dual-color 279
— dye selection 280
— embedding media 290
— gated cw STED 272
— gated detection 288
— implementation 270
— invivo 299, 361
— increasing the signal 295
— isoSTED 188
— lasers 282
— — pulsed 283
— — white light 284
— lifetime imaging 308
— Lorentzian PSF 269
— multi-color 298

— optimum STED laser power 295

— phase mask 277

— phase modulation 277

— principle 266

— protected STED 274

— pulsed (p-STED) 270

— quality of PSF 289

— sample preparation 292

— scan speed 294

— setup 267

— STED-FCS 307

— STED-SPIM 308

— ultra-high-resolution 299

— video-rate 303

— vortex phase plate 267, 275

stochastic

— precision 100, 109

— read-out 19

— switching 13, 181

— transition 17

structure averaging 228

structured illumination microscopy (SIM)
13, 18, 96, 98, 117, 134, 348, 360

- 3D 139

— axial (aSIM) see also axially structured
illumination microscopy (aSIM)

— illumination pattern 143

— image scanning see also image scanning
microscopy (ISM)

— implementation 138

— invivo 151

— lattice light-sheet see also lattice
light-sheet microscopy

— LED illumination 141

— LSFM 152

— multi-focal (MSIM) 159

— non-linear 20, 140

— OPRA 159

— optical sectioning 117

— phase estimation 150

— principle 136

— reconstructions 149

— rotating coherent scattering (ROCS) see
also rotating coherent scattering (ROCS)

— sample preparation 125

— setup 136

— software see also software

— video rate 154

supercritical angle 84

super-resolution microscopy

— implementation 16

— naming 13



super-resolution optical fluctuation imaging
(SOFI) 21, 88, 158, 199

— pcSOFI 200

support of the OTF 7

t

TALE-N 54, 368

targeted read-out 19

targeted switching 13, 21, 181

TDE see also clearing

theta microscopy

— confocal 316, 317

thiol see also imaging buffer

thunderSTORM 101

topologically associating domain (TAD) 27,
202

total internal reflection (TIR) 84, 85, 91, 142,
154, 166, 186, 199

total variance regularization 337

trajectories

— confined diffusion 241

— mean square displacement (MSD) 240

— morphological imaging 243

— single molecule 237

— smoothing in observations 241

transmission electron microscopy (TEM) 8

transmission OPT (tOPT) 329

triplet state 64, 70

— lifetime 26

— quencher 62, 63, 68, 69, 75

Tris see also imaging buffer

trolox see also imaging buffer

tube length adjustment 144

tube lens

— adjustment 144

two-photon 278, 301, 306, 319, 325
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u

ultramicroscopy 316
undersampling 89
upconversion

— OPT 348

v

variable angle epifluorescence microscopy
(VAEM) 91

VectaShield see also imaging buffer

video-rate

— instant SIM 164

— lattice LSFM 326

- ROCS 171

— SIM 154

— SMLM 247

— STED 303

view 322, 330

virtual microscopy (VIM) 29, 119, 125, 358

viscosity 65, 75

visualization 107

vortex phase plate 267

w
wave-field microscopy 14, 118
Wollaston prism 90
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xanthene dyes 45

z
Zernike coefficient 73



