High-resolution Structured lllumination

Solid Immersion Fluorescence Microscopy

Lin Wang, MSc.

Thesis submitted to the University of Nottingham

for the degree of Doctor of Philosophy
April 2010

The University of

Nottingham

r




Contents

Contents
ADSTIACE ...ttt ettt bbbttt eh et et X
ACKNOWICAZEIMENES.......eiiiiiieeiiieciie e e e e ae e e sar e e e b e e enaeesnaeeennaeas X1
Chapter 1 INtrodUCTION .......ccuieiiieiieiie ettt ettt et e s aaeeseeennas 1
1.1 Research motivation .......eeeiecieecnniicnennsnensenniecnniineenneeseesesssesessseeses 1
1.2 Thesis structure 3
CRAPLET 2 REVIEW ...ceiiiiiiiiie ettt et e e et e e st e e s taeesssaeeesbaeesssaeessseeennseeenns 5
2.1 INtrOdUCEION....cceeeeeeiiiitieitticntecseeecsaeecsneecsnsesssaneessssessssseessssnssssnsssssessnes 5
2.2 Optical microscopy and fluorescence miCroSCOPY ......ccceeceerercueressnnrcssasrcsenes 6
23 Resolution 9
2.4 ADeITationS.....coeeiveesseecsnensseccseecssnecsaensssesssecsssecssnssssssssasasses 14
2.5 High/super-resolution microscopic techniques ..........ccceeeeccneeccsccnerccscnenees 17
2.6 Structured illumination MICrOSCOPY ...cccevverersnrecsnrcssnressnsrcssnsncssnsressssnesenes 23
2.7 Solid immersion MICrOSCOPY ...ceeeeererssrrecsssssrecssssssessssssssessssssssssssssssssssssssees 30
2.8 Combinatorial MICrOSCOPY ....cccvverersrresseressercssnsrcssssscsnsees 37
2.9 CONCIUSIONS cocueeeenneiiineiiinneisnteisneeisntecsssiessssessssseessssesssssesssssesssssessssssssssasesss 39
Chapter 3 Solid Immersion Fluorescence Microscopy (SIF) ....ccvveviiieiiiieiiieiiieee. 41
3.1 INtrOdUCHION...ccceeeieeieitieinteintecsneecsneecseeecsnsessssseessssesssssnsssssesssssnssssasenns 41
3.1.1 OVETVIEW ...ttt ettt ettt et sbt e et bt e et esaeeebe e i 41
3.1.2 S1GN CONVENTIONS....eeutiiiiiieiieeiieiieeieeriteeteertee et eseeeebeeseesbeenseeenseeseees 42
3.2 Solid immersion 1ens (SIL)..cccciiicinnericcisssnniccsssansecssssassesssssssessssssssssssssassaces 44
3.2.1 CONTIGUIALIONS ...veeiiieiiieeiiieciie ettt ettt et siae bt e eeeebeeseaeebeesenes 44
3.2.2 Two characteristics: Aberration-free imaging and NA enhancement .... 46
3.23 ASIL material, design and manufacture .............ccceeeeeeiieeniencieenieeieenne, 54
324 ASIL-objective SPecifiCation ...........cccuveruiercieerieeiieie e 57
3.2.5 DASCUSSION ...ttt ettt e e e et e e e ree e sbeeesaseeesnseeeaneas 59
33 SIF instrumentation 60
3.3.1 SYStEM AESIZN ..cuveinviiiiiiiiiieteet ettt 60
3.3.2 YN 0] 121 ¢ 111 65
333 Magnification calibration............cocceeeeuierieriieiiie e 70
3.4 Experimental realisation of high-resolution SIF............coeevvieererivensuennne 74
34.1 Resolution evaluation method ............ccoeevieeiiiiiiiiicece e, 74
342 Resolution evaluation experiments and results..........cccccoevveerieeieeneenen. 79
343 Supplementary resolution evaluation experiments and results............... 82
344 Cell IMAGING......vieviieiiieiieeie ettt ettt e ebe et e ebe e seeebeeseeesseensaeenseas 85
345 DASCUSSION ...ttt e et e et e e e rae e ebeeeseveeessseeeaneas 89
3.5 Aberrations Of SIF ......iiieiiniiiininiinsiicnsnicnsnicnssnicsssnecssssesssssessssnesssssenes 91
3.5.1 Monochromatic aberrations .............eceveeecieeeiiieeeiieeeieeeeiee e eeeee e 91
3.5.2 Chromatic aberration (CA) ......c.cecieeiieriieeieerieere et 95
353 CA elimination and COTTECHION........cccueeeviieerieeeiieeeieeeereeeereeeereeeieee e 96
3.54 FOV determined by aberrations.............cceecuveeieeniieniieenieenieenieesve e, 103
3.5.5 DASCUSSION ....eiitiieciieeciie ettt ettt e et e e e e e e e e ssbeeeeareeenseeennns 106
3.6  Near-field imaging property of SIF........oiinennerirensnensnensenssnensanennne 108
3.6.1 Ray tracing analysis ........ccceeeeeeiiieniiiiienieeieese et 108
3.6.2 Dipole emitter analysis ........ceeceeerriiieriieeiiie e e 110




Contents

3.6.3 Experimental eXamination ..........cccceecuveeriiieeniieresiieesieeeeiee e eevee e 112
3.6.4 DISCUSSION ...ttt sttt st 118
3.7 CONCIUSIONS..cuueiirieneiieensnnnsnenseecsnenssnesssesssaesssessssssssessssssssasssssssasssssssssasanss 119
Chapter 4 Structured Illumination Microscopy (SIM) .....ccccccveviieriiiniiienieeieenieeieene 121
4.1 INtrOdUCTiON...uueeeneecniinienteeniecnenneeseeesnecsaessaesssnssssesssnssssssssassssesssassanass 121
4.2 TREOTY ceceernrriccscnnnicsssnnicssssnsresssssssssssssssssssssssssesssssssssssssssssssssssssesssssssssssssasss 122
4.3 1D simulation and image reconstruction algorithm............ccceecereecuercnnes 127
4.4 INStrumentation .......ecoeeeiineiinseecnseecsseicssneecssseessssesssseessssnesssssessssssssssees 137
44.1 SYSEM AESIZN ....vvieeiiiieeiiiecie ettt e e e e ebeeeeaee s 137
4.4.2 Phase StePPING......ccccviiiiieiiieiieeie ettt ettt 139
443 P o) 0 e 111 1SRRI 144
4.5 Experiments and reSults.......cceiiicnisnricsissnnrccsssnrecsssssssscssssssesssssssssssnssns 147
4.5.1 System Calibration.........cc.ceecvveeriiiieriiiecie et 147
4.5.2 Raw image acquisition and processing...........ccceeeveerverrueenieerueenneennnans 150
453 Resolution evaluation method ..o 152
454 Experimental 1€SULLS .........cooviiiiiiiiiiiiieiecieee e 153
4.5.5 DISCUSSION ..ttt ettt ettt ettt ettt et e e 159
4.6 ATTEIACES cuuueeiieeiiiiiiiiiteinteinnteessneecsntecsseesssesssssesssssnessssnsssssssssssesssssssssanes 161
4.6.1 General analySiS......occcuiiieiieieiie e 161
4.6.2 Artefacts induced by raw image displacements.............cccceevveeirennnnns 162
4.7 CONCIUSIONS ccuuirueeirensrecsnensnecstecssnecsanssssesssessssesssnssssssssessssessassssassssassssssssass 166
Chapter 5 Structured Illumination Solid Immersion Fluorescence Microscopy (SISIM)
...................................................................................................................................... 168
5.1 INtrodUCHION....ccoeeeeeeieiitieittecteecttecsneecsneecsnteesssseessssessssseesssnessssesssanes 168
5.2 TREOTY ceeeeuriiinniiinnicnsunicssnricssnnicssssecssssesssssesssssesssssesssssosssssssssssossssessnsssssnsses 169
53 One-dimensional (1D) SISIM ......cciiiiiiiiiinnnnnnniicccssssssssssssssscsssssssssssssssasssss 171
53.1 SYSTEM AESIZN ..veevvieeiiieiieeieeiie ettt ettt ebe e esbeeaeeeanees 171
532 APPATATUS ...ttt ettt ettt ettt et et 173
533 System Calibration.........c.cccvierieeciierieeieerie ettt 174
534 Experiments and reSults ...........cooiieiiiiiieiiiiiiee e 176
5.4 Two-dimensional (2D) SISIM ......cuiiiiviiiiierccsnncssnnncssnnncsssnncssssncssssncssnsees 178
54.1 SYStEM AESIZN ..ttt 178
542 F N 0] 121 ¢ 11 (PR TRR 181
543 System calibration...........cocceveerieriiniiienieneeeeee e 182
544 Resolution evaluation experiments and results............ccceeeeeevienirennnn, 186
5.5  Discussion 190
5.6 CONCIUSIONS c.uuveiiineicisnriissnnicssnnicsssnicsssnessssnessssnesssssesssssessssnsssssssssssssssssssssssess 193
Chapter 6 Conclusions and Future Work..........c.cccoceeviiiiniinininiiiieccnecseeee 195
6.1 CONCIUSIONS couueeiiieeicisnrnissnnicssnnicsssricsssnessssnessssessssnessssnessssnsssssnsssssssssssssssssses 195
6.1.1 RESEAICh OVEIVIEW ...ttt e 195
6.1.2 Research contributions............ooceeiieiiiiiiiiiiiniececeee e, 196
6.2 FUuture WOrK...iiiiiiieiniinninnecnnennninsnnieissesnsisseisessesssesssssssess 201
6.2.1 Further resolution enhancement.............cccceevuerienienenienienieneseeeen 201
6.2.2 Instrumental improvements for routine use..........cccceeeveereeeiienieenienns 203
6.2.3 Total internal reflection fluorescence microscopy applying an ASIL
(ASIL-TIRF) — a spin-off from SISIM ........cccoiiiiiiiiiiiiieeeee e 212
RETEIEINCES ...ttt sttt et 218

i



Contents

Appendix I Three conjugate pairs free from spherical aberration...........c.cccccveeenneennee. 229
Appendix II Data sheet of optical glass S-LAH79% ..o 238
Appendix III Optical parameters of ASILs and ASIL-objectives ........cccccvveeveeernrennee. 239
Appendix IV SIF alignment.........ccveeiiiiriiiiiiiiieeiieriie et 247

il



List of Figures

List of Figures

Figure 2.2.1 Basic configuration of a compound optical microscope [13].......ccccecveenneenne 7
Figure 2.2.2 Infinity-corrected system [13]......cccoeieiiiiieiiiieiieeeeee e 7
Figure 2.2.3 A typical epi-fluorescence microscope configuration...........cceeevvereeenuennnene 9
Figure 2.3.1 Airy disc and its cross-section profile [17] ......ccceeeveeeeiienciieniiieeiee e 10
Figure 2.3.2 The profiles of two Airy discs clearly resolved (left) and just resolved
(right) in the image plane as Rayleigh criteria defines [18] ......ccceovveeiiieniiieniieeieee 11
Figure 2.3.3 Comparison of Rayleigh criteria (left) and Sparrow criteria (right) [19]... 12
Figure 2.3.4 Abbe theory of image formation [17].......cccceeevvieeiiiieiieeeieeeee e 13
Figure 2.3.5 The optical transfer function of an incoherent diffraction-limited system

[l 7 ] ettt ettt et h ettt et e et e et eeh e et e nteeteebeenee st enteeneenes 14
Figure 2.4.1 Illustration of spherical aberration [20]........ccccecevieriniinieniniienienceeeen 16
Figure 2.4.2 Illustration of coma [20]........ccccuiieiiiiiiiieeciie e e 16
Figure 2.4.3 Illustration of astigmatism [20] .........ccceeviieriieiiieiieeiierie et 16
Figure 2.4.4 Illustration of field curvature [21]......ccoveeoiieeiiieeiieeeeee e 16
Figure 2.4.5 Ilustration of diStortion [21] ......ccceovveeiiieriieiiieieeieee e 16
Figure 2.4.6 Illustration of axial chromatic aberration [20] .......c.cccccveerciieeniieeriieenneen. 17
Figure 2.4.7 Illustration of lateral chromatic aberration [20] .........ccccccveeeiieniercieennennnen. 17
Figure 2.5.1 Schematic of STED microscopy Setup [27] ..ecccveeeiveeeiieeniieeeieeeeiee e 20
Figure 2.5.2 Concept of STORM [28]....uiiiiiiiiieiiieiieeieeciee ettt et 20
Figure 2.5.3 Schematic of confocal fluorescence microScCopy SEtup........ceevvveerveeernvennne 22
Figure 2.6.1 Physical phenomenon behind structured illumination microscopy-Moiré

<3 (< A OO PR PSRRI 24
Figure 2.6.2 Schematic of the structured illumination system [6]..........ccccecveeruierieennnns 26
Figure 2.6.3 Simplified diagram of the 3D structured illumination apparatus (a) and the
intensity pattern with both lateral and axial structure (b) [38] ....cccveviieiiiiiiiieieee, 27
Figure 2.6.4 Schematic drawing of IS microScope [42].....ceveeeeeeeereeeeeerseeeeereseeneen. 27
Figure 2.6.5 Schematic of the periodically nano-structured substrate for high-resolution
TMAGING [S54] ittt ettt ettt e et e et e e be e sbeesseessbeesseessseenseesssaenseessseeseens 28
Figure 2.6.6 Schematic of the DGSIM setup [56] ......cccoceevirviiniininiiinicicienecreeeeeee 29
Figure 2.7.1 The development of immersion medium in optical microscopy................ 31
Figure 2.7.2 SIL-objective configuration by employing a hemisphere SIL (left) and an
aplanatic SIL (TIZNt) [7] . ccveerieeieeieeie et ettt et et e e et e e esaeesbeenee e 32
Figure 2.7.3 Schematic of the scanning microscopy employing an HSIL and the
mounting apparatus for the HSIL (inset) [73] ..ccovveviieiieiiiiiieieeeeeee e 34
Figure 2.7.4 Schematic of the optical storage setup employing an ASIL [72]............... 34
Figure 2.7.5 Schematic of the scanning microscopy employing an ASIL and the
mounting apparatus for the ASIL (inSet) [76] ...ccceeviieiieriiiiiiieeeee e 34
Figure 2.7.6 Schematic of the wide-field fluorescence microscopy employing an........ 35
|5 IS 0 B ) PR UTRTRPR 35

Figure 2.7.7 Schematic of the non-fluorescence wide-field microscopy employing an
ASIL (top) and the comparison of the images of a 25 um period grating obtained with

and without the ASIL (bottom) [8] ......ccveeiieiiiiiieiieeie e ens 35
Figure 2.7.8 Configuration of Opti-SIL and customer-designed objective [95] ............ 36
Figure 2.7.9 Configuration of the replicated SIL and objective [96] ........ccccveeuveenvrennenns 36

v



List of Figures

Figure 2.8.1 Schematic diagram of wide-field surface plasmon microscopy applying a

solid IMMErsion 18NS [13 1] cuvviiiiiiiiii ettt e e 38
Figure 3.1.1 Depiction of the Sign CONVENTIONS .......cc.eeervieeriieeiieeeiie e e eeree e 43
Figure 3.2.1 Configuration of a hemisphere solid immersion lens (HSIL).................... 45
Figure 3.2.2 Configuration of an aplanatic solid immersion lens (ASIL)...........cc........ 45
Figure 3.2.3 Configuration of a diffractive solid immersion lens (DSIL). ........c...c........ 46
Figure 3.2.4 Three conjugate pairs free from spherical aberration with a single refractive
SPETICAl SUTTACE ....ooviiiiieiie ettt e saaeens 47
Figure 3.2.5 Ray propagation model of an ASIL .........cccoeeiiieeiiiieeeeeeee e 49
Figure 3.2.6 Ray propagation model of the combination of an HSIL and a conventional
0] o} 11615 A (S 4 TSP SPURUPRPP 51
Figure 3.2.7 Ray propagation model of the combination of an ASIL and a conventional
0] o} 11615 A (S5 4 T USSP SRUPRPP 52
Figure 3.2.8 Photograph of an ASIL.........cccooiiiiiiiiiiieiie et 56
Figure 3.2.9 Geometrical parameters of our ASIL-0bjectiVe ........cccvveviveeriieeiieeeiiene 59
Figure 3.2.10 Internal transmittance and reflectance spectra of GaP ..........ccccccvveneeee. 60
Figure 3.3.1 Schematic of the SIF SYStem ........ccceeeviiieiiiieeiiieciieecee e 62
Figure 3.3.2 Photograph of the SIF SyStem ...........ccceeviiiiiiiiiiiieiieciecieeeeeeeee e 65
Figure 3.3.3 Photograph of the ASIL-0bJeCtiVe ......ccceeevciiieiiiieeiieecie e 65
Figure 3.3.4 Schematic of the emission ray propagation when achieving maximum
IN AL G+ttt ettt ettt ettt b bbbt a ettt b e h e bt bbbt e h bt ettt bbbt et 69
Figure 3.3.5 ASIL, holder and their assembly ...........cccceeviiiiiiiiiniiiiieceeee e 70
Figure 3.3.6 Image of 25 um pitch dye grating obtained with the Zeiss microscope .... 72
Figure 3.3.7 Image of 25 um pitch dye grating obtained with the SIF.............cccceeee. 72
Figure 3.3.8 Image of 20 um period Ronchi grating obtained with conventional
TIICTOSCOPE «.evvveuvienereeureenuteesseessteenseessteasseenseeanseessseanseenseeenseessseanseensseanseesssesnseessseenseenseens 74
Figure 3.4.1 20 nm fluorescent bead image obtained with SIF .............ccceeiiviiennnnnn. 80
Figure 3.4.2 Simulated 20 nm fluorescent bead image with NA of 1.85 ..........c..ccc.e. 80
Figure 3.4.3 Resolution evaluation data/curve of the SIF based on correlation coefficient
1001114 (T4 AU UUUUSUPRR PSRRI 81
Figure 3.4.4 BFP image of 20 nm fluorescent beads in SIF...........ccccocvievieniiiiiienneenen. 82
Figure 3.4.5 Cross-section profile of the BFP image of 20 nm fluorescent beads in SIF
........................................................................................................................................ 82
Figure 3.4.6 AFM image of 679 nm pitch dye grid..........cccoeoieiiiiiiiiiiiiieeeeee, 84
Figure 3.4.7 Image of 679 nm pitch dye grid obtained with SIF.............cccevvevvinnnnnnn. 84
Figure 3.4.8 BFP image of 679 nm pitch dye grid in SIF........c.cccocoiiiiniiiininiee. 85
Figure 3.4.9 Cross-section profile of the BFP image of 679 nm pitch dye grid in SIF.. 85
Figure 3.4.10 Image of Jurkat cell membrane obtained with SIF..............ccccocininine. 87
Figure 3.4.11 Image of Jurkat cell membrane obtained with the conventional epi-
fIUOTESCENCE MNICTOSCOPEC ...c.uvienereeuiieiteeieesiteeteeeiteeteesiteeateesteeebeessaesabeesseesnbeeseeenseenneeans 87
Figure 3.4.12 Image of Jurkat cell F-actin cytoskeleton obtained with SIF ................... 88
Figure 3.4.13 Image of Jurkat cell obtained with bright-field transmission microscope 88
Figure 3.5.1 Layout of ASIL imaging in ZEMAX modelling...........cccccevveveriiencennnnn. 92
Figure 3.5.2 Spot diagram of ASIL imaging in ZEMAX modelling..........c.ccccceevenneenne. 93
Figure 3.5.3 Field curvature and distortion curves of the ASIL imaging in ZEMAX
1007016 (1 1 12T OOV UUUUSR PRSPPI 95




List of Figures

Figure 3.5.4 Spot diagram of ASIL imaging in single wavelength at 632.8 nm in

ZEMAX MOACIING ......eeeiiiiiiiieii ettt ettt ettt saaeenbeessaeenseens 96
Figure 3.5.5 Spot diagram of ASIL imaging in 50 nm spectrum centred at 632.8 nm
(632.8/50 nm) in ZEMAX mMOdelling .........cccueeriiiiiiiiiiiiieiieeieeeeee et 96
Figure 3.5.6 Two SIF images of the same field of 200 nm fluorescent beads using (a)
670/3 nm and (b) 675/50 nm bandpass filters as emission filter.............ccccceevverirenens 97
Figure 3.5.7 Layout of the combination of the ASIL and an f=-12 mm negative lens in
ZEMAX MOACIING ......veeiiieiiieiii ettt ettt et ettt et eenbeessaesnseens 99

Figure 3.5.8 Spot diagram of the imaging of the combination of the ASIL and an f=-12
mm negative lens in 50 nm spectrum centred at 632.8 nm (632.8/50 nm) in ZEMAX

100016 (] 1533 VoSSR 99
Figure 3.5.9 Chromatic focal shift curve of the ASIL imaging in 50 nm spectrum
centred at 632.8 nm (632.8/50 nm) in ZEMAX modelling ...........ccccoeevevvieniiieenieeennene 99

Figure 3.5.10 Chromatic focal shift curve of the imaging of the combination of the
ASIL and an f =-12 mm negative lens in 50 nm spectrum centred at 632.8 nm (632.8/50

nM) in ZEMAX MOA@IING .....ccveiiiiiiiiiieiiee et 99
Figure 3.5.11 Schematic of CA correction using a diffractive optical element (DOE)
WIth ASTL [99] ettt ettt ettt e 100
Figure 3.5.12 Curves between full fluorescence spectral width and NA.¢ (on-axis) with
different ASIL sizes in the SIF from simulations...........ccccoevieviieniieniiienieeieesieeeee 103
Figure 3.5.13 Curves between field of view (FOV) and NA.s with different ASIL size
in the SIF from SIMUIAtIONS ........ccieiiiiiiiiiiiieie et 105

Figure 3.5.14 Data depicting the relationships between ASIL size, full fluorescence
spectral width and field of view (FOV) when NA.¢of the SIF is maintained at 2 from

SIMULATIONS ...ttt ettt ettt et e sae bt be b nae 106
Figure 3.6.1 Ray propagation model of an on-axis object with a gap towards an ASIL
...................................................................................................................................... 108
Figure 3.6.2 Angular distribution of emission propagating into the glass for isotropically
oriented molecules in an interface between the air and glass S-LAH79 ...................... 111
Figure 3.6.3 Model of a fluorescent bead sample with a gap towards ASIL................ 112
Figure 3.6.4 Series of images of a 170 nm fluorescent bead from SIF and their BFP
images With different NAS .......coooiiii e 115
Figure 3.6.5 Relationship between NAs measured from BFPs and NAs measured from
SINELE DEAAS ...t ettt ettt et e 115
Figure 3.6.6 Series of images of a 170 nm fluorescent bead captured by SIF and their
BFP images with different gap medium ...........coocoeiiiiiiiniiiii e 117
Figure 4.2.1 Derivation of 1D SIM transfer function [141] ......cccoeoieriiieiiiniiiiiiee, 125
Figure 4.2.2 Comparison of 1D transfer functions of different microscopic systems
LA T ] ettt st 125
Figure 4.2.3 Schematic explanation of two-dimensional resolution improvement in SIM
IN FEQUENCY AOMAIN ....eoiiiiiieiiecieecee ettt e ebe et e s b e essaesnsaeseesnseeneeas 126
Figure 4.3.1 OTF of an ideal fluorescence miCroSCOPE........cc.eevuerueerveeruerieenueeruenieenuenns 128
Figure 4.3.2 A fine sinusoidal distribution fluorescent sample with spatial frequency of
5x10° m™ in Spatial AOMAIN ..........v.veeeeeeeeee oo e 128
Figure 4.3.3 A fine sinusoidal distribution fluorescent sample with spatial frequency of
5x10° m™ in frequenCy dOMAIN ...........v.vveeeeeeeeeeeeeeee oo 129

vi



List of Figures

Figure 4.3.4 A sinusoidal structured illumination pattern with spatial frequency of

2.5%10° m™ in SPAtial dOMAIN ... 130
Figure 4.3.5 A sinusoidal structured illumination pattern with spatial frequency of
2.5%10° m™ in frequency dOMain ...........oo.vvveeeeeeeeeeeeeeeeeeeeeee e 130
Figure 4.3.6 Product of the sample and the illumination in frequency domain............ 131
Figure 4.3.7 Raw image captured on CCD under structured illumination in frequency
QOTMNAIN L.ttt ettt et e et et e s st e bt e sabeenbee st e e bt e eanas 132
Figure 4.3.8 Reconstructed image with spatial frequency of 5x10° m™ from the SIM in
TIEQUENCY AOMAIN ..eeouviiiiiiieciiee ettt e e e e et e e et e e e tae e e aeeessseeessseeenseesnnneas 134
Figure 4.3.9 Reconstructed image with spatial frequency of 5x10° m™ from the SIM in
oA - B4 0] 14 11 s USSR 134
Figure 4.4.1 Schematic of the SIM SYSteM........cceeviieriieriiieiieeieeiie e 138
Figure 4.4.2 Simulation images of sinusoidal structured illumination patterns with /2
Phase dIffETENCE .....cc.eieiiiiiieiiee et 140
Figure 4.4.3 Schematic of the structured illumination generation based on a diffraction
o 11 0TSRRI 141
Figure 4.4.4 Photograph of the 1D SIM SyStem .......c.cccccuvieviiiieriieeiiie e 144
Figure 4.4.5 Transmission curve of the dichroic filter ...........coccevviniiiiiiinininenes 146
Figure 4.4.6 Transmission curve of the emission filter ..........ccccvvevviveenciieencieenieeeee, 146
Figure 4.5.1 Resolution target image used to calibrate the magnification in imaging path
...................................................................................................................................... 147
Figure 4.5.2 Resolution target image used to calibrate the magnification from the
grating to the 0bject Plane..........cccviiieiiieeiie s 147
Figure 4.5.3 Image of the interference illumination pattern............c.cceccevvverieneeniennns 149

Figure 4.5.4 1D Fourier transform of the image of structured illumination pattern..... 149
Figure 4.5.5 High-resolution image reconstruction procedure in 1D SIM shown in

TIEQUENCY AOMAIN ....oouviiiiieiiecie ettt ettt ettt e et e esbeessaeensaessneenseensnas 151
Figure 4.5.6 Resolution comparison between conventional microscope and 1D SIM
based on the images of a single 170 nm fluorescent bead.............ccceevvveviieniieniiennnnnne 155
Figure 4.5.7 Resolution comparisons between conventional microscope and 1D SIM
based on the images of two adjacent 170 nm fluorescent beads ............cccceevveruveennennee. 158
Figure 4.5.8 Diffraction efficiency in zero and first order of a Ronchi ruling as the
function of the ratio of groove width a to period d [144] .....c.cocveviiieiieiieniieeeeieenee, 160
Figure 4.6.1 Profiles of a sample (black curves), the displaced sample (blue curves) and
the reconstructed sample (red curves) in 1D SIM simulation ............cccccceeeevienieeennennee. 163
Figure 4.6.2 Pseudocolor images of the same fluorescent bead in (a) raw image No.1,
(b) raw image No.3, and (c) processed raw image No.3 in an experiment................... 164

Figure 4.6.3 Comparison of the reconstructed images of a fluorescent bead (a) with
artefact and (b) without artefact induced by raw image displacements in 1D SIM...... 166

Figure 5.3.1 Schematic of the 1D SISIM SyStem .........ccccceveevueriinieneniienieneeienieniene 171
Figure 5.3.2 Photograph of the 1D SISIM SYStem........ccccvveeiierieeiiienieeiienre e, 174
Figure 5.3.3 Image of the structured illumination pattern in 1D SISIM ...................... 176
Figure 5.3.4 1D Fourier transform of the image of structured illumination pattern in 1D

STSIM ..ttt ettt bbbttt ettt be e 176
Figure 5.3.5 20 nm fluorescent bead image obtained with SIF .............cccceeviiiiennnne. 177
Figure 5.3.6 20 nm fluorescent bead image obtained with 1D SISIM ..............c.......... 177
Figure 5.4.1 Schematic of the 2D SISIM SYSteM .......ccccevvvieviieeiieiieeieeie e 179

vil



List of Figures

Figure 5.4.2 Schematic depiction of 2D phase Stepping.........cccccveeeveeerieeenveeenveeennee. 181
Figure 5.4.3 Photograph of the 2D SISIM SyStem........cccocveeiieniieeiiienieeiieere e 182
Figure 5.4.4 Images of the structured illumination patterns and corresponding BFP
1MAages N 2D SISIM ....oooiiiiiiiiee e e et 185
Figure 5.4.5 20 nm fluorescent bead image obtained with 2D SISIM ......................... 187
Figure 5.4.6 Simulated 20 nm fluorescent bead image with NA of 3 ........c..ccevieiiene 187
Figure 5.4.7 Resolution evaluation data/curve of the 2D SISIM based on correlation
coefficient MEthOd .........c.ooiiiiiiiiiii e e 188
Figure 5.4.8 Comparison of the images of a field of 20nm fluorescent beads obtained
with SIF (a) and 2D SISIM (D) c.eeeieiiiiiiieieeeeeeeeeee et 189
Figure 5.5.1 TIR illumination SCheme .............cccovieeiiiieeiiiieiiece e 190
Figure 5.5.2 Curve between diffraction grating spatial frequency and the incident angle
of illumination beam in our SISIM SETUP ....cvevevviieiiiieciie e 192
Figure 6.2.1 Schematic of the micro-structured ASIL..........cceeeiveriiiiiiiinieniieieeee 203
Figure 6.2.2 Two modified ASIL configurations ..........ccceeeeveeeecieeenieeeeniieenreeesvee e 204
Figure 6.2.3 Schematic of the integration of ASIL and conventional objective lens... 205
Figure 6.2.4 Schematic of the combination of SISIM and laser tweezers.................... 208
Figure 6.2.5 Scanning electron microscope image of a patterned Teflon sample with
3T3 Swiss albino mouse fibroblasts on the surface [156] ..........cccovieiiiiiiiieeciiieee 209
Figure 6.2.6 Schematic of the ASIL-TIRF SyStem .......cccccceveviieiiiiiiienieeiieeieeieeeeee 213
Figure 6.2.7 Comparison of two images of several 1 um fluorescent beads obtained with
SIF (left) and ASIL-TIRF (TIZHt)..ccveriiriiiiiniiiiiiereeeeseeee e 215
Figure 6.2.8 Comparison of two fluorescent images of Jurkat cell F-action cytoskeleton
obtained with SIF (left) and ASIL-TIRF (right).......ccccoevieniiiiiiiiiiiieeieeeeeeee, 216
Figure 6.2.9 Depiction of the relative position between the cell and the ASIL............ 216
Figure Al.1 The paraxial ray propagation model of a single refractive spherical surface
...................................................................................................................................... 229

Figure AIL.2 The real ray propagation model of a single refractive spherical surface .. 231
Figure Al.3 Three conjugate pairs free from spherical aberration with a single refractive

SPhEriCal SUTTACE .....oouiiiiieiiee et 236
Figure AIIL.1 The signs and their conventions with a single refractive spherical surface
...................................................................................................................................... 239
Figure AIIL.2 The locations of the front (P) and rear principal planes (P’), the front (F)
and rear focal planes (F"), and the object (4) and its image (4") of an ASIL ............... 240
Figure AIIL.3 The configuration of the ASIL-objective and corresponding principal
PlANE POSTEIONS ..ttt ettt ettt ettt et e st e et e et e e st e eabeesaeeenbeesseeenseesaeeenne 244
Figure AIV.1 Schematic diagram of the ASIL-objective alignment scheme............... 248
Figure AIV.2 Photograph of the ASIL-objective alignment apparatus............ccc.c....... 249

viil



List of Tables

List of Tables

Table 2.5.1 Resolution comparisons of high/super-resolution fluorescence microscopy
........................................................................................................................................ 22
Table 3.2.1 Comparisons of different types of the SILS.........ccccoeviiiiiieniiiiiinieciies 53
Table 3.2.2 Specification of Mitutoyo infinity-corrected long working distance objective
LIS 1.ttt ettt et h et et sbe ettt sbeenae s 58
Table 3.2.3 Major parameters of our ASIL-ObJectiVe........cccvevviveerciieeeciieeniieeeiee e 59
Table 3.3.1 Specifications of JDS Uniphase He-Ne 1aser ..........ccccceevieviiieniieniienieennnns 66
Table 3.3.2 Specifications of Andor EMCCD camera .........ccccccecveeeiieeniieeniieeeiee e 67
Table 3.3.3 Specifications of Starlight Xpress CCD camera............cccceeevveriienienieennens 67
Table 3.6.1 Comparisons of refractive indices of medium in the gap, practical NAs and
NAs measured from BFPs when changing the gap medium in the SIF ....................... 117
Table 4.4.1 Specifications of Elforlight diode pumped solid state laser ...................... 145
Table 4.4.2 Specifications of Zeiss achromatic objective lens ..........cccceveeverieneenenne. 145

X



Abstract

Abstract

The use of aplanatic solid immersion lenses (ASILs) made of high refractive index
optical glasses provides a route to wide-field high-resolution optical microscopy.
Structured illumination microscopy (SIM) can double the spatial bandwidth of a
microscope to achieve high-resolution imaging. This research aims to investigate the
combination of the ASILs and SIM in fluorescence microscopy, which we call
structured illumination solid immersion fluorescence microscopy (SISIM), to pursue a
microscopic system with very large numerical aperture and high lateral resolution. The
first stage of the research shows the development of solid immersion fluorescence
microscopy (SIF) employing an ASIL allows us to obtain a fluorescence microscope
with effective numerical aperture of 1.85. The aberration issues, especially chromatic
aberration, that need to be circumvented are analysed by both optical simulation and
experimental verification. The near-field imaging property is also discussed and
demonstrated. Then the SIM using a diffraction grating to generate structured
illumination pattern via two-beam interference is developed. Finally, the SISIM system
is constructed by combining the structured illumination with the SIF, and an effective
numerical aperture of 3 has been obtained. Future developments of the SISIM system to
make it achieve higher resolution and suit routine use are proposed. SISIM is a
promising high-resolution microscopic technique with extensive potential applications

in cell biology.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Research motivation

This thesis focuses on the development of hybrid fluorescence microscopy with high
lateral resolution based on the combination of solid immersion fluorescence microscopy

employing an aplanatic solid immersion lens and structured illumination microscopy.

Fluorescence microscopy is a universal and irreplaceable imaging tool of modern
biology and has been made more so by recent progress in immunolabelling such as the
advent of the green fluorescent protein (GFP) [1]. However, to observe the detail of
each molecule inside an organism by fluorescence microscopy is traditionally regarded
as a mission impossible because the diffraction of light makes the structures too blurry
to be resolved once they are smaller than approximately half the wavelength of light.
This resolution limit determined by the diffraction limit, at 200-300 nm, is nearly two
orders of magnitude larger than the size of a typical protein molecule [2]. In the past ten
years or so, some practical super-resolution optical microscopic techniques, including
stimulated emission depletion (STED) microscopy [3], stochastic optical reconstruction
microscopy (STORM) [4] and structured illumination microscopy (SIM) [5] [6],

emerged to obtain the resolution surpassing the classical resolution limit. The
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development of super-resolution microscopy leads to the rapid emergence of many
more new, improved or modified microscopic techniques. Our research on hybrid
microscopy based on the combination of SIM and solid immersion fluorescence
microscopy (SIF), as one contribution to this rapid growing field, aims to develop a new

microscopic technique with lateral resolution down to about 100 nm.

The application of aplanatic solid immersion lenses (ASILs) in non-fluorescence optical
microscopy has been investigated in the Applied Optics Group at the University of
Nottingham [7] [8]. It turns out it is possible to fulfil wide-field high-resolution imaging
by applying an ASIL with a conventional objective lens with moderate numerical
aperture. Wide-field high-resolution fluorescence imaging in a microscope applying an
ASIL has not been reported, although the application of ASILs in photoluminescence
(PL) microscopy has been investigated [9-11]. PL imaging is different from
fluorescence imaging because it is label-free and has much narrower radiation spectrum
than fluorescence. PL imaging naturally avoids the occurrence of severe chromatic
aberration (CA), however CA is a major hurdle to applying ASILs to fluorescence
microscopy. The research tasks in this project include the investigation on the
application of ASILs in fluorescence microscopy, the implementation of SIM and the
combination of SIM and solid immersion fluorescence microscopy (SIF) applying an

ASIL.
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1.2 Thesis structure

This thesis is organised along the following lines.

Chapter 2 describes the fundamental concepts of resolution and aberration in optical
microscopy, and reviews two independent high-resolution microscopic techniques —
structured illumination microscopy and solid immersion microscopy. We bring out the
idea to combine them for the purpose of developing a new type of fluorescence

microscopy with high lateral resolution in this chapter.

Chapter 3 presents our investigation on SIF employing an ASIL to fulfil wide-field
high-resolution imaging. In this chapter, we describe the design of ASILs, the
instrumental realisation of the fluorescence microscopy employing an ASIL and the
corresponding high-resolution experimental results. We also analysis and discuss two
important topics in connection with the resolution performance of this technique — the

aberration issues and the near-field imaging property.

Chapter 4 presents our investigation on SIM. We explain a four-phase-step algorithm
used to reconstruct high-resolution images in SIM with a one-dimensional simulation.
The key work in this chapter includes the instrumentation of SIM working in one
dimension and the acquisition of corresponding experimental results to demonstrate the

theory of SIM and the feasibility of our algorithm, which paves the way to the
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implementation of the combination of SIM and SIF employing an ASIL happening in
the next chapter. Furthermore, we also discuss the artefact issue, especially the artefacts

induced by raw image displacements, in SIM.

Chapter 5 presents our research on the combination of SIM and SIF employing an
ASIL. The experimental considerations, implementations and results of structured
illumination solid immersion fluorescence microscopy (SISIM) are presented in detail.
We also discuss the total internal reflection (TIR) illumination intrinsically happening in

the SISIM.

Chapter 6 summarises the research contributions with regard to SIF, SIM and SISIM. It
also discusses the future work to be carried out in order to obtain higher resolution in
SISIM and make this technique more feasible in routine biological research. Total
internal reflection fluorescence microscopy (TIRF) applying an ASIL (ASIL-TIRF), as

a spin-off from SISIM, is also described.
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2.1 Introduction

This chapter examines fundamental concepts and research related to high-resolution
fluorescence microscopy. Firstly, we give a brief description of the history and the
common configuration of optical microscopy, with more emphasis on fluorescence
microscopy that is the main target in this thesis. Secondly, we present an introduction to
the optical resolution that is the key parameter we address in this research. Thirdly, we
describe geometrical optical aberrations which directly affect the resolution of an
optical microscope. Fourthly, we briefly review current mainstream high/super-
resolution microscopic techniques including confocal fluorescence microscopy (CFM),
stimulated emission depletion (STED) microscopy, stochastic optical reconstruction
microscopy (STORM) and structured illumination microscopy (SIM). Then we
particularly stress the theory and development of structured illumination microscopy
because it has several advantages which make it superior to other techniques in many
ways. After that, we introduce the theory and development of solid immersion lens
(SIL) capable of improving the numerical aperture of the system and SIL application in
optical microscopy. Finally, we express the concept of combinatorial microscopy and

bring out the idea to combine structured illumination microscopy with solid immersion
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lens for the purpose of developing a new type of fluorescence microscopy with high

lateral resolution, which is the ultimate goal in this research.

2.2 Optical microscopy and fluorescence microscopy

Optical microscopy, also referred to as light microscopy, involves passing visible light
that is transmitted or reflected from the sample through a single or a group of lenses to
allow a magnified view of the sample. Optical microscopy is naturally related to the
development of cell biology. In the latest BBC documentary The Cell, the Dutch
scientist Anton van Leeuwenhoek (1632-1723) is credited as the inventor of optical
microscopy. However, it is believed the English scientist Robert Hooke (1635-1703)
was the first to publish work based on the use of an optical microscope in 1665 [12].
Leeuwenhoek used a single lens in his simple microscope, while Hooke developed a
rather complete microscope containing two lenses. Leeuwenhoek is considered to have
made a greater contribution of the microscopy than Hooke mainly because he has made
massive observations on bacteria, plants, blood cells and minerals with his microscope.
By 1900 the optics theory and principles of the microscope were well understood and
the optical microscopes had become a well-established research tool. Further
development in optical and mechanical design and manufacture, together with the
development of digital imaging techniques, have led to the modern optical microscopes

used as an essential tool in laboratories all around the world.
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A conventional compound microscope (Figure 2.2.1) consists of an objective lens and
an eyepiece in its basic form. The objective lens produces an inverted magnified image
of the specimen. The eyepiece treats this image as an object and images it again with
further magnification. Usually a light source is required to illuminate the specimen.
Light from the light source, for example a lamp, passes through a condenser and then
through the specimen. After that, it is gathered by the objective lens. In an infinity-
corrected system, the tube lens gathers the parallel beams of light emerging from the
objective and forms the intermediate image as shown in Figure 2.2.2. The objective lens
and the tube lens focus the image of the specimen at the front focal plane of the

eyepiece. The intermediate image is then imaged by the eyepiece and human eyes.

Eyepiece
Diaphragm
— Plane_
4 Lens of Eye ““‘f,,',‘;‘;g,""‘e
]/ \\=» - Eyepiece
‘\ Image Formed
280 s by Objective
(10 inches) fi Tube Lens
$ -Tube Lens
Objective
Specimen
Condenser
4l - Objective
Virtual
Image Specimen Front Focal
Plane of
Objective
Figure 2.2.1 Basic configuration of a compound Figure 2.2.2 Infinity-corrected system [13]
optical microscope [13] An infinite conjugate objective is designed to project

the image to an infinite distance

In the family of optical microscopy, fluorescence microscopy is a powerful tool to
provide internal observation of cells and tissues with exceptional detail. Fluorescence is

the effect that some molecules can absorb light of a certain wavelength and emit light at
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longer wavelength. The shift of the emission light to longer wavelengths is referred to
as Stokes shift [14]. The measure of the emission efficiency of the fluorophore is
defined as the ratio of photons emitted to photons absorbed, which is known as quantum
yield [14]. An important quenching phenomenon in fluorophores is photobleaching that
comes from photon-induced chemical damage and covalent modification. Due to
photobleaching, a fluorophore could permanently lose the ability to be fluorescent. On
average, a fluorescein molecule will emit 30000-40000 photons during its
photochemical life-time [15]. The protection against photobleaching includes
eliminating exposure time or excitation energy, or adding antifade reagents to fixed

specimens.

Samples that are intrinsically fluorescent or which are coupled to extrinsic fluorescent
molecules can be imaged by a fluorescence microscope. The fundamental function of a
fluorescence microscope is to deliver excitation light to the fluorophore in the specimen
and to separate the much weaker emitted fluorescence light from the brighter excitation
light. In this way, only the emitted light reaches the imaging detector and a high contrast
dark-field image is generated. The wavelength selection is fulfilled by the combination
of excitation filter, dichroic filter and emission filter. A typical epi-fluorescence
microscope configuration containing a filter set is shown in Figure 2.2.3. The excitation
filter is used to select the excitation wavelength of light from a light source. It can be a
short-pass filter or a band-pass filter. When the light source is a laser, it is usually
unnecessary to employ the excitation filter. The dichroic filter, usually a long-pass filter,

reflects the short wavelength excitation light to the objective. It allows the long
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wavelength emitted fluorescence to pass to the detector, but prevents the passage of the
shorter excitation wavelength. The emission filter that is usually a band-pass filter
specifically selects the emission wavelength of the light emitted from the sample and

removes the traces of residual excitation light.

CCD Camera

Mercury Arc  Excitation
Lamp Filter

I

Emission Filter

Dichroic Filter

- Back Focal Plane

Objective

Sample Coverslip

Figure 2.2.3 A typical epi-fluorescence microscope configuration

The mercury arc lamp working as a light source emits light with multiple wavelengths; excitation filter is
used to separate the excitation wavelength light from the light from the lamp; emission filters is used to
isolate the emission wavelength light of fluorophores and residual excitation wavelength light; dichroic
filter reflects shorter wavelength light and allows longer wavelength light to pass. The epi-illumination
configuration is used to create a dark background so that the fluorescence can be easily seen.

2.3 Resolution

Resolution is defined as the smallest distance between two point objects that can be
distinguished as two separate objects in an optical imaging system. In a diffraction-

limited optical microscope, the image of an infinitely small point object formed on the
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image plane is made up of the diffraction pattern of the original object (Figure 2.3.1).
This diffraction pattern is known as the Airy disc which can be described by [16]:

I1=1, [%T (2.3.1)
Where [ is the intensity distribution, /, is the intensity at the centre of the pattern, J; is
the first order Bessel function of the first kind, A=27/4, 4 is the wavelength of the
imaging light, » is the radial coordinates of the image plane, NA is the numerical

aperture of the system that is expressed as:

NA=n-sinu (2.3.2)
where 7 is the refractive index of the medium between the specimen and the objective
lens, u is the light collecting angle of the objective lens. The function that describes the
distribution of intensity in an Airy disc is called point spread function (PSF). According

to Equation 2.3.1, the radius of a PSF is expressed as:

;= 0.614 (2.3.3)
NA
Normalized
intensity
o~ 2wr/ Az
-3 2 2 3

Figure 2.3.1 Airy disc and its cross-section profile [17]
w: radius of the circular aperture; r: radius coordinate in the image plane; A: wavelength; z: normal
distance from the object plane to the image plane.

10



Chapter 2 Review

According to Rayleigh criteria [17], when the central maximum of one Airy disc lies
over the first minimum of the other, two points that produce Airy discs can just be
resolved in the image plane. Under this condition, the distance between the two objects

equals the radius of the Airy disc, that is, the resolution is defined as:

R= 0.614 (2_3.3)
NA

When the diffraction patterns of two point objects are just distinguishable, there is a
26.5% dip in intensity between the two diffraction patterns (Figure 2.3.2 right). If their
diffraction patterns further overlap and the distance between them becomes less than the
Rayleigh criteria, the two objects cannot be distinguished as individual objects. Because
the radius of the Airy disc is determined by the objective NA and the wavelength of the
imaging light, the higher the NA of the objective, the finer the resolution. A shorter

imaging wavelength is obviously beneficial for higher resolution as well.

Clearly resolved Rayleigh limit

Figure 2.3.2 The profiles of two Airy discs clearly resolved (left) and just resolved (right) in the
image plane as Rayleigh criteria defines [18]

Besides Rayleigh criteria, another classical resolution criteria is Sparrow criteria [17],
which defines when the intensity of the mid-point of two point images has the same

value as the peak value of the Airy disc, two points that produce Airy discs can just be
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resolved in the image plane (Figure 2.3.3 right). Under this condition, the distance

between the two objects is:

054

R 234
A (2.3.4)
(@) 1(6) ) 1(8)
— ! =
] g

Figure 2.3.3 Comparison of Rayleigh criteria (left) and Sparrow criteria (right) [19]

According to the mathematic expressions of these two criterions, it is clear Sparrow
criteria leads to a minimum distance that can be resolved 18% smaller than the one
defined by Rayleigh criteria, which means the resolution criteria is actually somewhat
subjective. A more objective method to define and measure the resolution of an optical
microscope is Abbe limit that exactly explains which information component is
delivered by a microscope. Abbe limit corresponds to the distance of the finest periodic
structure that can be imaged by an optical microscope. If we regard an arbitrary sample
as an additive superposition of a lot of periodic structures, as a linear system, an optical
microscope will generate an image made up of the sum of these individual images of
each periodic structure. The light coming from the sample is required to be collected by
the objective lens in order to form the final image. Due to the diffraction, a finer
periodic structure will generate the light leaving the sample at a higher angle. However,

the aperture of the objective is finite so that it may not be able to collect the light from a
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very fine periodic structure. In this way, the aperture of the objective determines the
resolution. When the NA of the objective lens is large enough to collect the first order
diffraction light of the finest periodic structure (Figure 2.3.4), the spacing in this

structure, 1.e. the resolution defined by Abbe limit, is:

d=—— 235
2NA ( )

Object I
Focal
plane

Image

Figure 2.3.4 Abbe theory of image formation [17]

Following the Abbe theory of image formation, we can also derive the resolution of a
microscope in frequency domain. Different periodic structures, which are made into an
arbitrary sample, correspond to different spatial frequency components. The response of
an imaging system to different spatial frequency components is known as optical
transfer function (OTF). For an incoherent diffraction-limited imaging system, the OTF
distribution is like a Chinese hat (Figure 2.3.5). In this case, the cut-off frequency of an

OTF is determined as:

Jfo=—m (2.3.6)

which is the reciprocal of the Abbe limit. OTF is substantially the Fourier transform of

PSF. Apparently a wider OTF or a narrowed PSF corresponds to a higher resolution.
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Figure 2.3.5 The optical transfer function of an incoherent diffraction-limited system [17]
Three-dimensional plot (left) and half cross-section profile (right). fy, po: cutoff frequency; p: radial
distance in the frequency plane.

The above description on resolution is on the basis of a diffraction-limited system,
however, the resolution of a practical optical system is still dependent on aberrations
and signal to noise ratio (SNR). We will describe the basic concepts of aberrations in

the next section.

2.4 Aberrations

For a diffraction-limited optical system, the image-forming characteristics are
considered in the paraxial region in which the image is a faithful copy of the object.
However, real lenses have finite apertures and fields of view so that their behaviour
always deviates from the imaging property in the paraxial region, and this deviation is
called aberration. The aberration issues will be extensively discussed in the

investigation on the application of solid immersion lens in fluorescence microscopy in
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the following chapter, so we describe the concepts of them here clearly for future

references.

Aberrations can be measured by the amount by which real rays miss the paraxial image
point. For a monochromatic imaging system, generally speaking, there are five types of
aberrations which are spherical aberration (SA), coma, astigmatism, field curvature and
distortion. When thinking about polychromatic imaging, another aberration called

chromatic aberration (CA) turns up.

Spherical aberration is defined as the variation of focus with aperture. In Figure 2.4.1,
we can see the rays close to the optical axis come to a focus very near the paraxial
focus, while the rays further from the optical axis are brought to a focus away from the
paraxial focus. Coma is defined as the variation of magnification with aperture. In
Figure 2.4.2, we can see when the oblique rays are incident on a lens with coma, the
rays passing through the edge portions of the lens are imaged at a different height than
those passing through the centre portion. Astigmatism appears when the tangential and
sagittal images separate as shown in Figure 2.4.3. When field curvature is present, all
rays will cross at a point along the chief ray which does not lie in the paraxial plane as
shown in Figure 2.4.4. When distortion is present, all rays cross at a point in the

paraxial plane but not at the ideal chief ray pierce as shown in Figure 2.4.5.
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Figure 2.4.1 Illustration of spherical aberration Figure 2.4.2 Illustration of coma [20]
[20] The rays through the outer portions of the lens focus
The rays further from the axis are brought to a focus at a different height than the rays through the centre
nearer the lens. of the lens.
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Optical
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Figure 2.4.4 Illustration of field curvature [21]  Figure 2.4.5 Illustration of distortion [21]

The above is the description of monochromatic aberrations. Since the refractive index of
optical glass is a function of the wavelength, the imaging property of a lens also varies
with different colours. The refractive index of optical glass is higher for shorter
wavelengths, thus the shorter wavelengths is about to be refracted more strongly at lens
surfaces. The difference of the focal points for different wavelengths along the optical

axis is called axial chromatic aberration as shown in Figure 2.4.6. Similarly, the
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difference of the image heights for different wavelengths is called lateral chromatic

aberration as shown in Figure 2.4.7.

LATERAL

WHITE LIGHT RAY RED LIGHT RAY COLOR
BLUE LIGHT RAY RED RAY 1
BLUE FOCUS
REDFOCUS  TRANSVERSE BLUE RAY —
-/ AXIAL lnpgmunc : T
CHROMATIC .
e JP}_/ ABERRATION o
- ..
LONGITUDINAL / IMAGE
AXIAL PLANE
CHROMATIC N
ABERRATION
Figure 2.4.6 Illustration of axial chromatic Figure 2.4.7 Illustration of lateral chromatic
aberration [20] aberration [20]

In a practical optical imaging system, the monochromatic aberrations are usually mixed
with chromatic aberrations, which could result in a severely blurred image. In order to
achieve high-resolution imaging in an optical system, aberrations in the system must be

eliminated or balanced to a negligible level.

2.5 High/super-resolution microscopic techniques

The resolution of a conventional optical microscope is limited to about half of the
imaging wavelength due to the diffraction of the light. However, with the rapid
development in cell biology in recent years, conventional microscopes started to be
inadequate when biologists expanded their research on biological processes at the
cellular and molecular scales. The increasing requirements for higher resolution urge
physicists and engineers to explore new ideas to break the classical resolution limit.
Although the physical principle of the light diffraction intrinsically cannot be broken,

researchers have found some methods to bypass the resolution barrier, and in this way, a
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concept called super-resolution turned up and has been successfully demonstrated in
several research groups all around the world in last decade. Not surprisingly, this
exciting prospect has driven the Nature journal to choose super-resolution microscopy
or nanoscopy as Method of the Year 2008 [22]. In the crowd of high/super-resolution
microscopic techniques, the most prominent ones are stimulated emission depletion
(STED) microscopy, stochastic optical reconstruction microscopy (STORM) and
structured illumination microscopy (SIM). All of these techniques belong to

fluorescence microscopy.

The concept of STED microscopy was first presented by Hell and Wichmann in 1994
theoretically [3], and then was experimentally demonstrated in 1999 [23]. In STED
microscopy (Figure 2.5.1), fluorescent light coming from the periphery of the focused
excitation beam is suppressed by a second laser beam (STED) that depletes the excited
state population through stimulated emission. In this way, the PSF of the microscope
can be effectively narrowed and the resolution can be increased. STED beam is spatially
modulated to be a doughnut shape in which the light intensity is zero in the centre and
there is no stimulated emission. The STED beam should possess a high spatial gradient
to make the non-depleted area as small as possible. Molecules in the region of zero
STED intensity and also in an excited state are left to decay by spontaneous emission.
Fluorescence coming from this region can be confined in an area that could be smaller
than the diffraction limit, which is the basic principle of STED microscopy to achieve
super resolution. STED microscopy inherently is a scanning technique because only one

point is examined at a time, and then the focal point needs to be scanned all over the
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sample for a wide-field image. The speed of STED microscopy can be improved with

multi focal point scanning [2].

Super-resolution microscopy based on single-molecule localisation is enabled by
detecting fluorescent emission from a single fluorophore and then determining the
molecular position. For a single fluorescent dye molecule, its position can be
determined with a precision as high as ~ 1 nm [24]. The localisation-based super-
resolution microscopy technique was independently developed and named as stochastic
optical reconstruction microscopy (STORM) [4], photoactivated localization
microscopy (PALM) [25], and fluorescence photoactivation localization microscopy
(FPALM) [26]. In STORM, the imaging area is filled with many dark fluorophores that
can be photoactivated by a flash of light. Because photoactivation is stochastic, only a
few molecules that are well separated are switched on each time. This process is
repeated many times, and finally a super-resolution image is constructed frame by frame

(Figure 2.5.2).

19



Chapter 2 Review

1 Detector
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spot spot ° depletion
Figure 2.5.1 Schematic of STED microscopy Figure 2.5.2 Concept of STORM [28]
setup [27] (a) Schematic of the structure of interest in a cell
Excitation and STED are accomplished with labelled with photo-switchable fluorophores. (b) An
synchronized laser pulses focused by a lens into the activation cycle: a sparse set of fluorophores is
sample, sketched as green and red beams, activated to the fluorescent state, the position of
respectively. Fluorescence is registered by a each activated fluorophore is determined by centroid
detector. Below, note the panels outlining the fitting. (c) A subsequent activation cycle: a different
corresponding spots at the focal plane: the excitation set of fluorophores is activated and their positions
spot (left) is overlapped with the STED spot are determined as before. (d) After a sufficient
featuring a central naught (centre). Saturated number of fluorophores have been localized over
depletion by the STED beam reduces the region of the course of multiple activation cycles, a super-
excited molecules (right) to the very zero point, resolution image is constructed by plotting the
leaving a fluorescent spot of sub-diffraction measured positions of the fluorophores.

dimensions.

Another promising super-resolution microscopic technique is structured illumination
microscopy (SIM) [29] [5] [6]. When a fluorescent sample is illuminated by a structured
pattern, the excitation pattern mixes with the spatial information in the sample and shifts
high frequency structural information to within the bandwidth of the microscope. SIM
effectively expands the transfer function of the conventional microscope and thereby

reaches a higher resolution. This method increases the resolution by up to a factor of
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two considering excitation wavelength, as the periodicity of the excitation pattern is
itself limited by diffraction. When structured illumination is used at saturating
intensities, excitation patterns with arbitrarily high spatial frequencies may be
generated, extending the resolution of SIM significantly beyond the diffraction limit
[30] [31]. Different from STED microscopy or STORM, SIM is totally a wide-field
method to fulfil super resolution. A single super-resolution SIM image can be
reconstructed by simply capturing several raw wide-field images in a sequence. Among
the super-resolution methods described above, SIM is the fastest one to image a rather
large field of view. Therefore, we are more interested in this technique. Lateral
structured illumination can also be applied to provide optical sectioning that leads to
high axial resolution [32] [33]. However, in this thesis, we just concentrate on the

development in lateral resolution.

Besides these recently developed super-resolution microscopic techniques, another
method capable of obtaining higher resolution than classical resolution limit is confocal
fluorescence microscopy (CFM) that first appeared in the late 1970s [34]. In CFM
(Figure 2.5.3), the excitation light is a laser beam that is focused to a very tiny point.
The emission light is detected through a pinhole located at the image of that point. The
final image is built up point by point by scanning either the sample or the excitation
beam. This illumination and detection in combination with a linear response of the
sample leads to the resulting PSF of the overall system to be the product of the
illumination and detection PSFs. Thus, the lateral resolution is improved over that of a

conventional wide-field microscope by a factor of about 1.4, although this only occurs if
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the pinhole is substantially smaller than the image of the focus point. The increased
sectioning ability of confocal microscopes is rather more important and leads to their

SuccCess.

Detector

Confocal
pinholes

Emission Filter
Laser

— . Dichroic Filter

- Back Focal Plane

Objective

Sample Coverslip

Figure 2.5.3 Schematic of confocal fluorescence microscopy setup

Excitation and emission are depicted by blue and green shadings respectively. A fraction of the
fluorescence emitted by the fluorophores in the specimen is collected by the microscope objective and
imaged onto the detection pinhole in form of a photon detector.

The practical resolution performance of CFM, STED, STORM and SIM nowadays is

listed in Table 2.5.1 for comparison.

Table 2.5.1 Resolution comparisons of high/super-resolution fluorescence microscopy

Type Best (lateral) resolution (nm) References
Confocal fluorescence microscopy | ~180 [15]
(CFM)
Stimulated emission depletion 5.8 (fluorescent tag: nitrogen [35], [36]
(STED) microscopy vacancies in diamond);15-20

(fluorescent tag: dye)

Stochastic optical reconstruction ~20 [4], [37]
microscopy (STORM)
Structured illumination microscopy | ~100 (linear) or ~50 [5], [6],[31],
(SIM) (nonlinear) [38],[39]
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2.6 Structured illumination microscopy

Generally speaking, structured illumination microscopy uses a spatial frequency mixing
approach to overcome the classical Abbe limit that defines the resolution of an optical
microscope. In SIM, the product of the fluorescent sample and the structured
illumination pattern with known spatial frequency is made up of the sum and difference
of the spatial frequencies of the sample and structured pattern. In this way, the high
frequency information from the fine fluorescent sample is carried in the conventional
images from a fluorescence microscope. It is possible to retrieve these high spatial
frequencies belonging to the sample from several conventional images by
mathematically manipulating the frequency shifts in frequency domain. The physical
phenomenon of this frequency mixing can be easily understood in terms of well-known
Moiré¢ effect as shown in Figure 2.6.1. When overlapping two fine patterns (Figure 2.6.1
a, b), a rough pattern called Moiré¢ fringes (Figure 2.6.1 c) appears. If we regard the fine
patterns with unknown and known spatial frequency as the fluorescent sample and
structured illumination pattern respectively, Moiré fringes express the resolvable
product of the sample and structured illumination pattern carried in the conventional

images.
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Figure 2.6.1 Physical phenomenon behind structured illumination microscopy-Moiré effect

In order to retrieve the high frequency information from the sample, the spatial phase of
the structured illumination pattern needs to be altered. The procedure of altering the
spatial phase of the illumination pattern is called phase stepping. The resolution
enhancement in SIM happens in the direction of phase stepping, i.e. the direction
perpendicular to the grid stripes used as structured illumination pattern. The number of
phase alteration steps is dependent on the algorithm used to restore the original sample.
In one dimension, it could be three steps or four steps, from which three or four
conventional raw images are obtained. To fulfil two-dimensional image reconstruction,
the phase stepping needs to be implemented in at least three directions to acquire all the

necessary information in two dimensions.
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The best resolution enhancement performance of SIM is doubled resolution in terms of
excitation wavelength compared with the original conventional microscope, which
happens when the spatial frequency of the structured illumination pattern is approaching
the bandwidth of the conventional microscope defined by the excitation wavelength and
numerical aperture. The spatial frequency of the structured illumination pattern itself is

still limited by the diffraction limit of the conventional microscope.

The concept of using structured illumination to achieve a resolution exceeding the
classical resolution limit was first proposed by Lukosz and Marchand in 1963 [40] and
further explained in 1966 [41]. In 1998, Heintzmann and Cremer presented the idea to
use a diffraction grating to improve the lateral resolution of a microscope [29]. The first
experimental demonstration of SIM was performed by Gustafsson in 2000 [5] [6]. In his
system (Figure 2.6.2), a multi-mode optical fibre delivers scrambled 532 nm laser beam.
The collimated linearly polarised light is directed to a phase grating, which diffracts the
beam into a large number of orders. Only £1 orders are used; all other orders are
blocked. The phase grating is located on a piezoelectric translation stage, which in turn
is mounted on a rotation stage. The +1 order beams are focused so as to form images of
the fibre end face near opposite edges of the rear aperture of the objective lens. The
resulting structured illumination pattern is a set of parallel lines of period 0.23 pm that
is approaching the theoretical resolution limit of the objective. In this system, lateral
resolution exceeding the classical diffraction limit by a factor of two was achieved.
After that, Gustafsson and co-workers continuously develop the SIM. In 2005, they

introduced nonlinear high frequency harmonics into the SIM and accomplished 5.5-fold
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improvement of lateral resolution with saturated structured illumination [31]. In 2008,
they used a grating to generate three mutually coherent light beams which interfere in
the specimen to form an illumination pattern that varies both laterally and axially
(Figure 2.6.3). In this way, they achieved three-dimensional doubled resolution
approaching 100 nm laterally and less than 300 nm axially by structured illumination
[38] and successfully applied 3D SIM in the observation of the nuclear periphery [39].
They also combined SIM with I°'M, a well established high axial resolution microscopic
technique, to form a microscope called I’S to yield 3D imaging resolution in the 100 nm
range (Figure 2.6.4) [42]. The imaging speed of SIM was also improved recently by
applying liquid crystal on silicon spatial light modulator to produce structured
illumination pattern. They demonstrated a high-speed SIM by video imaging of tubulin

and kinesin in living cells [43] [44].
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Figure 2.6.2 Schematic of the structured illumination system [6]

(a) Multi-mode optical fibre from light source, (b)collimation lens, (c) linear polarizer, (d) phase grating,
(e) beam block for order selection, (f) CCD camera, (g)dichroic mirror, (h) back focal plane aperture of
objective, (i) objective lens, (j) sample.
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CCD

Objective
lens

Sample

Figure 2.6.3 Simplified diagram of the 3D
structured illumination apparatus (a) and the
intensity pattern with both lateral and axial
structure (b) [38]

In (a), laser light from a multimode fiber is
collimated onto a linear phase grating.
Diffraction orders —1, 0 and +1 are refocused
into the back focal plane of an objective lens.
The beams, recollimated by the objective lens,
intersect at the focal plane in the sample, where
they generate an intensity pattern with both
lateral and axial structure (b). Emission light
from the sample is observed by a CCD camera
via a dichroic mirror (DM).

Movable
Objective

Fixed
Objective

Dichrcic
mirror

Multi-mode fiber
Figure 2.6.4 Schematic drawing of I°S
microscope [42]

The illumination light passes firstly through a
transmission grating, which diffracts it into
three beams (green lines), and then through a
beam splitter, which splits each beam and
directs three beams to each of the two opposing
objective lenses. The same beam splitter
combines the two beams of emission light (red)
from the sample onto the camera. The movable
objective lens can be positioned in X, Y, and Z
with respect to the stationary objective lens.
Mirrors M3 and M4 can be translated together
to adjust the path-length difference. The grating
can be rotated and laterally translated to control
the orientation and phase of the illumination
pattern.

SIM is also developed in other research groups under different names, such as harmonic

excitation light microscopy (HELM) [45-47], standing-wave total-internal-reflection

fluorescence microscopy (SWTIRF) [48-51], laterally modulated excitation microscopy

or patterned excitation microscopy [29] [30] [52] [53].

SIM is not only capable of operating in far-field fluorescence microscopy, but also

capable of working in near-field fluorescence microscopy by contacting the physical
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device used to generate structured illumination to the sample. The benefit of near-field
SIM is a greater degree of resolution enhancement than the far-field cases can be
achieved because the periodicity of the near-field device is not limited by the diffraction
through the illuminating optics. Sentenac et al. proposed to illuminate the fluorescent
sample by a sub-diffraction light grid generated by a periodically nano-structured
substrate [54], as shown in Figure 2.6.5. The periodic substrate, i.e. the near-field
grating, generates a high-frequency light grid that changes when the azimuthal incident
angle of the illumination beam is varied. The sample is illuminated with different angles
of incidence, and an appropriate reconstruction scheme is used to restore the distribution
of fluorescence density from a series of images recorded by the microscope. The
resolution performance in this technique is limited by the period of the near-field
grating. The optimisation process of the grating was also discussed in the authors’

another paper [55].

(a) (b)

J L 3
"} \L'N\ti\ z

F T

objective grating substrate

Figure 2.6.5 Schematic of the periodically nano-structured substrate for high-resolution imaging
[54]

(a) The fluorescent sample is deposited on a grating that is illuminated by a plane wave in total internal
reflection configuration. The fluorescence is collected through the same objective. A total of 24 images
are recorded by successively illuminating the sample under different incident angles. (b) Three-
dimensional diagram of the grating substrate.
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Another technique developed by the researchers in the Applied Optics Group at the
University of Nottingham makes the grating contact to the sample as well [56]. It
employs an array of elongated nano-particles as a physical grating placed close to the
sample. The localised surface plasmon resonance of the array is dependent on the
illumination polarisation. By arranging the particle orientation to vary with position the
grating can be moved by changing the input polarisation, then the spatial phase can be
changed. Moreover, the near-field grating is combined with a conventional diffraction
grating, as shown in Figure 2.6.6, to perform an even larger resolution enhancement.
This double-grating structured-illumination microscope (DGSIM) can potentially

extend the bandwidth of the conventional microscope by a factor of 5.

Fluorescent

Grating A Beam splitter beads
HeN Mask _
eNe i
F, A1 P— 1
o 1
L : L.
A2 plate ; -
Long-pass
Ls filter
CCD camera
Grating B

Figure 2.6.6 Schematic of the DGSIM setup [56]
Grating A: conventional diffraction grating; Grating B: near-field grating that is an array of elongated
nano-particles; inset: micrograph of the near-field grating, period = pum.

SIM is one of the most prominent super-resolution microscopic techniques nowadays,
therefore a lot of technical details of it have been investigated, such as the methods and
apparatus to generate structured illumination [57-59] [54] [60] [55] [61] [56]; the effects

of inhomogeneous fields in SIM [62] and the way to tackle it [63]; image reconstruction
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and artefact analysis in SIM [64-66]. SIM is also combined with other optical
techniques for certain imaging function, which leads to structured illumination confocal
scanning microscopy (SICSM) [67], endomicroscopy with structured illumination [68],

nanoprofilometry using structured illumination [69].

2.7 Solid immersion microscopy

Different from the ideas to bypass the classical resolution limit as SIM, the other way to
improve the resolution of an optical microscope is to physically enlarge the NA. A well-
developed technique based on this idea is liquid immersion objective. By filling the gap
between the sample and the objective with liquid, the system NA can be increased
thanks to the higher refractive index of the liquid medium compared to that of the air.
The liquid immersion idea was first proposed in as early as the 17th century by Robert
Hooke [7]. In 1840, an Italian scientist Giovanni Battista Amici invented the first oil
immersion objective [7]. Amici is also considered to be the inventor of the water
immersion objective [70]. Around the middle to late 20th century, many optical
companies like Edmund and Carl Zeiss started to produce liquid immersion objectives.
In modern optical microscopes, liquid immersion objectives have been widely used to
obtain high NA and resolution. Currently, the highest NA achieved by an oil immersion
objective is 1.65 [71] from the optics company Olympus. The idea to use high refractive
index medium certainly can be extended from liquid to solid materials, as shown in

Figure 2.7.1. Generally speaking, solid materials have higher refractive indices than
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those of liquids, which means a higher NA and resolution could be achieved by using

solid immersion medium.

Conventional Liquid immersion Solid immersion
microscope microscope microscope

Medium: solid
n>1.5

Medium: air
n=1

Medium: liquid
n=1.33 (water)/
1.52 (oil)

Sample Sample Sample

Figure 2.7.1 The development of immersion medium in optical microscopy

(a) conventional microscope, immersion medium: air; (b) liquid immersion microscope, immersion
medium: liquid (usually water or immersion oil); (¢) solid immersion microscope, immersion medium:
solid material.

A lens made of a solid material that is used to improve the NA of an optical microscope
is known as solid immersion lens (SIL) [7]. In a traditional view, there are two types of
SILs according to their outer shapes, which are hemisphere SIL (HSIL) and aplanatic
SIL (ASIL) [72]. When combining a SIL with conventional optical microscopy, a new
microscopic technique called solid immersion microscopy is formed. The combinations
of two types of SILs with a conventional objective, named as SIL-objective, are shown
in Figure 2.7.2. For an HSIL-objective, the effective NA is increased by a factor of n,
here n is the refractive index of the HSIL material, compared to the NA of the
conventional objective lens applied here, according to the definition of numerical
aperture. For an ASIL-objective, the effective NA is increased by a factor of n’, because

not only the wavelength in the ASIL is reduced by a factor of n due to the high
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refractive index of the ASIL material, but also the beam from the sample is refracted at

the curved surface of the ASIL.

objective

objective

specimen

Figure 2.7.2 SIL-objective configuration by employing a hemisphere SIL (left) and an aplanatic SIL
(right) [7]

The first solid immersion microscopy was reported by Mansfield and Kino in 1990 [73,
74]. In their configuration (Figure 2.7.3) they employed an HSIL, made of glass with
refractive index of 1.92 at 436 nm, with a 100%, 0.8 NA objective lens. By scanning the
sample, they demonstrated the resolution improvement by a factor of two over a
confocal microscope according to the edge response of 100 nm lines. From then on,
many scanning microscopes based on HSILs were developed [75-79]. In 1994, Terris et
al. applied an ASIL in a microscope (Figure 2.7.4) to fulfil near-field optical data
storage [72]. Their ASIL was made of high index glass LaSFNO (n7sp,» = 1.83) and
worked under the wavelength 780 nm with a 0.6 NA objective, accordingly they
achieved a 317 nm spot size. In 1997, Stotz and Freeman reported an ASIL-based high-
resolution scanning microscope (Figure 2.7.5) [76]. They applied an ASIL, made of
glass LASF9 with refractive index of 1.887 at 441.6 nm, with a 0.55 NA objective to
achieve a resolution of A/2.2. Scanning microscopes employing ASILs were also

investigated in other forms [80-85]. Also in 1997, Sasaki et al. applied an ASIL in
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wide-field photoluminescence (PL) microscopy to image patterned GaAs quantum wells
[9]. With the help of a 750 pum diameter ASIL made of TaF-3 glass (75s7.6nm = 1.8) and a
0.55 NA objective, an effective NA of 1.25 was realised. After that, the application of
ASILs in wide-field PL microscopy continued in Sasaki’s research group [10] [11]. The
application of HSILs in a non-scanning wide-field fluorescence microscope (Figure
2.7.6) was developed by Wu et al. in 1999 [86] [87]. They realised a NA of 2 by
employing a gallium phosphide (n = 3.42 at wavelength 560 nm) HSIL with a 0.8 NA
objective. Zhang et al. theoretically and experimentally studied the performance of an
ASIL in a non-fluorescence wide-field microscope (Figure 2.7.7) during her PhD study
finished in 2006 [7] [8], and they proved solid immersion microscopy employing an
ASIL performs much better than the system employing an HSIL in terms of both the
spatial resolution and the valid field of view (FOV). At around the same time, Ippolito
et al. compared the performances of HSILs and ASILSs theoretically [88] [89] and
obtained similar results as those of Zhang. Therefore, it is promising to apply an ASIL
in fluorescence microscopy in order to achieve wide-field high-resolution imaging. As
far as we know, wide-field high-resolution fluorescence imaging in an optical
microscope applying an ASIL has not been reported, although the improved
fluorescence collection efficiency in a microscope with the help of an ASIL was studied

by Yoshita et al. [90] and Zwiller et al. [91] independently in 2002.
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Figure 2.7.3 Schematic of the scanning microscopy employing an HSIL and the mounting
apparatus for the HSIL (inset) [73]
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Figure 2.7.4 Schematic of the optical storage Figure 2.7.5 Schematic of the scanning
setup employing an ASIL [72] microscopy employing an ASIL and the

mounting apparatus for the ASIL (inset) [76]
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period grating obtained with and without the
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Some new types of SILs are recently developed in order to tackle the aberrations
inherently associated with HSILs or ASILs, such as diffractive SIL [92-94] (see more in
Subsection 3.2.1 and 3.5.3), or to balance the aberrations from fabrication errors, such
as optimum SIL [95] and replicated SIL [96]. Choi et al. designed the optimum SIL
(Opti-SIL) which has large thickness error tolerance [95]. This design is based on the
stable point of the spherical aberration curve rather than the aberration-free points. The
spherical aberration induced by non-aplanatic configuration of Opti-SILs is
compensated by the aberration from customer-designed objectives (Figure 2.7.8). Opti-

SILs have the favourable amount of tolerance towards the thickness error that can meet
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the manufacturing requirement while maintaining a high NA. Yoon et al. presented the
idea to add an aspherical replicated lens to an ASIL, which is called replicated SIL
(Figure 2.7.9), in order to obtain a large SIL thickness tolerance for easy fabrication and
high NA [96]. Due to the aspherical surface of the replicated lens, the refractive angles
of propagating lights can be increased and the sensitivity to spherical aberration with

respect to the SIL thickness error can be reduced.

customer-designed objective Opti-SIL

Figure 2.7.8 Configuration of Opti-SIL and Figure 2.7.9 Configuration of the replicated SIL

customer-designed objective [95] and objective [96]

The spherical aberration induced by Opti-SILs is ~ The sensitivity to spherical aberration with respect to
compensated by the aberration from customer- the SIL thickness error can be reduced by using the
designed objectives. aspherical surface of the replicated lens.

Throughout the development of SIL technique, a lot of important issues have been
investigated, such as the resolution of SIL systems [97] [98]; the aberrations and their
allowances [67, 99-108]; optical tunnelling effect in SILs [109]; roles of propagating
and evanescent waves in SILs [110-113]; roles of polarisation, phase and amplitude in
SILs [114]; light collection efficiency in SIL fluorescence microscopy [115] [90] [91]

and non-fluorescence microscopy [116].
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SIL technique is also combined with other techniques for certain application purposes,
such as the combination of an ASIL and laser tweezers for microfluidic systems [117]
[118]; SILs with induced polarisation evanescent imaging for Si wafer inspection[119]
[120]; laser induced fault localisation technique with SILs [121]; Raman spectroscopy
with SILs [122]; two-photon techniques with SILs [123] [124]; fluorescence correlation
spectroscopy with SILs [125] [126] ; transient optical elements with SILs [127]; SILs in
imaging system based on negative refraction photonic crystals [128]; SIL system with a
multiphase Fresnel zone plate [129]; the combination of SIL with tip-enhanced optical

fields [130] and surface plasmon microscopy with SILs [131] [132].

2.8 Combinatorial microscopy

The field of microscopy has entered a new frontier in cell biology in which greater
spatial resolution is required. To pursue higher resolution in optical microscopy, one
development route is to explore new ideas to bypass the physical resolution limit, just
like the newly emerged super-resolution microscopic techniques; meanwhile, the other
way is to make the most of the established high-resolution techniques and seek a
possible way to combine them for a higher resolution than that can be obtained in any
individual techniques. A typical case that proves the latter point is the successful
combination of solid immersion microscopy and surface plasmon microscopy which

was developed in our research group.

37



Chapter 2 Review

Surface plasmons (SP) are electromagnetic surface waves confined to the region
between two dielectrics and a conductor. SP are especially sensitive to the properties of
any material or discontinuities at or close to the interface between the conductor and one
of the dielectrics. Zhang et al. developed a wide-field surface plasmon microscope
which employs a solid immersion lens (Figure 2.8.1) to produce images of very thin
protein structures deposited on a metal surface; resolution of approximately 1 um has
been achieved [7] [131]. The advantage of using SILs in SP microscopy rests with the
very high NA obtained with the help of SILs. In the SP microscope, this gives better
contrast due to the ability to generate surface waves that would be difficult to excite

with conventional objective lenses.

Ray from objective Gold layer (~50nm)

Inset

SLM

| ................ .

BFPI

BFP2  SIL

TS Objective

BFP3 i

[ P . ok
(back focal plane) '

IM2 o)

Figure 2.8.1 Schematic diagram of wide-field surface plasmon microscopy applying a solid
immersion lens [131]
Inset: ray path in aplanatic SIL used for exciting surface plasmons.

Solid immersion microscopy provides a large NA that cannot be obtained in

conventional microscopes, thus it is promising to apply solid immersion microscopy as
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a platform to support any microscopic techniques that need a large NA. In our research,
we intend to combine structured illumination microscopy with solid immersion
microscopy in order to develop hybrid fluorescence microscopy to pursue high lateral

resolution.

2.9 Conclusions

In this chapter, we summarised a wide range of background concepts and techniques
connected with high-resolution optical microscopy, especially fluorescence microscopy,

in order to help promote a better understanding of the research undertaken in this thesis.

Lateral resolution is one of the most important parameters in optical microscopy,
however, the classical resolution limit, rooted in the diffraction phenomenon of optical
wave, dictates a barrier on the resolution that can be achieved by an optical microscope.
Modern biology stands in need of cellular and even macromolecular scale resolution in
order to produce fundamental insights into the inner workings of cells. Fortunately,
advances in fluorescent probes pave the road to push the resolution barrier. The rapid
development of super-resolution techniques in the last decade makes the resolution that
was previously impossible possible. Structured illumination microscopy, as one of the
promising super-resolution techniques, is non-scanning wide-field fluorescence
microscopy capable of imaging large field of view with rather high speed. Meanwhile,

solid immersion lens is able to physically expand the numerical aperture of optical
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microscopy. The combination of them has great potential to achieve high lateral

resolution beyond that the best conventional microscope can realise.

The application of aplanatic solid immersion lens in wide-field non-fluorescence
microscopy has been investigated recently in our research group; however, how to make
ASILs work in wide-field fluorescence microscopy is still a question. Structured
illumination microscopy is a developing technique, there was no related research
embarked upon in our research group. Therefore, in our research, we will firstly
investigate solid immersion fluorescence microscopy employing an aplanatic solid
immersion lens, and then examine structured illumination microscopy, at last explore

the combination of them.
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Chapter 3 Solid Immersion

Fluorescence Microscopy (SIF)

3.1 Introduction

3.1.1 Overview

Solid immersion fluorescence microscopy (SIF) refers to a fluorescence microscopic
technique employing a solid immersion lens (SIL) to increase the numerical aperture
(NA) and spatial resolution. The appropriate combination of a conventional objective
lens and a SIL can achieve a higher effective NA (NA.x) than the NA of the
conventional objective lens. The first microscope employing a SIL was a scanning
system working in non-fluorescence condition [73]. Afterwards, researchers developed
a non-scanning wide-field fluorescence microscope employing a SIL [86] [87]. These
two types of solid immersion microscopes both applied a hemisphere solid immersion
lens (HSIL). Recently, researchers established a wide-field microscope employing an
aplanatic solid immersion lens (ASIL) operating in non-fluorescence condition [7] [8].
This solid immersion microscope performed much better than previous ones employing

HSILs in terms of both the spatial resolution and the valid field of view (FOV). In our
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research, following the previous steps, we intend to develop a wide-field high-resolution

fluorescence microscope employing an ASIL.

In this chapter, firstly we give a systematic introduction to the SILs. Secondly we
present a comprehensive description of the experimental realisation of the SIF
employing an ASIL. Thirdly we describe the high resolution results from our SIF
system. Fourthly we discuss the aberration issues in the application of the SIF
employing an ASIL. Finally, the near-field imaging property of the SIF is analysed from

different viewpoints, and the experimental verification results are presented as well.

3.1.2 Sign conventions

In this chapter, the optical properties of SILs are mainly analysed using geometrical
optics, and all this analysis follows a specific sign convention in order to make the

description clear. Figure 3.1.1 serves as a guide and reminder of these conventions.
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Figure 3.1.1 Depiction of the sign conventions
The signs of distances and angles in different directions are indicated here, serving as a guide of our
geometrical optics analysis.

In this figure, the single refractive surface BP is the interface of two different media
with the refractive index n and n' respectively. O is the centre of curvature; PO is the
radius of curvature denoted as 7, and its reciprocal, i.e. the curvature, is denoted as c.
The optical axis A4’ intersects with the spherical surface at the vertex P. Our sign

conventions are defined as follows:

(1) Longitudinal direction: The distance, measured from the vertex of the refractive
spherical surface to the meeting point of the ray and the optical axis, is positive when its
direction coincides with the direction of the propagation of the ray; negative if they are
opposite. Similarly, the distance, measured from the vertex of the refractive spherical
surface to the centre of curvature, is positive when its direction coincides with the
direction of the propagation of the ray; negative if they are opposite. The direction of

the propagation of the ray is permanently defined as from left to right.
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(2) Lateral direction: The distance, measured from the optical axis, is positive when it is

above the optical axis; negative when it is below the optical axis.

(3) The angles between the ray and the optical axis: The angle from the optical axis to

the ray is positive when it is clockwise; negative when it is counter-clockwise.

(4) The angles between the ray and the normal: The angle from the ray to the normal is

positive when it is clockwise; negative when it is counter-clockwise.

(5) The angles between the optical axis and the normal: The angle from the optical axis

to the normal is positive when it is clockwise; negative when it is counter-clockwise.

Furthermore, the distance between different refractive spherical surfaces is denoted as d,
and the distance, measured from the front refractive spherical surface to the rear
refractive spherical surface, is positive when its direction coincides with the direction of
the propagation of the ray; negative when they are opposite. In the optical system

entirely made up of refractive elements, the d is always positive.

3.2 Solid immersion lens (SIL)

3.2.1 Configurations

Generally speaking, there are two types of SILs according to their outer shapes, which
are hemisphere SIL (HSIL) and aplanatic SIL (ASIL) [72]. The HSIL, as the name

suggests, is a half ball shape lens as shown in Figure 3.2.1. The thickness ¢ of the HSIL
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is equivalent to its radius 7. Different from the HSIL, the ASIL is a truncated ball lens
whose thickness is larger than its radius as shown in Figure 3.2.2. The thickness ¢ of an
ASIL is determined by its radius » and the refractive index n, which is equivalent to
r+r/n. These two types of SILs both belong to the traditional spherical optical lenses

that work on the basis of the refractions.

‘ d=r | d=r+r/n
Fig.ur. e3.2.1 .Configuration of a hemisphere Figure 3.2.2 Configuration of an aplanatic
solid immersion lens (HSIL) solid immersion lens (ASIL)
Here n is the refractive index of the ASIL
material.

In recent years, a new type of SILs operating primarily by diffraction, with the name of
diffractive solid immersion lens (DSIL), has emerged [92] [94]. The DSILs work in the
manner of a Fresnel zone plate as shown in Figure 3.2.3. This binary phase element is
fabricated by direct electron-beam (e-beam) writing and subsequent reactive ion
etching. DSILs have the potential to reduce the chromatic aberration induced by highly
dispersive SIL materials (see Subsection 3.5.3), but their non-spherical configuration
makes the fabrication much more difficult than that of HSILs or ASILs. Considering the
same theoretical resolution achievable using DSILs and ASILs, which is determined by

the refractive indices of the SIL materials (see Subsection 3.2.2), we can optimise the
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application of ASILs with regard to chromatic aberration for high-resolution imaging.

Therefore it is not necessary to fabricate and use DSILs in our research at this stage.

Figure 3.2.3 Configuration of a diffractive solid immersion lens (DSIL).
(a) cross-section profile; (b) top view.

3.2.2 Two characteristics: Aberration-free imaging and NA
enhancement

SILs are very unusual lenses. One special feature is their aberration-free imaging
capability thanks to their particular configurations. Here, aberration-free imaging is
strictly defined as monochromatic imaging without spherical aberration and other axial

aberrations. Chromatic aberrations in SILs will be discussed later in this chapter.
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Figure 3.2.4 Three conjugate pairs free from spherical aberration with a single refractive spherical
surface

For a single refractive spherical surface (Figure 3.2.4), there are three conjugate pairs
that are free from spherical aberration (See Appendix I). They are summarised as

follows:

(1) The first group is the object point S/ and its virtual image point S/’ which both lie

on the vertex of the spherical surface.

(2) The second group is the object point S2 and its virtual image point S2’ which both lie

on the centre of curvature of the spherical surface.

(3) The third group is the object point S3, which lies on the concave side of the

spherical surface at the distance of

n+n

L=r (3.2.1)

n
from the vertex of the surface, here n and n' are the refractive indices on the left and

right of the spherical surface respectively, and the conjugate image point S3' lying on

the same side at the distance of
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I n'+n
=r

(3.2.2)

from the vertex of the surface. This conjugate pair is called aplanatic points. The

situations that satisfy these two equations are called aplanatic conditions [16].

For an HSIL, its configuration satisfies the second condition as described above, which
means the imaging from the centre of the flat surface of the HSIL does not suffer any
spherical aberration. At this point, the HSIL has the capability of fulfilling aberration-

free imaging.

For an ASIL, its configuration satisfies the third condition as Equation (3.2.1) shown,
which means the imaging from the centre of the flat surface of the ASIL does not suffer
any spherical aberration. At this point, when system operates with single wavelength,

the ASIL has the capability to fulfil aberration-free imaging.

So far, the conclusion is, for both HSILs and ASILs, the aberration-free imaging area of
a SIL is limited to the central point on the flat surface. This limitation means the
aberration-free field of view is very limited. Fortunately, according to the following
analysis, it turns out the ASIL has much wider area available with acceptable tolerance

of aberrations.
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Figure 3.2.5 Ray propagation model of an ASIL
Here, r is the radius of the ASIL, # is its refractive index, n’ is the refractive index of the medium (usually
air) outside the ASIL, d is the thickness of the ASIL.

A ray propagation model of an ASIL is shown in Figure 3.2.5. The object situated at the
point 4 conjugates to its virtual image situated at the point 4" According to the
trigonometric relations, we know:

U+I1=U"+TI (3.2.3)
It is also known, for the aplanatic points, there is (See Appendix I):

I'=U (3.2.4)
Then

1=U' (3.2.5)

In this way, it can be concluded that:

sin/ =sinU’ (3.2.6)
sin/'=sinU (3.2.7)

Dividing the second by the first, we obtain:
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sin/ sinU’

= 3.2.8
sin/"  sinU ( )
According to the Snell’s law, there is:
nsinl =n'sin I’ (3.2.9)

here n is the refractive index of the ASIL material, n' is the refractive index of the

medium (usually air) between the ASIL and the objective lens.

From the above two equations, we know:

!

sin/ _sinU'" n

. = =— (3.2.10)
sin/" sinU n
This means:
51.n v_nm_ k (constant ratio) (3.2.11)
simU n

According to equation (3.2.11), we can draw a very important conclusion: the classic
Abbe sine condition [16] is fulfilled in ASILs. This means the sines of the angles of
convergence before and after refraction are in a constant ratio, in other words, the lateral
magnification is independent of which annular zone in the lens that rays pass through.
This leads to a well-defined image not only for the point on the optical axis, but also for

the surrounding area without coma.

Besides the aberration-free imaging capability of the SILs, another attractive
characteristic of them is the NA of a microscope can be increased by combining the
SILs with a conventional objective lens, and in this way, the spatial resolution can be

increased.
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Objective

Figure 3.2.6 Ray propagation model of the combination of an HSIL and a conventional objective
lens

Here, r is the radius of the HSIL, 7 is its refractive index, f'is the focal length of the conventional
objective lens.

Let us investigate the combination of an HSIL and a conventional objective lens first
(Figure 3.2.6). The HSIL is placed on the left side of the conventional objective lens.
The medium between the HSIL and the objective lens is usually air with the refractive
index of 1. Here, if the NA of the conventional objective lens is denoted as NA, we

know for the conventional objective lens, there is:

NA=sinU (3.2.12)
If the refractive index of the HSIL is n, we define the effective NA of the combination
of the SIL and the conventional objective lens as NA.s, from Figure 3.2.6, it is clear

that:

NA,, =nsinU =nNA (3.2.13)

Then we know the NA can be increased n times when applying the combination of an

HSIL and a conventional objective lens.
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Objective

-r

d=r+r/n

S

Figure 3.2.7 Ray propagation model of the combination of an ASIL and a conventional objective
lens

Here, r is the radius of the ASIL, # is its refractive index, n' is the refractive index of the medium (usually
air) between the ASIL and the conventional objective lens, f'is the focal length of the conventional
objective lens.

The ray propagation model of the combination of an ASIL and a conventional objective
lens is shown in Figure 3.2.7. The ASIL is placed on the left side of the conventional
objective lens. When using an infinite conjugate objective lens, the aplanatic point in
the image space of the ASIL overlaps the front focal point of the conventional objective
lens. The medium between the ASIL and the objective lens usually is air with the

refractive index of 1. From Equation (3.2.11) we know:

sinU ==sinU’ = nsinU’ (3.2.14)
n

Then there is:
NA,, =nsinU =n-nsinU' =n’sinU’ (3.2.15)
Because the NA of the conventional objective lens is:

NA=sinU’ (3.2.16)
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We can conclude

NA,, =n*NA (3.2.17)

Therefore, the NA can be increased n” times when applying the combination of an ASIL

and a conventional objective lens.

It is necessary to note that the NA.g, regardless of the SIL configuration, is subject to a
maximum value of the refractive index n of the SIL material, which is self-evident from

the definition of numerical aperture. This maximum limit can be expressed as:

NA

g =N (3.2.18)

By comparing the HSILs and ASILs (Table 3.2.1), it is very clear the ASILs have more
advantages than the HSILs considering both the valid aberration-free area and NAg.
For this reason, we decide to employ an ASIL to fulfil our wide-field high-resolution

solid immersion fluorescence microscopy (SIF).

Table 3.2.1 Comparisons of different types of the SILs

SIL type | Valid aberration-free area Effective NA

HSIL Limited to the centre of the | nNA, subject to the maximum value of n
flat surface

ASIL Extended to the surrounding | n”NA, subject to the maximum value of n
area of the centre of the flat
surface

Here, we also intend to discuss the selection of the conventional objective lens to match

the ASIL. According to Equation (3.2.18), we know the maximum NA 1s limited to
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the ASIL’s refractive index n. In this situation, the NA of the conventional objective

lens from Equation (3.2.17) is:
NA=— _ = _— (3.2.19)
In order to achieve a maximum NA.¢, we need a NA of at least l for the conventional

n

objective lens.

3.2.3 ASIL material, design and manufacture

Our motivation to apply the ASIL in fluorescence microscopy is to pursue high NAy
and corresponding high lateral resolution. According to Equation (3.2.17), the NA is
dependent on the refractive index of the ASIL material when the conventional objective
lens is pre-determined. Even considering the maximum limit of the NA.s as expressed
in Equation (3.2.18), the refractive index still plays the key role in increasing the system
NA.s Therefore it is beneficial to select the ASIL material with a rather high refractive

index.

The solid materials used to manufacture refractive optical components can be glasses,
crystalline materials (insulators and semiconductors) and polymeric materials. Among
these, the optical glasses are mostly used due to their high transmittance in visible
spectral region as well as stable mechanical and thermal properties. Optical glasses are
characterised and designated by their refractive index and dispersion. The most common

measure is the refractive index at the wavelength of the He d line (587.6 nm) or the Na
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D line (589.3 nm). The difference in the refractive index at the hydrogen F (486.1 nm)

and C (656.3 nm) lines, i.e.n, —n., is called the average or principal dispersion [133].
The ratio (n. —n.)/(n,—1) is called the relative dispersion; the reciprocal of this

quantity is the Abbe numberv,, i.e.,

v,=(n,-1)/(n, —n,) (3.2.20)

There are more than 200 types of optical glasses in market. For our needs, the highest

refractive index glass readily available is S-LAH79 from Ohara which has n,= 2.0033
and v, = 28.3. The full technical information of this type of glass can be found in

Appendix II.

The selection of the ASIL size needs an extensive discussion because it has broad
implications with many aberration issues, which will be discussed in detail in Section
3.5. Considering the fluorescence spectral width and feasible field of view (FOV) we

need, we choose 5 mm as the diameter of the ASILs.

In Subsection 3.2.1, we have pointed out the thickness of an ASIL as determined by the

radius » and refractive index n:

d=r+r/n (3.2.21)

In a fluorescence microscope, due to the fluorescence Stokes shift [14] of the

fluorophores, the fluorescence wavelength is different from the illumination
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wavelength. However, in an epi-fluorescence microscope, the objective is shared by the
illumination path and the florescence imaging path. In this way, the size of the ASIL
needs to be designed to be compatible for both of these wavelengths. Practically, we
choose the median value between the theoretical sizes corresponding to the excitation
and emission wavelengths as the designed thickness. In our experiments, the excitation
wavelength is 632.8 nm, and the emission is centred at 670 nm. According to the data
sheet of optical glass S-LAH79 (Appendix II), the refractive indices under these two
wavelengths are 1.99613 and 1.99135. According to Equation 3.2.21, the thicknesses
should be 3.752 mm and 3.755 mm. Considering manufacturing precision, the designed
thickness of our AILs is 3.754+0.005 mm. The thickness deviation from the ideal value
could lead to the appearance of spherical aberration, however practically most of the
aberration can be balanced by defocusing from the paraxial focus. This point is
discussed in Subsection 3.5.5. The S-LAH79 ball lenses with diameter of 5 mm were
purchased, and then they were sent to an optics workshop to grind and polish to our

desired thickness. A photograph of our ASIL is shown in Figure 3.2.8.

Position (mm)

Position (mm)

Figure 3.2.8 Photograph of an ASIL
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3.2.4 ASIL-objective specification

The most important optical parameters, such as focal length and magnification, of
ASILs and the combination of an ASIL and a conventional objective lens, so-called
ASIL-objective, are derived in Appendix III. In conclusion, the focal length of an ASIL

is:

f'= (3.2.22)
where 7 is the radius of the ASIL, 7 is the refractive index.

The magnification of an ASIL is:

m=n’ (3.2.23)

The focal length of an ASIL-objective is:

fl= Lg (3.2.24)
n

where f' s the focal length of the conventional objective lens.

The magnification of an ASIL-objective is:

m=n’m, (3.2.25)

where m is the magnification of the conventional objective lens.

To match our ASIL, the conventional objective lens should at least have the NA of:

NA:le.S
n
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We use a conventional objective lens with 0.55 NA to combine with our ASIL. The
specification of this conventional objective lens is shown in Table 3.2.2. We use a long
working distance objective lens here to ensure that there is enough space to

accommodate the ASIL.

Table 3.2.2 Specification of Mitutoyo infinity-corrected long working distance objective lens

Magnification 50x%
Numerical Aperture (NA) 0.55
Working Distance, WD 13.0mm
Focal Length 4mm
Resolving Power(A=550nm) 0.5um

According to the above conclusions, we can work out some important optical
parameters of our ASIL-objective. From Equation (3.2.17), we know the NA.s of our

ASIL-objective goes to:

NAE/f =n’NA=22>n

So we need to apply Equation (3.2.18) and then the NA is:

The focal length of our ASIL-objective, which we call effective focal length, is:

f
=2 =1mm
feff n?
The theoretical resolution at wavelength A= 670nm defined by Rayleigh criteria is:

R= m =204nm
NA
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We list these parameters in Table 3.2.3.

Table 3.2.3 Major parameters of our ASIL-Objective

Numerical Aperture (NA) 2
Focal Length Imm
Resolving Power (A=670nm) 0.2um

The distance between the ASIL and the objective lens and other related geometrical

parameters are shown in Figure 3.2.9.

ASIL A Objective

Aplanatic point

in image space

4 Aplanatic point 4 0

in object space
T~ 5mm
> Y
3.75mm
7.5mm d=5.5mm
WD=13mm

Figure 3.2.9 Geometrical parameters of our ASIL-objective
Here WD is the working distance of Mitutoyo objective, 4 is the object position, 4’ is its image position.

3.2.5 Discussion

Optical glasses are not the only possible materials to make SILs, semiconductor
materials usually have higher refractive indices than optical glasses. Other researchers
have successfully applied gallium phosphide (GaP), which has a refractive index of

3.420 at 560 nm, to fabricate HSILs to fulfil high-resolution fluorescence microscopes
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[86] [87]. However, GaP has very low internal transmittance (up to 20% over Imm
thickness) in visible spectrum range (Figure 3.2.10), while S-LAH79 has higher than
80% internal transmittance over 10 mm thickness in the same spectrum range (See
Appendix II). So, if the SIL is designed to work in the visible spectrum range,
especially under the condition of weak emission detection, high-index optical glasses
like S-LAH79 are still the better choices.

Wave number v [cm™]

10,000 2000 1000 500 400 350 300 250
1m T IIIIII-IIIIIlli"IlillulllllII‘II II II l 4 T

8 283 8 8
2656 um _.-

A.T[%]

0 PR TP S I (OO UM . SERNE SITHE TN TR I W TR M TR |
01 02 03 05 1 2 3 5 0 20 24 28 32 a6 40

Wavelength A [um]

Figure 3.2.10 Internal transmittance and reflectance spectra of GaP
Transmittance: T1 at 1 mm, T2 at 0.386 mm, T3 at 0.18 mm; Reflectance: R1, R2 at normal

incidence.[133]

3.3 SIF instrumentation

3.3.1 System design

The epi-illumination method gives a stronger signal to background ratio than the
transmission configuration, since most of the excitation light is transmitted through the

specimen, only a small amount of reflected excitation light reflects back to the objective
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lens together with the emission light. For this reason, we decide to implement epi-
fluorescence microscope configuration to set up our SIF system. We also adopt Kohler

illumination in order to obtain an even excitation around the specimen.

Besides necessary illumination and imaging paths, we also set up a back focal plane
(BFP) imaging path for the purpose of estimating the NA of our SIF system. For an
aplanatic objective lens, there exists a linear relationship between the radius » (or

diameter d) of the BFP and its NA [134]:

r=f-NA (3.3.1)
or

d=2f-NA (3.3.2)
Here, f is the focal length of the objective lens. From these equations, we know the
angular distribution of the emission of a fluorescent specimen can be converted into an
intensity distribution over the BFP. Because the collection angle of the emission is
limited by the NA of the objective lens, it is possible to estimate the NA by measuring
the size of the BFP. Moreover, we also set an adjustable aperture on the conjugate plane
of the BFP of the ASIL-objective in order to control the NA accordingly. It is worth
noting that Equations (3.3.1) and (3.3.2) are based on paraxial approximation, which
means, for a high NA system, the NA is over-estimated slightly when evaluating it from

the measured size of a BFP image.

The above considerations lead to a SIF system design as shown in Figure 3.3.1. The

laser beam is expanded by a lens relay, and then reflected by the dichroic filter into the
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ASIL-objective. This illumination excites samples in a collimated form, as the sharp red
shading illustrates, to fulfil Kohler illumination. The fluorescent samples situated at the
flat surface of the ASIL emit fluorescent light as the dark red shading illustrates. A two-
stage lens relay is applied to make a conjugate plane of the BFP physically available.
On this conjugate plane, a calibrated iris diaphragm is mounted. After the diaphragm, an
emission filter is used to ensure only the fluorescent emission enter CCD camera. A
beam splitter is placed in front of the CCD camera in order to separate half of the
fluorescent emission to form the image of the BFP on the other CCD camera, as shown
by the green dashed lines. All the lenses are settled as telecentric configuration in order
to obtain the best image quality, that is to say, the distance between every two lenses is

equivalent to the sum of their focal lengths.

ASIL & Holder

Objective

- Back Focal Plane

Laser of ASIL-objective

Dichroic Filter

Calibrated Iris Diaphragm

CCD Camera Emission Filter

for BFP Imaging

|:|} ==--fF-- Beam Splitter

CCD Camera
for Object Imaging

Figure 3.3.1 Schematic of the SIF system

The sharp red shading illustrates Kohler illumination beam; the dark red shading illustrates the
fluorescent light forming the specimen image; and the green dashed lines illustrate the fluorescent light
forming the BFP image. The ASIL configuration is also shown in the enlarged inset.
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Now we need to do some calculations in order to implement a real system. First, we
should work out the necessary magnification in the imaging path. In our setup, a digital
charge-coupled device (CCD) camera was used. The ability of a CCD camera to
accurately capture all the details of samples is dependent on the sampling frequency.
The features of specimen presented through a microscope that are smaller than the
digital sampling frequency are not able to be represented accurately in the digital image.
The Nyquist criterion [15] requires a sampling frequency equal to twice the highest
specimen spatial frequency to accurately preserve the spatial resolution in the resulting
digital image. Therefore, to capture the smallest degree of detail in a specimen, pixel
size must be small enough so that a minimum of two pixels are covered for each feature,
guaranteeing the whole spatial period are gathered by the imaging device. From
Subsection 3.2.4, we know the theoretical resolution of our ASIL-objective is about 200
nm (A=670nm); meanwhile the pixel size of our CCD camera is 8 umx 8 um. According

to Nyquist criterion, the necessary, i.e. the minimum, magnification is:

M= 8umx?2 30
200nm

Practically, we intend to make the magnification about twice as great as the minimum

value, and then we adopt the magnification of 200.

Second, we need to calculate the appropriate magnification in the illumination path. In
epi-configuration, the illumination beam could be easily shrunk to an impractically

small size due to the strong optical power of the objective. Then a beam expander is
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commonly employed to expand the illumination beam before it goes through the
objective lens. On the other hand, to make the best of the illumination, it is necessary to
restrict the illumination area to match the FOV. The image area of our CCD is 8§ mmX §

mm, correspondingly, the FOV in the object plane is:

FOV =

—8mm t)\/z ~ 5T um

The minimum (de)magnification is determined by the result of FOV dividing the laser

beam size:

_5Tum

DM =0.057

1mm

Practically, we adopt the (de)magnification of 0.06.

At last, we need to choose the magnification of BFP imaging path. The theoretical BFP

diameter of our ASIL-objective can be calculated by Equation (3.3.2):

d=2f-NA=2x1x2=4mm
For simplicity, we set the magnification of BFP imaging path as 1, which will produce
an image with the identical size as the real BFP. Thus we need a CCD camera which
has at least 4 mm x 4 mm imaging area; fortunately, CCD in this size is conveniently

available.
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3.3.2 Apparatus

According to the system design described in the previous subsection, a prototype SIF
system was built as shown in Figure 3.3.2. In this photograph, the illumination, object
imaging and BFP imaging paths are indicated by bright red, dark red and green dash-dot
lines respectively. A photograph of the ASIL-objective is shown in Figure 3.3.3. The
distance between the ASIL and the objective lens needs delicate alignment that is

described in Appendix IV.

B1L6F3

R

Figure 3.3.2 Photograph of the SIF system
Bright red dash-dot line: illumination path; dark red dash-dot line: object imaging path; green dash-dot
line: BFP imaging path.

Figure 3.3.3 Photograph of the ASIL-objective
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The key apparatus in this setup include:
(1) Laser

The light source (S1 in Figure 3.3.2) is a He-Ne laser from JDS Uniphase Corporation.

Its brief specifications are given in Table 3.3.1.

Table 3.3.1 Specifications of JDS Uniphase He-Ne laser

Wavelength 632.8 nm
QOutput power 7 mW
Beam diameter(1/e’ points) 0.81 mm
Beam divergence(full angle) 1 mrad
Maximum noise (rms, 30Hz to 10MHz) 0.2%
Beam pointing stability(after 15 minutes <0.02 mrad
warm-up)

(2) Electron Multiplying CCD (EMCCD) camera

The camera (C1 in Figure 3.3.2) used to image samples is an EMCCD camera from
Andor Technology plc. This camera is capable of amplifying weak photon signals to a
signal level well above the readout noise floor of the camera at any readout speed,
despite the fact that the noise level practically deviated from the nominal value [135].
Importantly, this ‘on-chip’ amplification process is realised without sacrificing the
photon collection capability of the sensor. The major parameters of this camera from the

manufacturer are given in Table 3.3.2.
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Table 3.3.2 Specifications of Andor EMCCD camera

Active pixels 1004x1002
Pixel size 8x8 um
Image area 8x8 mm

Spectral response

QE max at 600 nm(typical 65%), 50%
roll-off at 380nm and 880 nm

Active area pixel well depth

30000(c’, typical)

Gain register pixel well depth

80000(e’, typical)

Max readout rate

35 MHz

Frame rate @ full resolution

31.4 frames per second

Readout noise

25(e’) @ 35 MHz; <1 (¢") with EM
gain

(3) CCD camera

The camera (C2 in Figure 3.3.2) used to image the BFP of the system is a CCD camera

from Starlight Xpress Ltd. The major parameters are given in Table 3.3.3.

Table 3.3.3 Specifications of Starlight Xpress CCD camera

Active pixels 752x580

Pixel size 8.6x8.3 um

Image area 6.47x4.83 mm

Spectral response QE max at 540 nm(~70%), 50% roll-
off at 400 nm and 650 nm

Active area pixel well depth

70000(e’, typical)

Image download time

0.3 seconds full resolution using
USB2.0

Readout noise

10 (e)

(4) Objective lens

The objective lens (O1 in Figure 3.3.2) we used is a 0.55 NA 100 x infinite conjugate

long working distance objective from Mitutoyo Ltd. The details about it can be found in

Table 3.2.2 in Subsection 3.2.4.
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(5) Dichroic filter

The dichroic filter (F2 in Figure 3.3.2) is a notch filter from Edmund Optics Inc., which
has 90% transmission for the spectrum range from 350nm to 2500 nm combined with

99.5% reflectivity at the centre wavelength 632.8 nm.

(6) Emission filter

The emission filter (F3 in Figure 3.3.2) is a laser interference filter centred at 670 nm
with 3 nm passband (FWHM) from Edmund. This super-narrow bandpass filter is used
not only to specifically select the emission light and remove excitation light, but also to
reduce chromatic aberration induced by the ASIL to a negligible level. The chromatic

aberration issue will be discussed in detail in Section 3.5.

(7) ASIL holder

The ASIL holder needs careful design. The situation when maximum NA.y can be

achieved is shown in Figure 3.3.4.
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Obje‘ctive
3

Figure 3.3.4 Schematic of the emission ray propagation when achieving maximum NA .

In this schematic diagram, we can see when NA¢goes to its theoretical value of 2, the
maximum emission angle collected by the ASIL is:
U= arcsin% =90°
n

In order to achieve theoretical NA.s, the holder cannot block any part of the curved
surface of the ASIL. For this reason, we designed a holder with a central conical hole as
shown in Figure 3.3.5. The assembly of the ASIL and its holder was completed by
gluing the peripheral area of the ASIL flat surface on the bottom platform of the central
conical hole. Samples could be made upon the flat surface of the ASIL through the
central hole from the back side of the holder. The holder was made of brass with which
the mechanical strength was guaranteed in usage while with easy fabrication. A further

discussion on holder aperture and NA.¢ was reported by Goh et al. [105].
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Figure 3.3.5 ASIL, holder and their assembly

Top left: schematic of the holder; top middle: schematic of the ASIL; top right: schematic of the assembly
of the ASIL and holder; bottom left: sectional drawing of the central conical hole; bottom right:
photograph of the assembly of the ASIL and holder

3.3.3 Magnification calibration

The magnification is undoubtedly one of the most important parameters of a
microscope. There are two major reasons we need to calibrate the practical
magnification: one is to examine if the optics are properly aligned; the other is to

precisely verify the magnification for the later use of resolution investigation.

A common way to calibrate microscope magnification is to image a standard calibration
target. A regular target is usually a glass plate with chrome deposit in standard pattern
and size. However, the ASIL holder only retains 3 mm diameter space on the flat
surface of the ASIL to accommodate samples, it is nearly impossible to apply any type

of traditional magnification targets in our SIF system. So, we need to find a new way to
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accomplish this calibration. The method we applied to calibrate the magnification of our
SIF is micro contact printing (WCP) [136]. The pCP uses the relief patterns on an
elastomeric stamp to form patterns of self-assembled monolayer of inks on the surface
of a substrate through direct contact. The elastomeric stamp can be cut to any size as we
want, so it is perfect for the application in a small space as in the case of the SIF. In our
experiment, the elastomeric stamps were made from polydimethylsiloxane (PDMS).
The master we used was a 25 um pitch grating. Its structure was copied on the PDMS
stamp in a similar way as described in the literature [136]. The patterned surface of the
stamp was stained in a drop of fluorescent dye of Oxazinel (Sigma-Aldrich). Oxazinel
has an absorption peak at 642.5 nm and an emission peak at 648 nm (in methanol) that
are suitable to our case. The stained relief grating pattern was printed on the flat surface
of the ASIL to form a standard fluorescent target for the purpose of magnification
calibration. Before applying this method in SIF, it is sensible to examine the accuracy of
dye grating pattern size. A dye grating sample was made on a regular coverglass and
imaged under a Zeiss Axio Imager microscope, from which the measured value of one
pitch is 24.7 um as shown in Figure 3.3.6. In comparison with the nominal pitch of 25
um, the error is just 1.2%. Repeating this measurement several times with other batches
of dye grating samples, the error is always in this range. Therefore, we regard the pCP

as a reliable method for making standard fluorescent calibration patterns.
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Figure 3.3.6 Image of 25 pum pitch dye grating Figure 3.3.7 Image of 25 pm pitch dye grating
obtained with the Zeiss microscope obtained with the SIF

According to the measurement fulfilled through the The coordinates correspond to the image plane on
measurement software provided in this Zeiss the CCD.

microscope, the pitch distance of this dye grating is

24.7 pm.

The dye grating image obtained with the SIF is shown in Figure 3.3.7. By measuring the
edge to edge distance from its cross-section profiles, the dye grating pitch value can be
quantified. According to the measurements of three randomly picked profiles, the
average length of one pitch is 5239 + 53 pum in the image plane. Since the real dye
grating period is 25 pm, it is identified through their ratio that the practical
magnification of the SIF is 210. The small difference between theoretical and practical
magnifications, which are 200 and 210 respectively, comes from the defocusing for best
image quality. In the fabrication of ASILs, the thickness error deviated from perfect
value determined by the ASIL material and size is inevitably generated due to the
limitation of current manufacturing precision. For ASILs, the appearance of spherical
aberration is rather sensitive to the thickness error in contrast to HSILs [104]. To

balance the residual spherical aberration, slight defocusing from the paraxial focus is
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necessary, leading to the variation of magnification from the theoretical value. Further

discussion on thickness error and its tolerance can be found in Subsection 3.5.5.

The SIF can be easily converted to a conventional fluorescence microscope by
removing ASIL from the system. It is also convenient to examine the same specimen
with both the SIF and the conventional fluorescence microscope by flipping the ASIL.
In other words, when the curved surface of the ASIL facing the objective lens, it works
as a SIF system; while reversing the ASIL to make its flat surface face the objective
lens, it is transformed to a conventional microscope. At this point, we also calibrated the
magnification of this conventional microscope for future use. A 20 um period Ronchi
grating was used as standard calibration target. To avoid speckle in the images, a red
LED, working as the light source, was put into the original lens relay in the illumination
path to form a Kohler illumination. The image of this Ronchi grating is shown in
Figure 3.3.8. With the same measurement method as used before, the average length of
one period is measured to 1003.5 + 0.87 um. By dividing this over the actual period

length 20 pum, it is found the magnification is 50, just as same as the theoretical value.
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Figure 3.3.8 Image of 20 pm period Ronchi grating obtained with conventional microscope
The coordinates correspond to the image plane on the CCD.

3.4 Experimental realisation of high-resolution SIF

3.4.1 Resolution evaluation method

The resolution of an optical microscope can be evaluated in both the spatial domain and
the frequency domain. In the spatial domain, an accurate method to evaluate the
resolution is to investigate the point spread function (PSF) of the microscope.
According to the classical Rayleigh criteria, two point sources are just resolved if the
central maximum of the intensity diffraction pattern produced by one point source
coincides with the first zero of the intensity diffraction pattern produced by the other. In
other words, if identical point objects are within the Rayleigh criteria distance, the

objects cannot be resolved in the images. Therefore, a higher resolution is equivalent to
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a smaller size of the PSF. On the other hand, in the frequency domain, a wider optical

transfer function (OTF) of the microscope means a higher resolving power.

To evaluate the resolution of a practical microscope in the spatial domain, it looks like
we need point objects and then get their images in order to retrieve the PSF of this
microscope. With the measured PSF, we are able to conclude the NA and resolution of
the microscope according to Equation (2.3.3). Unfortunately, an ideal point object has
zero size. Obviously real objects have finite sizes. In reality, although sometimes very
tiny fluorescent beads are regarded as point objects, depending on how much the size of
these beads is smaller than the theoretical PSF of the microscope, we actually cannot

retrieve the genuine PSF in experiments directly.

A widely used method to quantify the resolution of an optical microscope is to image a
sample with regular shape of known size, for example, a small fluorescent latex bead,
then the known sample shape is removed by deconvolution to retrieve the PSF. In
practice, the deconvolution sometimes is simplified to make it easy to perform. For

example, it could be performed using a simple equation [86] [87] :

=Ax ., A

Ax 2observed system dyeball (3.4.1)

to calculate the size of the PSF (here Axopserveds AXsysiem and Axgyepanr denote the sizes of
observed image, system PSF and object, i.e. dye ball, correspondingly), or using simple
linear deconvolution to remove the known bead shape [31]. However, these simplified

deconvolution methods do not take into account the noise in the experimental images.

To recover a signal that is embedded in noise, Wiener filter is known to be optimal in
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the minimum mean square error (MSE) sense [137]. In an optical microscope, the

observed data D(r) is the convolution of the distribution of a sample E(r) with the
PSF H(r)of the microscope:
D(r)=E(r)®H(r) (3.4.2)
Considering the effect of additive noise N(7), the above equation is rewritten as:
D(r)=E(r)®H(r)+ N(r) (3.4.3)

In frequency domain, the Wiener filter can be expressed as [137]:

(3.4.4)

here tildes (~) indicate the Fourier transform of the corresponding quantities in spatial

. . . . Nk . . .
domain and £ is the spatial frequency component. The item # is the inverse of the

signal to noise ratio (SNR), which indicates that the Wiener filter is highly sensitive to
the estimated noise. To circumvent the complicated noise estimation in the Wiener filter
deconvolution algorithm, instead of doing deconvolution, we model the convolution of
the known sample shape and the computed PSF of a noise-free microscope, then derive
the modelled image of the sample from this hypothetical microscope. By comparing the
modelled image and experimental image from a practical system, we are able to
quantify the resolution performance of this practical microscope. In detail, the method

we used follows these steps:
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(1) We model the convolution of a spherical object of known size, corresponding to a
fluorescent bead, and the PSF of a virtual microscope. The diffraction-limited PSF is
calculated from the square of jinc function. By changing the NA used in the

calculations, a series of simulated images corresponding to different NAs are produced;

(2) We obtain the images of single fluorescent beads with our bench-top microscope;

(3) We calculate two-dimensional (2D) correlation coefficients between the simulated
images and the experimental image of single fluorescent bead, and find the simulated
image with the highest correlation coefficient with the experimental image. Since the
NA of the simulated microscope is known, we can accordingly conclude the NA of the

bench-top microscope.

The benefit of our approach is that it circumvents the complicated noise estimation in
traditional Weiner filter deconvolution, meanwhile it accounts for the noise effect in the
imaging through the numerical values of correlation coefficients. The precision of this
method is still strongly limited by the noise level in the experimental images, which is
reflected by the fact that the high correlation coefficients can only be acquired when a
high SNR experimental image is used, therefore in practice the noise should be kept as
low as possible. For a low NA system, due to the ease of acquiring high SNR
experimental images, the resolution evaluation method employed here readily produces
very high correlation coefficients between the simulated and experimental data, which

indicates a more accurate evaluation on the resolution than that for a high NA system.
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Actually, when evaluating the resolution of a low NA system, the simplified
deconvolution methods applied in other literatures [31, 86, 87] usually show a good
agreement with the results from our approach, thus the simplified deconvolution may be

preferred due to its simplicity in this case.

With our resolution evaluation approach, the genuine NA of the experimental system is
effectively converted to the value of a hypothetically noise-free microscope system,
therefore the genuine NA of the experimental system may be underestimated in terms of
the ignorance of the noise-induced resolution degradation, which is a distinct weakness
of this method. It is worth noting that we employed a simplified model of an optical
microscope to simulate its PSF. Rigorously, there are many more factors that should be
considered when modelling the solid immersion fluorescence microscopy. For example,
image formation models in fluorescence microscopy should take into account
polarisation effects because the fluorescent molecules work as a dipole emitter [138].
When large mismatches occur in the refractive indices of the media of the objective lens
and specimen, the PSF may differ from the imaging model used here [139]. For a high
NA imaging system, the vectorial analysis is better to be used and a wide variety of
imaging conditions, for example, aberrations, vectorial beam illumination and arbitrary
scattering of the object, need to be considered [140]. However, despite these factors, it
has been demonstrated that the approximate physical model based on wave optics,
which is implemented in our approach, is usually possible to obtain accurate predictions

as that from rigorous vectorial theories of diffraction [141].
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3.4.2 Resolution evaluation experiments and results

In our research, 20 nm fluorescent beads (excitation/emission: 625/645 nm) were used
to evaluate the resolution of our prototype SIF system. These beads are carboxylate-
modified polystyrene microspheres coated with hydrophilic polymer. They are loaded
with dyes to make them fluorescent. These 20nm fluorescent beads are supplied as
suspensions in water in high density. For the purpose of imaging separate beads, the
original bead solution is diluted with distilled water in the ratio of 1:50000 followed by
minutes of mixing using a vortex mixer. The diluted solution is pipetted on the flat

surface of the ASIL, and then placed in an oven to heat-dry at 60°C for 15 minutes.

Due to the tiny size of these fluorescent beads, the fluorescent emission from each bead
is rather weak. In order to improve the SNR of the image, 1000 frames with 0.5 seconds
exposure time for each frame were captured by the SIF, and then all of these single
frames were averaged to form the final image. The image of a separate 20 nm
fluorescent bead from SIF is shown in Figure 3.4.1. For comparison, the simulated
image of a 20 nm fluorescent bead from a NA 1.85 microscope system is shown in
Figure 3.4.2. By calculating 2D correlation coefficients between the experimental image
and a series of simulated images of a 20 nm bead, and locating the simulated image with
the highest correlation coefficient with the experimental image, the practical NA of our
SIF was established. The simulation was executed with NA of from 1.5 to 2.1 at 0.05
intervals. The coefficient data and quadratic curve fitting are shown in Figure 3.4.3.

According to these data, we can conclude the practical NA of the SIF is 1.85 + 0.01.
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When evaluating the NA of the SIF, in order to reduce the effect of random noise in
each correlation coefficient, each data point of the coefficient was composed of the
average of 5 original data from 5 individual 20 nm fluorescent bead images. These bead
images were chosen randomly from different areas in one SIF image. Moreover, random
noise was generated in each data point based on a normal distribution, in which the
initial correlation coefficient data worked as the mean value of the normal distribution,
and the norm of residuals from quadratic curve fitting worked as the standard deviation
of the normal distribution. With these noisy data, quadratic curve fitting was performed
and repeated for 100 times, at last the average peak value of the fitting curves was

calculated. This value is regarded as the practical NA of the SIF.

500 500

N
o
o
N
o
S

Position (nm)
w
=)

o
Position (nm)
w
o
o

N

o

o
N
o
o

=
o
o
=
o
o

0 0

0 100 200 300 400 500 0 100 200 300 400 500
Position (nm) Position (nm)
Figure 3.4.1 20 nm fluorescent bead image Figure 3.4.2 Simulated 20 nm fluorescent bead
obtained with SIF image with NA of 1.85
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Figure 3.4.3 Resolution evaluation data/curve of the SIF based on correlation coefficient method
2D correlation coefficient data and quadratic fitting curve between the experimental SIF image and a
series of simulated images of a 20 nm bead under different NA, the peak value is found at (1.85, 0.7597).

From another perspective, the NA of a microscope can be estimated from the size of the
BFP as discussed in Subsection 3.3.1. When imaging 20 nm fluorescent beads, the BFP
(Figure 3.4.4) of our SIF was also imaged by the BFP camera. From the cross-section
profile of the BFP (Figure 3.4.5), the measured value of its outer diameter is 3.99 mm.

According to Equation (3.3.2), the NA is:

A= 1995,
2f

The result from BFP measurement tells us our SIF has the potential to approach NA of
nearly 2, which is exactly the theoretical value of our ASIL-objective, however, the
practical NA has been demonstrated to be 1.85. This difference mainly comes from the
resolution degradation induced by the sample thickness and the difficulty for rays to
propagate when collection angle approaching 90°. More discussion on this issue, i.e. the

near-field imaging property of the ASIL, will be presented in Section 3.6.

81



Chapter 3 Solid Immersion Fluorescence Microscopy (SIF)

NA
3 25 2 15 1 05 0 05 1 15 2 25 3

Position (um)
Normalised Intensity
o
(4}

0.1r
Y left edge right edge’
0 1000 2000 3000 4000 5000 6000 % 1000 2000 300 000 5000 6000
Position (um) Position (um)
Figure 3.4.4 BFP image of 20 nm fluorescent Figure 3.4.5 Cross-section profile of the BFP
beads in SIF image of 20 nm fluorescent beads in SIF

The estimated NA from this distribution is 1.995 by
measuring the distance from edge to edge (as
indicated by the arrows); the central peak is the
residual excitation reflection.

3.4.3 Supplementary resolution evaluation experiments and
results

The resolution of o