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Fluorescence microscopy enables biologists to observe the fine structures of specimens with great contrast and
specificity through fluorescent labeling; however, the spatial resolution is limited by the diffraction nature of
light. Several super-resolution fluorescence microscopic techniques related to confocal or wide-field microscopy
have been developed based on various excitation strategies. Among them, structured illumination fluorescence
microscopy (SIFM) that illuminates specimens with structured light, rather than the uniform light used in a wide-
field microscope, can attain a doubled resolution in three dimensions. At NSRRC, we have developed a 3D-SIFM
system that uses a spatial light modulator (SLM) to shift and to rotate the illumination pattern rapidly and precisely,
without mechanical calibration. Simulations of the optical transfer function of this SIFM system are also performed
for Wiener deconvolution to improve image resolution. Here, we describe the concept of SIFM, introduce our newly
launched SLM-based 3D-SIFM system, and demonstrate the prospective application to biological systems.
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[EMRET (wide-field) st (i HREfR A 220 —
300 nm HYFE[A AT EEAT 800 — 1000 nm HYfE 7] fi%
MriE o JLWIFE (confocal) f & e EA MU 228 FE 3
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i SRR E (BB (photoactivated
localization microscopy, PALM)" FI¥8 b -2 g
ZAMATT (stochastic optical reconstruction microscopy,
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HI AL RAEGL © 5381 » A B G s fee A T2 AR
S HERS IR B B R B R AR AR - IR
PREBE - E D RESTEIETE - F£A
o AR T AEAS S IR SO C B A R ER ~ AR
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1. ZHEHEEAREARIE
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cos(kor + @)1 » 1y TR AFEFIIFRIE - ko A1 ¢ 53751
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BHEERCR B R R B B - DU R BB RS
FEEH 48 - SRR AU/ - AR R/ NV S ER
FHRES o (L TEE B R R B BB IR ER
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2. AR BHY Z AR R R eG4 e =B R
B & R bR e | o

Dk ST AT » BB Doh) - 52
%+ [RTSEHAERS Dy(k) - BRI S5 SRR
B -
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HHIERE - EH 3 BB/ NRIERE - SIFM
AR VR AN SCETE PR B SIFM (a) SR AR 1R
(b) HHFG e (o) Ui A EERYARAT T - B R R
BN ETER IR SIFM SR B A R SRR E
A EAFRIREATRERY 120 nm -

= - BRI ERRM

B % A ER g AT A AR R IR A s L B
B AR N R IR 2 ERE » B 4(a) 25
HiE - B 4b) BEE B ES DA E E -
TEEREEHEEE B - TR
2% (SLM, Hamamatsu, X10468-04) F11E 172045
HAMEE (Nikon, 80i)  HAETHMER K 473 nm (25
mW, Cobolt) F1 543 nm (1 mW, LASOS) HJE &t
J& > AT B kB AL R LT o ERE n
VY537 — IR - BRI R IR E R e
OB B RARE » (o AN [5] S A A 16 i 5 o P AH
T RS EENFRREENTEG o SLM )
REYEHM (dynamic grating) » FIIFH @G35 (pixel) fH
(LAY E] B ABTHIEE TSR 0 FERD £1 FERY
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wide-field

SIFM

WSIFM

" FWHM =270 nm

= 0:122 nm
¥ R, ©90:114 nm
7 “ 451122 nm

0 200
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0
Position (nm)

200

+1/7T

u
+1/5T

BHEFTANSE =+ 5550 100.2

3.

I SIFM 3% & 35 4% A AT Z
Fn i 47 Wiener deconvolution
(WD) 4 SIFM & &4y
AERR E-FRJY
%oy BT L - B 2 Bl &
L% ~ SIFM #= Wiener
deconvolution B ¥2 ¢4 SIFM
(WSIFM) # (a) 83 » (b)

100 nm % %I FE 0 () ®
‘ o= FIHR R 02 & BB BB A
200 -200 0 200
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(®) ceo
Selected =
spatial filter SLM - ox relay lens[ ]
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Objective Mirror
. : . b
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Laser |6 0 7
10x Beam expander
Structured illumination patterns
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TEGHERER ZER - 0 BRSO T S R
Y185 (plan apochromat VC, 60x, NA = 1.2) FyHu( it
ARIRET R - 1 PERVRBES SE I 53 B P 8 ALK
HIEE AST © #1T 2D-SIFM EEalF - FRTEE +1
PR AT R AL PN T T - A AR REIR
BHE % - 3D-SIFM B halE - HIF 0 BEAD +1 PE—=3H
RBEST LRI TP AR = AERIAG IR A B 22 - AR
R AR AR RS EE 18R (dichroic mirror)
FIETEFT (emission filter) £ » £F CCD {HHIZSHl
FCRARS » FE#% CCD {HHI%% (Andor, DU8SS) {H
HI 5 CCD B ZRBIMENTEE R 60 nm °

FeAMFEEREE 0% 45° ~ 90° A1 135° PUSH SLM
Bz - HEHEZREAHEARFEMEAC - DUES B IE
FIFETRE AR ZE - [B 4(c) =={EMEAIHY 0° F1 45°
SLM [E ZEHMIFHH RS IRAE R  EA L
90° F1 135° SLM HY[E 53 BIFEML 0° F1 45° HYLE
Z o At b 45° SLM EEAE AR EAEE 5 E
%% FBE—EGREELE —EMHECEL - H
J& 3D-SIFM P Fe iy TS RIAE AL YA RS R 2 - 55
4h > 45° SLM B EAGEIAZ 5v2 Gl 7) [EgE
£ 0° A1 90° #Y SLM [EIZEEGET - L 7 (B RE
W - H YRR A R Y R A ] 2 A A a) R B A
T DMS RN AIAENTR - S —E A
RN B - R LTS - ITER L F
TH] ) 32 P A5 17 TR B T 2 o s [m) S 8 45 B2 286 nm
(45° 1 135°) 11 284 nm (0° £ 90°) » FHZE < 1% °
A SLM BIZERERET WAL G BB A LR
E AR - DUERI = (EETHER] : (1) +1
FERIBESHE A L B NASEI Y SR FLISHER -
RS E S EE URE ST IR - (2) BEERAE
TERYSRIEEYH - RV SRR SETY
DUTE GRS [F) A5 ot v PS5 1O BB [ 5B S ARTE] » (3)
SLM B A%~ i Ry L #E~F 1 - f5F 3D-SIFM HY#fedil
FEAL ¢, R -

M~ FiBEREAERBERTEREEY
FE R

1. R GEITENER
BABICR A —MEBOE R B R IR RIAH A

MRE RIS 100 nm B YEERAVEERBRIGE] - BESL
HOCERHMH IEE RS IEA - IRHTEHEH APTS
((3-aminopropyl) triethoxysilane Sigma-Aldrich,
A3648) WEH T L > WA AELRBEFKF - 5
Gb - FAFAETTE GmET S o BEBE 100 nm HOLERHY
s ARNTEE - DU sE B R nuAE & - 2= > 100
nm FCERDIE DRYEER RN - BRCRARY HERS
ESLER# PSF AIARIE/A R PSF = [2J,(7)/r] » Hr
J\(7) s — P —SE EH 2R KB (the first-order Bessel
function of first kind) * r = 27pNA/A » 28 p KEHE
FEAE > A BERCIR - NA BYISRAEEFLE - 2
TR R IR P B B R B e R R o BT L
Rt R IR R 2 F Ay - AL - — {8 e
F ) S AT R SR A B L E EL R R A 2 A R RS
TERIAE A& o TR AN A R e A 2
HE NPT E R AR B R S B Rt R 22 2 -

5 FlE 6 3552 100 nm BRI
FIE AR 5 BHHY (2) —(d) 2Bl EEm B Al E
0° +90° » 45° + 135° 1 0° +45° +90° +135° 5
FCE FER B R BRI B AR - HlE 5 nTRAE
TEVUE AT EER SIFM 5215 - FHE BRI SR Y
N A DAV 2 St ) S A e mim B AR R 1 0
HYE O/ NERZ B o HE— 2 LB RVl G R B
i) SIFM % » HIFEE 0° + 90° BRI
REIZH > 45° +135° HRBIESE - HEAES
g e R EPRERCEK - FfS - B
B e Aot R 18] 7 e B A s A U T 1)
AT FE 22 B R K9 15—20 nm 5 PU{EAEE
BRI R s B F e o FEERIE 5 ME 6
TR E B RS RAE R B & - TR IHEHI R
18] £ 15 B A S (R O B 5 e g AT P E 7 At g R A
e 2 A EEHIRAY AR & (coupling) PSR » 2
{8 e FE A B ] DARE D 5E (B0 © Btk - HHIE 6(d)
HIH HH R 2 5 (full width at half maximum,
FWHM) * 1§28 LB LKA EEER 144 £ 5
nm * fEHTRE ELETR RS2 AY 290 + 5 nm f2 &I
&5 o MR SCE M ARRAERZE M E B A E - iR
MrFERIE 119 + 4 nm -

SRR FE R S M RE AT/ N RS AR Y
et - A AE R R S PR A B o S9N - Tt
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45° +135° 0° +90° +45° +135°

wide-field SIFM: 0° +90°

= FWHM =294 nm = 0:151 nm X = 0:137 nm = 0:136 nm
© 90:149 nm ¥ ® 90:134 nm © 90:134 nm
45:134 nm % +45:152nm 45:134 nm

v 135:135 nm

v 135:134 nm

&
0 200 400 600 8000 200 400 600 8000 200 400 600 8000 200 400 600 800
Position (nm) Position (nm) Position (nm) Position (nm)

(a) (b) (c) (d)

5. 8%t 100 nm FOLHRA (2) BAFFEE (b) 0°+90°  (c) 45° + 135° > (d) 0° + 90° + 45° + 135° SIFM &4
B TR GAENRHE R ELRBEINGASHE W - SLBEALBZEREL > AF

R IFAT F AR o

wide-field SIFM: 0° +90° 45° +135° 0° +90° +45° +135°

= 0:137 nm

® 90:145 nm
\ 45:144 nm
{ v 135:140 nm

= 0:144nm

® 90:157nm
45:165nm

\‘ v 135:167nm

= FWHM = 289 nm

® 90:168 nm
R\ 45:157 nm
% v 135:148 nm

400 600 800

0 200 400 600 8000 200 400 600 8000 200 400 600 8000 200
Position (nm) Position (nm) Position (nm) Position (nm)
(a) (b) (c) (d)

6. BHAIE 100 nm &R AE (a) BHAREFFAEE (b) 0°+ 90° » (c) 45° + 135° > (d) 0° + 90° + 45° + 135°
SIFM #9%1% s & HAENAAH B R LR BEIN DA SHESWHEE - WEF o2 b R{E A Eeg3A

o mEEEFOMOPR  BHERERER - -

w8
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wide-field 2D-SIFM

RIIF 'IE

7.200 nm % EH 4 (a) KA - (b) 2D-SIFM
wRLEE LatEFaPgi Tait
B e R4S & %% (maximum image

projection) °

SIFM RIS BRI E - WA avF:
- FERREER YR - A IRE - 2RT(E
BlF3BH ZAfE SIFM HYEBREL - & 7(a) —(d) 5751
72 200 nm &K (molecular probes, F8809) 1£ S
TEFOAfE E) T RS R P AL SIFM. 8218 5 ftmlss B2
fibE 100 nm 19 30 [E-FHEZ G G15E] - & 7(a)—
(b) ¥/~ SIFM e [m) i 3= » A] DATE 28355 Bl
—HEEAY 200 nm EHER - HEFEREH 304
nm [y 163 nm ;5 [& 7(c)—(d) HIFRFH SIFM #2{%
BT RIS L - (ERE R AT R G B 0 A
800—900 nm ° [ 8 /& HeLa il EAZE actin 2
AR B 2R A s G R 8 T Hh AR Y P e 5 R AR i 7
FOERAG LR THIVUEE actin' 7E SIFM A&
A]DAE RE IR ZE E ] - T HIHY actin fHFEAT 186 nme

2. ZiEIBIRE R AT E R A
=GR I B CBARCR I AT AR S s e AT

[EIREATIE - SR OGN =AEEOCRG - EETITE

FEREOR A IR ECR Al sk Y] Fr - 4£ 3D-SIFM

R ER Y - S OREREDVE DRIEERER » RFE
el A7 B R BHE SR B 'S PSF AIE s b Dr.
Braat $EESHBEEEL B Matlab F2" - FH i
FEEHE 3D-SIFM WYEHEEREG G - DUETTIR
WRCETE - RSN - B ERATRUE - S —(E
EEATH =B - B AN 20 {EE
i FRERSREEEEERNER - FHER &R
MR o Al - FHEIFY 2D-SIFM » 3D-SIFM Y
G E RS B - TR
EHRER AT B 3D-SIFM 1B 8 8
i A DS B BRI ERE S HERER
BB B R M E A = B RN E R -

9 FIE 10 73 HI2EE 34 100 nm &G
BRI ERI EESR 5 B (2)—(c) 2 BIEER
$¥ + 3D-SIFM * #1 3D-SIFM + Wiener deconvolution
FEESFEAHE AR - B (d)— (o) A2 EBERL
BRI A Rl I I AR © AR SIFM s2 &R
& e BT SR S R o HE R R O BR8N 0 R
CL ATy HHELRE AR R BR » AN R A R 05
HE#REY FWHM BUREAT RS - W2 A EEH
HWIROWE NS - [ 9 A SIFM S AR ARk (E
/& 160 nm F1 444 nm - HEZEMEHTER 1.5 550 2
fi% - [& 10 BYEE{EX 160 nm 1 500 nm - H&[A{E
B S SRAH ) & - #E e (B EL B (E RS X AT
REFHA B B L AR Y& eaiaR T8 - E—F DL
BN SRR FE A SIFM 25 HIBER - IREERE
VR A AR S S 110 nm A1 324 nm » &K
2.2 {581 2.8 £ - EEERIERAATE 115 nm 1 390
nm AR EHIEEHE =R B AEE—2 -

TE 4 V) 6 o Y e R B B - R R 2 A
% HeLa fN microtubules & 21T
3D-SIFM & - [& 11(a) 2EEREFFI 3D-SIFM Y

2D-SIFM

wide-field

" 186 nm

Intensity (arb. unit)

r—=— wide-field
[——SIFM

8.

HeLa %mft 89 actin (a) RALE - (b)
2D-SIFM & £#1% * (c) & (a) #= (b)
TEERBEEL LY RLRE

0 200

Position (nm)

400

()

600 800 OD-SIFM T /A AT 4 Hi AR actin 49

f2% 186 nm °
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3D-SIFM

wide-field 3D-WSIFM

%
»
- »
y
» »
. » .
ve o | ot
Z
e w0 TR T
(a) (b) (c)
L . = WF: 241 nm L . o = WF:914 nm
Xy view [\esti60nm || XZVIEW "\ ) 444 nm
/ N\ SI+W: 112 nm |} % SI+W: 324 nm
400 -200 0 200 400 500 0 500
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