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Fig. 1. Understanding diffraction limit resolution from spatial and frequency domain: (a) Airy disk formed by

system aperture diffraction; (b) Rayleigh criterion for distinguishing two image spots; (c) frequency component,

optical transfer function and cutoff frequency.
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Objective
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(a) PALM/STORM 73 #ERTI AR N A58 50 T B2 A SR B (b) F

Fig. 2. Schematic diagram of SRM technology based on single molecule localization and reconstruction: (a) Basic

principle of resolving two fluorescent molecules within the diffraction limit by PALM/STORM; (b) basic principle

of three-dimensional single molecule localization based on cylindrical lens.

2006 4F, Betzig % 1 R FI ) i 2% 6 & A
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HHA%E KRG M PSF; S F— B MHERRE R4, &
4 PSF ¥ 2 3th ik PSF wsg, (K Hell B3 24
HIRH M STED £ AR FR A PSF TR fEiZH A,
RTE STED Y6 (7= A il i & W 38 1 25 R0 & PSF
(i R ~F, R RN 20 STED 43 ¥ R i e g, 2
5 b=k STED ¥ B 6 77 i — Mo il il 51 A4
(AT e o s SR B R T e R A (T B D
Z, BIUNTE Hell fi - (1) 52 56 45 18 = R FH (1 02 76 3¢
HEHEA PO BT 2545 )2 6 N STED Jh - il K
{10 S A0 B S 1) T vk, TG R 1 Ak T )
FAARAE A O F1] 270 3% 5245 A%, 1 W e #H A2 1 ok 84T
i) POV (B 3 (b)), 4538 il J5 AT = A B8 R 795 00 11
¥ AT 349 2 KR T A o0 Ah AR 25 SR AR AR /N 1 B

R A2 AR SRR R R, W5 R E )
FA%, TR 2R Gt B 408 B 1 43 9 256 R AT S A PR 43
M STED J6 ) 2 %5 FE T 5 1 f o)) 22 %5 i I, i)
HILFERE, Bld = \/2NA - (1 + I/I,)~1/2, Hrh
I, 9 STED Y66 90% I BUR 75 43 T 22 SR ST FE R
FRERI SRS, W, STED Yo Hil e, A%
PR, BFES] N STED Y65 70 #E T LUK
e £ v Bz vy T AT S R R 3 B 3 1 KF (JLHaik
BEEE).

+ STED beam - Equivalent excitation (b) ———==———= Sample

Objective

Phase plate

R 100074 |
gE 51 2 4= STED beam
Fluorescence Stimulated -"
~ns emission {500
- ps / "' . .
i Y \ i ’ STED 4= Excitation beam
5o S—— RpE=———— S al—< . beam
3 [ “omw ) / E ] profiles .
§ v / “Off” === Filter
3 / 100/ga¢ —
3 / 507
= (N el ) e
s wor 100 J D PMT
Lsat Istep/GW-cm—2 Equivalent excitation PSF
3 STED HAREHIRE (a) WK STED b R Re g AN S5 208 % PSF; (b) STED J617=4 & STED R4i/R

=H

Fig. 3. Schematic diagram of STED: (a) Excitation beam, STED beam, corresponding energy level diagram and

equivalent excitation PSF; (b) generation of STED beam and schematic diagram of STED system.
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SR STED £ I, — 8 10103 MW /em?
R, RARZIEARATEUR A Tl 52 R S
TR 5] FE A ) 2R W v T HOE I B KRR R R
e IR [ 3 25 g 2R 100, Il Bk # STED g i it
J2 e R BE WK PO, XAMIG N T R,
oA S 4 ALK, M T STED $R 1E 1% 48
PR A PR DR, Hell M 7242 HY STED &
PG BEE AR T N, RN ESFER
(ground-state depletion, GSD) i A, J: A J5i #l j&
KR DR A7 0 T Hhis B = EA, iR AR
i UL 2 7 B AW UK B MRS IR R
W SFAT. VF 2 RIGHR o+ O Ak
SO P B X P B S B S E S I R ) G
T (B2 298 5%—20%), H = H 2 1) W A2 4 14
1% FE 25 5 A, R b BRI Rz R
FIT 5 IR VR RN 3 26 %55 B A LE STED R Al ik 2—4 A4
BER, XTI RS ES 555 E & i
HEER, I — 7 T A] A 45 ' i FEE DR ALK T A5 1%
FOAR & A T4 A% 0. Hell WF 78 /NI 3 —
4 MELE o STED A1 GSD BEA#EAT 2047, 64
T A — B4 260 F ROGH IS AR IH A N A]
T T 28 1% % JG BRI (reversible saturable optical
fluorescence transitions, RESOLFT) [*°. 2005 4,
i ATTR BT T 9G8R () 2R G R AE S8R b S
T RESOLFT HAR, F D4 48 't T 22 % FE PR AIK
T 8K 112,

H 77 E Br L #F 78 STED £ A F1 5 1 4] BA
R %, 1fi & B STED () Hell #F 7T 1 BA th 76 /S W 2
BESTED $5¢ AR H 8 3d i T AWk 78 GSD AN
RESOLFT 45 M & 412 ti A1 s BLAE B AR O 4%
FR I A S T %4 AR 5 AR YRE S I e 2 149
X STED BRI SEIY e T How i 1) i
SRR 1R B T A A A 1)) Bd STED
FORSLI T A B2 Bl 4 T fi AE K S5 4H
P 0 25 0o 2 01 S IR o AT 7 04T 2 AR R
JUH KA B P S 2 it e 21 1812012 45 2 e [
SEPL T STED HiAR, B JG WL R 52 (1 il B2 it 7t
g 190 e [ R} 2 B Ak S 0F 9 BT B R AT S T
ZH POV AT K 2 )l T MY s e 5 Y
7 STED J7 H W Tk e B3 6% RGUR Z R A
VIRE il 6 2 1 ot AN 25 5) 45 3 B STED A JE A it ik

A7 18 7 F G T 43 % 20 SR PR AR 1) 1) R 3R ATT AT BA
JERE TR A T 6% B &R AR (coherent optical
adaptive technique, COAT) 3% STED )t )i & M
M2 = STED BARIR BE 0 T TAE, HEURIR L 3%
% [52] .

3.4 SUEALIEFR

WNETHTIR, AT B2, S SR BRI T 5
W PR 2y He kIR T R % OTF s B MR, & T8
ST B R R, FF i b R /N TR AR 43
I R5E D EER. FHHX— ], Gustafsson [1°]
T-2000 42 H T SIM A3 A, e A i P2 ) I B /R
OB R AR Bl T R 4 s S 2T A 2 n] 0
S PRV A SR SEBLEE 7 HF (B4 (a)). B,
Je M1 FH J SO 235 4 R T Y JBOR R i, S AR b el T
SE R G AT 5 ) A (1) A AR AR A AR R
() 2 A, B, SR A IE5Z 4546 6 ] 72 AR 0 G R
+1 A, W A EE 55 & v ah R R I R,
o1 AT 1 Y AR AT A S B R 4 A
72 A AR Y ] AT R AR R S AE R 0
YR S B A INZE 2 (4 (b)), IS
B b B = I 73 TF A RE A BOERAF A ) &
BUE B XA LR AEAE T A T B A ' 2 AR ek
(We2E =4 g 2], X 2R A % 55 Y)Y th g
Iz N, BOR R T B B AL B T, SIM
FAR A R ARV, HEAS B A S e —
AT SR TR B A IR (> 3) ARG 2
AN BINDGIEAR SR A, LI 45 SR AT S BB S5 ok
) (—&o, &o) FRER (=& — &1, &0 + &), BlIL & BER
(GERED R S/ ) S5 AR B AR B =y, 7 PR
W 25 K 1) L ) 3R AT T A (Bl 4 (c)) WT SEB — 4
T AR 40 e SR T T 45 K 06 2% SO S E F
W2 B RGEATHBRE] (& < &o), BRI
R ] B 2¢0, B SIM 143 HF 5% iy 2 Be1EAT
SRR PR Al b2 — . AR B AE STM ) 73 3 %
AGHT I SRM BRIy, BT AN T Z 440 Bk
I — 1l ke 73 7 MR 7 2L Bk AR B D, g
FEBR T X6 B i 1] 4% R0 S 8 A AT e e
3K, WEUR G D R BRI E, JEIE B R G R  RE
JEE /)N, SIS A0 0 AR 7 T HAT AR (R AL 2
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(b)

<— Structed
illumination

G(©)

GO 1t g=1/d <&

Moiré fringe

(©

@

$

- Rotate 60° twice >

Kl4 SIMEARFHREE  (a) BERFSUNIER; (b) IEZEMIGF MBI, (c) =475 [ 3 FE 1 SE I
Fig. 4. Schematic diagram of SIM: (a) Formation of moiré fringes; (b) frequency shift produced by sinusoidal

structured illumination; (c) realization of two-dimensional spatial frequency expansion.

DT S R AN, IESZOG M A 0 AT £1
AL, TR M AR A AR AR
THHIASE], Br 0B £1 e sk, & TT RE I £2 4%
3 GG H AR B A, R, R se s e A — A
2 HE BN B 2% SUUE N 4 Rk, AT L= A2
EZ TN e AN T ESCEIE R /DN
REma PR Hil TSR E R BEDL R
AT PR, BRI B R — A A
TSR 7 e R AR T SR SO AN SE. 2005 48,
Gustafsson [''] 7£ STM [ fifi 42 H T SSIM $5 A,
T b ¥ R FH 5% 5 - A RNOR A o £E TR 5201
PR T R BA b A 7y B ) AR IE 5K 00 A 4
KI5, I SEIL 22 R I e, K 7r #3232 w5
TIU TG 7K. SR H T 7% S m e = A e sk
WGy T BN, AT ANE S 4
BB, TCiE A SIM LS, BRI R 32 B H.
Heintzmann % 7] F 2002 45 2 H (1 W0 F0 & 280k
i 1l (saturated patterned excitation microscopy,
SPEM) ¥4, th R FE TR 3 A Jsi 5.

L SIM % 4tk H B T 2 3l i 8 456 i A 1 1Y
7 5 AR AL S R 7 A 25 4 o R B DO B A Sl i
PR 1 ATHOG i R T B S R T R FR
PR S5, T ZE AP 1 b AR 9 OB R — 7 A P
HF BT A RDCIR I RE . 8 B s A
AN 2 TEOGTRE IR ARG R B AT oA S5 A ) JE I,

A 2 BB B ST fLAT 1 S N A5 B0 i
(&1 ~ &) Mgt AR PURH, Gustafsson H
BA 6T gk — 5 3@ o e e b 2 i P T e A =
Y25 K0, K =4 OTT Yk 1k 450 2 75 18 1) A0 gy )
R REAT R, ST = 4E SIM(3D-SIM). A
I 5 465 P AR S st it o R 7 ' 1 R e o il
G B BRI, At AT S5 N2 8] G I 1) 4% (spatial
light modulator, SLM) X # e, 25 sc8l 17 =
O 0 = 2 5 41 M ST B AR o R AR P08 SR 4
W 5T % 6 (total internal reflection fluorescence,
TIRF) [t — DR m & & sE, i3
FE 6 6 51 N AT IR A AR A7 AE B 2% S I TR
3D-SIM Jf FI T-V& 4u g i 7t 1°°).

AN 1) /& Gustafsson B AE T 2011 9L 4F
For, 5 3[R LR 5% B E AR fR 0 Rt O T
Janelia iff 7T 6 i) PALM % B N Betzig A& £z 1 4t 1
STM 5 6 5 AT 52 /s 20 I 4% 826 SIM B R K 4
FeR. T LK, Betzig BIBAEUT T K B I&E &1
o M = 2 PR SR 1 O B B (light sheet mi-
croscopy, LSM), %¢ )i K J& T V12K (Bessel) J; 0]
FkE T (lattice) Je Fr BB 4 A 01 4% 3 5 STM
MIPAINT SEHORGE &, LI 10 JE A 1) = 4
YRS 1921, 2015 4F, Betzig 25 631 64 lattice-LSM
AR F O 45 JF 96 2 G 8RB I 4E 4 1 SIM. (non-
linear SIM, NL-SIM) 25 & £ — k2, AL 7 X
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T Ut = SRR S AR, LA TR] 73 R i vy T
545 nm, R T STM R BERS 0 HF R 5 v — AR
i, A SO S 1 B IR Y SSIM HR sy D R 0L
XA B HOGTRIE A R, BB RGF RO R TR, AE
], A [ R B P 2R LT 7C T Wk R A
PRI 104 0 T 3 DMD Y6 ¥ SIM B A

3.5 ZXFEMMRLFLREFHELE

g5 L RTR, wTLLE H %25 SRM B R B4R Ji 2
AR, AE H T 352 T ) 2R 9 2= 2 S R B AN
RBHLRI, KA X TR b A, 32 4 %
B E AR ME— B SR, ] 2 AR ) I 2 T
Z, =4 SRR TR, —H DRk SR
SRM Hi AR K BRI H bR, Ml T =205 1684 ik
2 A T T PRI 5t % A A ).

DLV A% 8 1: STORM A PALM %5553
B A AL AR, KRR B e AR, v]
I8 B A & T 20 nms B A ST 50 nm 7K 2
F T E A — 8 7 R T R AR I 80 TR R
MGG, G s2 R, B E H e T E e g, R
B A AT — L E I M AR 1 ks 001 (B3] B ok
P 3 S B IS R AT 5638, 33X A2 TR g i 400 A I T 1) s o
AL SRR B 43 1 58 VA O O T U R R T
(1, $& misot Th 3 % B o] — @ R R 1 (R IH45 B4
o TR G T 55, (E ER AT R (0 6T 1 il AR
TSN S R K (LR, BRIk, dndaT e
B T 26 RS AR 7 51D [0 B 2 s it 43 LA
T O T £ L S N R 0 R IR 1 TR SR, A T Ok
PRET R AR 1) 603t (G HR AT 5 40 1y gt Ak 2
BRI A S ) FTE AR bR IC AR i 7t 109,

STED fl RESOLFT 284 X $1 4 R G M H A,
FL O3 3 R B Th 2 5 B 5 R T R FE 1)
PeAR e, AT DLk B L+ 90K K, g oR
FE B e T 1 B, 5% 38 CLSM [ R A5 3 i 3t
A3, v LLE BE A0 M R AR I 7 R, SR T B T
STED & Th % % i A E STORM Y 1y 3 % J B iy
4—6 AN E RS, DRI I I A A B B R A G A
ANEEZ NG, H. i Ih % STED % 7E 52 B 58 6 2 1% 1)
e IS 0 ) T 56 6 0 T TR 1, X e R PR ) T
STED 7575 40 M A% -H IR . SR 6 TF 58
PREF I RESOLFT R — @ #2 FE b 5 iR 73X 26 i)
R, TEIE A R AG T T AT — e 34 {H R
A, RESOLFT & ZE R e R etk 5 A

1] STORM R4 AN, Ry STORM 75 ZEHREF BLIK
INFRIARDE T HUE 8 2, 1 RESOLFT I 2k HAE
6 A A SRR BB R % %, R, RESOLFT
(R — 0 R AR, 35 5 CIRET Wt R A TA AR
MU A E BT R AR

BRI AL BRI SIM B BT 75 2R A LI 58
Iy AR A R A — R 2 9 AR, DR AN R
FHLE 75 ZER AR LT 5K 5 46 B4 1 STORM /PALM
i AR S A b 7 S 1 STED /RESOLFT 4
AR, H A H T ARG 2 T HBOGTh R T
STORM/PALM # R i& AL 2—3 M E & 9, Xf A
st A6 ARG 475 45 10) B L W] DA Z2Oe R e A
i 240 A S RS THI AR A (A 3. SR Bl T AR
S B BRI SIM. X Be s 7 He s i — %, Bl iR
#1100 nm 75 475 SSIM BT LR 73 3% 22 412 i 1) v
5 STORM/PALM 5, STED/RESOLFT #f Lt. 61 1)
JUT AR, B AN BT 75 10 ) 230 25 P 24
FRE TR BAER IS KA 9O
B NL-SIM [7] i 5 e 3 95 7 11 6 e @, A2 35 48
I S ) 7R 43 % RSB 7 T R AT R B 1 R I

4 BRI &

73 H R Tk ik B R 2 3T 4F Ok SRM A — A
ik REES. SR MM SRyl
F RIS (correlative light-electron microscopy,
CLEM) (671, B B 9K 0 W e B4R 7 M 22 1
HL T2 (electron microscopy, EM) 1B 71 4F
SRR i BE JJ M i T AT S BR X BE LB K
P B AR, JCH R FMAS &, T 22 &l
WA FERNG KA T2 (R ZE. T SO, ORI R
AR FH BAT AN R RS 0 P b B2 i B s R 4
AR [E) S B 5 J5 0[] — 5 it 1 (8] — DX AT AR, IF
AT 25 AT Rk L 0T LU AN /BAE S 44T, A
T SE AN [F) F52 A T (A0 35 LA

SEBR B, SR IRAT T LR A AE AL L ML oL ik
SR — AR B TAR S R AR Jo b 56 (8 L
W7 5 R Fe A A — A, ARATT— Sk ) S
QA AR HR AT BE FA R LA FT — A 1] ) 42 1T 4K
P, TL 2 ek e A R — M RIS R, PRI
R 3 EAMEATATI 5 A2 A 2 ). SRR LR &
iz W Fhal 2 M e ik 2 S B R, T LBl 2 4t
2 R SRS BRI, NI ERE 192 ke
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M TETEAS  DIRE B 155 A S AL 2 i 5 2
T )5 12, 1681,

3T SRR W 7 ) SR 30 AR Ay 9% B S A 1
AR T H PR AALE. Harc A 42 SRM 5
A B RSB ROHIE. 10, 2011 5 (Nature
Methods) 5t #iiE T HCH 2 # SRM B M EM % %
Fh i B AR A MK AT e AL AT, 3RS T4
 H H2B 7E 40 e i b 1) = 23 7% € AL A TOM20 2
FIAE LR AR (g £7 9], SRM 4/ 7B FM 5
EM Z [ {7 #2200, PR IX FpOC A B T3 &
S SR M A BT IR HERA I, (S SQIBE R R AR 1 45 SR
FHEN. HFER, SRMAEA—R#E AR, H
500 W T AR XS B EM B AR 1 R %
TR A BT H T EAS H A SR AT IR, B T
SRM-EM KECRA, H ATHIE 2T SRM [ K5k
BHMEARRHIRZ, 1X 5 5 HF i A AT 2L
KE ML SRM 5 H AT 5 52 PR e 2 By

AREIZEEL, SRM 5615 M BRI KB, BL& SRM
ARG RBOR AR, XL ORRAEAE AL RE N [F)
AN )RR AN [ RO AN R 4E 5 AN 7] £
JE R B AR EME, AT AT £ 78 SR

4.1 BoYEREGESHEMITHZRAFER
BRARHIKER

X — R IR e L0, RN A AT R
SR FHAE ) RO o) 2% S0 R R 1 Jo AR AR 1) 2 Y R &
A A {24 T R B AR 6 5 R il AT iR,
TN REHT SR T ARCRAE R, X PP G 32 22 2
RN SRM H FI ) — 28 55 5 DUAH i KRR B R 9%
HAE 3T AR, AR GRS U X 404
€ HAR et 2 B IR s 8505 B 3 s i a) 2 9%
AE 1 F & DhRe USR5 B S 2 (8 7 W45,
411 AHP-LHiERAKIKIM

SRM i K H s W se it AT g, g —

5  SRM-FM S GRSl R HIRIX 43 H Az (70

Fig. 5. Correlative SRM-FM applications: Identifying and distinguishing specific targets (701,
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FAA JLHHCK, BE7E SRM B g A5 X R 34k 4
€ H AR FEAE P R . 1 4% 40 FMAE R o B 5 B2
R B2 [ 56 B AR B2 R, 724 2 4H i sl 45
o (R E R 1) 5 T I R T — & HL R e R ) A
Z. [H, K SRM 5%l FM 3k 5Bk, 7 LLSE R
FI FM E AR 2 2% T PR id 4% 21 B R X 3 5
F U146 21 SRM A58 S dE 47 188 43 A8, & wT LR H
55 SRM % BT F 2 T B AN TR i o4 o (1) 3
b R ET X RE 8 40 I B 4G A AT R R AR O, DATE
U H AR AR X 3 BOGHR ) H AR, B, Xu %5 701 F)
F 3D-STORM i A X} 4if1 28 0. 240 it B 22 335 AT 368 43 1%
FAG T FE I AR gt R A 71X F SRM-FM R ERE,
AR X 5343 8 76 F FR R SR R Bl 5% 7 o A [] ) %
ghKy. W 5 BR, AATTER T B e T
Alexa 647 ¥ 52 2E IR K AR LB & A T 22 41, a8
5 —Fh 9t EE Alexa 555 SRR T MR Y
Ry 5 8 B MAP2(IK 5 (a) AT 5 () FAh o2 ik
Brb i S R 2R I NeCAM(IE 5 (), 1 26 R A%
Gt FM AR X 20 5 98 fdh 28, F R B 3D-STORM
X R 2 IR i 22 45 46 04T SRML AR (15 (b)), (e) Al
(g)), MR B4 £ o0 1 P 5 fk b 1) Rl 22 LA 56 4
AR 43 R 248, il R ) 1 22 B B B 1)
HAE SR
412 MoPH-EREXKIMK

H AT, BRI AT IR % P SRM #f57E 55 ) Sl
Z AR, 25 SRM HAR B T-X 2 R PR EH B0k
R R IR B R, AN B8 5 Hh S IR 4 1 2
AR, T CLSMAE N 55 — i e A 4 B 2 43 B
T2 B9 6 BB R, H 2 818 B4 U R
A DR 4 H R % SRM IX J7 T AN /2 7EF) Al SRM
SXof — MG 2 A 5 ) JE AT R 43 B BUR 2 1, RIS e
CLSM 3R U 2 tpric B i (0 R 45 M5 B, XA
— 77 T2 £ 5 SRM-FM S 1% 5 Aok [7 6 38 51 A X
oy HARIAER, 55— J5 T B T CLSM 1] BA$2
Bt LG 38 TV B 00 AN [RDROEE I U, e
FEALZH 2. A 040 M S5 ) JE IR A R A5 R
VRN 53 # i 43 FR S5 A 75 5, AT Bl T4 i
Iy MR E YD 5 L. B4, Crossman %5 [T )
BT —MHT 2 R EHS S dSTORM-CLSM
KECBME AR, MATE e N IEHA S E&F
O ILSE BE 2R (1 JPH(Alexa 680 Fric) A1 2% J& Bl 14
RyR(Alexa 750 b ic) (19K 7 7 W8 &2 4 4k 3 47

S HERE (6 A(c)), H24 FI F CLSM %ix i fi
F LA ARIE T 22 IR 3SR 3 WGA (Alexa 594 FRid)
0 200 P R AT 1% (16 A(a) F(b)), 38 3 @l 4
TP A 7 V5 R4 1 BB, #% ASTORM &5 2R 47 &1
) 4 i 550 20 P 5T P P A ] DX S AT Tk S A
(E16A(c), (d)F(e)), Mifi KBLRyR 5 JPHTE i
i 1A T R 3 e A7 K. Barna %5 (72 5% A 26480
{14 5 925 3ok [ 5 ) o U DS T AL R0 R S AT T
STORM-CLSM % Bk & i B A& (1 6 B), I 1F 44
TR IR VividSTORM X% 28 1 56 Bk &5
TG FEAT 43 B LA SR BURE 72 40 P 550 20 i 45 44 )
B e - N ol SN T R g S g P SN AP v o

4.1.3 AR -KERAXKEIM

EAR H ET & SRM $ AR ERAT A2 T4 w51 ik
G R RO, R L AN = WAk 2R A 4 i)
ffy 25 SR 140,731 SR 7 52 B B A 22 50 SRM B AR 2
RERE R4S F R R 43 H R I IR TR) 2 1) 4E 10 s A
ATH SR 2 Pl e R HE 1, I G2 %) o0 F 3 A S T &
BRI R I, T IR 6 T3 40 i — e Bh A T R
& RARIE R K. ¥ B & 2 6 5 H R
) SR FH 75 [B] 43 H¥ 28 FH X B AIGAH ) [8] 4 % 28 ]
DAAR fey PR3 4 B S I 2 D' R U8B (live-cell time-
lapse fluorescence microscopy, LTFM) [7] 4 5,
2 H A $2 5 SRM I [8] 43 3% fig 71 B9 — D RO 12
Balint 45 ()4 F T 7540 i (¥ LTFM 5 F T [f 52 4
ML) 3D-STORM AH SGBK, 45 & Hki 1B 15 (single
particle tracking, SPT) A, 18 118 B 40 ffd - B
AV TR (132 S B8 AT IF 5 T (0 7 S R gk AT
KT (B 7), BEFC T IR AR IS S He ik 147
RFAE, AT A Sy 32k 2 1 3K 5 Y S Is F LT
AL T E MR AU LA, XM O I A R
2 BRI 43 AR B ] 4 PR ) R SR
5515 A M G B B B SRS R — ) Tz AR TG
Wb 2 R AE I A BSAR i BT 248 R FH 245 4 A
A5 4 A B B ORI 1t R g BR AR R AR AR
LTFM B A% 45 9B £ 5 A7 % 248 i b A7 ] o A0 40 9%
PR ICEE — R 5 PR FE 5 AL 3R I 3 AT
IR, NI T NE R B T — R R A7
SIEL 20 i ] R 43 b 3 8 U0 SR A
B2 11 5 i A BRI 2 vh B 75 1 & AN R0 1 B
FEN.
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/Tom20 STORM
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K6 SRM-CLSM Bt M I Sl 3t By oz B 17172

Fig. 6. Correlative SRM-CLSM applications: providing multi-level background structural information [71,72],
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Time-lapse lysosome movie

Trajectories obtained
from time-lapse movies

.wrlgle particle tracking

Conventional microtubule

STORM microtubule
image

Combined trajectories &
STORM microtubule
image

K7 SRM-LTFM 2 M8 FI 2l 32 it 1a 2 @ ae 4y [75)

Fig. 7. Correlative SRM-LTFM applications: improving time resolution [75],

4.1.4 A5P-RAF F RIK I

W FF W A K 1% (fluorescence  lifetime
imaging microscopy, FLIM) $7 A8 i £ A i A
WICIRET B 9% 't T8 Y0 280K S W H 5 RO B A A
HAEM, O 2 B T 5 A 40 Hh i) 8 -k
P pHAR S B R Pt R 2 M
SNBSS E, St — A D RE AR FOR. T
T 2 B SRM B8R 1 B BT R S5 M 3EAT iR,
1l SRM-FLIM 5% % & f 7 Jy SRM B AR g fit — 4
EAYERE, F 8 HIae g E . B0, Auksorius
ST (¥ STED-FLIM AR, & k3k8 T @ T
TR 2 B ) FLIM BUR. 55—, FIFHA
G5 731 5 a3t B AN R, AT RAIX 73 D' i 4 5 A
LRI ZCIRER, ¥ X —VE B B T SRM AR IE A

Det 670 nm=*15 nm 71=1.8 ns

300 20

BTS2 E £ 5 SRM. 51 0, Hell B 72 [ BA 1781 Fi] Fi
STED-FLIM KECSEHL T X STED £ A, At A/1F]
2 YIREF ATTO 647N FI KK 114 4y HlAric 1 [#H
ST A P R R R A% 4F 2 B A F AT STED
FA%, [ B TE 42 3 R b o) e TR 26 B e i 5
iR (time-correlated single-photon counting, TC-
SPC) X964y ¥ I A am it AT I &, T Aot
G IR R AL e 1 R S 1 S AR AR L, R Ge H TR
K — HOOR 6 R — R STED O, 1 3543 1 9% 6
5 P G AR B Ry T RO R SO & Al
(B8 (a)), 1HH TP 7+ 1 % % 73 fiw B 2 A 4,
DRI A ) FH 25 i 45 BV PN I8 IE 20 IF (K18 (b)), A
0SB T RIOR K XU STED. B4k, FA171H
PAEKs SMLM 5 FLIM #E47 R I¢, FIFH B2 8 4L

72 =3.1 ns Overlay

8 SRM-FLIM 51 G US54 Sl (43 78]

Fig. 8. Correlative SRM-FLIM applications: Realizing multi-color super-resolution [75].
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SRV RN S A 4 1) O Jie — b RE A Xt 9 A L ) dE
&) H AR BEAT O A A B 0 T vk 1), it — 2B 5
SMLM 3J BRI 70 % 25 40 45 5 4 A B 48 7= 20 i
A B AL B ELAE S5 0 A A TR R 5 &R

4.2 BRPERIESENE AR KEK

6T I B ] DABR AT i B4k 2 o) B A 1 4
P . SR 22 B0 v Wl 2 4 AR L B R
SR, RN EEEER TS TRSIE R,
T ASELEFE i B2 0 A5 S, A RE BLEEXT AN
S FRDGIE AT, FE T 0TS & 16T g 4
AN B AT R R S AN TR AL B G5 B T g, 2
SrHEER UK. B SRM BAR 5 k&4 R AH
R, A KR = Gl AR A AR (1) 23 18] 4y 2, [
IS 2 SRM 38 In#i o1 145 B 4EFE.

421 A -RANE XK I

FH T SRM £ AR A B 5t o 1 T 4R % 6 1Y,
I 5 R ¢ 6 S O 1 B 9% ' Ol i N & R
A (fluorescence spectrometry, FS) it 17 L2 Lk
BEEZN—FOCE . X R SRM-FS 2 B2 il
— R TSR T FSMEASE, 55—
W] N SRM $ R $2 it s B 2t A 1 5 — A i
2. Zhang %5 51 F|F] STORM-FS 2% BE[A] i 5231 1
{7 B LA TS I A G % 4> HE ) £ 5 STORM
FoR. WE9A R, A1 E T —ENDRRSR
(B9 A(a)), HA—MWEH TIHRBRA RIS+
AL EE R (B9A(D)), A— M REMN RS T
WNAE TEIT — MW E 77 AR 1 B R N0 5%
Tk (B9 A(c) A1 (d)), XA B B B AT [H] B 3R
B EEANRS 6, FEH BT STORM H
o FIMERIEOR, X LB 10 I K2 A2
HAHE F, AT SEEL T &40 B0 106 AN 1) s & 540
TFSWIE. @it % STORM K& #8456 1
() 6 FEAT 341, 38 T PASRAFAREAN 40 1 10 K S U
B3 K I 40 ST 1 AH B 0 B, AT T s — 1 L
B RO NS HEAR, LI s P26
STORM AR, & 9 B Fiiow, AR 1 DU AR A
RO KA IEAY AR 22 10 nm 22 45 19 % 6 70 1 5% 4l
Ji r DU AN (5] 6 44 [R] I 2R AT bR, R AOGE 2
#HESTORM HEA AT LLRGFHLIX 73 PUANETE, S
INF1%. BlJG, Hess B 70 HIBA B SR8 T —Fh 3k

TR G FPALM-FS KREREOR, AlAI 1R 20 K
SRR OGRS, 2 T8 T
SENL A>T FS &L, BARIXFE — SRAS AT 6 4
D TGRS DG T (H RGBT AR ]
H B BE 2 G0 SR EE Y 5 2R 48 AR
%, Hid-a Y A
422 AHH-LINRIE KB

FHELFS W & FEM AR, 2040 0 3% 450 R 11
o RUTE T8 @ bR, wr 42 4R FE A 2 S R
VT Aok, () A5 i S A8 BL i A% 46 21 4b (synchrotron
radiation-based Fourier transform infrared spec-
tromicroscopy, SR-FTIR) J't it & il 1) & 87 it 7 i3t
J& TR 7R T 40 H A — Se AR A 15 0 4k 2 A5 R B2
SR L2518 93 HERAUAN 5 wm A2 47, Whelan 25 [57]
IE T H SR-FTIR D6l &R SMLM #E47 5%
ICIE F T B4 B At A 1 A, At AT DX [ < i ) 4
MuiE4T SR-FTIR Y614 #r (B 10 (a)—(c)), 285 FF
X B B 5 bR 1C JE AR [R) — 400 I P 40 B SR
AT HERRAL (B 10 (d)—(k)), 38Xy p
S5 RBEAT AR 70 M, LB BRI AN R [ 7€ 7 Vi
FSCR) 2A0 AN [BTRE P2 1 1oy A ey 224k, AT A A4k
7> HERE ) S IR AR SR A T —FhR i T B

4.3 BoYRIESIELE EMBARRIKEK

T B A BT L EL AN [F], SRM 5 EM
S5 5 B AR B it 1] 6 ) S SRATE AT AR AN A
A, EeZ A vl Re EAH PR, IX 45 PR 3 ORI >k 1 i)
KIIPRER, B9 S IAX 2 I IR AT A TR P R BB R
. 3 20 Rk, KHK T8 FM 5 EM ) CLEM
B SR T S0 AR 7 SR 154561 ST i il
FHARW HE R, R AE 8 FM Bl ok e
KB SRM £ A 5 EM 1) S B AH bk SRM 5 H At 4
F62E R A B LA B IR S IR A, R A
HEE.

4.3.1 ABH#-EFRIKEM

EM H A FEFH H 5 254 (scanning electron
microscopy, SEM) 1% 5 B & fi (transmission
electron microscopy, TEM) PiZS, FiI & % FF 2R 1]
B, A3 e T 10 nm; 5 Y (24950
100 nm) %18, 73 HRR ATk, EM UGS FE R
BE LU IAEE T AT, XA ) 8 A PR R, KA
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(@) Path 1 Camera Path 2
L1 M4 Prism L3
Ml 1 L24 L ” M3
M35
' ;M2 M6 |
=== siit 1 Stage T glit 2 mm |
<=f==p- (Cylindrical lens)

(b) Path 2 (d)
e 1.0 — Mol. 1
o — Mol. 2
£08 Mol. 3
§ — Mol. 4
£ 06 — Mol. 5
2 04 Mol. 6
s — Mol. 7
=
é 0.2
o XA
650 700 750 800
Emission wavelength/nm
1004 (e) 720 9.p)
3 | AF: Alexa fluor
] 710 4 DL:Dy light I}
P ] @ Dy: D i
g ] 2 g y: Dyomics % Cyss
~ L
S 104 S § 700 AF660
=] g E
S 3 Iy {1 DL650
g h = E CF647 Dy649
5 1 =g 690 1 Dyos4 AF647
5 - | Cy5
1 ! Cyanine5
680 -7
14 + DL635
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Fig. 9. Correlative SRM-FS applications: Realizing high throughput single molecule FS measurements and

spectrally resolved multi-color super-resolution (807,
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Fig. 10. Correlative SRM-IR applications: Bridging between structural changes and chemical composition

variations [53].

YIRE LT SR TR K. TR B D)
FrAETT) b4 SEM R 7R B S AL, TEM —fi%
W, K Qe R RO AR 2R
BIGR IR, BU BRI BG4 B R R 4
JE X} R R R 1 kAT et (ELIX b e £ JE 4R 5
PEbRIE, Pt EM 4 4 e R RO DhRe R 2. F)
FHBREA G 9N K RIORL R A4 K i 1R AT e A i
AR AL T 1) 4 1R 1, E B AT N I8 52 3
Fric % FEAR nibrid H b7 12> S IR . SRM
5 EM HE4T B AT 3R 4D EM 1E 4 745 S5 MR R 51 7
TR AL, SRR 25 B AN, {H EM AT o il £ S A2
7K U S IR X T SRM AR il 1 R e IR EH
& B B, B SRM AT EM YA 8 [F] i %
&, T ELFE & i) £ R0 R AR AR AT 0 200 28 3o A A 12
THA B AT RESEIL 38 (1A BOREL. SRM-EM B
I FL7E Betzig %5 P12 Y PALM $ A 1) 5] I 50 T 46

T, AR CLEM H R 2 K1 %Y1 iF TEM
BE MBI %R, FIFH PALM-TEM B 45 B 1w
FSEVEIE B T R PALM $3 A B 32256 40 i 9 2
JR AT M oy G A R AR (B 1), BE
J& HoAth SRM-EM S e H A il 82 & @ e ok, SRk
FESBRARYI R B W s Y . JEY) A 55,
T T AN [FAE i 75 AN T3] F Ak 3RS 7] 119 e A8
F2 7 PLSRM-SEM KB A, Loschberger 25 5%
FIH dASTORM-SEM S BLAH 5T T 3 9 TCE BF B 41
LA JEE A R AL A, ARATT T SR A B H R
A% 38 47 %5 L ASTORM B i 1] 2% F 3k 47 48 43
AR, B P A TR R ) I AT S [ Ot
ROHEAT DY A B [ 5 7R B 7K I o A
S, mEESE - ER USRS BEEAT
SEM iif%. @it/ dASTORM-SEM X BESE R At
TTRILK Z H NPC i 8 X JERE & 11 gp210 (1 1A]
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P B (12 (e)—(h)) Ll (D EEH I, &
T, Wojcik 25 BOL 48 H 7 I A0 884 B B AR &
BEAT STORM-SEM 5% Bk 2 4 00 37 v, 5 FE i vl
(SR J2) 1A SR 0 IR LA AT 2 B R R LT AT 58
A RR A SARFOH AR 0] T RIS 5y I A4 2 R 3L 5

DU, DR BEAE G MU ot 2 T B ot — S A S0 R U T
o0 A AT IS TR K 45 D 3 P B A A B
AR TR 1 FE dh i S RE, o ELREAR 1 X 4 i
I 3 A B bR A0 1 225K, Kl SRM-EM [ & Ji& Hil
S EH.

200 300 4100 500
Distance/nm

11  SRM-TEM eIk S U8 el 560 49 9 k1545 5 15

Fig. 11. Correlative SRM-TEM applications: Validating super-resolution imaging results [°]

12 SRM-SEM SIS UL AISEp: ST T4 bR 49 55

Fig. 12. Correlative SRM-SEM applications: Realizing molecular specificity in super-resolution imaging (881,

432 RHH-BTHRIEIM

Ji - 712 (atomic force microscopy, AFM)
VER o — Rl R AR B AR, T2 T 90K H
AR R A, E e W B R A 5 R R T A
A FH <2 BG4 o 3 TH TR 30 I = 4 AR, e 23
10 nm i, YRy PR ATIA LK R R, I
Ab, R AFM & 0] LLEA7 1 F 77 F0 S v A5 5 55
FZEENE; B bR &R IRE A R

A SEHLE 373456 % B (near-field scanning op-
tical microscopy, NSOM) Ij g, Bl F- 1 Betzig Al
Trautman 0 $2 ({5 35 B o BrEoR. BT AFM
HURTE T S, X R % SR ANy, PRtk
JUAF 8k Bk 22 th 4 T T~ AR 0 ol AR, L&)
ST A SR 4 2 B AT AR 0102 Rk SRM-
AFM SKHAH E SRM-EM 2 /#5432 . fill, Harke
2 10 T e B A 8 B R e I ARM F 3 25
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BT STED-AFM JGHBE, Fdid e ekt 47 1
SEEGIOAE. b E X R OGN T3
fi SRM 5 AFM )58k 04901 ANk, | F SRM K
FH R 2 2 3 AFM BB R B s, B
HRH MO ST, FrU BRI RERT—&
ARG, X PR E H I8 e 5 R RSBl e
BBk ), AELR A 8 T H T AT R AR (5 ok B S A
[ — AR X IR AT AR, KR PR AR T SR I 4L
i RN oy W1 0 e, DR QIR AL T (R %
F. SRM-AFM S 5 3 2 (1 F A2 v] LAFE i 3
TR P 37 7 TR AR kR e B AR 2 AR . fln,
Odermatt 2 9144 PALM-AFM B R F T3 40
BAR, SRR AT M I 35 440 6 1 5 7 55 B B T )

A4 (B 13 (b)), A PALM Xt [7] — & 47 #E 47 48
S HERAR, B 240 M B A 0T B mEos2 1
R 1 SE R 5 45 R (B 13 (c)—(g)) FEG K R B
TR T4l FE B £ R AT S R B B S AR L.
5 SRM-EM 5% Bt 2K 6L, SRM-AFM 5% BBkt v FH T
X B o3 45 RBEAT BALE, 640 Monserrate %5 196 F]
F SMLM-AFM 2 B} 2 S bk id (1) 85 48 ADNA i
17 4%, X B SMLM A AFM I &8 45 3R, &
I AFM UG A2 28 1) 45 R £ 8 43 7% AR A7 AE [A]
B, AT S LR 70 A ot e 1 R P45 B ) i 2 T
SEMNE. A, SRM-AFM SEBGEA 5 —FhTh
RE, EDRIFH AFM SRS AT 9K 485 4E 30 F SRM
FEARAT G 5 2 R ER R R 5 . 107,

13 SRM-AFM IS8 9] 345 R i (s 2 (94]

Fig. 13. Correlative SRM-AFM applications: Providing both internal and external structural information (947,

4.3.3 M-k KRB

JoR V& E [R] 2 2R« R T A% AT 23 1 1 48 5 ) T
—HE DR E S A AF W R A A, AT LA
P = RS 7 o 1l HEAT BB B IR B BOR
(secondary ion mass spectrometry, SIMS) | A4

YIRE S AL 52 B S Al 7 — Rl 0 7 ik, H AT
F] 43 9 2 ©138 100 nm /2 47, 5 SRM $7 A 3 A A
281 SIMS B G th 75 AR s B k4T, Rk
SRM-SIMS < Bk T I % 5 SRM-EM < Bk [ # f i)
BRI AR R OGRS 1 i) 46 1) R A R S BT 2K
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Fig. 14. Correlative SRM-SIMS applications: Providing additional information dimension 9.

fI<E. B, Saka 2% 199 F| Fif STED-STMS <
FT ARG IR S & 0 I B A A e, AR
A FAL R PN AR 1P 7 I LE #2870 (1 85 77
R AR UDIR A 1E 9 )5 B & B A Sl &
BALRAE, B2 A1 X 40 Bk AT [ 52 | G ROk AR
1 7K AR EHE, U) SR AL, FEXT AL S 1
FE 48 J5 3E(T CLSM, STED #1 SIMS %, it 4
Hr CLSM 1 STED 3k43 (1) 41 i 25 14 % (K] 14 (a))
AT SIMS 3575 () N /14N %5 B Lk 43 Aii (B 14 (b)) 7
YR S S XL T R R g & A
J i A AN (] 14 (c)).

5 HgfEDR

Je BMURAG T R G AR RIRT SRS
H AR BR, 173 J LA R T & (1 SRM AR K
IR0 (R 70250 0] DL« 12 PR ) 3R A5 5 =
TATHAR R 73 R (W > B & Hof, STORM,
PALM <5 £ AR B3 58 37 AR R G2 BEAT 25 4 Ab 2,

T I AT SR A PR S ] P9 26 6 43T e JE R I 43 I AR
W, SR Sy 7 8 A 5 R 4 WK, STED,
RESOLFT &5 B AR B xf 9 4 AR & 4 i 47 78 3804k
I A0 BOR B O 05 PSR o TR O, g
G T WOR BE R ST R 43 3% 26 1 5 ) 1T 3R 459188 43 7%
8 SIM, SSIM %5+ A | AR £ B2 #E AT A0 3,
FH BE 7R S SUKFE i ) i AU B R2 B R 48 OTF 1Y
FE AT ] P SE IR 7 RS

SRM 7 At 5 6 BB 1 o e 3w T 3k
— AR, HEUS BRI A P Be A T i
BETSRA DI T H SRR N — o N ER, SRM
AR S B 8L FH T A2 4 = 25 B 50 B AT T I 56 17 %
AR AR IR ) 8, TR Y U R I B
—JE JE LI B RN EE R R AR L SRR
FEAET. Bk, B 7 — B o HE e, e sl
SRM 11 % A%« JEFE T =4k AR 8 41 i PRk
BRAZ S5 H AT SRM AU [ AF 78 25 A 33K 4 ] 850
FRTE T AN Ve A SRM 3 AR RSk A ml B A AP =
SERIE TR A B R S T A S B R ) R
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EAEI

£ SRM HAR A T4 58 H 4R, ¥ SRM 5
HARAE AR AT ICTK (14 68 7 % G TG\ Ak A2 < B G 5
HAMO RIS R, OISR SRM I — AN EZE R
JE#a% . SRM AR5 FM, CLSM, LTFM, FLIM %
AT 52 PR A AR ) S AT 9k b SRM H Y
— LB g5 R B AN X R H AR SR E IR
B REWGER. SR Hae 1. F 5 DR g
BAE R L2 B PSR, RO E
SRM 7E 7> #¥ % 5 T R %5 SRM 5 FS, SR-FTIR
Sl ) £ AN AR A AR B DRI T R i i 1 A
GEAR K 23 18] 4 #E 5, [RII J SRM 3 & 4 (1) 45
RYERE: SRM 5 EM, AFM, SIMS 284922 B
AR SRE, — 77 [ RN [F] — N A4 2% 0] R AN )
JUBE AN [ 44 i AN () A 3 104 U2 AR B, A AT
FLE RN, 55— 77 & 68 N 56 AE SRM 45 1 1E
Hff PR SR AL B R .

SR, H T A R ER (AN [, 047 2 Tk 795 ol
ARG B AR T AR A B AR o o) 2% 1) SR AT T
RE K AHARRE, JUH 2 SRM 5 EM &5 4F % 2 B
RIS, RE BHATCERE T V2 RIBFE 5 il %
TEF I A R AR AR, (HIX — SR A I S
B o FH ) H w3 IR AT SR M BR. [RIS, T2
R A FEIE B L9 K EE 3 5 i K 16 79 b 5l 22
F AR Z [ SCEK, B xT v Ffl & LSRR
151, RUORAS TR 5 R4 1 B 2 (8]0 HE PR R 2 0 20
PEHILE 10 nm P, 75 W0 H T 38 R B 00 74 170 36 ik
1) D 5 B 2 % 256 A 1R 558 1) 0 4, 2 KR 1) 55 D B
R S TRk, A RN HURE 50 R A i 6 i 3L,
74 RE SLI B IE A A4 1R 4y R OCIE  A E  H TAR
L2

TEA IS, BT SRMEAR 5 H AL R
R, H AT [F ) SRM i AR 2 (8] 78 238X 3k 4T 5%
I S A, 4 SIM-SMILM £ [100, 1011y By 45 5% Ik J
T FE I H B R E — A, RIS G Hh e #1X He Sfe idk
FOR B, 003 BN A B 2 s R Ak T
R ST AT B ME AR S PR 5 5
BED, DR ORI B IR i ) 46 G A B 55 4
KEARB 3 — D K 5838, 85 HE R BRI 5y
HE ORI 2 BB AN D A W s 5 BT LR AR R R 2
A = R E s, BB AATE RN o 41 Hh 2
fil HE A AN, AR EOR TN B A 25 1 A it
HHh.

SRR YN R 2 T % o0 T A7 5 AR R 23 3 2 1 i) 1
JB T 38 [E 42 B K 221k 2% & Joshua, C. Vaughan #3% Flf
54 Marco Howard, Lauren Gagnon <128 43 9 i 14
FORB B8,
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Abstract

The diffraction of the finite aperture in the optical imaging system restricts further improvement of the resolution
of optical microscopy, which is called the “diffraction limit”. Since raised by Ernst Abbe in 1873, the problem of
diffraction limit has been one of the foci of academic research. In recent years, with the rapid development of related
fields such as the development of optoelectronic devices including high energy lasers and high sensitivity detectors
and the development of new fluorescent probes, the problem of diffraction limit in optical microscopy ushered in a
new opportunity, and super-resolution microscopy (SRM) has made remarkable achievements in the past decade. The
basic principles of diffraction limited resolution in both space and frequency domains are reviewed, and on this basis,
the mechanisms for the various SRM technologies to circumvent the diffraction limit and improve the resolution are
explained in detail. The development trends and research directions of various SRM techniques are also introduced.
As a new and important development trend of SRM, correlative super-resolution microscopy and its recent progress
are reviewed, including correlative studies on SRM and time-lapse live cell fluorescence microscopy, fluorescence lifetime
imaging microscopy, spectrometry and spectroscopy, electron microscopy, atomic force microscopy, etc. The role and
significance of various correlative super-resolution microscopy are discussed. The future development of super-resolution

microscopy and correlative super-resolution microscopy is also prospected.

Keywords: diffraction limit, super-resolution imaging, correlative microscopy, correlative super-

resolution microscopy
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