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FERAUER (stimulated emission depletion, STED)!.
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Table 1.

Technical comparison of SMLM, SIM, STED super-resolution microscopy.
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Fig. 1. Comparison of wide-field and confocal microscopy: (a) Simplified system schematic of wide-field microscopy; (b) fluorescent

signal acquisition of wide-field microscopy!'¥; (c) simplified system schematic of confocal microscopy; (d) fluorescent signal acquisi-

tion of confocal microscopy!'®l; (e) comparison of two-dimensional section images!'¥); (f) comparison of three-dimensional reconstruc-

tion images!'®.
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Fig. 2. Schematic diagram of fast imaging technology based on multifocus array: (a), (b) Principle of pixel reassignment!

24,25], (c) im-

aging comparison of confocal microscope and ISM on 100 nm diameter fluorescent spheres®!; (d) illumination system for MSIMI[??;

(e) dual-color imaging comparison of MSIM and wide-field microscope on live-cell?; (f) 3D imaging of live cells by MSIM?2.
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Fig. 3. Schematic diagram of fast imaging technology based on microlens array: (a) Simplified schematic of the spinning disk con-

focal system; (b) key steps in implementing Instant-SIM

focal microscope on live-celll32,
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Fig. 4. Schematic diagram of point scanning super-resolution imaging technology: (a) STED schematic; (b) STED achieves 2.4 nm
resolution on NV point?; (¢) FED schematicl*’l; (d) UCNPs-FED single particle imaging!*; (e) RESOLFT schematicl*’; (f) cell

imaging comparison of confocal microscope and RESOLFT!,
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optical fluorescence transitions, RESOLFT)P%>1,
RESOLFT ¥ J&{# Fl 405 nm ¥4 & 63006 i 5 %
FRSGEE DX IR N 00 & 1, RS, Bl —R
488 nm FMEIGA I 2 O B RO E &
SPIRA, SR BUERZOEES (K 4(e)). 5 STED #H
Lb, FEARTFARIR) 73 FERAIE DL, B P 210
e v AR 8 ANBUE G, AR, IR B AR A5
ERIES i e ST TN S SE v g =
rsEGFP S8 RESOLFT A, HR G & ohx
AR 1 kW fem?, SEEE T 24 36 nm () RAZ 539
R B FRAR R B BRI A0 F 10—20 ms.
¢ 5 RESOLFT B BUR 3 B, fFR & K T
g L A rsEGFP2, %8 H B9 G E b K%
PR, T 25250 5152, {HJE, RESOLFT
PENCIREMRIRAFAE A UG IR TS | 6T Ak A
it — 2B i R o B S ARG B SOGEE
SEA, AR E R T e DO B AR R
FEN AR (minimal photon fluxes, MINFLUX) 1E
RT3 DN AR R R 43 B i R R B304 i s
OGRS, PR L A, 9k
EEES SN NN/ S s e a0 4 K et N 7 A RN VA
B HAGE M T 13 nm AY#E 5 25 0] 43 3
R, FfiJF W5 MINFLUX B93ERE E R R T
MINSTED iR, B2 Press ik o), 545
0.23 nm A4 %E (A FE 55, MINFLUX Al MINSTED
FARAEZ M 3 PR LA 3 BRI, (AFERHR K.
RN FRROCEE A R, BN, S
KETFRA - BERUR, ARSI T 3R
BRI KA (upconverting
nanoparticles, UCNPs) HAT I 2L A A& | R Lt
5 OGIE T AT L TCUORIE AR FE AR

Pefleg STED Ml BYSHOE GRS & L SO

TCACHRRIL ek B RS R 4%
75 T )R ELAT AR R 38 7. 2015 4E, Wu 45 156 vk
SCER T ATLLAMEHR A b mFE IS, R4S
T 30% MIFEEPHFERCR, N SLBUB IR | TR
1A b G 408 43 W OT RE T8 G, R4 T
IR, 2017 45, NS B b 55 WOl 4 W B R
Zhan %5 07 ) F “[R] R g [ 58 S 0 f T
M FECIAFENLIE (8 5(a)), 52T 96% MM &
FURERL M4 B3R 66 nm (488 73 9 & O8R5
(I 5(b)), HEFFRHFE R HLfE 58 STED &K T
F/0 2 ARG, TR TR LG, IR T

RGO R AR ZE R AR, TRIAE, Liu 55 B9
RIE T AR GG A [ S 46 43 B AR R
BRI BRI PERE, 2022 4F, Guo 551
g6 BRSO 22561 3F Lk S T AR R
P&t T 32 U A S OR B ROR (stimulated-
emission induced excitation depletion, STExD),
S IAESE STED Fr AN BA 9O HFEIR Lt i
REYIEFRIN, B e i RE R IO CHAE i e 21
AR, KRB FDGERFERE 2 42 kW /cm? i
9, BALSE STED HoR TR 3 M, IR T
~34 nm KPR AR, [F4E, Pu 57 00 LT B
et O6-Y Br-Re AR PO HIFERLIE, $2
T RAEBISCIFER AR (surface-migration emis-
sion depletion, SMED), K& SE FUHAFEIET L2
RS SR G AT IR e 4, e 5 | FUOLTE
T[] 5 A AR MOSUARERS (1] 5(c)), S T I
R DOCIAE, BFERCREATIA 95%, HARADGIRL
H18.3 kW /cm? 4%, Btk STED HOR T 3—
AN ECR G R, AR Z PLgR IR L0h | S
JESEHL T 43 PEAR R A 17 nm (48 43 9 W SO
(Il 5(d)).
ARG T AT AR RO SRBOE S I E AL
POCIFESN, A BA MIRAAELE (n < 1) &0
52 FAELrE (n > 1) 80, 2T iR
RGN A A O R AOGRE, RS S
R RS IR A P W ORUR . Wa S5 62 46 i
TR BRI K 808 nm O & B4
AR 7 A R RN E e T R U (n = 0.59),
SEBL T TOOGER RS G 22 43 AW AR R A
R ERAHGE I HEUR, 7rPERIAF] T 80 nm. [R4E,
Chen 55 B RAZ IR SR B HRIZ R, 78 93 pm
JERHSUAG T, ST 50 nm AY43 K. Huang
SR R T IMOR IESS I RS, RO | i
FHEHEL MR T, SE T 85 -6 A dL- 20 XGE
T8 TCHAARI, SCBL T BRI PO 25 oy
BERUR, SR A 54 nm BB RS, (RIS 2L
BURITRIZERL T 1/2. AR AN 25 5388 73 B,
PGB PR 22 IR RS, IR ) 55 10 ook
ST HEUR, AR E R R T AR 2O T
KON UG, HIE N d=Xo/ (2N A V) ,
HH doin A2 7] 53 B/ DEE S Ao ROGTEE =S
M NAgw WHEEUES LR, N AEL M2
TR SR, ARG B ARZME 20T (N>1) R E

204201-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y 1B FE I Acta Phys.

Vol. 72, No. 20 (2023)

204201

a L o975um Cross 810 nm 810 nm
(2) 40 excitation,” *+_  relaxation  co-exc. depletion IR P,
i w
35+ Py
~ ‘[b
— o)l
30 %
£ 0,
3] R : o 133
» 25 CR2ICR3CRA = <[
o \ s
2 20 F a s Gy
ol @ 3
g[s 2 e <[
L 12} {F;
Z 15 B
=} o3[ SH.
m 10 FFs2 + CR1 SEE 4
i ==
i
L |0 x Fa
5r 8 S s
| ® ®
£ P : .
0 =8 G T+ ’
(c) 40
_  ___  sp,
35| E— R
SMED P72 ==
—~ L M ' =
730 T D, =
5 2
o — Gy
S 22
S 5|5
Z
~
>
a0
b
=
3R,
sa]
Hg 8S7/2 —_—
Yb3+ Tm3+ Gd3+ Gd3+ Surface
quenchers
(e) o5}
Photon avalanche Cross-relaxation
3P1
20 T %P,
o wy
| P ‘D,
g 15¢ w ] I -
By AEEER
o 2. 53]
= 10 FFs2 ( ) 1G, N
< ~ . op \
3,4 T \
9 o5 2 2 oF2 ERR
o < 34 = |\ 67um
Z 8 2 o, ’
~ ’ \‘\w
R : 3Hy 0 I
Yb3+ Pr3+ 0 40 80

Frequerncy /i~

5 ERARBESHMGHEATRER  (a) ZOBBRERETOCHFEYLH OT; (b) b5k STED B r #t AR LR P, (o) RRITH
JEARFENLH O; (d) SMED 8 7r H AR ZE 5 O, () Ybo+/Pri+3AB e 4 R JIURE (9 0 7~ T7 B AL (1), (£) D725 i 8 23 B i 15 45 2 (1)

Fig. 5. Schematic diagram of up-conversion super-resolution imaging technology: (a) Cross-relaxation energy transfer fluorescence

loss mechanism®; (b) up-conversion STED super-resolution imaging resultsP”; (c) surface migration fluorescence loss mechanism/®’;

(d) SMED super-resolution imaging resultsl®’; (e) photon avalanche mechanism of Yb**/Pr?* co-doped nanoparticlesl®l; (f) photon

avalanche super-resolution Resolution imaging results/6!.
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Fig. 6. Schematic diagram of point scanning 3D super-resolution imaging technology: (a) 3D-STED PSF zz plane intensity distribu-
tion; (b) simplified schematic of 3D-STED system®”; (c) AO-3DSTED with a single SLM[®); (d) imaging comparison of confocal mi-
croscope and 3D-STED on 20 nm diameter fluorescent spheres®”; (e) simplified schematic of AO-isoSTED system and PSF zz plane

intensity distribution(™); (f) imaging comparison of confocal microscope and AO-isoSTED on cell microtubules!™!.
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Fig. 7. Schematic diagram of intelligent scanning super-resolution imaging technology: (a) Smart RESOLFT scanning mechanism!™};

(b) etSTED experimental schemel™.
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Fig. 8. Schematic diagram of parallel scanning super-resolution imaging technology: (a) Simplified schematic of pPRESOLFT system[™;
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ging with 3D-pRESOLFT nanoscopy!®!.
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Table 2.  Overview of point-scanning super-resolution fluorescence microscopy techniques.
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Fig. 9. Schematic diagram of deep learning-assisted ultra-high spatial-temporal resolution imaging: (a) Deep learning improves

image resolution; (b) GAN network training results®?; (¢) RCAN network training results®!; (d) Unet-RCAN network training results*”!
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Abstract

Laser point-scanning fluorescence microscopy serves as an indispensable tool in the life science research,
owing to its merits of excellent resolution, high sensitivity, remarkable specificity, three-dimensional optical-
sectioning capability, and dynamic imaging. However, conventional laser point-scanning fluorescence microscopy
confronts a series of challenges in the rapidly evolving field of life sciences, because of the limitations imposed
by optical diffraction and point scanning detection. Over the past two decades, substantial advancements have
been made in super-resolution fluorescence microscopic imaging techniques. Researchers have developed various
high spatial and temporal resolution point-scanning microtechniques, which hold great significance for biological
optical imaging and other relevant applications. Regrettably, there are still few review articles covering the
recent progress of this field. It is essential to provide a comprehensive review of laser point-scanning fluorescence
microscopic techniques for their future developments and trends. In this article, the basic principles and recent
advances in different point-scanning fluorescence microscopy imaging techniques are introduced from the
perspectives of temporal resolution and spatial resolution, and the progress and applications of high spatio-
temporal resolution microscopic imaging techniques based on point-scanning mode are summarized. Finally, the
development trends and challenges of high spatio-temporal resolution point scanning fluorescence microscopic

imaging technique are discussed.

Keywords: laser-scanning confocal microscopy, super-resolution microscopy, fluorescence microscopy, spatio-

temporal resolution
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