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Fluorescence Fluctuation-Based Super-Resolution Nanoscopy

Zeng Zhiping
College of Physics and Information Engineering, Fuzhou University, Fuzhou, Fujian 350116, China

Abstract Fluorescence fluctuation-based super-resolution nanoscopy has the imaging advantages of fast imaging,
high spatial resolution, low system cost and low phototoxicity, and exhibits broad prospects in imaging and
monitoring of biological subcellular structures and dynamics. In recent years, based on fluorescence intermittency of
fluorophores, a variety of image reconstruction algorithms have been developed to realize fluorescence fluctuation-
based super-resolution imaging. These algorithms can achieve significant resolution enhancement of optical imaging
without any hardware modification of conventional fluorescence microscope, and can break the optical diffraction
limit. From the perspectives of reconstruction algorithms, imaging speed, resolution improvement and image
quality, we analyze and compare the differences and application scopes of multiple types of fluctuation-based
nanoscopy, which provides reference on optimal super-resolution techniques selection for researchers in life sciences
to investigate specific biological issues.

Key words medical optics; image processing; super-resolution imaging; fluorescence fluctuation; diffraction limit;
spatial resolution

OCIS codes 170.2520; 100.6640; 180.2520

1 531 7

e WU AR B B A A dn Bl BB RE 7 R
Py 2 2 Al i IR B2 27 12 B 45 USRS B )z B . (R 5T
19 27 0 USSR 32 B AT S 43 BR 1 BR 46 = 1] 2
PEAMELLIERE 200 nm . KM B 08 R BT v 25 (1) 4 B
R O R 5 N T e e o 1 DR N i =
K m GO B AR BN K IV L HL S 24
BREESCL )2 0 T A i B o S F 52 O o

Wi E. 2017-09-14; WEEMFBEE . 2017-11-17
HEEWAE . fmMK¥E513 AA RS 3150 H (510439)

2 UG B AR GEE T G2 AT 5 AR R X Tl 27 A
1525 18] 43 HE R (14 BR 61, I EL B 0% X6 76 14 40 B %) 8 RS
20 235 ) K A T AR P 552 B 40 K 4% 4 % 23R 110 PR T
BRI, S A= A Bl 22 TR o SR 4L T 3R A 1 R
7. £ [1-9]

B F F B ALK 5 1 8 43 B L R TE AR
25 (0] 4 WE R LRG0 AR T A5 7 T BB A% A B R 4T
(AL . Dertinger 581" 41 HY 8 43 Bt 2% 5K 75 WL
B (SOFD , F H f 55 B B & 55986 Bl i [a] & A 5

EB R B FA986—), B Wit P, EZN SO HE BBUKE DT A BTSE . E-mail: zhipingzeng@163.com

0307009-1



th i

i ot

J3E KV 1 R L B S R AR 3l ) 2 S ik VR
155 HEAT B AH G R B0 43 B R AR 31, T DA ARIX
g3k HRR D53 F B 29 G Bk T A5 5, AT 2
T PERUR B A 4y B, SOFT $0R B 7 #F R
E N R A BARE S, HTHRRER
P45 B /0 (100 ~ 1000 W5 5 o 76 X 35 48 Jfd i
W A T Z N AT 5. T ERFEBE g N A=)
P&~ TREHE RWFIE Y Jiang 250010 5@ i 1 B 9¢ 0t
TR VR A 7 PO AR 43 ik RO M R 7S AT 0 OO O ik
1 R A Ay A BB S iE — 2D SOFT 5 & BT i 1
5 i, SE PR TE PR A SOFT , IR 22 1y £ 5 46
SO 3E 3 R A O 2 Bk TR B R ) BB AR 22
03 PR YRR A3 AL AR B A M R S HE
— B F T SOFT W 2. b4k, SOFT Jr kit nf H
Tt — 2 $E T B W OB Y R 1) A R) g R,
Zeng VS AR JE R B BE ST AR th R JT-SOFT #
AR =B PR IC iy 5 vk 5 b 10 % B 43 1R
AN A FEATHA BR G . RE B A RO B bR I %
T SOFT 5| i) £ 5% Fl e 2 i B , &k 35 48 7+ SOFT
() P L B 0 58 2 P [R) B B S 3 TR ) BE AR 1Y
B,

Gustafsson Z£M 38 1 £ T 98 4% 1 Bk 7% 14 #
S PR (SRRE) HAR L 3 3 5K A 53 B 2¢ D6k 7% 15
5 AR ] B B AR AL SE BB 43 BE LR . SRRE A7
BAR MG T 2885 B R AT 9O WL, i 75 14 8 2 i
B D B 8] A B0 e 3 T T A0 MY 3 A )
HERLE . Yahiatene 55850 45 HY 3 T 40 43 BT 19 9% 6 Bk
74 AR CESD $R , 3l 3 %€ 6 Bk 7% 19 A% 3 40
A SR A5 B A, (15 25 18] 4 B 3 W E 48+, ESI
TCEE R TSGR T AL T 7™ & 1) FF IR, w] {3
Za S SRR E g, 7T T 2R 2RO 1
Fric By o3 AR

A SCHE 58 98 5 4 F W SO Tk K Rk AT T
SOFI,SRRF \ESI %5 Z F F1| F 5 ' [a] kP 5 30 =
Iy R NG A I X b R R Bk B A 4
DL RO T, £ T 3k T U 6 BE HL K VK 1Y
53 58 T AR AE BIF 5 A 0 S0 200 i 285 4y T )
FH « R 1 28 B AR T - i 1 1 A i B 2 403 1) A 5
P AR B 2 2 2 RS AR A

2 FEARMEA

21 EFEHIREEEE
DCH) T AE 32 B3R I BRGS0 % 6 Y RE
i 756 64 ot J ¥ BL Y L BT 31 B o o S A RE S, i

TR REPHAT AT E M B T2 R M BRAT [ R
REAE LOE A JE ORI ok 7= A2 5. R 28U il
T PO LA O P K K HAE 20 T
RHTEIET SO AT U TR R .

D K G R E — AN R AR E B, TR S B E
I ) & A 8 2 1 Bk 9 IR 5 (OB IR R o B9 i ] #k
e, o BT R R M R POt R R AR R R AN
MR L IR A B LER] 2 2 7 T Y, H
fip R T R R B SRR LR T, Y
S B IE LA I LR T R BB RS KO M B A i R
Pl A R A I R AR TS R
A8 29¢ 51 TR o TR AV 48 OCT6 U, BRIV 1 KAk T 9Ot 5 25
RIS 285 B M 3 5 JEE 2 2

P (Toner) 0 1/ 00010 (D

X PR ME R BE pR B 7o AL 7o 5300 R B A
THOCTE BT ZSBI IS 6] om R R A NG
TR A AR T ) 9 5 25 G 25 Y
L AR I AT AE Y (H 52 B 45 A Sl B O 5 R g
MOE TR LR G . BT s A 2O REPL G 7 Bk
7 Al LA =5 22 A I JA) RUBE B9 KR 9, A 100 s BIER
B A I ) RO 28 AT UL ) 5 A SO TN R A
NE X FEAR T X CCD AL R 4 4 B 6 I ] 225K, fi
AT LAAE 224> 1] RUBE b SR 4R B s i 2O ik v 18]
By,
22 AHRAFBMNRAEBNRALEKE

BRAE T RO A WLV SR 9t 8 A AT AE
EIOCR LR . AL T R — &
s BN IR SE 1 3k SR A RE A AR W I SO BEAL K
EBA . Bl T AR AR B R R A
AL BES [T ORI TAESOLEE M EZ
[ 2% 4, AR T 7 €0 3% 00 1 45 4 PP I 2R WA
it Pt A P A 2R B I AR I 0 il =2 R R
KA DOC W REE. X T 5 — AN T
ATTO655, 3 fin A & i B ik 5L MEA 5, i
658 nm YO IR S B 5 K L I 99 O 58 25 5 4 3 %€
JEE A 9Ot T 5 R TR il e A R R Ik 3t fE
o FE AR 52 2 e Y

ZRICE H I POC SR A T 1R 544
PEAE TS BIEEOEEE 1 20 12 6 BEAE T BE A8 7 P f
Gt 2 S5 A A 2 [R) BEA T U048 . 5 B9 A [) e Y AR LA
W 60 R Aoy ) B D5 22 S S A R LA
375 D S S R 5 i B S A A U O IR
AL LR M IO, MECT 8T R s8a Lt 1
PEOUE AP HAE T BN RT, LB 40 b ic

0307009-2



th i

i ot

RIVRE A% 36 3tk PR A 1 1 D7 U 0 40 1 3 A5 45
RppE

3 g A PG T sl R

31 EFRAKBRHEXDITHB S PERK

2009 4F, Dertinger %" & 4 SOFT J5 % . 18 i
X ¢ I ) I 1] 5k Y 17 5 31 5 AH G pR B, S B TR
25 AR B . SOFT fe ) i A H &+ 519
B IOCHRE R S B A BN . TR TR
A S JERE Y IO A A B &
FEAE R EE ST AR B )z R

SOFT # @t o B2 8 Je e fe AR dh i N AT
RGN KRG oy T M., TEZS AL E » i)
Wb FEEAF S SR EE F oAl DL R Rt

N
FGru)=>UGr—r) Xe, Xs,(t)y (2)
i=1

KU BRGNS R RE(PSF) e BN F

S s RFBRA G FOOEMTKRIE . ro B A8

TR S L E . BEE . By H ARG R AT R
GGr.t) =F(,t +7) XF(r,t)), =
DU G —r) Xe? X (85, (¢ + )85, (1)), (3)

A UL, A SRS R G PSF 9864 3 B Ak
TR DGR BE Y A G . FESEBR A L FH v, — AR TR
TR B AU R, R IR R B R AR 8 AT S ML T R
B M 5% bR 05 1Y 28 LT, ) e B BB S
PSF ) n KA K. BRTIHHE AME R, E
IR BA O R AR, EA G B
THE Al A7 R0 T B ORE I 7 A S, R Oh Ol H R
A5 2R 11 HIORE R 7 AN ELAT AH G

& 14 SOFI S R F K, &edm B RE —F
i ) 79 P50 1 P vl 1 2 6 43— i s [0) S U b, %
AEEICINIREL G . 5 B AR AR I O T2 A i
e B 1 5% 65 F UG I . B TR AT 59, fE 1R 4
TERLPR A S HLBE AR 3 R 0 > A S LB Y [
/N 3 BLBRE 074 v 30 80— AN 0 B B L A2
o FAEAS (8] b I o B, H R R 58 6 43 - i & G
(18 7€ s B R ) A ke 7 11, 7 SR B — i B 17 PR ot
S s BCEME b B A5 300 2 32 I [ 2 Ak i il 42, T
PAMLER B 45 AR R (1) 50 BE B IS (8] (0 ik 75 1 0L . SR
B EMG AR R AR A A5G B AR ok 58 ) B
FOC R R AL, i T AR 26 43 7k 9% 1 4 X il
ST RS HLBE e A DXL T A AR O BB R
BB . KRG A 1R 2 SIRIRE 9 4 ¢ B

T PREGE A OF 15 21 0 45 A 56 B AR bR B0 4
—Ilig —4EE %, B0 SOFT /1%, v LLE H . SOFT K 1%

Al fi% 1] S 4 T B R A0 23 ) 0 0 26 0 B s AR 3 Y
PG T4 3 BTk
@ (b)
ko image j
B

image%;e
image 1

© / [CY) . (e

F 7 “_1‘/ AC i+l SOFI image

-1 o " i-1
i &

time T

1 SOFT&EA A, (i N A
NI 56 3 F LA RE & 5 (b) SR RIRUT 51 5
(o) X T R B BT 51 14 2% MR R s SR TR )k V8 15 5
(D A3 T3 3 AR ZR B R V& 15 5 19 FAH G SR TR R4
(o) T3 F ) SOFT 815
Fig. 1 Schematic of SOFI reconstructiont' .

(a) A specimen consists of N temporally fluctuating
emitters; (b) collecte the image sequence; (c) extract
temporal fluctuation signals from each pixel of the image
sequence; (d) calculate auto-cumulant functions of
three fluctuation signals, respectively;

(e) reconstructed SOFI image
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Fig. 5 (a) TIRF image of microtubules labeled with Alexa
Fluor 647; (b) SRRF image of microtubules labeled with
Alexa Fluor 647; (c¢) TIRF and SRRF images of F-actin
labeled with LifeAct-GFP (t=0); (d) TIRF and SRRF

images of F-actin labeled with LifeAct-GFP (=120 s) "
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Fig. 6 (a) Widefield image of microtubules labeled with
GFP; (b) magnified wide-field image from Region Aj;
(¢) magnified MUSICAL image from Region A;
(d) magnified wide-field image from Region B;
(e) magnified MUSICAL image from Region BF
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Table 1 Comparison of fluorescence fluctuation-based

super-resolution nanoscopy

Imaging
Spatial Frame
Technique speed /
resolution /nm number
(framess™ ")
SOFI 80 1 =100
3B 50 0.2-0.5 =150
SRRF 50-70 0.5-1 =100
ESI 100 0.5 =100
MUSICAL 40-50 >4 =50

T S A7 L — AN R 0 2 e i R i —
Xof LU A [R) 2 ' B ATL 5K 7 168 43 B UAG B A 119 23 18] 43 B
RMEME B, B 7 % T SOFL, SRRF, ESI Al
MUSICAL (%5 & 5115 . 3B £ AR i T MG & g 1t
HEE R EAAED E R, 4 FE R BT E
R 43 P A% X AT LS BR 2 ) G R ) 3 R
Fh 2 I P 2 T Y 4 R I 2 O R L R I i
Sy A E O, W 7 BR S S BUSR TC AT R0 4 AR
O 4R B 25 K6 43 A5 5 bSOFT G BE 18 43 B JL 45 7
R o 2 B X BT — 2 Ol 5205 5 L 5 AR S
25 1) 9 B 43 AT A B T b E 1 = T4 A s SRRE EE
REAEAR L b 73 R 4 A Wi or A A5 55, Lo 1 4 5
/NTF 100 nm, 78 5 % B X A 77 e Dh 3 A5 5, (H AT
It bSOFT B4 . SRRF MG A Bk ; ESIT 5 2 1 ]
1G5 T He e W A X BB 22 L A v TR) RS R o R
DX 35l PG Y 2 BE AR vy (L 7E A IR 28 B 1 IX 3, 7
P EUR S B E TR, BRT —SEBRNE R &
K RE E B oy BE A MR O £k A TR Ay A 1 O
MUSICAL K4 BE % 18 47 1 73 HF 25 [8] 45 1) 43 4, 2
W 458 #E 50 nm PLF . FLAT B = 19 45 (] 4 B %, A
T e % DS A Y PR o B B S 7 A T M 2%
FEREP A 4 RS T TR

6 4t v

BT IOCRIHLEK 7 A 23 P O AR BRI
DGR T IR I (8] K v 4 1k 0 22 ik v A5 5 0 A
Bk SEBLT X AR W Y A0 D 4 A 2 ARG S A A A BR
R O3 B AR . S B 0 2 3 B AR B4 T 4R AR
I » AR G701 19 PG I 6]k 7% 2 AH Bk 57 64, I

MUSICAL

[(g)— widefield — MUSICAL

180
— SRRF  — bSOFI
£ 160} ESI

0 200 400 600 800 1000
Line profile /nm

B 7 O AL BB — AN IR A 4 e a3 I e 56
(b) W32t 181 & 14 98 3% 18144 5 (o) ~ (D IR P % 19 bSOFT,
SRRF.ESI Al MUSICAL #5 #FEE ; (o) a2k 5%

o B Ak 1 A TS B A A R, LR 1 pem
Fig. 7 (a) Computer-simulated radial resolution test pattern;
(b) widefield image of test pattern; (c)-(f) bSOFI, SRRF,
ESI and MUSICAL super-resolution images of test pattern;
(g) intensity line profiles of positions indicated by
white lines inthe images. Scale bar: 1 pm
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