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lated emission depletion, STED) RAF A 131 .
FFENMEHUR (single molecule localization micros-
copy, SMLM) 4] FZER-DERRI AR (structured

DOI: 10.7498/aps.71.20211712

illumination microscopy , SIM)6-193 Z&HR. STED
B 2 (8] 43R0 % 7F 60—100 nm IR, BT
R s AR R 505 3K, PSRRI
JFE ()RR R o R R B, AR R 5 WS
i DX/ IR LG DG R 1T LR 2R I 2O Ehm il
K Re i A IREDE, I AR R R, MELUH T
R KA IE R A PR A . SMLM £ AR iBEHLE
2 T S AR BRI e A AR P AR
A S ) 10—30 nm. ZA 1] 20—50 nm %S ] 53
BRI 5E37 R, (HIE T 2R R T EE 2 BT IR
IO 7 R AR — R o HHEIR , R
1, USRI —AE JLAMROK, 1 HAE 52 26 H ¢
PECIRETPRIC A BRI, AN A T AR JEEARE & ()8 73

* [EFHARRIES (S 61975131, 62175166, 61835009, 61775144, ) FIGDITHEAIIIZEHE (S JCYJ20200109105411133,

JCYJ20170412105003520) % B () iR,
t BIE1EE. E-mail: yubin@szu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

048704-1


http://doi.org/10.7498/aps.71.20211712
mailto:yubin@szu.edu.cn
mailto:yubin@szu.edu.cn
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

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 4 (2022) 048704

WG L5y SIM FI LM EM a5/ e IR BH, 52
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PRI TE S PR, — 4k AR [H] 43 B3R 5
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JEEFERRH B AR (multifocal structured illu-
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AT AR, A i AR it R A B AR B R T i
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SRR BB ISM, H(RAbBIAETRS MSIM
FEAR -3, (S RGN R 2. TR Zeiss A A
T 2014 e, AR IR AR WA B i AL B, AR T
Z MRS AR T Airyscan BRI 48 A ISM, A5
JEFE W L ARTHR K e Tt FliJs, RS AR T
20 ISM Y AR BE | 187 b5 22 KR Ab 21
R, KT 2R TR R MR R ISM,
LI I 45 14 ' BRI 23 B Ak )L Ok A 3
A B FOE G I WA S K, X
B R G A TS T AR R S B AR S B
S, DG A I RGOk, LR IE EEOR m, A

T SEBRERVERIN . PR, ISM. . e R TE 14
B | GIRE AT RE EAA IR KA S T3 ).
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AT RE, Ao H S T AR BR8P =
HER PR, X T A iR A ) B 2 S5 AU Y
W58 B 2 S AR PR FE R 5T T AR
o, SR LT 2 E I R s RO A A i DL e
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dE—2P 4 T MSIM 1Y %5 ] 7 B3 ZE R T AR
el b, o 72D MSIM (153 BEA L iR
JEFMEWRLL, ASCRE T —Fi-Fi 8 R 2 86 S 4
JEHR MRS T (flat-field multiplexed MSIM,
FM-MSIM) Fl & %5, 8 7 fE IG5 AR
RO AR, B G 2 g PTG, 345 R
PRI N SN &) B R R, S RGBT A PR
BT <4 x 17 28K E 2 MR,
SRAEI AT IR EUS A MSIM H TR “1 x 175
%2 2 SRR 1/4, ROREER T MSIM
B A% P R e L 454 MSBL #E A7 48 43 9 %
LB, 15312 2 £5 T 5E 5 B BER R . Bt
MFEE T FM-MSIM R4¢, JFJ& T 4 L iUE +F v
FUINEUE U) R R ERE R4 20 B B AOBUR 520, 3
IE T REGER PR ; gt 7 MSBL B &
FIREFE, SEBL T JEERE A o0 = 2 PRI R A . S
B g RUEH] T RGER IR TE T MSIM Iy 23 73 B
HEFEME L, g MSIM & Ji K HEAE 1 TR JEAE i PR
U HERUR T A SR AL T B RO SER.

2 FM-MSIM %% 5 773

2.1 E&ggit5EE

#8219 FM-MSIM & 48 % B an & 1 P
B, —BIE N 200 mW, P K h 488 nm 1 [#]
AEOE RS (Sapphire 488-200CW CDRH |, AT, 26
H) &R 2t — A HiESE L1 (f; = 10 mm)
M L2 AWM Af RS (f, = 75 mm) FHEHR EE
PRFN ok ERI 7.5 1% AJE, &— otk
JE#E BeamShaper (TopShape, TSM25-10-D-D-355,
Asphericon Inc. 32 [ ¥ & Bt i % 4k 0 -0
W kR 5 DMD Mk 4R 5 24°f0 FR G 7E
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1 FM-MSIM REObHxR = A
Fig. 1. Schematic diagram of FM-MSIM system.

DMD Ye2f i b, I8 on” IR 2 e 5 EA
BB L3 (fy = 75 mm) fl L4 (f, = 75 mm) 4%,
() Af SR R GE, 6 HAEF- 1 FiCE — > TR
EHFLIGHR SR Y DMD 2R AT 5 58, LA
B R 2R HOG T, 4 DMD R R SR 25
TE AfIEDR RSB L4 )5 FE T IE RS i Y
WOk R, I HIHALE 54558 TLL (fr; = 300 mm)
RIFETHE A, Pt DMD 627 i 5 i -5 48 52 1 A
ALY, MR IR F1CE R4 TLL 5 EH
KB 1L AR HOGHE A B 28, WOk mMUIEET
4 TLL M ¥ 8 (60x, NA =1.27, JERE, H
A) ¥ L AR GE RS 4 /N R R Y 1/90 J5
BEIRE LY R A R R . AR ik
J& & B2 Rl — AN s L AU R R g
h F2 )5, &R E B TL2 (frro = 200 mm) i
15 30 5 R AE sCMOSHH#L (ORCA-Fusion BT,
B ZE %L 2304 x 2304, RFERSF 6.5 pm x 6.5 pm,
EAY, HA) b S2E b, DMD i di 1R 2R 5Ok
1024 x 768, B MEERF AV 10.8 pm x 10.8 pm,
L RGN EOR I 1/90)5 , HAEAE & I
A9 X%F N A/ R 120 nm x 120 nm. 7E FM-MSIM
BE R AR, T S B R RUEOE R AR 1 ]
o, fH Labview 3 {58 2 R 4E (NI USB-6363,
EE) 4> B EH DMD, =448 K0 fs &5 (E545,
PI, 7&[=) F1 sCMOS FH#L.

2.2 FizEARH

1 FM-MSIM F 4t 09 & G b 5| A G R
TEARAE, B AN HE B A T S o S T
JER, AGTE] DMD S5 T B GaR o A i  2 pk

BN TARK S, K45 T 650 oA Ems &) i ok
FUFE, I HA R BREE H A H] DMD BT AR 4R A5 5
KI5, FIRZ PHH S0 o0 6
IG5 BISCR AT T I, SEg g 2R 4n
& 2 iR, [/ 2(a) FIE 2(b) 4390k JCE R I 4%
FUH 6T 25 09 2 P BH 349 50 W 9 0 LA 1A
& 2(c) AU hO— 4k B AL B IE— 1k 6 5m 4 Fi fe
JEIEL, AT LA S h 2t AR T AR R S 1 oGaR
AN AT K 2(d) FE 2(e) WA LR EIE
AR AT RO L, [RIRE T LU H 2 S
AT DA SIS 5 (IR R B, DATTTERE 5 2L 2
TG R 7 HE G A

ERNZEREHERAER

£ MSIM Hr 21 Fi] F—-> DMD [m] i 52 B
R R A R, BARSEEU ) AR
P DMD TAEFEAJF R 4500 DU 2 A A
DMD T M, A4 hF TAE on RSO 5 5%
BB EAE it T X S A7 7= A — AT A2 B A, R
BN — LR B U ST RAL T TAE on RS R
REAEAE St 1T AR A R 19 22 5 A R AR SRt
YRR, 380 32 4 Sl A T 2 A T R ) B 1 T e e
& DMD A S i TARIRAS, Sim#k i K A 22
PG 2 A 7 B & A AR A X1 9 DMD U %
B TARIRZS A=A AL A e 2E . MR B B A1 T AR 22
BRI A AR . RN, FE B Wl Y MSIM 3 & s 4 &
Frf BANK SR DMD F41 x 1740 on otk
SHMG R, 5 IERN GG L, 3 i R R
A1 14 pixelsx 16 pixels, N T 2R 224 M5 55 FEIR
P45 ok F A — IR 88 53 HF RS X F 480 x 480 i

2.3
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Fig. 2. Experimental characterization of flat-field illumination: (a) Wide field imaging of uniform Rhodamine 6 G solution without a
beam shaper; (b) wide field imaging of uniform Rhodamine 6 G solution with a beam shaper; (¢) normalized intensity fitting pro-

files along blue dotted line in panel (a) and panel (b); (d) a multifocal excitation pattern without a beam shaper; (e) a multifocal

excitation pattern with a beam shaper.

K3 FNZHELARIEHE () 4 x 1R AFEARERE; (b) 1 x 1R S FEEMEHE; (o) B2 EAMES I

SRR SO IR

Fig. 3. Schematic diagram of multiplexed multifocal excitation illumination: (a) Schematic diagram of 4 x 1 excitation spot array

scanning; (b) schematic diagram of 1 X 1 excitation spot array scanning; (c) fluorescece image of the excitation foci in a uniform

solution of Rhodamine 6G at the sample plane.

Y, MWLM 222 Hz, 845> PR K 1 He,
FEXTEENS; 1T HOCRERI PR, USRI EIIR,
SR ERMG R R, R, T2 B MSIM
EEEISES

FETF I, 7F FM-MSIM H, % [& 3| 5 f R Y
EWEL, T T4 x P2 BEL L ELAR
WIREAR, AT 4 AR R R AT 44, DL s
IR RS, s (] B 0 16 pixelsx 18 pixels,
WA BCh 72, T 1 x 17 PR R AL
AR 20 K 288, A&l 3 fiw, 1 x 17
BB R 2 R T ¢ 7w B EC

“4 x 1" ZBEZHZE S BB 4 £%, HI,
I FE T RUASC A 1 5 ) S A% T i P A 41 il ik
FEW 4 £ TEFIRER IR A GRS T, 26 DMD K
(GCRE LRI FH R A R ORI 4 4% R FHEA 44
URE i 1 s DGR, AR F R LT A S
10108 (Zsignat/Tnoise) » V15T & 13 W 1 - B0 W (LA
W2 T 20%. Bl 3(a) A4 x 1R s R
M R R R, BB S 1 MR R A, XA
i _EF 3l 120 nm. & 3(b) R 1x 1 & S
FEAR A R ELIA 8] 3(c) A Bk o B R A 2
Sy S S LI
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AR SROFNAE 4 A~ PR A B AL ROk g H 4 A
1§, SR )G Bt i ROk IE— 25 3 TH R 1) 43 PR
R RAAAT 2 TR BB R PR R
BEREEN DR, ZERSHN BTG
XFF MSIM H 5k oG B ARSI 4] 7E 1T
FIRESE TAES, 2 MSBL EHR F A 171, Jf:
N up A Y O U VA W R e S UK - W EA
TR O () T A ), AL T AR BEAE R i HLiE
— A T MSIM 23 [|] 53 BER . 78 FM-MSIM
W TR T H RS C R E %, 78 MSBL &
G X REBH R AR AR R A& i BT

FIFH MSBL #£47 119 7 53 3 UG FE A 1 A S
PR B m MR e, (r) BRURTET, {5
T P 2GR BE 3T ym (1) T IR

Ym(r) = [8(r) - €m(r)] * PSFqer(T), (1)
L, s(r) WM GG R, en(r) iR 244
USRI MG, AEASCOT R 2R R E
FE RSN, PSFau(r) ) FR GEAR I A LR 4K
B e S CIB o S U A R = U R
I, FHER m SO AR A ) R A A R
TN em, XTI RE SR BT OSSR o =
S e, Hh S =diag(sy,--- ,sn) AAEFRT AR,

(a)
Raw
images . .

FR NGRS 1E B B IOLE R
B B PSFe(r) Y 3 FE A BE H 27, W) (1) X
HH

Y=H-S-E, (2)
Hrp g Y H 53 5 ER SO0 S ERF 51 A
624 RGN PR, S A E 43 ) R RE S G LS
ik fE BADLF RE AU T (2) AT ik
— LML

Y=H X, (3)

HAY = [y, y2, - yn], Holyn HEE m KA
Bl maE, H2lEfHeE, X =S F =
[y, @2, ,xn], Tm WE s(r) - e (r) 153 R Y F (1]
i, ST E 5358 s(r)Me,, (r) M L FE, T2,
BAEEER SR ME 4 Fs.

5, B A IR R P S R R S8 PSE AR
PR 4(a) FIE 4(b) e nEFHEL. Hrh Y 4R
1) g — > 371 5 o I — R AR I R, T H Y A
i FIXRE A MRS TR BT — RSO, HER
fLE A 4(b) Ty kB sh 215 « DM EALT,
A3 BRI IR . BSR4 RST S mox
n B AT HE AR B RST SR mo % ng(mo, no > m,n) |
PRI Gk N, WX R AR Y, H A X R
INGE R mn x Nymn X mong, Fll mong x N.
T X = SE, X Py i3k it BA AR Y 25 0] 52
i, OIFHXAE RS SHE, FIER X 1)
IR AT LIAE Ry —A~ 2200k O [ A

4 JRIABUE S RS PSF #4 EIEE U 2 (a) FM-MSIM A M50 68 9 514 v; (b) RS PSF #4 M 4 H

Fig. 4. Process of converting raw images and system PSF into matrix form: (a) FM-MSIM multifocal patterns data is converted to

matrix Y; (b) System PSF is converted to matrix H.
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R, A MSBL Bk KA (4) . #R4E DL
R /NS WEF 8 e e S =1 0 SR A R XTI
X' = argmaxp (X]Y) = argmaxp (Y|X) p(X) . (4)

wJa, ATHE X7 H T BB < AR IO
JE— RN mo x no BB HEEIS.

i AR, AT AEA AR A O
K.

3 mBEERET®R
3.1 HRENEHERRNES PG
T ERAIE FM-MSIM £ 45 448 73 P % e

T J5H F Alexa Fluor 488 Aric i 3E I 4% 15 40
il (BSC) T FE S AT RGEN 4 B bR g . AL
MSBL Bk AIXHEG I “1 x 17 248 S B AR
FURTIC I “4 x 17 28R H S BERRCR 15
WG TRHEER, 15 BIAESRaE 5 Bk,
] 5(a) A ET S I SE7 KA (subtract back-
ground widefield, SubWF), [& 5(b) &4 “1 x 17
ZAE S S RIS 2 19 MSBL SEMIEIE, & 5(c)

2 pm
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2
2
2 06}
°
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B O 2 -
2 0.

O -
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Position/pm
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LR AL W R R I — R FE BRIt 2, Ix 2 20 S
BARSEAT T 2, y A I7 ) B EA5E (full width
at half maximum, FWHM) #1757 411 5#,
z 77 [a) s BT LA 49 2 B FWHM 43508 (315 +
15) nm, (183 + 10) nm, (162 + 10) nm [F] B,
y HIRER AT (306 4 15) nm, (174 4 10) nm,
(169 + 10) nm. FJLAEH, FIH“4 x 1 "2 FEE
FH A BEASTAR R SR 15 20 i B30 2888 43 B B 4 5 1 1]
15 Bremt i, SR T XA i A T B
13BN DR B R, AEAH IR IBOE TR L SR 4R
WA 150 Hz 100N, $1A 3 @ AR e L, XS
24 MSBL Sk T A4 J5 AR A5 19 73 PR T i, AR
KRBT 93 BRI 2 £5. BeAb, S b A
MR GER “1 x 17 24 S FERIAR () 15 20 B0k
288, KA — IR _4EEG TG I R 200 1.92 s, Mifdf
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Fig. 5. Resolution in FM-MSIM: (a) Wide field image of microtubule in BSCs labeled with Alexa Fluor 488 phalloidin by subtract-
ing background noise; (b) MSBL reconstructed image of 1 x 1 point scan mode; (¢) MSBL reconstructed image of 4 x 1 point scan

mode; (d) plots of intensity along blue solid line in panels (a)—(c); (e) plots of intensity along white solid line in panels (a)—(c).
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Fig. 6. Images of mouse kidney section at different axial positions(z = 0, 3 and 6 pm): (a)—(c) Wide field images; (d)—(f) MSBL re-
construction images; (g) normalized intensity distribution profiles along the blue dotted line in panel (a) and panel (d); (h) normal-

ized intensity distribution profiles along the same position in panel (b) and panel (e); (i) normalized intensity distribution profiles

along the same position in panel (c) and panel (f).
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Abstract

Multifocal structured illumination microscopy (MSIM) can achieve optically sectioned images with twice
the diffraction limited resolution at an imaging speed of 1 Hz and an imaging depth of up to 50 pm. Compared
with the traditional wide-field SIM, the MSIM has greater imaging depth and optical sectionning ability, and it
is more suitable for long-term three-dimensional (3D) super-resolution imaging of living thick samples. However,
the MSIM has some problems, such as slow imaging speed and complex image post-processing process. In this
work, a fast super-resolution imaging method and system based on the flat-field multiplexed MSIM (FM-MSIM)
is proposed. By inserting a beam shaping device into the illumination light path, the Gaussian beam is reshaped
into a uniform flat-top profile, thereby improving the intensity uniformity of excitation multi-spot focal array
and expanding the field of view. By elongating each diffraction limited excitation focal point four times along
the Y direction to form a new multiplexed multifocal array pattern, the number of scanning steps is reduced,
the energy utilization is improved, and then the imaging speed and signal-to-noise ratio are improved.
Combined with the sparse Bayesian learning image reconstruction algorithm based on multiple measurement
vector model, the image reconstruction steps are simplified, the imaging speed can be improved at least 4 times
while ensuring the spatial resolution of MSIM. On this basis, the established FM-MSIM system is used to carry
out the super-resolution imaging experiments on the BSC cell microtubule samples and mouse kidney slices. The
experimental results prove the fast three-dimensional super-resolution imaging ability of the system, which is of
great significance in developing the fast MSIM.

Keywords: multifocal structured illumination microscopy, super-resolution imaging, flat-field illumination,

Bayesian learning algorithm
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