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1 7l

B B A B A (Confocal laser scanning microscopy, CLSM)!'-IE A
BT I AR > WA E AT RE T, BT 2 N T AR dn B 7T . FEAR G ICLSM &
Girh, I AT 52 PR A SR AR RO R S EEAT 4R, SR PR v s AT
FLORPRES R AR S B A B 95 5 o BRI R T B/ N4 FL AT DU 242
=5 CLSM ¥ B 43 3, AR [A) B B 2 B R0 40 2 615 5, 1 A R A e L
(Signal-noise ratio, SNR) KHliE T %, Kk, 7ESEFRNAF, EHFLR @B IR AN —
ANICEBERI RN, T A S AR TR R G 1 B EESNR . Oy T il X — 1)
Sheppard Colint*J-19884F- 2 H 1 8 3k & A e, A i R 23X B CLSM A
(R BAR SRR, 3 I J5 H P15 23 67 M B0 Ak BB 7 10K 3RAS e SNR 8 43
BIR . (HZ T 4B RR, B 3202 4 J5 1% 28 4 # Muller Claus I
Enderlein Jorg®VSEIRHIE, IR % B AR 4 N BE A HE AE R (Image scanning
microscopy, ISM)8, FAE R R 5 SNR (¥ [RIFKE AR 70 3% 26 52 TH 42 55 1 T A 1%
P21 . 20154F, Jesacher Alexander%s- ORI XUME JiE 554 H o% £ (Double-helix point
spread function, DH-PSF) LFEH R EISM&E G, $E 7 — Mk T8 e s A TR R
H o B AR A AR (Refocusing after scanning using helical phase engineering,
RESCH), HAEGRMG % 1 51 NDH-PSFARAL P KA it 5 565 1Y v 2050 s e 2 45 oW
e fEMEAE B, FIFIDH-PSFE (1l i 52 (o 45 M R 34 o R b
7710, RESCHRE M M SR IR — 44719 (1 B0 1 31453 5l 1) 400 nm ¥ FE| P9 R il AN 7] 2 19
ZiRfE R, KIESETT VISMI =Z4E Qs . BiJe, i 7C AN RESCHIEAT T 2
BE, KEPSFLAE A N H] T I ARG, 42 1Y 1 — M LA 4L i ISM(engineered
ISMYMH 1% 75 1K RESCH IV Sl [ RIS I R 2102 pm, i3t — 20 Jel /b 7 ISMIR) = 4 i
TR AT ). EARIX LT VE RS A R S ISMIY) = E At UG R 2, (HZ 5
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CCDAZ F A5 5 U HUN ) A8 A s R MR R R, ot RS 248 pm < 8 um e
DXk AR IS TR 2991 min, S ASBET 2 35 AR A ML ) 2 2SRl . 20174F, Wang-
Zhao-JunZE 2N IR g AR A7 TRER FH FAEL M se 7 I B R i b, $2H T —F=
U T 0 AR AR, %A AR F5 L B O LB Y R AT 3RS — 5 il ) Y5 ] 7Y
FIREmEHE S, BOREA RIS MR R 2553, (B2l T g 7 #F/ ZHrEe /)
W7, AUE R TR S5 M A IR SRR . 201847, AR ZH MR e AR 1 L
5 £ M A4 MOt B H R (Multifocal structured illumination microscopy,
MSIM)U FHZE &, R H T — Rl =4 5 # B0, fr % AMSIMH(MSIM
with helical phase engineering), 1% A K| FI DH-PSF 4 ) 18 FE gm A rPE . G RN
1R e AL, SEBL T 0 i Bl e 48 R bR SR AR R ] P R A T
HEEER, FRE TR E S MR EESEEM P R, B, ZEY
JTETCE F T G5 R B SR AR R R 5 B — D R 1 43 LA
BLERY RMSIMH K N 35 .

N T g IR 1, AERESCHAIMSIMH 26t F, A SO —Fpdt T %
FE S MDE R RESCH, i % AMRESCH, 1% RZERESCHI HE WA Y% 51 N
T B 2 1 (Digital mirror device, DMD), H A8 88 X B i T _F ¥ 5@ idE AT A il
PR T A R R AR AR, SRR SN R AL E RIS EOR . KRR & T RA K
RIS . EPRMD G, SRR TRE 1 51 NKE PR sy B ok B o XUB i
(A, IF GG BAM RO AR A, MBI 4 i R e v A HE
SR TEAN R ) 7 B P G5 MM R, R IEIR D = 4D B (i ). B, FRAE S g
[FIMRESCH £ G o 45 IR Y150 8 1 A0 ihr 40 P 2 R A HEAT B 5258, 30iE T 77
VR RTAT PR AR OR



2 MRESCH & A FE#

2.1 MRESCHI)6 4wt

MRESCH Hpt < WA 1 fs, ERIDLES, Koy 488 nm (0L
2 Af RGEEY H5 EEIR ST 2] DMD itk |, HAS 5 DMD HRE 24°
Pk, WOLZ DMD IS HEN S EEM 4f R 5, HAT R AL E LG e A
BB Z RATH R CHEN B R G . Bon, 4 5 I E T MU R AR R4l
EEAIY B AR/ G ER IR RIS b, R IERI 1900 AR ST SR8 v e A
[*) DMD MR R = A E08 1024 X768, 2 FE RN 10.8 pm X 10.8 um, X 37 2]
FEs T BRI RSN 120 nm X 120 nme ZEBRIDEES H, Al K 2O S e (8
B, 60x, NA=1.27 /K% FEHRIE)E, )50 BA BRI AL T 1) 4f R4
B Ja G TE IR M 2% sCMOS GEEFA,” ORCAFlash4.0V2) L. o, WS HEHIAL A
B TE 4f RGN BT AL &, SEC ST BRI R, XSUR AL e
SFRIN 2 G5 1) A% 32 pR LA T ], K AR PSF #4:y DH-PSF [1JE . DH-PSF
R FER IR =Y S HOR R, F T A o T = 4R AR RIS, gy
TRyl A B R A R, DH-PSF IR AN 55 i o2 Bl 568 el AT i, il 1(b)
Fit, R, T D@ I A 55 2 B (RO R 0T Tt £ FEE SRS W 1 5 20— (Rl il 1
HAl, DH-PSF MR B 2 Fh 7 kU022, AR SCRRAE SCRRU O (1 77 VR k4T 1
T IR FH 2 G BR B i Skebr i€ DH-PSF Jie % ff1 B0 S5 iR B 2 IR IE R R k&,

W 1(c)frn, 4115 DH-PSF jigf% 180° XM AE M AR BA z 214 5.5 um.
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Fig. 1. (a) Optical configuration of MRESCH (b) intensity distribution of the DH-PSF at
different positions along Z-axis; (c) relationship between the two lobe rotation angles of the DH-

PSF and position of Z-axis.

2.2 MRESCH ) ifif% 5 3

TEMRESCHAR G, 45 B iist (K2(a)) #ADMDR A i 11 4rAh
SR B R i 3R AT R B A, LA A S T ) R S A AR A 2 (b) s o 2445050
U, ‘on” G RN E R L AT HEATRE B(1 px /step), SEEURE AR

A o H A BSOS AR PRI T R 58 2 AT AT BLR RO -

1(x,y,2) = (p(x, y,2) - Iy (x, y,2)) * I (X, ), 2) (D
HpZRom b s INROICH L, * RS BRUSE i, ooy BIOSEOR S PRI 58 B

. fEMRESCHA G, T XURIe AL A BIAFTE, ho AR #EPSFAE ADH-PSF,
wmER2C) N, H=gEsgE iR N:

y(x,.2) =rot[g(x+%,y>+g(x—%,y),kz} )

v, rot(h, )RR ISR AT HERE 097 ;. AxR U TE I A 55 i 22 18] (1 20 5
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k3 7NDH-PSF [ Jie e A B2 5 0 i B AR 2 IR 2R VE R R o @R B S5 HA 5 B2

A, AT AR e b R B AT 2R -

2 2

1 X h%
X, y)= exp(— - 3
g(x) 20Oy P 205 20)° ) ®)

Hrb, 0w o0 BN R BEX ATy T [ AR EE 2, N T T TR 0w, o B AR

IAUAHEE o

2Px [Ton M off
T

(b)
K2 (a) DMD_EBNIBEEAR I (b) A% W AURHEE s 50 2196 B A s (o) A7 AE
LR BIZAETS . BOR 2T B GRS A0 21 10 SR e ¢ 't s B AT

Fig. 2. (a) Project pattern of DMD; (b) the fluorescence image of the excitation foci in a uniform
solution of Rhodamine 6G at the sample plane; (c) the fluorescence image of the excitation foci in

a uniform solution of Rhodamine 6G at the sample plane with DH phase mask.
AMRESCHHEAT = 4ERUARIN, 1 i AN [F) TR B2 A5 1 565 5 S AE A% T A

[l A B R R AN R T, BB ET R . Ho, WP B s[5 5 A AL
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FEDRI T DX A B AT — 8 % i BE DR e i o 2%, I THEAEAS

XUBRIE 3 R 4% 3 R ARAT R i ) =45 K
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Fig.3. Imaging principle of MRESCH.

2.3 MRESCHJ EI& E M id %2

fERZHE G A B AR, WISMMSIM,MSIMHZ, 5837 B4 1) 14 /2
B BT AL B 9 B T AT B AL PR S Bk S T B . TTTIMRESCHY El1E
R SN ABA T4 G i L SR AR AR, BRSO L () K 5O AR T 5
FEEAE g SR G o0t AR FA B () R ZR BV (i, /) » B T-MRESCH/S F (14 2 I
RN FESCMOS, 75 BHE 15 A A R e PRI AR . S9oh, BT U AR L
F B 51N S AR 5 20 7 A BOIROR 56 ke e OSBRI AT 30, LSRR A A Ok
7 B VR B AR T P2 AR AR R e, Wi Pl4(a)fioR . 2 F RiR4EE, MRESCHA]
DA I 874t fL(Digtal Pinhole, DP)Rf A [FJ3A B2 FIAE i 52 645 2040 7] 9 06 L SRk
TTHEM, SERAFEREGRZ 89 e muig . Ad R aEam)fn, H5%E, &
L G B v T A UM e st BRI 109 AR 21 42 B 8 ) B A R 4B L A A4 ol
—MEEMEHERR R, (x,p) s B3, MR T S B A HORE A 2 IR B2 E R — A B %L
FEALDP(x, ), HRHPAETE AHFERER S, AR O RELR 5 7K 1 92 £y
HNzlke SRIG, ¥ DP(x, y) WK PHTERE DU HE £ IR I BT SR A, 3RAHER
#=EVa, j), EHAXERN:

V(i,j)=D_R, (x,y)-DP(x,y) 4)

X,y



B, BEAMERMY G, ) F IR AT HEA oK 50 HRE L 25 R 1 58
Kg, twEl4(c). ATLLE W, M ANFE A EEHIDPAIDP, 73 53 N 2 17— 241
MRESCH##a i, [Al— ML B MR RAE Y (7, j) = FOADPRIAS R A= W] &
BUEZ S, RAEMBEHATEARMESEG, T 5% RA FREE IR
ZiRfER.
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Sum
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Pinhole 1

H LR

Fig. 4 (a) Raw images of MRESCH; (b) the pinholed DH-PSF; (c) principle of MRESCH wide-

field image reconstruction
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N T 1 E MRESCH I BUR 73 #E38, JRATTASE T 2 il 50 Jik P4 Bz 4 T b v A v
(F36924, Thermo Fisher Scientific Inc., USA)E ML . fESLIGH, 75 Je Xt
M A 4Rk B) & B BEAT S A IR LR, G A inEIs()Fr, =218 5
FICHIFEM, B2 R B e e KBRS, R — LR ARGl 55 A i 254
55 HEA, IGE T AT I R ] 0 FE I R B . 3555, A FIMRESCHXY [A]
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— XTI EN, S RMESO)FTR. WA R, BEE LI R AU
W 2 TR R SRR, ORI e MRS LU RE o A T SE AT i B Ay
%, AT B 5(a,b) R T R A X SHEAT OK, WIS (e) o, @ BRI
MRESCHAEH ¢ JRATE 5 (c-1) 3 T2 B AR SR IZ IR G5 W X o3 Pk . B
A 10T 5 (a,b) HH R 2 Ay B AR T SR I 2 v B AT TSR 1 i€ MRESCH R A 111
SR, FAUE M2 an S (a) s, Horh 5837 I8 B BUR IR 1) 43 9 %2 29 9374 nm,
MRESCH%1°4277 nm, 4% $3% BIMRESCH {1 5 75 K 208 58 34 FR I 1) 1.34 4%,

SEG IR E RMEAIT.

Wl —
MRESCH —

0.0+

T T T T T T T T 1
-600 -480 -360 -240 -120 0 120 240 360 480 600
Microfilament width / nm

K5 953 B AIMRESCHX £ 4ERULAN 8 H B RUR S5 R ELEL: (a) ZR4RRLENE B R 5832 1R
B G459 (b) MRESCHIF AR ZE s (c) a-b (I X MIOR: (d) a-brRRIZR 67 B
MR DI SR K, i oA S I K374 nm. MRESCHE{R 277 nm
Fig. 5. Comparison of F-actin imaging results with wide field illumination and MRESCH (a)
wide-field image of F-actin; (b) MRESCH image of F-actin;  (c) magnification of white box
region in (a), (b); (d) plots of intensity along the colored lines in (a,b); the FWHM values are:

wide-field 374 nm and MRESCH 277 nm.
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B, BAIAFIMRESCHAHAF A 41 A I b R #E AT = 4E (R, i FEdh Gt
FHRICIa, REVSFEA8S nm YOG T A R RCR 11530 nmZR 05015 5 fESE
B, B SR i 2 A =4EAL AR 5 b, IFXF ORI AE AN [ il ) 2 B (2 =0 £1000
nm) R G5HE 73 ATEAT SE S IR AR, 45 RanE6(a-c) s, 7T LA H 2k i /e B A
Mpprh E=ER R 04T, HAEAF RS0 B R A AR MEIEE . G RFE
i A 2z = 0 nm 147 B JE R FIMRESCHXS FF fh 34T —4EH4, 3 s i)
FE43 5 N30 px 26 px, AP HCNT0A, BT R ARG [ 298 ms, %
BRI A1 Z16 5o S RRYE2. 377 FTid RS AL B 598, R R AN IR A 0 7 L3S
AR LRI {5 B AT B, a5 R an Bl 6(d-f), AT BAF H 5 R I RLAR 25 1 A
EEFFE A MBI IR . 38k, 155800 5837 M8 B R R R 3RA A0 T4 B £k T

AT A ot AR5 0L, FL At et ) o7 B PR 2R AAR 5 R 2 R0 1T b 25 AR A3 R T TS i 7>
Bt R EPAT B AR AR B, 7 EOR B HE 0 A 21 A i B R
A4 G fE R AL E A B — e PR, X R AR A SR AR I [ X

TMRESCHIM 5, 5 FXUEHE s 5 HCeR B s, o] DA 5 03 M s S Edfe

LB SRR ity AE — 78 il ) Y ) Y 1) = 42 () 4, R 32 s BB R AR RS
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K6 vz IR MRESCH Xt i I i 2 b A i (R 45 R LA (2) ZRRLARAE 2 = -1000 nm {2 B
TR EE R (b) LRALE z= 0 nm AL B TEHBREER: () LKA 2= 1000 nm fir
BTG ER; (d) KRR z=-1000 nm {7 & ) MRESCH BUZ 459 (e) LRRIAATE
z=0nm {7 & ) MRESCH B 45 % () LRiATLE z = 1000 nm {7 B ) MRESCH {4 45
Fig. 6. Comparison of mitochondrial imaging results of HeLa cells with wide field illumination
and MRESCH: (a) Wide-field image of mitochondria at z = -1000 nm; (b) Wide-field image of
mitochondrion at z = 0 nm; (c) Wide-field image of mitochondria at z = 1000 nm; (d) image
obtained via MRESCH at z = -1000 nm; (e) image obtained via MRESCH at z= 0 nm; (f) image

obtained via MRESCH at z= 1000 nm.
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Mutifocal image scanning microscopy based on
double—helix point spread function engineering’
LiSi-Wei??  Lin Dan-Ying " Zou Xiao-Hui ' Zhang Wei '  Chen Dan-Ni» Yu Bin D'
Qu Jun-Le V'

1) (Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and
Guangdong Province, College of Physics and Optoelectronic Engineering,Shenzhen University,
Shenzhen 518060, P.R. China)
2) (Institute of Aeronautical Equipment, Guangdong Academy of Sciences, Zhuhai, 519000, P.R.
China)
Abstract
Confocal laser scanning microscopy (CLSM) is a powerful imaging tool
providing high resolution and optical sectioning. In its standard optical
configuration, a pair of confocal pinholes are used to reject out-of-focus
light. The diffraction limited resolution can be broken by reducing the
confocal pinhole size. But this comes at the cost of extremely low signal-
to-noise ratio (SNR). The limited SNR problem can be overcome by image
scanning microscopy (ISM), in which the single-point detector of a regular
point-scanning confocal microscopy is substituted with an array detector
such as CCD or CMOS, can achieve two-fold super-resolution imaging by
pixel reassignment and deconvolution. However, the practical application
of ISM is challenging due to its limited image acquisition speed. Here, we
present a hybrid microscopy technique, named multifocal refocusing after
scanning using helical phase engineering microscopy (MRESCH) , which
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combines the double-helix point spread function (DH-PSF) engineering
with multifocal structured illumination to dramatically improve the image
acquisition speed. In the illumination path, sparse multifocal illumination
patterns are generated by a digital micromirror device (DMD) for parallel
imaging information acquisition. In the detection path, a phase mask is
introduced to modulate the conventional PSF to the DH-PSF, which
provides volumetric information, and meanwhile, we also present a digital
refocusing strategy for processing the collected raw data to recover the
wild-filed image from different sample layer. To demonstrate imaging
capabilities of MRESCH, we acquire images of mitochondria in live HeLa
cells and make a detailed comparison with wide-field microscopy. In
contrast to the conventional wide-field approach, the MRESCH can expand
the imaging depth in the range from —1 um to 1 um. Next, we sampled the
F-actin of bovine pulmonary artery endothelial cells to characterize the
lateral resolution of the MRESCH, the results show that the MRESCH has
a better resolution capability compared to the conventional wide-field
illumination microscopy. Finally, the proposed image scanning microscopy
can record 3D specimen information from a single multi-spot 2D scan,
which ensures faster data acquisition, larger field of view than ISM.
Keywords: Image scanning microscopy, Double-helix point spread function, Confocal

microscopy
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