Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

IER G B = 4 B0y T 5 A B AR B fEAR Y
IR RFIL TR R K BER

Numerical simulation study of three—dimensional high—density single molecule localization microscopy based on
orthogonal astigmatism

Lin Dan-Ying WuZe-Kai YuBin HuangLi-Lin  Zhang Xiao  Qu Jun-Le

5] Fi{i5 &, Citation: Acta Physica Sinica, 71, 128701 (2022)  DOI: 10.7498/aps.71.20212091
TELR T2 View online: https://doi.org/10.7498/aps.71.20212091
A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

TR 758 (LR 2 D RE 2 SRR A 9B S UEAE L)
Design and numerical simulation demonstration of multi—functional holographic phase plate for large depth of field single molecular

localization microscopy

YrH2E 4. 2018, 67(17): 174202  https://doi.org/10.7498/aps.67.20180569

BT B AR W B = 4N 1A 52 FTC IO 2%
A three—dimensional encryption orthogonal frequency division multiplexing passive optical network based on dynamic chaos—iteration

YIHE2EHR. 2018, 67(2): 028401  https:/doi.org/10.7498/aps.67.20171246

AN T L2 A IR A DR 25 8 1 R A — 4R A 4L

Three—dimensional hybrid simulation of single cathode spot vacuum arc plasma jet under axial magnetic field

HIFEAEA. 2021, 70(5): 055201 https://doi.org/10.7498/aps.70.20201701

H T IE AL RE T 1 B9 DA i Sty B s SR S RUE (7 I 5
Broadband very high frequency localization of lightning radiation sources based on orthogonal propagator method

WA 2019, 68(16): 165202 https://doi.org/10.7498/aps.68.20190522

F T A IR AL B AR IR DR = R (0 S B 1

Fast structured illumination three—dimensional color microscopic imaging method based on Hilbert—transform

PIBR2EAH. 2020, 69(12): 128701  htips://doi.org/10.7498/aps.69.20200352

= Y FL R O R A D B AR L P R
Three—dimensional numerical simulation of electromagnetic diffusion problem and magnetization effects

PPz 2019, 68(3): 030201  https://doi.org/10.7498/aps.68.20181567



#) 32 % 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 128701

EXRGHEFTE=Z4HR 5 FEMEMIBERN

A

RFH TR HE

K B FE R

(BINFAA A BE 2O T2 T L /B S el TR B, Db P 5 R A9 %, Il 518060)

(2021 4E 11 F 11 Ad®); 2022 4F 2 22 AYEER)

Ay € A B FH (single molecule localization microscopy, SMLM) B A% 37 A Fil H 2% 56 7 7 1 5 85 & 6
PRI B2 AL, SEET AR Gzs ) 43 FER 008 43 F AR . O T 38 e LA ) 43 B, 75 B4R w1 R B R D6 5 43
FHEE. HEHES TR ERNIRES, SRS TSP # R %L (point spread function, PSF) 7E#M #% 4 & A4 ™
EHESHE, SR 0 PREA, L HEEESIT =4 SMLM BRGNS~ T e — A A ST T —
T3 T IE SS AR 1 2% B =4 50 T 8 N A RS 7 i, JE R T R AT A B A B A R AT . O R
A% 0 AR B0 T 5 AV S U o SR B 19 58 o B 7 RS AS A ) — A4 D 25 19 1 A X3, 3 T 4 3 3 P 4%
Gl —A S0 [RE B W) A0 5 OE S AR B B, S B[R] — A~ 98643 F IE 51 B MG 80 PSF E% 1 [R] B 48
W, SR )5 HESTIZ G T W 2 M A AR T, ) R 40 B L SR PO F i =i iR B 5 R R M,
TP TE A HE 587 AR 1 — 21 1E SR PSF XSRS —A> 437 19 22 G2 Wi 7 I A AR A9 AR DOG 1 3%007 5 s
5 B =2 5 6 MR P T I O TR T B R A B AR AR B v, L AR BRI L PSE AR 25

SRR, 3 R A L 1Y DA B B ]

G AT AR, ST, PR L

PACS: 87.64.-t, 87.64.M—, 87.64.kv, 87.85.Pq

1 3

I JUAER, DABEAL G248 i -1 Feik
15 A AP AR FR Y PR 4 E 7 B B (single
molecule localization microscopy, SMLM) A%
RGexd 1 H2ETHIR PR AR 7 B M BR ] (298
WLEL UGB 1/2), SEIE T 9K 953 8] o3 HE R 1Y)
SIPERUER, RN TR RS T AEDC
SR K. SMLM FIFHZ 5T IR, #4235 1]
FIEAMEREEN TG BRUR RS 55
P HLPR%L (point spread function, PSF)—— 7£ fif
(] b4y o0 8, a i X B PSF B0 Al g

i

DOI: 10.7498/aps.71.20212091

PRI S BEEE, N ARG — iR o B R
Tt EER BT WU AR IR, IR 73 RARAE.

R B R UG T v v] 2 P s TRl .
T A RS, AR AT R 20T BT SR
IR PR, AT/ B R — 1 0 B LR T s 14 D
FIGHCR. (HAEIRI SN T i 5 PSF 2
Bl B R, T B B A A IR SE By
TN BINZ Sl E AR 24> PSF BRI
B, DI e 5 701 A U BE 0 R (o4 2 1
P4 BRI RE A 001 R A S R A i e 0 A%
PRI AR AE A 3G B2 RO R, SR R AL
WTT AR TEAE S 7. H FTX L8757k 1 e R 4
o E N HE R T B 245 3 TR RI ]

* [HFHARERES (S 61775144, 61975131, 61620106016, 62175166) FEYITTILRIBF 7 H FHE#ES: JCYJI20200109105411133)

BER RS
T EfEEH. E-mail: dylin@szu.edu.cn
i BIEMEE. E-mail: jlqu@szu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

128701-1


http://doi.org/10.7498/aps.71.20212091
mailto:dylin@szu.edu.cn
mailto:dylin@szu.edu.cn
mailto:jlqu@szu.edu.cn
mailto:jlqu@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 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 128701

SR, 1252 B = A 5058 N A HEUR 5
AP AR RIME. 3K N, =4 PSF AMUAE ) 28
L% M8 I XR oA, T ELAARFR AP e fofi 7505 ikt ]
A Ty kA S, B AR R DL
B HAETEA —S k] LI—E R e ilm &
YR TFE N AR . AN, 2012 4F Babeock 4 ¥
FIFH BN B B8 7™ A IR BUBEIR =4k PSF 1%l )
XPRRME, IR Z S G R T A 2014 4F Gu
A6 1 3@ 3+ [R] i 2R 4 = 4 PSF NN [E A 1, Jf
G FRAR IR T A7 [AAF, Min &5 10 0P
PR T IR AT 25 A, E— 2D 3 1 il o 2 G
LR AR A b M S P T i R = S B T
NI T RS EE, (BT ERAS F —4ER
B PSF 2 4k 1w Az i HOR IR AR (b AR 15 2218, X fiff
55 50 K5 B 1S RE AE A5 1 B PR R KT 2015
4F, Huang %5 M R =~ £8 1 B AHAS T (0 A 5 5
X} [ —A~ PSF 7 A ARl R BE AR HE, IF456 —
PRI TG e 15 3 252255 ) R AR JERI A  , Cd Hhuff ok 1
N DR v i) e € e S PTG
AR TF ) =2k PSF B4 748 250 00 (5 454 i) v
FEISZ 2T 74 A BRI, 3 b = £ 1Ty 32 il 1) 2 7
T BN TR GARHOE. £EXT % =4y T
PEAFAE R BRI, AR SCHE T — 3 IE S5
(1) 25 2 S = 4 503 T 38 B UG T 2%, XL
AT T VRN 0 AT B E AT

2 B *E
2.1 BB FNIE LB EURIE
F 1(a) A IE AR R AT S AR T i 1

(a) Sample
S

o o
L1 L2

50/50 BS EF

Depth(z)/nm

L6 CL1

I;AOSS o 100 n -

N
S
PSF width/nm

300 | e
—400
M2
L7 CL2 nn

R R TR SRS T BB B R
YT RE LSS B A, S5 R R Z Ak
TET A5 R AR IO CAT 5 834 43 BUAL 46 7 1) L.
AHEE ELAY ISR, 43 3126 PN 0030 3 5 1 1 ) —
A EMCCD FHHLI AR DR, 1] 1(a) Hr, AT
G A SIS S AT PR AR TE G, A TR
TR UGB R R, IR . A
PRI B A S A — N ARRE (1000 mm) A
i, WS RSO [RMEER ) A B IESS, T8
BN [R]— A2 643 14 1 B R AR S AR . 3
B, X TR0 T, YHAEF AR A 2
I, R ) —2H AL PSF G (Al 1(b)
JiR), [l T =4k o
R IE B AE SR E0E B U, 1EAS
BB BRG] 7 SR A 5 oA it PR =2 i s 2 S
FHM B 53 1 D GCBRRE i R A RGO VE R ith
2k, RIS [ Sl PR BE 2 4b 1Y) PSF 7R o F1 y P4
D7 A B e BE A TAR A2 . AN, IE AR B R 7
B4 SRAS RN S, X I B A~ 4S8 T A AN 7 T
WE 1(c) Bros. Horb s £l A H = 4 4E X PR
TR R BUAR R GE (CRA 100x /NA 1.45 IHiZ4)
%) RAEMAFRIREDOCIR (HA2 100 nm, & $
DI 680 nm) MYIESSEHEL PSF EUSRHATHIG 3k
130z Fy J5 W Y PSF S8 w, M w, (2 545
WE2Z), LN ZIABA B 451, A SHTE G SE
Bl A BR A TR IR S ) = 4 e . (AR Y
s, BARSPR R R G W E R AT (R w, =
w, Ab) RS 58 42— 3K, (85 ZE BRI AR
) A2, S A I EAS A 2001, PRI S0 SR
TR 5 V2 T L) TG P4 ARG B 11

) 1200}  Channel 1 — w, — w,

Channel II — w, — w,

/S

900 + -

600

W

0 1 1 1 1 1
—600 —300 O 300 600
Depth(z)/nm

1 IERGECRS TGS R R E R (a) U~ B R (b) IE3MRH PSF BHEXT; (c) IEAC R B HERZE. OL,
Y5 DM, | .55 ; EF, & 5HIEGH; BS, 20008 A, JGM; CL, KiE 4, L, 45 M, 15 ; EMCCD, HL 7155 34 i i il 4 w12

Fig. 1. Schematic diagram of the optical path and principle of single molecule localization imaging based on orthogonal astigmatism:

(a) Optical path; (b) orthogonal astigmatic PSFs; (c) calibration curves. OL, objective lens; DM, dichroic mirror; EF, emission fil-

ter; BS, beam splitter; A, aperture; CL, cylindrical lens; L, lens; M, mirror; EMCCD, electron-multiplying charge-coupled device.
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Fig. 2. Mutual correlation values between PSFs: (a) Traditional astigmatic method; (b) orthogonal astigmatic method.
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Fig. 3. Single frame image and localization results: (a) Sin-
gle frame of two-channel image; (b) localization results us-
ing orthogonal astigmatic method; (c) localization results
using traditional astigmatic method.
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Fig. 4. Comparison of localization accuracy, recall rate and error rate of molecules with different axial depths.
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Numerical simulation study of three-dimensional high-density
single molecule localization microscopy
based on orthogonal astigmatism”
Lin Dan-Ying! Wu Ze-Kai Yu Bin Huang Li-Lin
Zhang Xiao  Qu Jun-Le!
(Key Laboratory of Optoelectronic Devices and Systems, Center for Biomedical Photonics & College of Physics and

Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China)
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Abstract

Single molecule localization microscopy (SMLM) detects and locates sparsely luminous single fluorescent
molecules to achieve super-resolution imaging at nanoscale spatial resolution. In order to improve the temporal
resolution, it is necessary to increase the density of the simultaneously emitting molecules. However, with the
increase of the density, the point spread function (PSF) of different molecules will overlap severely on the
detector, resulting in reduced spatial resolution, especially for three-dimensional (3D) SMLM. To solve this
problem, a high density 3D-SMLM imaging method based on orthogonal astigmatism is proposed. Analysis and
numerical simulation study for the method are carried out and presented. The main idea of the proposed
orthogonal astigmatic method is to split the collected fluorescence in a SMLM microscope into two beams, each
of which passes through a separate channel with a cylindrical lens and arrives at a specific region on the same
detector. The two cylindrical lenses have the same optical parameters, but their orientations are set to be
orthogonal to each other. They are used to obtain both positive and negative astigmatic PSF images of the
same fluorescent molecule. Then, a linear projection model of the imaging process is established, and the 3D
localization of the fluorescent molecules is realized by using a compression sensing algorithm. The results show
that the two orthogonal cylindrical lenses produce a pair of astigmatic PSFs for one single molecule so that
different PSF pairs between different molecules have lower mutual correlation, and thus the 3D localization
accuracy for high density imaging can be significantly improved as compared with traditional astigmatic
method, in which one single cylindrical lens is used. The larger the defocusing degree, the greater the shape

difference between the two astigmatic PSFs is, and the more obvious this advantage.

Keywords: single molecule localization microscopy, orthogonal astigmatism, three-dimensional single molecule
localization, high-density imaging
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