#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 108701

AT = 4 SRR IR S S E NS
MBI E M R MR

oD iR EAHFED TE#HEY
JBERY AR Tk

1) (IR 50 TARAEBE, S T2 5 REHE /) ARA E A=, Bl 518060)
2) (GYINR2Fb2E 5B TR, Il 518060)

(2024 4 2 A 17 HE]; 2024 4£ 3 A 14 HUEEIMEHHR)

WUHR JiE A5 9 H PR %X (double-helix point spread function, DH-PSF) i 2 7] 52 81 40 K R it = 4 20 ks 7
5 (three-dimensional single particle tracking, 3D SPT), # )2 i ] T 4= i Bl 24 %5 454k, {H DH-PSF & f 19 1%,
G SR FNE ARG B A PR, PRI T AR 16 AR JEAE S A N . O T et 1 8, A SCHR 1 T — 0 R Tl 1) 43Ot
W55 1) Z £E T DH-PSF 2§ (z-splitter prism-based multifocus DH-PSF microscopy, ZPMDM) J7 ik MR 45, 8
b B T I A3 OU R BRI 2 AR T W8S DH-PSF A4S &, 72 T T3 0500 T 48 /& DH-PSF 5 43 ) 4l i) 22 2
T FBUR A SRS B, M D SE SR IS AN P 3D SPT 1Y KR TR I ME . 3@ 1 R Gibr  , ZPMDM H 3 -3l i (19 -1
Y NIR IR oy, y, ) = (4.4 nm, 4.6 nm, 10.5 nm), oy, 4, 5 = (4.3 nm, 4.2 nm, 8.2 nm), LK op(, ,, 5 =
(4.8 nm, 4.4 nm, 10.3 nm), DH-PSF A 25 R E 6 pm, SEILT 538 B9 0 H - /K TR 4 VA T i %
etk B, JFRIAE ST TG E A M RIS, i — ik T2 07 A Pk, X T 3D SPT /Y & J& fl

7R AT BB L

KR YRR, OURKE A R, 22 T At

PACS: 87.64.M-, 87.64.kv, 42.30.-d, 87.85.Pq

1 5 =

Wit 25 A KL AN W AR 1 A e, BLOR
/R EE (single particle tracking, SPT) £ AR WA
FEATIE AN N A FAT R AR AR | 48R B i 72
BLI LA R 250t e A Ay 0 T2 0L R e —
4k SPT HEELE— e T FaBgihi ¥, Ik, X
Ty 3w AR 058 3 P10z 3l 0. SR, 1%

DOI: 10.7498/aps.73.20240271

i fE ) oy iE S A IS 2R, T
S PN B Bl A AR T S R A i PN = 42 ) il
TRAER =428 AU AN B AR A, RIS Wl 224 o0 1Y
13 A BRI PRE M. Tk, 9K RO — 4
(three-dimensional, 3D) SPT AR H B, (i 15-4JF
FEN AT DAL B 25 BE Rt R 2 o0 T 3l 01 2
170, BORAEHE T A Rl A Sl ) & g S8 3D
SPT $ FLH A J7 ok st R FH 2R A I s sl ot
F W ACBE AL A AN [ ] 7 A R AR — R A

* ERE SR (S 2022YFF0712500) ., FEEK [ RBEIES (S 62175166, 61975131, 62235007, 62275165, 62127819)
IR R H (S JCYJ20200109105411133, JCYJ20220818100202005) FIERYIT T4 H4 0% T2 BN S0 =

(#t1ES ZDSYS20210623092006020) % B AL
T EfEEH. E-mail: dylin@szu.edu.cn
1 BIE1EE. E-mail: yubin@szu.edu.cn
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

108701-1


http://doi.org/10.7498/aps.73.20240271
mailto:dylin@szu.edu.cn
mailto:dylin@szu.edu.cn
mailto:yubin@szu.edu.cn
mailto:yubin@szu.edu.cn
http://wulixb.iphy.ac.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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 108701

Y EUSTE BUEGHEAR (Z-stacks) TS, 1T SE 2R 7
(1) 3D 7nER, BARIXATIE AR R RGNS LB,
A FR B Tl 4, R Rl o Bz 2R K
RELA. ol P e SR R W P by A R 2
(14) e 5 A I8 B T DA st ik A R A R ECERE ) 43
FABRFFER RO S, N T b st ] 4
SR ] SRR, WS AN LA T 22 Fh I R
JiE S HLPREL (double-helix point spread function,
DH-PSF) 953 . JTo4a#h 3D SPT J7ik Pl 2009 4F,
Pavani % 0 35 Yl i FEEE BT RO AR B, R A
[EEIE 4% (spatial light modulator, SLM), &
ARG PSF 4% DH-PSF, 281 T 5k 14 nm
ORI AT 37 nm AN E RS RE, USRS 2 pm.
2010 4, Thompson %5 M F] Ff DH-PSF 2 {5 ¥4
TGN AR, 4B AR R 10 nm.
[7]4F, Thompson &5 12 X ffi F§ DH-PSF i i il 3y
SEHT I 2RI R A M A A R R Y —
HeR s, BE9E T HE A mRNPs Foki 19 3 J1 247
K. W5, 2T DH-PSF fI4KRE 3D SPT 7E40
A= p2E . AR RIIFSE HR3RAS T T 12 AR 1318,
RUAEHLT DH-PSF 1Y 3D SPT HA R 1 13 FH AL
B BRI 2 um £ 47, BRI T HAE 52 %
0 b HE— 25 R T TR A R G A
i) PSF. 2013 4%, Li %5 19 75 253 4k ) DH-PSF
BRI R AT DH-PSF 18] 5 72898 6l
AR T RE M A AR, i — 29" R T JiA DH-
PSF R GBI, WH# T —E XS I
YR PE =Y 25y TR R R4 (DDCM), H
=YEENAE R IR E] 5.3, 6.3 F1 17.4 nm, BRIRE
KB 14 pm, (HIZ5 232 0 AT 560 R0 68,22 152
i), 5 B 22 R MEAS TETC A4, BE R FH A H.
REHMNE IR, 2021 4F, Li ZE RO T —Fp 4 h
2n-DH-PSF W8 5k, B FHHETR B IX 7 i 55 3t
T 2n FAREISEI e, ITAE 2n-DH-PSF BY5EAN
ShEA BN, e M LA E] 4n IR, Holi g
WL E] 20 pm, &E5 DH-PSF 9 4 f%. R,
ZITERET SLM OGRERIFH MR . REE L FA
BT, RENE N B LT AR R B S A P
). BAR FIR KR 3D SPT Jrikdi s 7 DH-PSF
POBRINER B, (AR T O (o % B, IS & TaFoR
FiBiiz h i o 7 oh AL .

itk — R L RN, TR R
BT DH-PSF 19 3D SPT 7k, #F— 44 e

AR TEARIEAE S S A AR T T L. A S
T — P T ) e B R 2 45 il DH-PSF {25
(z-splitter prism-based multifocus DH-PSF mic-
roscopy, ZPMDM) kMRS, ¥ HA DH-PSF
] 1] T fig 1R RCAR e AH 7 A AR (DH phase mask,
DH-PM) 5 HA 2 £ SR BE 1 195l 1] 736k B2
(z-splitter prism)P! fH45 A, #E—29 & DH-PSF
AR S5 I B = HOE AORS . A ZPMDM. &
G H b e A Wis sh ) 22O ok kT T
—HEBER, THAE TSR = 4E R B S IR A
— 2, IR T RGEREE AR 6 pm LAY
CRERHATIBER. [RIIEXT FWg 40 Jf Hh Y 2 G ekt
friBes, HE— LRk 7z AT A TP R Y
AET.

5 m

ia/\

2 RH57%
2.1 ZPMDM E%i&it5ig#E

Jr 4 i 1) ZPMDM R SR & E & 1 s,
FEALFEIE IS | B BT RS L. A
KB, B 656 nm BYFEABOEES (MRL-N-
656.5, CNI) & i A0 A 56 28 0k v 1 25 B 5 ik
A ND MO RS T IR, FHLE L1 (f =
200 mm) Al L2 (f, = 200 mm) £ 1Y 4f R Gi e
H WG, 8515 ML TL2 (fri, = 300 mm),
—[a A5 DM2 Al DML, Jl{Z ¥ 5% OL(1.45 NA,
100x, Nikon) 5 3 F R 2 HE S F ATk . FEIR
WG i v, [R]BsF{ FH 2-splitter prism #1 DH-PM
S Z R DH-PSF BUR. #2962
Bi OL, DM1 1 DM2, %% TL3 (frp3 = 200 mm)
WAESS, 4 z-splitter prism #4534 3 HOE, R4
it—iERE L5 (f; = 150 mm) A L6 (f; = 75 mm)
WM Af RS, B EUR AR sCMOS £
M 2% (ORCA-Fusion BT, % % ¥ A 2304x2304,
B ZRSFH 6.5 umx6.5 pm, Hamamatsu) | [f]
BF, FERRIN S B% 19 Af Z 48 19 3% i i A DH-
PM X} RGEERI S5 BRG], S
[ii DH-PSF, H 447 i+ DH-PM i3l Y6 FLA2 N
5 mm, TAEH KN 670 nm, DH-PSF Xt 137 145 4%
e BE BTG 29 3.3 pm. [A]) DH-PM 5 ¥4
1 JE R R ILHOC R, e iR A B E 5 R
Rl 1) AL, SR B ISR SR I 122 IS5 R 450
FaE . SLRiEAR ik Tl RO R, 454

108701-2


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 10 (2024) 108701

Laser 1
(656 nm)

ND

L1

Sample

OL

TL1 BS QD

DM1

TL2

s
DM2
TL3
O > L4
| z-splitter
7| prism Laser 2
h (785 nm)

5 pm

5 pm 5 pm
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Fig. 1. Schematic diagram of the ZPMDM system. Laserl-Laser2, lasers; ND, neutral density attenuator; L1-L6, lens; M, mirror;
TL1-TL3, tube lens; DM1, DM2, dichroic mirrors; OL, objective lens; BS, beam splitter; QD, four-quadrant detector; DH-PM,

double-helix phase mask; z-splitter prism, axial beam splitter prism; sCMOS, scientific complementary metal oxide semiconductor

camera.
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Fig. 2. Three-channel fluorescent microsphere image regis-
tration: (a) Pseudo-color image superimposed with fluores-
cent microsphere images in the left channel and middle
channels; (b) pseudo-color image superimposed with fluores-
cent microsphere images of the left and middle channels
after registration; (c) pseudo-color image superimposed with
fluorescent microsphere images in the right middle channels;
(d) pseudo-color image superimposed with fluorescent mi-
crosphere images of the right channel and middle channels
after registration; pseudo-color: purple represents fluores-
cent microsphere image in the middle channel, green repres-
ents fluorescent microsphere image in the left (right) chan-
nel, and the fluorescent microsphere image is greyish-white

when the two accurately overlap.
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Fig. 3. Calibration of the left, middle and right channels: (a) Calibration curves for the three channels; (b) the corresponding

double-helix imaging results of the left, middle and right channels at the same depth; (c) 3D localization accuracy of the left, middle

and right channels.
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Fig. 4. 3D tracking of fluorescent beads in a 20% glycerol aqueous solution: (a) Image of the dynamics of a 200 nm fluorescent bead

during diffusion in a 20% glycerol aqueous solution; (b) 3D tracking trajectory obtained by image reconstruction of the motion tra-

jectory of the fluorescent microspheres in the red box in panel (a); (¢)-(e) projections of the trajectories of the fluorescent micro-

spheres in panel (b) onto the zy, yz and 2z planes.
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Fig. 5. (a) Mean square displacement curves for the diffu-
sion of 200 nm fluorescent beads in aqueous glycerol solu-
tions at 20% and 60% concentrations; (b) viscosity versus
temperature plots for aqueous glycerol solutions at 20% and

60% concentrations.
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Fig. 6. 3D tracking of fluorescent beads in live cells: (a) White light image of the Raw-264.7 cell; (b) DH-PSF fluorescence image of

a bead; (c) 3D trajectory of the bead in Raw-264.7 cell.
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Multifocus double-helix point spread function
microscopy for 3D single particle tracking”
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Abstract

Double-helix point spread function (DH-PSF) microscopy can realize three-dimensional single particle
tracking (3D SPT) on a nanoscale, and is widely used in life sciences and other fields. However, its imaging
depth-of-field (DOF) and localization accuracy are limited, which hinders its application in thick samples in
vivo. To address this issue, this paper proposes a z-splitter prism-based multifocus DH-PSF microscopy
(ZPMDM) method and system to improve the DOF and localization accuracy of DH-PSF microscopy without
scanning. It solves the problem of large DOF detection of 3D SPT in whole living cells. By means of systematic
calibration, the average 3D localization accuracies of three channels of ZPMDM are determined to be oy, , - =

(4.4 nm, 4.6 nm, 10.5 nm), oy, 4 » = (4.3 nm, 4.2 nm, 8.2 nm), and og(, , , = (4.8 nm, 4.4 nm, 10.3 nm).
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And the effective DOF of the system is extended to 6 pm. Furthermore, the ZPMDM system is used to track
fluorescent microspheres in a glycerol-water mixture across a large depth-of-field range. The Brownian motion of
the fluorescent microspheres in the mixture solution is also investigated. The experimental results demonstrate
that the errors between the experimentally obtained diffusion coefficients and the theoretically calculated
diffusion coefficients are all within 10%. The reliability of the ZPMDM system in achieving single-particle 3D
tracking imaging is verified in this study. The validity of the method is further verified by preliminarily
investigating the phagocytosis phenomenon of live macrophages. It is of significance for the development and
application of nanoscale 3D SPT. The ZPMDM system is shown in the attached figure.

Keywords: 3D single particle tracking, double-helix point spread function, multifocus microscopy
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