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Abstract In double-helix point spread function (DH-PSF) engineering, the PSF of the conventional imaging system is
transformed into DH-PSF using a regulation of pupil surface wavefront phase of imaging system to realize large-depth, high-
precision nanoscale three-dimensional (3D) imaging. The DH-PSF is widely applied in life-science and material-science research,
industrial detection, and other fields. In this study, the basic principle of the DH-PSF and the design and application methods of
the DH phase mask are described in detail. Based on these, the applications of the DH-PSF to depth estimation, nanoscale 3D
single-particle tracking, super-resolution fluorescence microscopy, and laser scanning fluorescence microscopy are introduced. The
advantages of the DH-PSF technology in these application examples are emphasized, providing a useful reference for research in
related fields. Finally, the prospects of the development direction of the DH-PSF technology and its application are discussed.
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Fig. 12 Schematic of the image acquisition setup™™”

E Z Fraunhofer ™ n =
, Oy Ry (2) 1

P13 B G RO E R

Fig. 13 Flowchart of the image acquisition and reconstruction™”’

Bl 14 =4k B bR 5 BRARES R (a) IE® E %5 (b) DH-
PSF % % B4 5 (o) i 5 141

Fig. 14 Imaging results of the three-dimensional object

scene””. (a) Nominal image; (b) DH-PSF encoded

image; (c¢) decoded image

1503 B R K ARG, AT BR ) 1 2 AT 3 25 L v ) g
o 3T R, 20174, Wang 25741 H T — 3k
F DH-PSF A9 By e B8 = 4k 5¢ 6 i i 1% 7 32,
[ 15 fF 7% . 38 3 14k DH-PSF, £ 1F & 4814 2%, 31 F
FH Bk 1 (4 81 551 3% A1 Richardson-Lucy Jz % X #5512 |
%7 RS ) B R AR AL R 2 R T A RE i) — 47
JEOR A BORIR AR B, R 45 SR i 16 ik, il i
XF AT DL Y, E 32T DH-PSF 1 58 37 45 b, A AE
B AN BB S S A T 22 TR 4 AR A5 I B R N v
W o 127 ik ELAA S R HIL I A — B B R 43 R X
9% =4k 23 (0] R B 0 A EL DR AR K % 40 A 7 A e R
HAREZEZ L.
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15 B B = 450 i o 2
Fig. 15 Schematic of the single-shot three-dimensional fluorescence

microscope'™”
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g 7 740 i /K SP- b B S 3R AS Uk A 22 4k ST AR 2 (]
FS (] RO (-y-2-2) b 328 3l 0 A S A5 B, 76 BiF 58 36 40
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=47 B A5 B, DH-PSF 4 R 7E 3D SPT # R 3k 15
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Magnified view of ROI1

Magnified view of ROI2

K16 HLIEHR A DH-PSF 15 81 59 57 J& 5L I &2 1% it it BPAE 41l b F-actin AW 58 45 S 56 UE DH-PSF 7 4 #9972 5 IR K &L 1)
() (o) 8 L e 391 PSF i 2K 110 4%, 35K 74 1 P45 2 6 S [ 1) R B2 CRHBR 1500 nm) 148 19 5 (¢) DH-PSF (N="6) 3K 11 J5L 4y

ER ()W P 16 () 3R EE 5 (al)~(d1)ROT X SRR A EE 5 (a2) ~(d2) ROT2 X K 9 4
Fig. 16 The conventional image and the extended depth-of-field recovered image produced by DH-PSF, the DH-PSF produces the

extended depth-of-field recovered image, which is verified by the observation results of F-actin in BPAE cells"

“I. (a)(b) Images

captured by using the conventional Gaussian PSF, the two images are captured at different depths (1500 nm apart); (¢) raw
image acquired by the DH-PSF (N=06); (d) recovered object image shown in Fig. 16(c); (al)-(d1) enlarged images of ROI1

area; (a2)-(d2) enlarged images of ROI2 area
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[ 18 iz 3 i 98 0 RL 5 B = 2 75 5 45 2R, o) A1l ] AR AT R TR S At
Fluorgcs]cent
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@ E‘ l., & modulator
Lens Objec1we Lens

(1.3NA)
Standard PSF image  DH-PSF image Ccm'lputer Lens
. .‘ Detecwr

17 5Ok T I = 4R B3 B &

Fig. 17 Experimental setup for three dimensional tracking of moving fluorescent particles'l L
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5] *ﬁﬂ%,z,ﬁ%mﬁﬁ%lo nm, 40 19 s .

i} 4 , Thompson % X i ] DH-PSF & fif i 1%
RGBT X 2 A A B b B AF 1 A% B A
iR (mRNA) PORL () = 4 B8R ER , o F oy J5 [n] 9 KS BE
25 nm, 2 J7 18] B RS B2 50 nm, @01 20 fr s, i F 5%
T B mRNA 2 (4 mRNPs B (19 3h J1 2247 8. 1% E
TRz N TN 2 B A 2 R mRNA E 7
2 Fp H A A=) 43 7 ) 1 2= gk gE . WS L 2 T DH-

FH 1818 S T A N 7 1 5T Ak BR A R B 2 AL
Yh K S5 H8 PN B A0 KR B A A P S A TR gl ok
BRI GE H ARAR T Tz B . RAE 3T DH-
PSF 1 3D SPT H A 1Rt iy b FH #4028 (H A% R 1 A
A2 pm ZE A BRI T FEAE 56 8 4 B v i i — 20 H
o BT B R B g 5 Y PSF
3.2.2 X T DH-PSF & &A1 iA45 6 XK ¥ & 3D SPT
?ﬂTH*%%?}DH—PSFE@ﬁi1%?%f§,ﬁ€ﬂllﬁ%
B 2R BRI T R T — A R IR T H Ak S
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(d) X-Y locations

(b) Double-helix PSF image
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FE18 Pk T 1 =4 /s 2 (a) b i PSF 4% 5 (b) DH-PSF E{% 5 (¢) 4 AREER I = 4 58 37 5 (d) ~ (F) BRI = 487 B 78
X-Y X-Z.Y-Z¥ 1 5
Fig. 18 Fluorescent microsphere tracking in three dimensions"”. (a) Standard PSF image; (b) DH-PSF image; (c) 3D locations of four

microspheres; (d)-(f) X-Y, X-Z, and Y-Z projections of the microspheres’ 3D locations

P19 dmF bR 0 A T A0 P 45 449 1 3D 7%
Fig. 19 3D tracking of a quantum dot-labeled

% (um)

structure in a live cell™
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17. 4 nm, AR R E K 14 pm, SEH T K2R =48 3)
PG ER BB B, a0 B 22 s, 9 DL Raw-264. 7 4l il
B 38 o X 28 R B, W25 AF 9T T I WG AT 1 7
M4

2021 4F , 7E 9E 18 H- % 5 1% 3T DH-PSF (19 A& fif
b IR B TR L SR T ORE R 2 1 JE Y DH-
PSF, B 2-DH-PSF, Jf i — 20 45 & B AR A7 I+ 1Y)
P LI T T20° € B A B DH-PSF . A H 5 1)
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200
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0
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20 R b A mRNP A = 2 Hak

Fig. 20 3D trajectory of a single mRNP in a yeast ce

11

1800001-10



:!:TESC —IT

EMCCD

K21 DDCM R4k &R
Fig. 21 Schematic of the DDCM system™”
DH-PSF, & # 2x-DH-PSF (4 s AR % P K 4 4%, W0
F 23 iz, SEPL T 20 pm 75 Bl 9 A9 RL T 7 5 o
BAG TR FE N RE 08 7 5 1 RL ¥ %5 B 2 A B 7 JE 1Y .
MR KRG 3D SPT £ AR 42 5 1 DH-PSF 3 fi If

JE AR AR T 5 5 R i HOR BEE 5 T S 12 B0
T aldS . TR, R ER

@

=10pm

23 2x-DH-PSF FR 4t M HAE 3D 38 & A py g il

@ focal plane

$£59%5 F 18H1/2022 £ 9 A/ EBFFHE

Bl 22 ZANSEEER I I = 4R g
Fig. 22  Simultaneous three-dimensional tracing of three

fluorescent beads"™

JE T i 3k T DH-PSF B /& % B2 0y 7 & (5, itk — 40
W 3D SPT £ R 7i 1 R & B i 3 250 # 0 78 b Y
VA
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®) . . "‘
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= R he, 208
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1L g 10
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£ S - Ve
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20 e o
5 -""‘*EH_ e — e
R e o
Vi 2 Qgpm

Co(a) e B RS ES 45 2-DH-PSF 414 19 3D ST AR E 5 (b) 72 G k7 Hela 20

JE T B8 = R BUIE 5 (o) MR TP 2L Ok (1 = 2 Bk

Fig. 23 Schematic of 2n-DH-PSF system and its application in 3D trajectory

1. (a) Optical setup and 3D stereograms of two defocused

2n -DH-PSF combinations; (b) 3D trajectory of fluorescent microspheres in Hela cells; (¢c) 3D trajectory of fluorescent

microspheres in saliva

3.2.3 A TRKEAWMDH-PSF 23 K
TXTF#?‘FMV\JKJ%/\?& TIAR R BRI, T 5
FREAR T 803 1 PEIB A0 £ M EL , DT IR T PRy
%mmu%r N T AN RO SRR R,
IR Yu S50 i 928 B3R (LSFM) #il DH-
PSF & fi 5 ik M 45 &, $2 th 1 2% T i W] ) DH-
PSF I fliHe A, 52 BN JEE AR iy v UKL 1 ) = 2 94 K 7y
HE AR FB B, 1207 %6 BAT B0 FU B Ry I 23 20 R
fe TR R IR AR IR B TR A L Ao BT 24 O =4
Ko B AR R GE s T 18] 25 % &R G B
I ¥ W TR Y BRSSO BR N R B AR S SR, PR ] T
TR A B B O i 5 1 05 3 B A B
TERYEARR. i Rk B (S M A R
FEAR/IN % 2 GERE AR 4 i W ] T BORE 1 8l 25 0 2 A
&AL BT 5T
(L3R T7 3R T 30K G B AN AR ' e A LA

24 B TO6 A WG DH-PSF B Ul f% 24
Fig. 24 Schematic of the DH-PSF microscopy using light-sheet

illumination "'
R, AN AR H S 5, 520 T 43T W E NS E .
T DRI B ), 3 T R B X — AR, 2018 4
Gustavsson 28" 3 Hy — Pl 5 AT = 4k 5 P 5 ek 25000 10
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(d)
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140

@

Time(s)
B 25 6 B8 & 3 5 DH-PSF WA . () Y6 266 i i 8% 19 DH-PSF ; (b) epi BB i 385 19 DH-PSF; (¢) 8 25(a) Al
Pl 25(b) 9T 5% 1 2R A8 AR TR (0 36 88 430 5 () B9 j'ﬁffﬁﬂﬁiéf??ﬂlﬂl (e) ¥~ 5¢ a2k 3D MSD £ PE L&
Fig. 25 DH-PSF microscopy enhanced by light sheet excitation”. (a) DH-PSF obtained from light sheet fluorescence microscopy;
(b) DH-PSF of epi-illumination microscopy; (c) intensity profile of the cross section for the two straight lines in Fig. 25(a) and
Fig. 25(b); (d) three-dimensional trajectory of single fluorescent bead; (e) linear fitting of the 3D MSD of single fluorescent bead

Alternative 4f systems
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Phase patterns Tube
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P& T HEE
i image  Dielectic  Camera

plane  phase mask

Fl26  TILT3D RGnmmA "
Fig. 26 Schematic of the TILT3D system'”!
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TILT 3D 7 1 7L 80 4 20 i v i) — 24 8 43 H R AR, 38 2k
DH-PSF %&b fl 4 4% 2 3517 50kl .
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BPERAR Y ) B, 5 56 06 40 N 3l D) B o b B
AR Y N
3.3 ETDH-PSFHIZHBHWRABRHITA
UEAFE S A HEOOL BB AR E S R, g
4 56 BB G BOR (SIMD) (52 30k 5 L #E (STED) & 3
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27 TILT3DZE4I L2 b i JH
Fig. 27 Applications of TILT3D in cell biology"”!
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=G, & 28(d) BT, FLAE 2o,y B = 5 1) B A2 60 6
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Fig. 28 DH-PSF imaging system and 3D super-resolution imaging'

"I" (a) Detection path of the single-molecule DH-PSF setup;

(b) typical calibration curve between angle of two lobes and axial position; (c) images of a fluorescent bead at different axial

positions; (d) single molecule image of DCDHF-V-PF4-azide with high concentration in a thick PMMA sample
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Fig. 30 Schematic of the DH-PSF-assisted STED

microscopic optical path™”
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Fig.31 Three dimensional imaging of a group of 100-nm diameter beads immobilized in a PDMS"™. (a) Confocal image;

(b) corresponding STED image; (c) STED image processed by deconvolution; (d) corresponding DH images recorded at five

points in Fig. 31(c); (e) image of fluorescent bead at focal plane and corresponding depth map, scale bar is 500 nm
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Fig. 32 Schematic of MSIMH system"™”
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Fig. 33 Imaging comparison of mitochondria in living cells by wide-field microscope and MSIMH"". (a) Wide-field image of

mitochondria at == 0; (b) wide-field image of mitochondria at z=— 1000 nm; (¢) MSIMH 3D imaging of mitochondria at =0
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Fig. 34 Schematic of HMSIM system"’
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Fig. 35 Flowchart of the image reconstruction process’ "
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Fig. 36  Postprocessing of each rodlike sub-image"
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Fig. 37 Schematic of RESCH system and RESCH fluorescent images””. (a) Sketch of the RESCH optical path; (b) DH-filtered image

of a 100-nm diameter fluorescent bead, the circular hole is a synthetic pinhole at the corresponding defocus
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Fig. 38 Confocal and RESCH images of microtubules”. (a) The first row is confocal images recorded at axial steps of 200 nm, the

second row is RESCH images at corresponding position; (b) confocal image and RESCH images of another sample
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Fig. 39 Schematic diagram and characterization of the MRESCH". (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 along z-axis
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Fig. 40 Schematic of reconstruction process of MRESCH". (a) Raw images of MRESCH; (b) double helix point with digital pinhole;
(c) image reconstruction process of MRESCH
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Fig. 41 saMMM setup and DH-PSF modulated through the GI. phase plate™™
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Fig. 43
with HOT system and DH-PSF system"”;

Schematic of holographic optical tweezer (HOT) and DH-PSF system and detail images.
(b) DH-PSF distribution; (¢) DH-PSF phase mask; (d) brightfield image;

(a) Experimental setup integrated

(e) corresponding off-axis darkfield DH-PSF image
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HW: half-wave plate;
GP: Glan polarizer;
RL: relay lens;

: pinhole;

MirTor;
SLM: spatial light modulator;
10 iris diaphragm;
DM: dichroic mirror;
TL: tube lens
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Schematic of experimental setup for two-photon
[81]

Fig. 44
polymerization with single exposure
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Fig. 45 SEM images of polymerized double-helix microstructures™.

(a) Double-helix microstructure array; (b)(c) top and side

views of single double-helix microstructure
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Fig. 46 Experimental setup and conceptual design of the holograms for fabricating and detecting double-helical microstructures™
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Fig. 47 Diameters of double-helical microstructures to different topological charges'™
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