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Fig. 1. Schematic diagram of the cylindrical lens.

Jeh bR FaRTEAERROLEE Il — Y R
SO, HHOGAUR BT 5 i oA, e e i g o0
A LA 2 e R RO A1, LR R ARIE

E(r,x) = EO@ exp Lﬂ(fﬁ)}

r2

X exp [—ikx — ik * ig(m)} C(1)

Horp v A3 AT — 5 B 8 Sl b B AR 1) R B
z P AL E AR, wo Nz = 0 IFEDEBEEAR,
N REBCEAAE, kIR, R(x) BAE o SN MR Y
MERAAR, ¢ (2) 25 o A RMMMEF. w) HTE
x SAEEEBEREAR. IAE o AR ey 12

w(z) = w, 1+(M)2, (2)

W,
Hor NI CRIBS, I ] RLIACH 206 Fr fie ik
ArE AR YRS, Bl R Y R4, Y it
WHPEREEAR A RE AL AR 0 V2 A5, %P2
[F) P9 B 8 A B A B g 19

w?

TR = — 7 (3)
Forpr w, ARMEAEAR, zr BIR/NIE T AR 1Y

RN AR S5 v AR S B SR ARG TS BE A
T P B 22 At A v £

2.2 BEEpGALES T

P 2 AR B Y PREOE R RRORIR R S8
B9 TSNS B R0 N W 3 4 E S 7S T R
gy, R IR IR B AL R B S T RE T LU A
WSREERE Ol Y A S EE B 2t A e Bt PR i
BER AR E R POL, fEAE B i £ A B — e
MBS, PO SRR AR, RN AES J5
R 3 I 4 A 4f R G, ¥ Roerh a4k
RO, I BE R AR O B SR A L
TS B ARE i A )7 R T P 4

Laser

488 nm
Lens 6
ETL
Lens 5

Lens 1

e [ Clapture

Lens 2

Detector
objective

Cylindrical
lens

Emission
objective

Scan mirror

Sample

Lens 3 Lens 4

B2 POt BRURIR R g6 R
Fig. 2. Schematic diagram of rapid light-sheet fluorescence

microscopy imaging system.

PR AR B R 5 R A R
BRI, R A A8 IR I BERRAE DO
BB R, Mt dEd ETL fAERE, HS5REER. B
i 5 AL 6 FFEVEH, KOt R %R sCMOS
BRSNS B 52 2 1) AR R

2.3 HEINFAESEESH

A SCHE FH Y & Optotune 23 7] K15 4 EL-10-
30-Ci A% 5, Hoome K IRE sk e T iR
TR ILAR A 4k ), o PR L RS AR A5 B R 04 g 1o R
£, ¥ 3 H1 Optotune 23 "4k, &6 TFi% ETL 7F
e R PN AR AR e iz S ) T 2.

TR B BRAT 5 i me 1, 375458 28 Ak AR B T a5 3]
FE R 22 4—8 ms MM LY a], 7E P gt
R X B B R AN A 2 1Y, b BN X 2 B
5. SEE TR AR, 2 LA/INGY BRAE 5 DK Bl

088701-2


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

Y B ¥ R Acta Phys. Sin.

Vol. 69, No. 8 (2020)

088701

RF R 7 I TRJ AL 29 2 ms, 3% — R IA B T &
GEREAR I UG R FE . P B LABVIEW I 7185
ML, BOERRE BRI ETHR ~, ABEEYS ETL 5
FAREHRBE 1 S g P[] 4 £ 2 500 Hz (3.

0} ®
-
o
T st
g
]
— 6F
<
2 L
& . — 0--200 mA
\ — 0—150 mA
3 0—100 mA
2 . . . . . . . .
0 4 8 12 16
Time/ms
— 0—200 mA
B, — 0—150 mA
a3 0—100 mA
g
3
19
2,
=
Q
2
S
2 .
0 4 8 12 16
Time/ms

3 EL-10-30-C X HL i B IR Ay i 280 5 2 0 1
Fig. 3. Typical optical response of the EL-10-30-Ci to a cur-

rent step.
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Fig. 4. The beam passing through the ETL at different
aperture angles: (a) The beam passing through the ETL at
small aperture angles; (b) the beam passing through the
ETL at big aperture angles.
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blocked by the aperture of ETL.
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Fig. 6. Analysis of 100 nm fluorescent spheres: (a) Image of 100 nm fluorescent spheres; (b)—(f) five fluorescent spheres with the

largest intensity; (g)— (k) intensity profile of a horizontal line passing through the center of fluorescent sphere in (b)—(f); (1) the nor-

malized and averaged curves of (g)-(k).
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Fig. 8. Fluorescence intensity distribution at different profile of the light sheet: (a) Optical path for recording light sheet; (b) pro-

file of light sheet; (c) average curves of intensity profile of light sheet.
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Fig. 9. Image of the same fluorescent sphere at different positions of the light sheet.
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Fig. 11. The artifacts analysis of the experimental results:
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tured at 3.7 ms; (c) intensity profile of a line passing
through the center of fluorescent sphere captured at 7.4 ms.

P T — BT Bl ] A AR B BT A KT
WA BRI RS, @i ARl S
— AL RO IR R G, 455 Labview 5 i i
sCMOS SEBLPGHE I A W AURAR . 53 S 1t 5256 53
Br 5858, A R8> T P BUg b A R 1A
[ B 5 | A KT 9328 5 2 D B, S8R T R R A
TG B2k B T R B FR R UG 2
275 il /s, A1) 43 F R R ] 43 HE R 53500 K 5.5
0.73 um, FAIEREIZYIE 138 pm AR PERE, XX
FHEB AR S TG A A 40 A S35 B P LA

S 30k

[1] Zhang M X, Zhang J, Wang J, Achimovich A M, Aziz A A,
Corbitt J, Acton S T, Gahlmann A 2019 Biophys. J. 116 25a
[2] Rocha M D, During D N, Bethge P, Voigt F F, Hildebrand S,
Helmchen F, Pfeifer A, Hahnloser R H R, Gahr M 2019
Front. Neuroanat. 13 13
[3] Ahrens M B, Orger M B, Robson D N, Li J M, Keller P J
2013 Nat. Methods 10 413
[4] Huisken J, Swoger J, Del Bene F, Wittbrodt J, Stelzer E H
2004 Science 305 1007
[] Huisken J, Stainier D Y R 2009 Development 136 1963
[6] Rasmi C K, Madhangi M, Nongthomba U, Mondal P P 2016
Microsc. Res. Techniq. 79 455
[7] Wu Y C, Ghitani A, Christensen R, Santella A, Du Z,
Rondeau G, Bao Z R, Colon-Ramos D, Shroff H 2011 Proc.
Natl. Acad. Sci. U.S.A. 108 17708
[8] Lemon W C, Pulver S R, Hockendorf B, McDole K, Branson
K, Freeman J, Keller P J 2015 Nat. Commun. 6 7924
9] Kumar S, Wilding D, Sikkel M B, Lyon A R, MacLeod K T,
Dunsby C 2011 Opt. Express 19 13839
[10] Wu D, Zhou X, Yao B L, Li R Z, Yang Y L, Peng T, Lei M,
Dan D, Ye T 2015 Appl. Opt. 54 8632
[11] Ma P, Chan D C, Gu S, Watanabe M, Jenkins M W, Rollins
A M 2016 Biomed. Opt. Express 7 5120
[12] An K, Wang J, Liang D, Liu J 2017 Chin. J. Lasers 44 274
(in Chinese) [ZeH, T hi, B4R, X% 2017 HhEBOE 44 274)
[13] Hedde P N, Gratton E 2018 Microsc. Res. Technig. 81 924
[14] Fei P, Lee J, Packard R R S, Sereti K I, Xu H, Ma J G, Ding
Y C, Kang H, Chen H, Sung K, Kulkarni R, Ardehali R, Kuo
CCJ,XuXL,HoCM, Hsiai T K 2016 Sci. Rep. 6 22489
[15] Haslehurst P, Yang Z Y, Dholakia K, Emptage N 2018
Biomed. Opt. Express 9 2154
[16] Kashekodi A B, Meinert T, Michiels R, Rohrbach A 2018
Biomed. Opt. Express 9 4263
[17] Fahrbach F O, Voigt F F, Schmid B, Helmchen F, Huisken J
2013 Opt. Ezpress 21 21010
[18] Landry J R, Itoh R, Li J M, Hamann S S, Mandella M,
Contag C H, Solgaard O 2019 J. Biomed. Opt. 24 4
[19] Guan Z, Lee J, Jiang H, Dong S'Y, Jen N, Hsiai T, Ho C M,
Fei P 2016 Biomed. Opt. Express 7 194

088701-8


http://wulixb.iphy.ac.cn/cn/article/doi/10.7498/aps.69.20191908
http://wulixb.iphy.ac.cn/cn/article/doi/10.7498/aps.69.20191908
http://wulixb.iphy.ac.cn/cn/article/doi/10.7498/aps.69.20191908
http://dx.doi.org/10.3389/fnana.2019.00013
http://dx.doi.org/10.3389/fnana.2019.00013
http://dx.doi.org/10.3389/fnana.2019.00013
http://dx.doi.org/10.3389/fnana.2019.00013
http://dx.doi.org/10.1038/nmeth.2434
http://dx.doi.org/10.1038/nmeth.2434
http://dx.doi.org/10.1038/nmeth.2434
http://dx.doi.org/10.1038/nmeth.2434
http://dx.doi.org/10.1038/nmeth.2434
http://dx.doi.org/10.1126/science.1100035
http://dx.doi.org/10.1126/science.1100035
http://dx.doi.org/10.1126/science.1100035
http://dx.doi.org/10.1126/science.1100035
http://dx.doi.org/10.1126/science.1100035
http://dx.doi.org/10.1242/dev.022426
http://dx.doi.org/10.1242/dev.022426
http://dx.doi.org/10.1242/dev.022426
http://dx.doi.org/10.1242/dev.022426
http://dx.doi.org/10.1242/dev.022426
http://dx.doi.org/10.1002/jemt.22665
http://dx.doi.org/10.1002/jemt.22665
http://dx.doi.org/10.1002/jemt.22665
http://dx.doi.org/10.1002/jemt.22665
http://dx.doi.org/10.1073/pnas.1108494108
http://dx.doi.org/10.1073/pnas.1108494108
http://dx.doi.org/10.1073/pnas.1108494108
http://dx.doi.org/10.1073/pnas.1108494108
http://dx.doi.org/10.1073/pnas.1108494108
http://dx.doi.org/10.1038/ncomms8924
http://dx.doi.org/10.1038/ncomms8924
http://dx.doi.org/10.1038/ncomms8924
http://dx.doi.org/10.1038/ncomms8924
http://dx.doi.org/10.1038/ncomms8924
http://dx.doi.org/10.1364/OE.19.013839
http://dx.doi.org/10.1364/OE.19.013839
http://dx.doi.org/10.1364/OE.19.013839
http://dx.doi.org/10.1364/OE.19.013839
http://dx.doi.org/10.1364/OE.19.013839
http://dx.doi.org/10.1364/AO.54.008632
http://dx.doi.org/10.1364/AO.54.008632
http://dx.doi.org/10.1364/AO.54.008632
http://dx.doi.org/10.1364/AO.54.008632
http://dx.doi.org/10.1364/AO.54.008632
http://dx.doi.org/10.1364/BOE.7.005120
http://dx.doi.org/10.1364/BOE.7.005120
http://dx.doi.org/10.1364/BOE.7.005120
http://dx.doi.org/10.1364/BOE.7.005120
http://dx.doi.org/10.1364/BOE.7.005120
http://dx.doi.org/10.1002/jemt.22707
http://dx.doi.org/10.1002/jemt.22707
http://dx.doi.org/10.1002/jemt.22707
http://dx.doi.org/10.1002/jemt.22707
http://dx.doi.org/10.1002/jemt.22707
http://dx.doi.org/10.1038/srep22489
http://dx.doi.org/10.1038/srep22489
http://dx.doi.org/10.1038/srep22489
http://dx.doi.org/10.1038/srep22489
http://dx.doi.org/10.1038/srep22489
http://dx.doi.org/10.1364/BOE.9.002154
http://dx.doi.org/10.1364/BOE.9.002154
http://dx.doi.org/10.1364/BOE.9.002154
http://dx.doi.org/10.1364/BOE.9.002154
http://dx.doi.org/10.1364/BOE.9.004263
http://dx.doi.org/10.1364/BOE.9.004263
http://dx.doi.org/10.1364/BOE.9.004263
http://dx.doi.org/10.1364/BOE.9.004263
http://dx.doi.org/10.1364/OE.21.021010
http://dx.doi.org/10.1364/OE.21.021010
http://dx.doi.org/10.1364/OE.21.021010
http://dx.doi.org/10.1364/OE.21.021010
http://dx.doi.org/10.1364/OE.21.021010
http://dx.doi.org/10.1364/BOE.7.000194
http://dx.doi.org/10.1364/BOE.7.000194
http://dx.doi.org/10.1364/BOE.7.000194
http://dx.doi.org/10.1364/BOE.7.000194
http://dx.doi.org/10.1364/BOE.7.000194
http://wulixb.iphy.ac.cn/cn/article/doi/10.7498/aps.69.20191908
http://wulixb.iphy.ac.cn/cn/article/doi/10.7498/aps.69.20191908
http://wulixb.iphy.ac.cn/cn/article/doi/10.7498/aps.69.20191908
http://dx.doi.org/10.3389/fnana.2019.00013
http://dx.doi.org/10.3389/fnana.2019.00013
http://dx.doi.org/10.3389/fnana.2019.00013
http://dx.doi.org/10.3389/fnana.2019.00013
http://dx.doi.org/10.1038/nmeth.2434
http://dx.doi.org/10.1038/nmeth.2434
http://dx.doi.org/10.1038/nmeth.2434
http://dx.doi.org/10.1038/nmeth.2434
http://dx.doi.org/10.1038/nmeth.2434
http://dx.doi.org/10.1126/science.1100035
http://dx.doi.org/10.1126/science.1100035
http://dx.doi.org/10.1126/science.1100035
http://dx.doi.org/10.1126/science.1100035
http://dx.doi.org/10.1126/science.1100035
http://dx.doi.org/10.1242/dev.022426
http://dx.doi.org/10.1242/dev.022426
http://dx.doi.org/10.1242/dev.022426
http://dx.doi.org/10.1242/dev.022426
http://dx.doi.org/10.1242/dev.022426
http://dx.doi.org/10.1002/jemt.22665
http://dx.doi.org/10.1002/jemt.22665
http://dx.doi.org/10.1002/jemt.22665
http://dx.doi.org/10.1002/jemt.22665
http://dx.doi.org/10.1073/pnas.1108494108
http://dx.doi.org/10.1073/pnas.1108494108
http://dx.doi.org/10.1073/pnas.1108494108
http://dx.doi.org/10.1073/pnas.1108494108
http://dx.doi.org/10.1073/pnas.1108494108
http://dx.doi.org/10.1038/ncomms8924
http://dx.doi.org/10.1038/ncomms8924
http://dx.doi.org/10.1038/ncomms8924
http://dx.doi.org/10.1038/ncomms8924
http://dx.doi.org/10.1038/ncomms8924
http://dx.doi.org/10.1364/OE.19.013839
http://dx.doi.org/10.1364/OE.19.013839
http://dx.doi.org/10.1364/OE.19.013839
http://dx.doi.org/10.1364/OE.19.013839
http://dx.doi.org/10.1364/OE.19.013839
http://dx.doi.org/10.1364/AO.54.008632
http://dx.doi.org/10.1364/AO.54.008632
http://dx.doi.org/10.1364/AO.54.008632
http://dx.doi.org/10.1364/AO.54.008632
http://dx.doi.org/10.1364/AO.54.008632
http://dx.doi.org/10.1364/BOE.7.005120
http://dx.doi.org/10.1364/BOE.7.005120
http://dx.doi.org/10.1364/BOE.7.005120
http://dx.doi.org/10.1364/BOE.7.005120
http://dx.doi.org/10.1364/BOE.7.005120
http://dx.doi.org/10.1002/jemt.22707
http://dx.doi.org/10.1002/jemt.22707
http://dx.doi.org/10.1002/jemt.22707
http://dx.doi.org/10.1002/jemt.22707
http://dx.doi.org/10.1002/jemt.22707
http://dx.doi.org/10.1038/srep22489
http://dx.doi.org/10.1038/srep22489
http://dx.doi.org/10.1038/srep22489
http://dx.doi.org/10.1038/srep22489
http://dx.doi.org/10.1038/srep22489
http://dx.doi.org/10.1364/BOE.9.002154
http://dx.doi.org/10.1364/BOE.9.002154
http://dx.doi.org/10.1364/BOE.9.002154
http://dx.doi.org/10.1364/BOE.9.002154
http://dx.doi.org/10.1364/BOE.9.004263
http://dx.doi.org/10.1364/BOE.9.004263
http://dx.doi.org/10.1364/BOE.9.004263
http://dx.doi.org/10.1364/BOE.9.004263
http://dx.doi.org/10.1364/OE.21.021010
http://dx.doi.org/10.1364/OE.21.021010
http://dx.doi.org/10.1364/OE.21.021010
http://dx.doi.org/10.1364/OE.21.021010
http://dx.doi.org/10.1364/OE.21.021010
http://dx.doi.org/10.1364/BOE.7.000194
http://dx.doi.org/10.1364/BOE.7.000194
http://dx.doi.org/10.1364/BOE.7.000194
http://dx.doi.org/10.1364/BOE.7.000194
http://dx.doi.org/10.1364/BOE.7.000194
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 Z 3R Acta Phys. Sin. Vol. 69, No. 8 (2020) 088701

[20] Ritter J G, Veith R, Siebrasse J P, Kubitscheck U 2008 Opt. [22] Zhang Q, Liang D, Bai L H, Liu J 2019 Chin. J. Lasers 46
Eapress 16 7142 279 (in Chinese) [3K3K, 7R, HENAE, X% 2019 EEOL 46
[21] Engelbrecht C J, Stelzer E H 2006 Opt. Lett. 31 1477 279]
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Abstract

Fluorescence microscopic imaging technology realizes specific imaging by labeling biological tissue with
fluorescence molecules, which has a high signal-to-noise ratio and has been widely used in the field of medical
biology research. Some typical fluorescence microscopy techniques, such as confocal microscopy and two-photon
microscopy, have high fluorescence intensity, but the long exposure can cause phototoxicity and photobleaching
of biological tissue, which is difficult to meet the demand for long-time observation or noninvasive imaging.
Then, light sheet fluorescence microscopy (LSFM) has become a hot research topic in fluorescence micro-
imaging in recent years due to its fast speed, high resolution, low photobleaching and low phototoxicity. The
imaging speed of a typical light sheet microscopy is not fast enough to observe fast biological activities such as
transmission of neural signals, blood flow, and heart beats. At present, many reported light-sheet fluorescence
microscopies still have some problems such as fixed imaging surface, slow imaging speed, small imaging depth or
residual artifacts. Therefore, in this paper, a rapid light-sheet fluorescence microscopy based on electrically
tunable lens is built. To achieve the rapid movement of the focal plane of the detection objective lens, the
electrically tunable lens is introduced to meet the reqirement for fast changing of the diopter. Similarly, the
rapid movement of light sheet is achieved by introducing one-dimensional galvanometer to change the rotation
angle. Fast imaging requires the light sheet and focal plane to overlap in real time, which is then combined with
a high-speed sCMOS receiving fluorescence to complete the whole imaging. In the experiment, the vertical
depth significantly increases by modifying the optical path, and the LABVIEW programming is used to
coordinate and improve the dynamic imaging quality, which effectively reduces the artifacts generated in rapid
imaging. Finally, an imaging speed of 275 frames/s with a lateral resolution of ~0.73 pm, vertical resolution of
~5.5 pm, and an imaging depth of ~138 pm is achieved. This is of significance for developing the real-time and

non-invasive imaging of living biological tissues.

Keywords: light-sheet fluorescence microscopy, electrically tunable lens, fast imaging
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