EEE ey

nJ A8 AR g A fe 2 i e
55, KBR. %4, 3247, 35 €

R KK T2 BE . T4 T4 511443

WE OU¥HEE BG5S R W% B 5 T 1 A T2 0N . B0 IR ] A B3 Bk L AR AR AR
AN HE S 1 ] f, B K 200 B P ) I S A A O TR AR I B0 B L I IF 5 T I S AR R B T SR AR R Mk R LT O 2 LR R
SR T R T . BFSE A AR, i G AR GE Bl N R A 1 ARG RE T A RO . B OGS AR R O6 Jaw]
S B S R TR AR 18 T 45 A8 Ak, R T AT 52 X I S AR A B AR HE Y L R SB[ 15~ 45 pm, TSR RUE
o B A G R AR R L B AR % 1 T 330 3 I S5 A0 R R RO S g s . FESCIR T MR LB B L I T
XF 2R B 200 nm 1 A4S A4 4 R P9 SR LBl B 1 22 09 0 A U S LA RO - s OGRS R R R

KEW WMBRRG; WOES; LB AWEUE: JEFHM ; 44k

FESES 0439 XHEARER A doi: 10.3788/A0S202242.0411003

Chloroplast Optical Microlens with Variable Focus

Li Heng, Chen Xixi, Zhang Yao, Li Yuchao , Li Baojunv

Institute of Nanophotonics, Jinan University, Guangzhow, Guangdong 511443, China

Abstract  Optical microlenses have important applications in optical imaging, signal detection, biosensing, and other
fields. As existing solid microlenses have invariable focuses and are biologically incompatible, chloroplasts in cells are
used as natural microlenses, and the focusing properties of chloroplast microlenses and the application of such microlens
in optical imaging and signal detection are studied. The results show that chloroplast microlens can focus incident lights
with different wavelengths. The optical force generated by optical tweezers can be leveraged to control the shapes of the
chloroplasts, and thereby adjust the focal length of the chloroplast microlens. The focal length can be adjusted in the
range of 15-45 pm. Due to their ability to focus light, chloroplast microlenses can be applied to the imaging of
subwavelength structures and the enhancement of fluorescence signals. In the experiment, optical imaging of the
grating structure with a linewidth of 200 nm and actin filaments inside cells, as well as detection and enhancement of
the fluorescence signal of quantum dots are achieved by the chloroplast microlens.

Key words imaging systems; microlenses; optical tweezers; bioimaging; optical detection; chloroplasts
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Fig. 1 Experimental setup and material characterization. (a) Schematic diagram of optical tweezers system; (b) schematic

diagram of chloroplast movement by optical tweezers; (c¢) schematic diagram of chloroplast stretching by optical

tweezers; (d)—(f) micrographs of chloroplasts arranged by optical tweezers; (g) movement speed of chloroplast

varying with optical power; (h) fluorescence image of chloroplasts, inset shows the leaves of Hydrilla verticillata ;

(i) three-dimensional confocal image of chloroplasts; (j) equivalent diameter distribution of chloroplasts;

(k) transmission spectrum of single chloroplast
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Fig. 2 Light focusing by chloroplast microlenses with different shapes. (a)(b) Stretching process of chloroplasts; (¢) A/B

varying with stretching time; micrographs images of chloroplast (d) captured and (e) stretched by optical fiber

tweezers; (f) (g) integration of optical fiber waveguide and chloroplast microlens; experimental images of light

focusing by (h) spherical and (i) ellipsoidal chloroplast; simulated optical field distribution of light focusing by

(j) spherical and (k) ellipsoidal chloroplast; (1) relationship among focal length of chloroplast, FWHM of

chloroplast, and A/B, in which dots represent simulated data and solid lines represent fitted curces
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Fig. 3 Light focusing characteristics of chloroplasts with different diameters. Focus of light with wavelength of 637 nm by

chloroplasts with diameter of (a) 4.0 pm and (b) 9.0 pum; (c) focus of light with wavelength of 532 nm by

chloroplast with diameter of 9.0 pm; (d)—({) simulated optical field distributions of light focusing by chloroplasts

corresponding to Figs. 3(a)—(c); (g) relationship among focal length of chloroplast, FWHM of chloroplast, and

diameter of chloroplast, in which dots represent simulated data and solid lines represent fitted curces;

(h) relationship among focal length of chloroplast, FWHM of chloroplast, and wavelength of incident light, in

which dots represent simulated data and solid lines represent fitted curces
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Fig. 4 Optical imaging and detection by chloroplast microlenses. (al) SEM image of disk grating; images of gratings by
(a2) spherical and (a3) ellipsoid chloroplast microlenses; (a4) actin filament strength distribution of Fig. 4(a3);

(bl) schematic diagram of imaging of intracellular actin filaments by chloroplast; (b2)(b3) imaging process of actin
filaments in plant cells by chloroplast microlenses; (b4) intensity distributions of plant actin filaments with and
without chloroplasts; (cl) schematic diagram of fluorescence enhancement of quantum dots by chloroplasts;
fluorescence enhancement of quantum dots by chloroplast microlenses with diameters of (c2) 4.5 pm and

(c3) 9.0 pm; (c4) relationship diagram of fluorescence enhancement in Figs. 4(c2) and (c3); (dl) fluorescence

image of quantum dots without chloroplasts; fluorescence enhancement of quantum dots by chloroplasts with A/B of

(d2) 1.0 and (d3)1.5; (d4) relationship diagram of fluorescence enhancement in Figs. 4(d1)~(d3)
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Fig. 5 Numerical simulation of fluorescence enhancement of quantum dots by chloroplast microlenses. (al) optical field

distribution diagram without microlens; fluorescence enhancement simulation of microlenses with diameter of

(a2) 3.0 pm and (a3) 7.0 pm; (ad) fluorescence enhancement simulation of microlens with A/B=1.8; (bl)—(b4)

polar coordinate diagrams corresponding to Figs. 5 (al)—(a4); (c) relationship among enhancement factor of

chloroplast microlens, divergence angle of chloroplast microlens, and diameter, in which dots represent simulated

data and solid lines represent fitted curces; (d) relationship among enhancement factor of chloroplast microlens,

divergence angle of chloroplast microlens, and A/B, in which dots represent simulated data and solid lines represent

fitted curces
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