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Micro SD card

Excitation filter|
Dichroic mirror

Dichroic mirror

470 nm-LED

(a) Cross-sectional view of DCFIMM-SBI (b) Cross-sectional view of DCFIMM-DBI

K1 DCFIMM-SBI % DCFIMM-DBI# & &
Fig.1 The cross—sectional view of DCFIMM-SBIand DCFIMM-DBI

%1 DCFIMM EE i
Table 1 The main component of DCFIMM

Component Dimension/mm Model
Outer casing 22X17X 14 3D printing (Wenext)
470 nm-LED 3X4.5X2 LXML-PB01-0030 (Lumileds)
630 nm-LED 3X4.5X2 LXM2-PD01-0060 (Lumileds)
Dichroic mirror for combining excitation light 5X6X1 T495lpxr (Chroma)
Excitation filter 5X5X1 ET-Fitc/Cy5x (Chroma)
Dichroic mirror 5X7X1 TFITC/Cy5rpe (Chroma)
Emission filter 5X5X1 ET-Fitc/Cy5m (Chroma)
Collimator lens(1.1) Diameter 3 47-269 (Edmund)
Imaging system See Table 2 for details
PCB (including micro SD Card) 17X 23X4 Custom design
Battery 14X 10X 6 601215 (Yuhuida)
Metal sleeve 1.2 X4 (thickness 0.1) Custom design

1.2 DCFIMM #Zigit
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23 (] B BR A /N S5 0 /B2 2R O O R R R W B . SRR R AR A W LB b, GRIN 35 45 7T LATE 38 1
BN 25 A TR AR S50 3 W I AR, S BRI R JE IR AL A 2 Y T BE . H GRIN B BE B A 7 B 18
28 MEAM 2 A5 i 0, 0 HXE T80 9 G OR B, A A6 XE DL IE B GUBUE RS, W B 2(a) s, i T 2252
GRIN i 558 JC 125 % [ — £ 17 04 i & 44 28 547 XU 26 R -

AT GRINGE B, 675 B2 B 45 ORI 19 22 BF IR BE T, D625 3R G0 0 115 1 (0 22 O T ) o7 (0
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(a) GRIN lens (b) Double cemented achromatic lens

K2 BHEREFTFEKALTERE
Fig.2 Schematic diagram of the lens focusing light of different wavelengths
REFFIE 22 (HPIEBB RA M A2, A REREAECRE. WL, HOZERDOEFRE® E M IE fETH
L AR E 2(h) 7R i T (22 1 A 1R

23]

P U= @
1 2 (2)
v,
P2 — @
Vi—Us

X, ONNFRGEROCHERE . AR TSR A 55 H T 025 k0 GRIN &8 . %I
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[L2]

GRIN lens

(a) GRIN lens optical system
[13]

i

(c) DCFIMM-DBI optical system

B3 kARG
Fig.3 Optical path of optical system
3(a) A i GRIN B 52 (64-519, Edmund ) Fl 1532 5 (63-692 , Edmund ) ¥4 B2 A9 51685 56 R R 2
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DCFIMM-SBIFI DCFIMM-DBI A4 2 R 40 6y BAR ST R A5 2,

%2 DCFIMM REAXZERFTH
Table 2 The components of DCFIMM imaging optical systems

Imaging optical system Component Diameter /mm Focal length /mm Model
L2 Imaging lens 4 12 63-692 (Edmund)
L3 DCFIMM-SBI o 4 6 63-690 (Edmund)
Objective lens
L4 3 6 45-089 (Edmund)
1.2 Imaging lens 4 12 63-692 (Edmund)
DCFIMM-DBI e
L5 Objective lens 1 3 65-566 (Edmund)

DCFIMM I 5RO 2% 52 45 J2 th ) 5% R B AR 3% B8 4 1 1) TG BR A 5 1 2% R 45, s B W5 5 18 33 5% 1)
4 TR] B8 AN 23 X5 2% 2R G 1 L2 i, DCFIMM 4152 £ 3D T BRI, T8 BRI 7 1E G2 RGEREAR T 3D T Bk B
AN T LS . LU, AT DAAE W RN BUAG OB B LA A RO R E N R O 2 R G SR R BE— 2D i
G A B R R . e AR AS [R) 1 SE IR T R, AT O O 4 [ A B A A B A B A S TR A R TR
Bt R G0, Jo BRI IE 2 R G AR B T Bk =k
M = fruge/ fopieer (3)
K, M K2 RGBT RET R e WIRARBE G LI [ WP AE . 456 L8 K, DCFIMM 1) i 2%
HRGVIT HARE N UL 48508, Z I GRIN B FOG R GG B R TAER &, nl LSS A flobe B2 5t 3 1
TR Bz 257 AR AR S A R AR 25 ) Lk DCFIMM 1Y 62 2R 40 7 22 0 R 937 , e ok
BUE 296615 B 585 , DCFIMM B 628 R 4075 B 5 GRIN & 510627 2 G0 25 B9 iA% 43 BERE F1, Al LS #h 48
JCHN MR B AL s B 5, DCFIMM () )62 2R 40 (6 22 75 B 1E , LA 52 i XU 2¢ Y6 BRSO o o B0k 1 B A5
F| DCFIMM Y= i+ 280, 3 3.

®3 DCFIMMHBGXFRHETESH
Table 3 The main parameters of DCFIMM imaging optical systems

Optical system Magnification Numerical aperture/(N.A.) Field of view/mm® Work distance/mm
GRIN lens 6.6 0.40 0.55X0.55 0.17

DCFIMM-SBI 3.2 0.41 1.10X1.10 0.60

DCFIMM-DBI 4.2 0.15 0.77X0.77 2.40

2 3a 5, DCFIMM M4 2B MW M TAEM EMHE T GRINBECHREHE TR KKIEF.
DCFIMM Y622 24t 5 GRIN i3 53627 7 40 .91 B AL B RE X e an 5] 4.

g
5
g s 0.700
(=]
=
0.664
g i
5
IMA: 0.000mm  *+ 0.5200  [MA: 0,121 mm g 0.628
= 0.7000 5
T 059 |
>
<
=
0.556
0500 . .. L 1 | |
=50 -30 -10 0 10 30 50
Focal shift/um
IMA: -0.241 mm
Units are pm. legend items refer to wavelengths Maximum focal shift range: 49.249 pm
Field: 1 2 3 Diffraction limited range: ~ 2.854 pm

RMS radius:  8.902 10.180 13.973
GEO radius: 11.913 22.095  35.576
Scale bar: 100 Reference: chief ray

(a) GRIN lens optical system
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=4 o] & 0.700
S I
8
0.664
g
IMA: 0.000mm  + 05200  TMA:-0.249 mm = 0.628
< 0.7000 80
+§ 0.592
<
B
i 0.556 |
$ : L
05200 . .
-20 =12 -4 0 4 12 20
Focal shift in pm
IMA: -0.496 mm
U'mts. are um. legend items refer to wavelengths Maximunm focal shift range: 11.710 pm
Bield: 1 % 1 Diffraction limited range: 2.632 um
RMS radius:  7.188 9.252  21.648 g ' K
GEO radius: 10.941 22428  52.662
Scale bar: 200 Reference: chief ray
(b) DCFIMM-SBI optical system
g
S - 0.700
(=]
<t
0.664
. 0.5200 . i
IMA: 0. * IMA: -0.1 = 0.628
0.000 mm 0,700 0.189 mm E‘J
S 0.592
<
=
0.556
0.520 ‘ : ; ‘ |
-5 -3 -1 0 1 3 5
Focal shift/|
IMA: -0.382 mm -
1[3]1211;5 are um. legen(: items refer2 to wavelen3gths Maximum focal shift range: 4.064 um
RMS radius: 3,594 1342 21.648 Diffraction limited range: ~ 21.859 um
GEO radius: 4.883 2.759 15.721
Scale bar: 40 Reference: chief ray

(c) DCFIMM-DBI optical system

B4 k¥ RGEHWEIEBERES
Fig.4 Point diagram and chromatic focal shift of the optical systems

W2 2 50 1 550 B AT 1, DCFIMM-SBIZ A5 2 42 RMS 5 GRIN B 5 6 R G238, s HERE i 5
GRIN & 56 % R G A0 Y , DCFIMM-DBI{% & 2F 42 RMS /N F 10 pm, 45 b e . 8 4(a) GRIN %
Bt 2% R 40 Rl 520 nm AT 700 nm (19 56 UR WA BT AR BEA T BR 43 B 1 DCFIMM Y% R 46 s
F1) ] Hp K BT R AR BE R /NI — 3, R DCFIMM 62 R W02 4 T Rl . Ho, Woe2#
R OEER K LA 1 DCFIMM-SBI Al DCFIMM-DBI #Y fit K88 254643 51 8 11.7 pm A1 4.1 pm , 41
BF GRIN BH N R G 49.2 pm Wi KEB WA TR UE,
1.3 BERESHHT

DCFIMM Hi 7 &A1 5Ca) o & AT 78 d 28 e v oy i B Al it i, CMOS(EV76C454,E2V) LA 20 fps &
LA EMG . & 5(b), 2 CMOS TAELE 7 B, fil % MCU(ATSAMET7ON21A , Atmel) 45 i 0 S K
470 nm 9 LED SG ¥ & 56, 25 CMOS T AE 76 48 £t i, firk % rha0 3K 630 nm B9 LED D6 & O, WA i il
DCFIMM DL 10 # /s 3R B2 6 R o GBI P A7 7E Micro SD R o, 52 56 25 5 MU Micro SD R i 47
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470 nm-LED! 630 nm-LED

g : Frame 2 3 4 5 6
Lipo Micropower, LED driver LED driver 7
battery regulator CMOS

singal

gl
o[ .
S | B

CMOS
imaging
sensor

1
1

Micro
Eza - @
12 MHz-oscillator

(a) Schematic of DCFIMM printed circuit board (b) Schematic of the LED driving principle

M5 DCFIMM =, # J& #
Fig.5 DCFIMM circuit principle

BRI BUREAE . AR A RS2 86 4645, 7] A DCFIMM () TAERS 8] \LED 22 B . CMOS 3 25 %8 gEF 7% & .

75 B0 A R B0 J5 24T 43 B ARG A 38, AR B 0 A2 P A S A0 B — ot 4k B, A R N R DK
(19 LED HR SR8 A i R 0 78 B TR K6 R 40 79 T A5 3R s 19 K B AT LU, 5 A MO8 3R A 0 K
1B KT 73 B5MIURE T A7 R FR AT R BE A, DU A 50T sk A5 R BB R B AT BT Ik B R B B R 9Ok
R TR MRS 2B . RBRVOCHRIE R 1 XA A 6] B Be 998 G IS AR L O, B A B0t R 7S I 21 €50
B, BT NG AP o 5 8 A PO TE B E B BR Al A A — A & R — i 7 5 SR ]
XoF o7 RV AT s B AR ) L 5 ' R A
14 ZWEKE

fifi FH USAF 1951 43 B BE X6 2% R 5219 4
PERIEAT TR, R B AR 13 pm W & 9561
Bk (FL-PS-G-13, tjdae technology) Fll £ {1, %¢ S
ek (FL-PS-R-13, tjdae technology) , ¥ H:ic &
PG BR W T A b, 55 bR 3 R
P ERFE S T 58 UE DCFIMM B B8 58 )i A
1%he o ok AhaE X 2 ROSF 2ok Bk & 1
(T14792, TetraSpeck) B4 , il T DCFIMM fy
DI HERE 1, T 14792 Hp A AN Tl BRAR A FH DU b R
] P K 89 %6 %6 4 R (365/430 nm ., 505/515 nm .
560/580 nm 1 660/680 nm ) 4t 4, , H6 DCFIMM & f 52 8 2 8 5 4

DCFIMM A & ¢ 35 % & @ & 6, % Fig.6  Photograph of the DCFIMM imaging experiment
DCFIMM 5 56 5% J3 [ % 78 8 AR I, 52 50 4 [
FIHBE & (GCM-1601M, K1ESGH) L, 523 DCFIMM 50 i 22 6] A A X7 5

2 TLWHFER

2.1 SRR

T B E DCFIMM Y2 2 55 1) BAR B8 7 2 75 7T LK 2152 56 2R Bl 0 B AT GRIN BB L R 46,
K USAF 1951 3 B 80 IT Je 7 %3z, 5 GRIN B850 RS T 52 % 1, 45 SRt 4] 7.

P 7 = A 62 FR GE X 43 9 R0 T R G X6 B BE I GTE2 41 4% SR AT 8 ok B I 14 I W, R 4l e R oA
WU, 2% b B PR 3 4 B AR /N T 380 45 T I 06 1 8/ (~0.81) I 36 3% 45 80 vl AR 43 ¥E ™ . i@ 2 318 1753 GRIN

10 mm
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e | 1 5 {
‘ 8 180 g 180} | A A A 1. 2 140 !
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: 160 ‘ i 160 A , 130
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|
" 140 " wop Ty U -
0 20 40 60 80 100 J 0 10 20 30 40 50 60 — 0 20 40 60 80
Distance/pixels Distance/pixels Distance/pixels
(a) GRIN lens optical system (b) DCFIMM-SBI optical system (c) DCFIMM-DBI optical system

B 7 USAF 1951 4 ¥ 2 80 & o 45 &
Fig.7 Results of the USAF resolution target imaging experiment
%5 . DCFIMM-SBI,DCFIMM-DBI %2 £ 48 1) GTE2 41 4% 801 ¥ 3 45 Ik 0 X3 He 3 {8 43 3 4 0.71.,0.70
0.79, ¥1/NF 8/x°, F Bl DCFIMM 2% 3 G ] LA 4y 3 40 BF R L0 GTE2 L 45 80, a5 8 347 pm I r HE % 5
GRIN iE 5 G5: RG R o PERE I AH Y ik 8 TR THER . BRorHERE J1 4, DCFIMM-SBI G2 R 48 1Y A5 0
ik T 1.10 mm X 1.10 mm, DCFIMM-DBI )t 2% & 48 (19 R %35 3 1 0.77 mm X< 0.77 mm, ¥ K T
GRIN B B2 R 48 0.55 mm X 0.55 mm R , 76 5256 i m] LR EBCHE 298615 B .
2.2 BEMXINEIRE
FE A8, W AR S 30 v, 52 0 5 G RE i R B D 0 5 BE 0 IR 3 R S RO R A O, 506 kot
JEi% . CMOS Wi R 615 62 5 5035 51 5% LA R 0 Y648 /R R I SO i A8 A Gk . M & SRS i if ,LED
1) 3 B D T STk 1 Kk S A B BN [ GRS SO U D B o S X, & — i I
L, 2 470 nm-LED 5% B i KR, 38 & 20 €6 % 6 ek 19 32 B 4 K F 630 nm-LED # & 41 (4 %¢ St il Bk i 52
JE 78 R TR ) B 2 3 3R 210 68 5 O Ik s 1 U B . 9 G O i 1B 00 o BT LAAE SR & 5 6 Tk iR

200 ym 200 pm

(a) The red fluorescent microspheres (b) The green fluorescent microspheres

B8 ZbBskmBLRmER

Fig.8 Results of the fluorescent microsphere imaging experiment
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ALK, 55 W0 AR A R 2

I, 5 B8 LED B Tl R 21 (0 5 6 ik DL K 2 8 5B ik o, i A% BB 1E B IHU3AE & o 285 LED T A5
Ji ., % 630 nm-LED J)*#% 2} 3.8 mW ,470 nm-LED Jj 8 i i 3 mW Bf 23 55 3= R 5 240 A9 ok o 4 4%
470 nm-LED W Z % &% &5 1.8 mW, 630 nm-LED T8 % & 8 3.8 mW , 43 I X} 10 mg/mL #9218 58 6 i Bk
G 0 58 SE A BRBE S AR, A0 5] 8 FF s, R A 8L mT L 7 380 40 10 A 1R 501 26 S B Bk i B 4, 2R A% LED I R
AT LLIE B 23 B 98 TR AR
2.3 XL &HK

B E 1 mg/mL RS PEOCHERAE S, JH DCFIMM-SBI X RE 5 % , 15 2 i AR K 9(a)~(c¢) .

P 9 (a) 2 ZR B TR A 9 0 Sk A o AL A3 1) £ 280 T4 5T, B 630 nm~LED SG U AE il , 141 9(b) S 73 £ it
A, 470 nm-LED JG 3 & AR o 38 2 B % ELIE B TR TR A DG IR Bt , 280 RS A B n ] 9

200 pm 200 um

(a) The screenshot of even frames (b) The screenshot of odd frames

O
200 pm 200 um

(c) The resulting image after image processing  (d) The result of the 4 um co-stained microsphere
imaging experiment

10 pm 10 pm

(e) Magnified view of the yellow (f) Magnified view of the yellow (g) Magnified view of the yellow
rectangular area in (a) rectangular area in (b) rectangular area in (c)

10 pm

B9 ReEKAEMBIREERER

Fig.9 Results of the hybrid fluorescent microsphere imaging experiment
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In Vivo, Dual-color Fluorescent Imaging Miniature Microscope

LAN Kaiqiu'*, YANG Xibin’, XU Baoteng’, LIU Jialin’, ZHOU Wei’, XIONG Daxi’
(1 School of Biomedical Engineering (Suzhou) , Division of Life Sciences and Medicine , University of Science and
Technology of China, Suzhou, Jiangsu 215163, China)
(2 Center of Light and Health, Suzhou Institute of Biomedical Engineering and Technology, Chinese Academy of
Sciences, Suzhou, Jiangsu 215163, China)

Abstract: In recent years, neuroscientists have become more and more interested in brain imaging of
conscious and free-behaving animals, hoping to obtain nerve impulse signals in the brains of free-behaving
experimental animals, especially certain types of cellular activity may be inhibited by anesthesia. Combined
with the Genetically Encoded Calcium Indicator (GECI), the miniature microscope has the ability to image
the brain of free-behaving animals and obtain the signal of nerve impulse. The miniature microscope is then
widely used in the study of brain science. Currently, most optical systems of miniature microscopes are
limited by chromatic aberration due to the use of Gradient Index Lenses (GRIN), which does not meet the
experimental requirement of the two-color fluorescent imaging effect. Dual-color fluorescence imaging
miniature microscopes have a number of advantages, such as the ability to compare the activities of two
different cell populations in the same brain region of a free~behaving animal combined with GECIs which
have distinguishable color spectrums, or it can be used for the motion correction. Therefore, a Dual-color
Fluorescent Imaging Miniature Microscope (DCFIMM) is developed. Firstly, in order to enhance the
dual-color fluorescent imaging capability of the miniature microscope, a micro achromatic lens is designed
to replace the gradient index lens. The miniature achromatic lens is composed of double cemented lenses,
which forms an infinity correction optical system with the imaging lens. And according to the application
direction of cerebral cortex imaging and deep brain imaging, DCFIMM-SBI (superficial brain imaging)
and DCFIMM-DBI (deep brain imaging) are designed, both have a larger imaging field of view than the
monochromatic fluorescence imaging miniature microscope with grin lens, which are 1.10 mm X 1.10 mm
and 0.77 mmX0.77 mm respectively. Meanwhile, the dual-band filter for green and near—infrared is used
to reduce fluorescent crosstalk. Secondly, a data acquisition circuit is designed to alternately trigger two
LEDs with different wavelengths with the frame rate of the CMOS camera. Therefore, the green
fluorescent information and near—infrared fluorescent information can be obtained in odd-numbered frames
and even—numbered frames, respectively. Our system can realize the imaging speed of 10 fps with the
ability of dual—-color fluorescence imaging. Thirdly, the video data is stored in a micro SD card. DCFIMM
is not limited by the wire transmission. Finally, the structure design of our DCFIMM is optimized. The
whole weight of our DCFIMM is 4.8 g (6.2 g with a battery). The experimental results of the USAF 1951
high-resolution target show that the achievable resolution of our DCFIMM is 3.47 pm, which is
comparable with monochromatic fluorescent imaging using a miniature microscope with GRIN lens. In the
dual-color fluorescent imaging experiment for the hybrid microsphere, DCFIMM can distinguish the
fluorescent microspheres of different colors. Compared with the experimental results of monochromatic
fluorescence imaging miniature microscope with grin lens, it is found that the chromatic aberration of the
DCFIMM optical system has also been well corrected, which demonstrates that our DCFIMM has the
ability to distinguish fluorescence of different wavelengths. The proposed DCFIMM in this paper shows
promising and wide applications for brain science research.

Key words: Dual-color fluorescence imaging; Miniaturized microscopy; Achromatic; Optical design;
Circuit design
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