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Abstract

On-chip integrated optical modules have the advantages of integrated miniaturization, low cost,
etc., and can realize “sample in, result out” real-time fixed-point detection on a chip scale. In this
paper, a fluorescence excitation module with an operating wavelength of 647 nm was developed
to achieve on-chip fluorescence excitation and pathogen nucleic acid detection by integrating a
polymerase chain reaction (PCR) bio-microfluidic chip and a photodetector. The fluorescence ex-
citation module is mainly composed of two micro-nano devices, grating and multimode interfer-
ometer (MMI). Optimized by the Finite-difference time-domain method, the grating excitation effi-
ciency can reach 26.3%, and the multimode interferometer loss is as low as 2.8%. The perfor-
mance of the fluorescence excitation module was verified by using an equal concentration gradi-
ent of Cyanine 5 (Cy5) fluorescein solution in combination with a bio-microfluidic chip. The output
voltage value of the photodetector and the concentration of Cy5 fluorescein solution were linearly
correlated with the variance of the fitted curve being 0.9944, and the lowest limit of detection be-
ing 0.0625 pmol/L. Biological application tests were performed with 200 copies/pL of the
SARS-CoV-2 plasmid, and the results show that the fluorescence excitation module proposed in
this paper can meet the requirements for fluorescence signal excitation in practical PCR applica-
tions. This module has promising applications in real-time biofluorescence detection of biofluo-
rescence quantitative PCR, digital PCR, and proteins.
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1. 5|

AR, AT 2R A ar @RI A R, R, R AR F AR I R RO . AR
AT I T 2 BTG SAA I L A S I DA ST A N S5 D7 VR 1] [2] [3], 5 A A R o o s U A L
JeEEA I A R, R AN LR T IRAE L (4] LA PO A G A T B A P R
AR, EFUMEMARE LHERE, Wi, HE, ZREEGR AR TSR], POkl
AR L IR ORI IR LIS W B AR UE[6] [7] [8]. POotiail 5 BA MR L. &
BAG e R AR RS A (9], NEWSE . BRI 2GR R A SR it T 5k
KA R ITA[L0] [11] [12]. A48 L, FOUME S IO RS 4 208 1 7O BB M Beet AT, e
TP S B BRI 1R L SR 1 A% S RORT S B PR DR [13], (EARSRAAAE A — R APk M B fE ik
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FHBPER HFRGE I FlESARS . e B BRI LSS 5 A I &5 ) 8o

YT P BB ATAE I — Le PR, Rh A SR TE AR AE S0 2 S A A A5 17 35 4 AL AN /N BLAR T 1] B
R IR[14] [15] [16]. SERMALAVNRAL B4 A ARUN . SRR, BRIER S AE T, AMUEE &
ARSI = AL IS, RIS B B R SR A T T T REE . Shen & A& H T —FhsE T
FEWOEIR R PO B PCR AR IS0 A IR FE I REGE[17]. EeBOeIR T DR L
MG R, BB B RS R I X 3 BE % 1A 21 34 mm BRI, LSR8 10 mm A& ELAZ (1)
RETRIARR 10 A5 LA Fo FH IR K/ DX 3RS R AS R B2 DK A 180 ADysk b 15 #0120 70 R KA BT iif
RALTHIIT R, BRIBAAERGAFRROEER Z AR B Fang 5 ANTEH T —F0F TR AL R G 3
THTE AT AR AR [18] o SR T IR AE G, A8 F - n) C R I ZELAS [ UK PR D B R AE R — MR
o, IR AR - U R LED SRBh L, & sEUOGIRMAR S E . T g e, e
B 1) B RO A R R, TR K. HA, eI & 3 B T AR OB N L, R
WYN VT

ARSCHRH T Pl T AR DR O P st s RS RSO [ R M BOR R, R T — AN HH DT IC AR
REE, T T RCHIECE SR . SOREOR B TAEB AN 647 nm,  HHOYGHIERTZ B4 28 (Multimode
Interferometer, MM 8%, Ve S BT A= M0 toie 2 00 B SO RS WS R, 1 MM FH K5 e IR 21 430K,
SEIL AU 2 AT $ T i SINE NI E, SIN J& —FiEARY) CMOS 44 kH19],
HBEHE O N IRARANXIR, FIR—BEEMER Xk, SeEML, SN BARRMITH =, "Ll
FE 1.7 F1 3.1 Z (AT AT, Re8 N m] WOGHR ML RAF MG L0, (R B S0 L b 225 a5 e A g
FRESE, HALRRBUREAIRT AR SOBKI RS0 E Z iR OB AR S . BB
DA BRI AR AL A G AR 28K PGS S i A FAE 5 SR 4 R Ak i, AHEL T 28 e g
JE S, A R E M . ASCRA R BN Cys 9% 21 O 2 M6 BUR B AN AR il
RGGHAT TR, 45 RRAHH RS Cyb RICRIEMIKRIE BT R AU F T 2L el bR 25 R AT
SEBRIAE DR A, 4 TR o PH PR AR A PR B B v TR R RE AR, W DUVE A AR AR 2 15 2 A8
RGP0 55 TORL AR o« ASGE LU T AN SLIRE DG AR T IIAE &, kil R4l gs R 52k
A ANPIE =SSR S ERE
2. WAREERFITHEML

R SE IR AR B A S B SO SRS MO, A SCE I R AR U O 3 W IR Rk T POk
WoR A, SR A S TN REVERR AN B MM S50EHE . R MMI DGR EAT 5140, 4t
WK DX Sl A R K L ORI B s R A S IR M CPAT A5 1 B 2 B AL FR IR R BE R T, SR SORIOR
B b7 B AR A o m RSOGO o BB R R T H AT F I R S R 4544 [20], ©
FETHRRNEAEER T2 220 nm, 3#HE)Z 2 pm, FEJKJZE 500 pm, A[FEEFZ [BIF]H % A 500 nm (1)
B FRATES:

EEXF M ST AIARAL A SO R Mk = GE I S8 R 22 40 B 4E(FDTD Solutions, Lumerical) 58
o YoM E X 3k A /N % BN Dy = 42 um, Dy=20nm, D,=5nm. KH5EEILEEREL R, 25
WE N 8. fHFH H ARSI MG, 1% MA% BT DL E SO UCECAERZE A6 1 R P, IREAS PRI 4, B f /N
R IRIEEZ)h 20 nmo R @ WG TR, BB S IS AR SO A S 5. Satta i an =
L@FTR, SE M fE a=34° MK Low =50 pm, YeEH T =0.474 yum, H7=HH
0.5, JetAZIM X 1% R = 25 um, ZIPIRE R 220 nm, SiN ZF1 SiO, 2 (47 5 25051 4 nsi = 1.927
M nsiop = 1.445, FEEGEF NSy 80 LIRS, JeibiZE ik an & 1(b) R, &N N 23.6%.
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Figure 1. Design and optimization of the grating. (a) Schematic of grating structure; (b) grating transmission spectrum
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FIH Lumerical Mode [¥] 2.5D B84 BR 22 4092, 1T iy 806 WOK 1 ) 2 BT 28 AT Ak . N AEAS 31
SERTEEGT SR, R ERILALZ L A% [21], BRI E N 8. A BZNAEISI MRS, K kA BE ik %
N4, B/ NS T EEZ) 9 20 nm, i 0R AT DO SR 4019 AT RS i 07 5L . SR A e e AT 0Kk, il i
PG I EE D A MMI S5/ 280 NBRAR M ERE, AW e x5 2(a) b 2 BT 88 RT3
MKy B8 LS PN HE T e T [22] 38 73 0 . SR AT 7 28 it . 2R BIR: S EAETEE A K
L = 48.88 um- 5& Wi = 6 um HEZ I TR TE Laper = 10 pm. 58550519 Wy = 500 nm 1 W= 1.1
pm, HERES S FRTHEHMIE LSRN Gr =245 um, Gz =3.14 pm,  Hi 55 AN HETE B SR A0
HH SR o S A 1] 2(0) BT, RS HE S i 0 S B B v Tk 48.6%, AR PR RVAIFESN 2.8%.
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Figure 2. Design and optimization of MMI. (a) Schematic of the MMI structure; (b) Transmission spectra of the MMI out-
puts
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3. RABMEERRBIE SRR
31 FIETEZESHIE

R4 FIR A, R MEMS T2, FEHIZRAEWE 3 Prn. FEN N 3 ANFEERE, HI&E
fefk iR . HL T HE 6 (E-Beam Lithography, EBL)FIZI:

e, NERIE TR T4 R, LN 4 BEhRE R BETR B AT . B, R AR L S
UIB(LPCVD)BIA, fE5EH RETUR—Z RN 2 pm [ = EALEESIO) A ZE . LitiE KA HbHE S,
FHRFIH LPCVD HARTESE Fr R YU — 2 JE By 220 nm () U RE RS [23] -

TERAMAER I S e le— 2 JE B2 300 nm [ IEEZIAL poly-methylmethacrylate (PMMA). Jiei 5¢ ik
G, KEFHETRT 6 F, ZREZIR PR, FNRERZIRERER LS. bR, Bt
T AR BSOS NS i RO ZIHL EBL, AT HL - SR SR A s L, R R B TR R A F
PMMA i .

WOt E R A B R R, 75287 N B 7 % i (Reactive lon Etching, RIE). 7E It FEH,
BL PMMA YCZIBAE MR, Z0oh/ SR CHFs 1 O IR &Sk, F A 10:1. Zpiud F2 b (il o %%
SEN 100 W, ZIPRE (AN 3 Zr8h. SERZIME, REHTAER . AR, TOKOEE. BB PR EBRER
TR B I E R

— 2

—’
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Figure 3. Preparation process of fluorescence excitation module

3. TR ARREIFSTE

M-S MMI 3138 o7 5B 444 (Scanning Electron Microscope, SEM)IIR 45 S an & 4 Frax. 76 4(a)
o, BRATWEZDEME SEM B, 5%y 2000, LA RN 10 pmeo A EE o AT LIS I U E 2 40 i 4e
FRiEMT, RIDGH, SRS HAEE, etk SR %, Sonth RIFI 2 o= 251 — 50k
IMTEE 4(b)d, JEZm T MMI ) SEM EIg, HURAEHCH 1990, LE#I RN 2 pm. & E G H MMI 113
TR, HOTH X SHARE TR, IXRIZ MM 32RO RS 2 A 2, a3 7 FiiAm
WK,
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Figure 4. SEM characterization results. (a) grating SEM; (b) MMI SEM
4. SEM RIFLER . (a)ytHt SEM; (b) MMI SEM

3.2. BWMARSGIERE

PRI R G AR ] 5 For . SRR 647 nm (AT B BEOG R GTR, Rl th R a2 8
pm [HETE B B AF R G B 5 0O R o DGR ISR H SR RS v S 31 AR i 428585 1 Al
o, SEEUR U AR A TR B . 5 B B AR S s BRSO N T R A I B AR R
FEFOEIN T RGE LG 5 PCR BRI A1 M. %05/ RN 3mm, BB =M ESN 2.5 mm., ff
FH P g R Al RS (0 A SO AT HE B [24], WE B S M PAT el BN 20386 A b A@dE e i g bR
JEHARE ARG, A H bR KOG . BN E S S E B, XN IE B AT AR
FERC/INEBE, G RETE 5 A SR AR TE AR BN G RN A E (BRI AR A F], JSP-TP3050-SMT). %
HARIIF G E SHUNRES, REET ORI IGEATIMINE SO B . &, R
S S 5 1R

Photoelectric detector

~ Convex lens
Optical filter

/
~~ Plano-convex lens

Bio-microfluidic chip

Fluorescence
excitation module

Figure 5. Schematic diagram of fluorescence excitation module and detection system

5. WAMABRREWNRGERREE

3.3. Cy5 W R M M
RS UE S FE ORISR I R G e, 1B VR P ARE 1 Cyb 2t (W H T AR A
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RA R 7)) ME NIRRT [25], F = F 3 WA (Dimethyl  Sulfoxide, DMSO) (4 T General-reagent,
CHINAVE AR . K5 Cy5 9206 E MBI E N 0.5 pmol/L (M), 0.25 pM. 0.125 pM. 0.0625 pM [
B

SEEGI, 1A AL AE AR O A AR BN 10 pL BB 98 R AT, FEEUH [E) 5 ) DMSO fE
IR F ARG . o — A T O WUR BN SR I R R IAIE, K AR O I E TR R
Skl RGEH, FFERAG AR S S R AR . ) — A PO BB M ZZ(1XT73, Olympus, Japan), F£H]
F CCD MM RERIGIEE . KA RIIEHR L FH Origin2021 kA7 4b 3

Cy5 RHF ML R 6 Fron . 14 6(a) 2 BB X RL Cy5 MR IE IR EKCH 0.5 UM, 0.25
UM, 0.125 uM. 0.0625 uM. DMSO, %It fERE cy5 Bt R MR LL it i Bk & 6(b) P WAL E A4
Cy5 PICHIWIREE S 6(a) kAT, B ARbR G R 2 4t R, IR ZEBR R T 2D =4
ST SEZHG 0 £ 4 SRR HE R 22, i HE PR A S4B 43 A 467 mV. 333.7 mV. 247.3 mV. 222 mV. 149.7 mV.,
B 6 mN, it P T B R R ) B T g, 5 G IR S BE AR A i # — 5. 0.0625 pM Cy5 %
RV B R B B T DMSO (it iU g, KT 0.125 uM Cyb ZOZ M ik, RFOL
WORREHFN G A I 22 42 ] SE I AIRVR 2 0.0625UM Cy5 Ot s i Rl . 7£ 0.0625 pM~0.5 pM 38
B, i RS Cyd Ja Rk B il & 2kl 6(c)Fin. fith RS Cyb G E TH IR E 2 [A]
FEERITFIEMRR, i EE y S5 x MR RN y = 571.29x + 183.5 (R? = 0.9944) ., 54645
RRPD GBI S T SO T BE, AT IR G SE I T 2 IS R RIS I Th

(a)

0.125 0.0625 DMSO
(b) (© 550
500
. 500 y57129%+183.5
450 R“=0.9944
5 400 2 SOF
£ &
s = 400
£ 300 g,
S S 350F
—- e
=
= L
g o00p £ 30
= © ss0b
100 | ‘ \ ook
0 L 1 1 il 1 150 . L . . L
0.0 0.1 02 03 04 0.5 0.6
05 025 0125 00625 DMSO

CyS5 Fluorescein concentration/pM

Figure 6. Cy5 fluorescein linear test results. (a) and (b) respectively represent fluorescence images and output voltages of
Cy5 fluorophore solutions with concentrations ranging from left to right: 0.5 uM, 0.25 pM, 0.125 pM, 0.0625 pM, and
DMSO.; (c) Fitted curve of output voltage and Cy5 fluorophore solution concentration, with a linear relationship of y =
571.29x + 183.5 (R? = 0.9944). Error bars represent the standard deviation of measurements from at least three independent
experiments.

[& 6. Cy5 WARLMMIRER. (@) D)PARTANEZGREMRKRA 0.5 uM, 0.25 uM, 0.125 pM, 0.0625 pM F1 0 uM
Cys RARARNFE R FMERE; CMEBEES Cy5 KARABRENB G, &MEXRNyY =571.29x +
1835 (R?=0.9944), IREHBER T EL = MAT LIWNELERIITERE
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4. #HBYE IR T 5 BRIAR I R A
4.1, FBRERRERAL IS H

AL IR 7 B H 22 12.5 pl (TaKaRaPrimeScript RT Master Mix RR036B, takara CHINA), 3t
RUREIRR AR TR 2 b, N ER B RS 0.9 ul, N ZEHEE 0.6 uL Bk SIAHREH G E T4
[ _Fi AR EYIRHEA F]), DEPC /K 8.1 mL (Adamas life, CHINA)ZH %, 1BA T /GEHEEW PCR 2. FAME
A 2 L DEPC /K BB AR BRI FTA 5 EREHWIAH IR EEX N 10 uM, A AR A s T R
B ARG EE N KA BT kL, 18 DEPC /KRR 2 200 copies/ul. 5 #E—20°C FEfF.

W IC B S AR B T SLAN9G 344 (Hilg 2 BT RHE A IR A R Pz B L R AR P AT 94 18
chﬁﬁrﬁ@Im\% fE 95°C T 60 F5, #RJSTE 95°C FHEAT 45 MG 15 2, 7E 60°C ik

4T 45 MIEFE 30 F2[26].

4.2. WNERS D

NIRRT SE bRz H A PR, A8 AT AL el PR 35 BURLVE R IR A o K 58 e 19 93K
T AH )R 2R 4 18 AR A A R 4 DEPC /K %8 10 L 33 N\ BP9 41 AE Mt daots i b S236 57 5 Cy5
PR MARE, — 4 Z Rl RGN, 53— 8 2O B s 24T I

MRRFE S 2O R 7(@) TR . WA B AKX 200 copies/ul BHIEFEA. FAMEREAS . Ry HFEA
A1 DEPC /K mOGE e PTLATEMI M EZ S, FHVEREA DG W o T HIVEREA . BAIEREAR SRy 1
FEARR NS FEAA R, AHEC T AR TS 7200, =2 BFOMREAR S SIAERE, Mok s ot.
S EL IR 28 (0 4 H R S AN FEREAS TR e R 7(b) o, iR ZERE R T S0 = AN S I 8 45 R
bRiEm 2, B ANZE B4 73 i R BHPEREAS . FIEREAS . ORI IEFEA S DEPC /KUt g 3, v
JEIME 7508 280 mV. 170.75 mV. 170 mV. 132 mV, BHHAIRA M 2 18] i fLE 2546 109.25 mV, B
LKA 38 mV. Hi B RS BRE0R T ROCE R se FER Ea H AR [F] . IEBH 2O
AT LR KT Bt R0 B3 ORLYT B REAS TR I S 6B, 2 PCR W T 2G5 SHUR I ER . 2tk
W 2 G Re W HERR SR AR I 2 Y, 460 HR 00T DUE 9 23 I I A0 BE VR AR A, R & skbriz gD .

Positive Negative Unamplified ‘Water
(b) 300 |
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>
E
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8 1ot
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Figure 7. SARS-CoV-2 plasmid test results. (a) and (b) respectively represent fluorescence images and output voltages from
left to right of positive samples, negative samples, unamplified samples, and water. Error bars represent the standard devia-
tion of measurements from at least three independent experiments.
7. FBEERHEERVRER. () OPARRIAEZHERMHER. BAMER. R IGHEARMKNREE R FH
HHEE. REBRERT ZDZ/MA KN ELERMIRERE
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5. &

ASLCLTF R AT ARG R 9O O M PO O, FRiEd 7 — B MILRL R 2 e
MARGE. W LASKIUAFIRE Cy5 5t ZRHT R Jet DA 25 UKL A O A I SR R AR BE B A HE UK
AR R DI R BB, SOOI R SRR AR TG BRI R AT RE O, SEEL T PR S
HerAoREE . AR SEIL T X AR 0.0625 pM Cy5 26 3R IR 5K, 200 copies/uL
WA IR B TR A IOR ST . ABLHGE AT T A 9Ot E B PCRY $U5 PCR. H A SE KN A5
RS 2 Ay st, I B S H ARSI i A b, B 3 e A SR AR /N AR AR

EHEWH

A TAEAS 3 [H 5% & S 0T & 12155 H (2021 YFF1200800, 2022YFE0107400). [H 5K [ AR Rl 3 4051 H
(U23A20381, 11933005). v [F A} 5 & & & BT H (YIKYYQ20210049) . il i FBF 2 RZE A4 W H
(23010503600, 23530730500, 22xtcx00100, XTCX-KJ-2022-32). | i i 45 24 A5 B 303 (4R 5 22 % ) T H
(GZ2020015). 3 »% iR v+ 5 H (2023AY31016) 1 % Bl .
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