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In vivo fluorescene imaging in the superior NIR-II sub-window
using clinical-grade fluorescent dye
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Abstract: NIR-II fluorescence imaging demonstrates significant advantages in biological imaging with its high signal-to-
background ratio (SBR) and deep tissue penetration, showing broad application prospects in biomedical fields. The
classification of NIR-II imaging windowsfacilitates the optimization of imaging processes. Among these, the 1400-1500
nm imaging window benefits from its unique water absorption characteristics, enabling effective suppression of scatter-
ing background and achieving high-contrast imaging. This study systematically evaluates the imaging potential of the
1400-1500 nm window through simulation studies and in vivo experiments. To advance the clinical translation of fluores-
cence imaging in the 1400-1500 nm window, indocyanine green (ICG), an organic small-molecule dye approved by
the U. S. Food and Drug Administration (FDA ), was employed as the fluorescent probe. Utilizing its extended fluores-
cence emission tail in the NIR-II region, high-contrast and high-resolution imaging of mouse vasculature and intestinal
structures was achieved in the 1400-1500 nm window. Furthermore, in combination with methylene blue (MB), anoth-
er FDA-approved agent, high-quality dual-channel NIR-II imaging was successfully implemented enabling precise local-
ization of blood vessels and lymph nodes in mice. This research further explores the unique advantages of the 1400-
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1500 nm imaging window in biological imaging and its clinical application potential. It also provides valuable referenc-

es for the clinical translation of NIR-II fluorescence imaging.

Key words: fluorescence imaging, NIR-IIx, NIR-II, dual-channel imaging, clinical surgical navigation

51

T

PG HUR A — P AW E B A R
¥, R B S B A s 1 I ) 45 23 TR A3 R LA G
BRI DR, A FL RS R A 1y B 2 40 s AN n] St i)
T H. ARG AT W65 R, i 2040 (NIR)
DG RUG HA B NS A ) A R DRI,
AT FE A L B v o (0 A A% . o e b
— X (NIR-T, 700~900 nm) % 3¢ i 1% B 49 )32
FEEF T INEFFAR R, B3 TR aBakn
FCIT N ARAE W) A A28 L R JE 7K W CHR T
SR NIR-T1 2 8 8 5T pk R R il
WAL S TT L AL SU 28 B R ) B & W
PRI, A T NIR-T 9% B, NIR-TTZE RS i W20 2 41
SU A 55 7 T BT AR G R . BT,
NIR-T1 ¢ 6 AR A © s My g FH 1 I8 8 30
B PRI 2 S I R AR S b 7 R nT A dE 5

YRGB AR I A2 B4
21 O AT ) B S, AR A R
U A B, 2 2 W A VB R DO R S8
BERASR , 4 K6 I IO I 2 KR b o iiF
N BUKE NIR-TT 3 B i — 25 4043 M LA B DA
b 1844 2 #2 . NIR-11a (1 300~1 400 nm) . NIR-IIb
(1 500~1 700 nm) F1 NIR-IIc (1700~1880 nm)"* ¢’ |
Horp, 25 BB WO 25 3 05 5 1 R R B Bk~
1 450 nm 7K I AT o 30T 114) DX 308308 5 S B e T 19 . R
AT, R ASOXT A% I P s M XLTRT Y . AR VA
—SEBF ST R B, LM 3 R R B X HE LA
U AE Y™ e YA SRR R rh , Z L
ST B AR K I I KT B T IR AR K
PR R i 25 R SEAE IR 2 RO O o X A5 25k
PRI 1A () FE G T o HE B, BRI 15 15 HE (Signal
to Background Ratio, SBR) 753 LA #& /5 . & Fix —#f
W, NIR-1Ix A8 F g Jpr 48 T IR APEAS  BF5E
KB, NIR-T1x I B 46 T 09 7K WS RT LA =840 i HL
S5 50 ARSI R X O AR b BT R R,
NIR-TTx F4 356 PR B AG AH SC i 5T 5 /0, % o 11 0
Jo 8 RAG A AR IE D T E R T B e B A% e IR TR A
R R, DRI, AR I PR B A 45035 7y 7 FH R A
R,

FEABEGE T, FRATT B S8 38 i 525 R % (Monte
Carlo) B4 G 178 28 Wy L U rh (AL 3% 0647 T 15
B, Z5 R, NIR-1Ix ¢ B i BUR ORI, B A
RN R I BGAE# .  T i — 25425 88 NIR-1Ix %
HAEIG IR DG MF A i 1, AT TR A T FDA
HEHE R A LN T Y b——I1CC ST IH IR TG
SCHG . FE 793 nm R OEII R T iYL R AT L AR
NIR-I % F 7= Az B2 B 56 A 5, i & SR 1S Y
JF2 5 D) 42 A 25 NIR-I1 % 1, Jf-#F NIR-IIx % B {3 fig
FEERER S . BATT N RIS AR SE S, X ICG 7R
U B IS AR AR 38 AR AT T VAR UERH T
NIR-IIx S8 % HAE TG AR g g et o e 4h
FATIBAE ] T MBFE 900~1 300 nm iz BEHEA T ik B 2%
A%, R 1CG 7 NIR-Ix 3% B HE AT 1 4% 1A%
BB T v R A NIR -1 XGHE 18 A% %, A NIR-T1
PG AR AE NG IRFL AL rh i i AR T — 2 2%
VINIES
1 MRAE
1.1 EMNRAERE RS

NIR-I1 %% 5 A5 A FH S 36 28 11 9 2 W9t
AR R G, A PR G IR A SR A e . SR T ]
PE 793 nm BOEES 665 nm EOGAE IR G,
LT P O R e B S il BB, B
1 BB Ik — 2D 4 5] B CRAE LI oy | AR 1 )
RN I T A 3 O A (D R RS RO R - i
Bk SR G R BAALIFR IR o R A A
FEHE O 30. 7 mm AT ZLAM 545 3k (OLES30, SPEC-
IM, Finland) #1 InGaAs #H #1 (SD640, Tekwin, China;
Ninox 640 Su, Raptor Photonics, UK), SE56HoRNTE
K 1 B AG R 38 2o fiff 1] 4 P 38 (Long Pass, LP)
F1%8 18 (Short pass , SP)JEIG SR
1.2 BERSFETHEEBMAFEEDHERH
i

I Monte Carlo, MC 5 % Y6 F7EAE Y 41 41
() 4 R AT A0 B, AR A U T B R Ry
1. 37, BB A5 10 SR 2 0.9, B POLIF S IR
N—5K N2 mm. TN 0. 1 mm IEFLOCE . 15
Bt R SRR 8 5] b AE AL DT ] b R 3 1074



656 O hh 5 2 K 3 2 R 44 3%

HF O F LT ERE )G | 2l 2 MR R S5
KPR & o R E N — 512 x S1248 F i —
YERE S0 . 7 BT B U R B 2 5 WU R
B R A Y A 2 B R Y, 4L
rh A3 B4 WA K B R R ANAR 22 R A E
B, 20 2L M I R BROE (LiR E SOK AR T . 38
i SRR IS 0 EURE DL TR LA A QR 1 mm) 767K
WL (B 2 mm) | 900~1 700 nm 35 FE P 89 14
KL B E E— KN 1. 6 mm . &K 1 mm 17K
SELROGIR , B 5T R B AR 8 x 10046 T RS
A FZR AR 2
1.3 WHIREHIERE

FATE AR R 3 3 FDA TAGE ) ICG 5 MB
VERDEEHE S 1CC R R B et fn st 4
AHZSE 3 BT AR 20 UG A9 3 52 70) , H & i 4 2
FE A 22 NIR-I1, 32 4F K B 8 A 4 NIR-11 G4k T 1
TRZ GG 7 s MBAE R IR A% Ge iy 7R 541, ]
Xk L EE HEAT YL, BT I b L A A
D7, HE O S Hi R h 4E A 2 NIR-1T1, 7] ] T NIR-11%¢
JEMAZAE T . WEEH Bl 9 1CG e B BT Hi T,
it B A AR 75 SR T 2 8 T K SR A I3 (Fetal
bovine serum, FBS) 1 ; MB Il 34 26 & A4, A FH AT I
FERETFKF,
1.4 HXiEMNE

ICG i MB (W O3 R 5840 -71 L4 66 EE T
(UV-2550, Shimadzu, Japan) U 5 . #£ & (8 %€ 566
T A A S = [ ORI AT R AT .
FEME 1CG 1Y 2663 R FH 793 nm A HOG 2SR
SRS AR MB Y 2 S R 665 nm Y
WO B8R R O IF TR R 6 Ok B b ik E
900 nm JH i €t A (FESH0900, Thorlabs , USA ) & &
BRI G T4 . Wk R B 0 o 2 A A
) E AL LA 2%, R DA f 1 28 645 538 48 900 nm
i JE 6 A (FELH0900, Thorlabs, USA) J& 1 ¥
(25x/1. 05, Olympus, Japan) W E , 38 1< U B 75 5 9%
ARG BDEL i, &5 G IR (NIR2200, Ideaop-
tics, China) ¥
1.5 kSR

JIT A S G 3k A 3 3 A W VTR A Bl S 5 L
Fa A8 PR 22 Y 2 4t ofE (2 BRI 2 2JU20220283) .
WF 5 v i B B9 BALB/c #1 B (~20 g) F1 ICR /s f)
(~20 g) ¥ 1 SLAC L5 s W) A7 FR 28 ] ([ 1
) PRt

1.6 NIR-TIEMR R LA &

ICR/NEREEAT 1 KM EZLRE . /B &
FEERAL LB K200 L 19 1CG KR (1 mg/mL)
FH I 5% 2Rt 36 2o 8 ok 3 S 3 5 3 /D BRUAAR P 2R A 7 B
18 /NEIGTE D AR S5 8 200 WL 1Y 1CG 7K
V(1 mg/mlL) 38 2o Vi S A B R B EA T
Wi 1B AR o 1CG 5 B AT H 793 nm OGS
VER IR IR, 5G5S i8I R 5 S I 2l
£ o /I BRI EEL 235 0 i A L3 A 5 S 5 v i o
] 22 43 ) JB5E 7 1) TCR /N BRUAR PN 3 59338 119 MB K
W (1 mg/mL, BN £ 2 50 wL) , 7E 665 nm BOGI A
AT IR EL 25 A%, IR 900~1300 nm P BERYE S .
FERTS Bl /N BT B A 200 T Sk R Al e fok 72
200 wL i ICG /K ¥ (1 mg/mL) , 7E 793 nm 0% #
RN HEAT IS AR L5, AR 1 400~1 500 nm % B
5.

NIR-ITA [] 98 Be i UG A ] T ARl E s f
Horr,900~1 300 nm AL ] T 900LP (FELH900,
Thorlabs , USA) il 1300SP (#89-676, Edmund , USA) ;
NIR-IIa /& 1% f#i 1 T 1300LP (FE1300, Thorlabs,
USA) FI15E 1 i 1400SP ; NIR-TIx S8 AL JH T 1400LP
(FELH 1400, Thorlabs , USA ) Fl %€ il f) 1500SP; NIR-
1Ib B %43 7 1500LP(FELH1500, Thorlabs, USA ) ,
InGaAs #0245 B9 AL P R 1700 nm, K IR HL &R
T 1700 nm VLG HIfE S,

PG ARG i SE e v, il 793 nm OB AR
BF T FH 09 5 5 ) 3806 B B TR Ol 0. 276 W/em?,
665 nm A BF T A B = 0 0O BEGT T R Oy
0. 024 W/em®, ¥R T LL NSO AR B0 E % 2 BE
(35 [ B %90t 42 4 H Ar #E, ANSI Z136. 1-
2014).

2 FHREWE

2.1 NIR-IIZEHRAKGHHESHRT

AW iR bR 2 RS R K, B AR AR )
BUAGG AR  FRATT 3 2 SRR W FE e . K AR
900~1 700 nm P Bz {9 OB i 1 (a) B, 78
1 450 nm BT AFZE— > B K g . an SR oe
WREF S5 A5 5 1Y B2 e DL e Aok Wi S 350
U, WA SE AR KO R 2 RO L IR A
AFEE A BE 70 WSO BT A IS DXl AR A A
T X L EE . #7522, 1 400~1 500 nm 7 H
B i 2R R e ) o XA B AR 3 T
T3 — BEBF ST S 4



ZEAE— A5 BT R AT O I B9 NIR-THE BOR 23 H 8976 AR R e

53 657
T B AIF 1 400~1 500 nm 7 F 09 BAZ T 77, AEFF A YRL, PRHAE M R 2 1 45 6 s HoA Bk
FAT A i Monte Carlo 475 B A5 4810 7 76 A ¥ 41 21 B A GHE S, H AR o SC AT F I R 52 4n

oA AZ 3% L X 900~1 700 nm I B #9041 5 1
(900~1 300 nm . 1 300~1 400 nm .1 400~1 500 nm FI
1 500~1 700 nm ) 53 5 FEA T LA 5 B9 AR AL L, 345
T b Fros B e S W A B AR . AR HE R B,
1400-1500 nm % Bt {7 B MG 18 505 5 A 250m
%'J,/H\éfé%ﬁ%%ﬁﬁ% SBR(12.13) (K 1(c)) , ik

THEBMGE O X HEREE T2 2%
(Full Width at Half Maxima, FWHM) (|8 1(d) ) DA &
ZE R AL (Structural Similarity , SSIM) (& 1(e) ) 43
Br, 14 00~1 500 nm % I (4 45 45 J 1 2 f A Y
(5.35H10.92) . M4 {5 F L5 NIR-1Ix i H B 5
PR 7K W SOX A 5 SR A A 35 (R B S
2.2 IGKRERSTICG HIRAE

1CG /&2 5t FDA LI B — Bl IR vT FH 07K 35 1

£l e By

IR LI R 5 L I R PEAG AR HET, T ICG Y
NIR BURE AR C BV 2 8B AR bR AE G R 277
M. HFICG & G2 e NIR-1I1 A — & 4
B, U 4F SR 3 T 1CG 119 NIR=TT I JA 107 1 % Akt 3

FATXF ICC@FBS 1 ICC@/KIF W /3 M HEAT T 1,
OGS B i, WA 2a s, 1ICG S H4 G Z e H
WS LA — LR o AR LW 2, 3R A1 3%
FH 793 nm BOGAE AL, IF X ICC@FBS ¥ W it
17T 206 EiE Ml . ani& 2b if s, 1CG 7E FBS

1 2¢O %2 59 #i B8 AT 78 75 % NIR-T1. Fe Al — 2 %t
2 A ICG@FBS ¥ % (0. 1 mg/mL) 1 & .0 & JE 17

900~1 300 nm . 1 300~1 400 nm .1 400~1 500 nm .
1 500~1 700 nm DY A4~ Bx ) 98 Yo % . & B0 HAE

a
40
€
o
c
2 20
g
o
w
e}
<
0
T T T T
900 nm 1300 nm 1400 nm 1500 nm 1700 nm
) 900-1300 nm T NiRTla - T NIRIX NIR-b

Line Source

T

Background

K

1
'.“HO
d € 10

134
§12.13 }j 7.43 0.92
A\ 16 -"~._0.88
Y 0.9 e ~Y
oo FARY % \\\ s 0.86.- o
3 fN T2 \ w08
" R - wo 8 ’
51 \g.54 8 }«5 45 '
228 2 5@ <535
1 T e
o A o A nﬁ‘ ot
0 A0 ™ 500 ™, 400 Q0 ™, £00 o0 00 0 00 T, 200 o0
g0 «300 A a0 wt R g 300 AR o \e ! 900" 3200 0 W oo

&1

NIR-II 4= ¥ J4% ) Monte Carlo /5 EL45 5+ (a) K 7E 900-1700 nm f W I 3%

- (b) #5481 900-1300 nm . 1300~1400 nm , 1400-1500

nm , 1500-1700 nm A ASAT ELE5 2R CRERIRIE R 1 mm) (o) (b) LB MR BEAT SBRAMITAISE o () 3% (b) sPBTL AR AT FHWM 23 BT 45

Mo (e)h (b) HBLU R EAT SSIM 3BT 45
Fig. 1

imaging simulations at 900-1300 nm, 1300-1400 nm, 1400-1500 nm,

Simulation results of NIR-II bioimaging by Monte Carlo method: (a) The absorption spectrum of water at 900-1700 nm. (b) The

and 1500-1700 nm (through 1 mm thickness of biological tissues). (¢) SBR

analysis of the simulation results in (b). (d) FHWM analysis of the simulation results in (b). (e) SSIM analysis of the simulation results in (b).
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Fig. 2 Optical characterization of ICG: (a) Normalized absorption spectra of ICG@FBS (0.01 mg/mL) and ICG@water (0.01 mg/mL). (b) Nor-
malized emission spectra of ICG@FBS (0.1 mg/mL) . (¢) Fluorescence imaging of ICG@FBS (0.1 mg/mL) in the ranges of 900~1300 nm, 1300~1400
nm, 1400~1500 nm, and 1500~1700 nm under 793 nm laser excitation.
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Fig. 3 NIR-II fluorescence imaging of whole-body vasculature in mice. : Whole—body vascular fluorescence Imaging of the same mouse in
the bands of (a) 900~1300 nm, (b) 1300-1400 nm, (c¢) 1400~1500 nm, (d) 1500-1700 nm. Scale bar: 10 mm. (e~h) Cross—sectional fluorescence

intensity profiles of the two vessels along the red dashed line in (a—d) and the corresponding SBR.
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Fig. 4 NIR-II fluorescence imaging of mouse intestine. : Intestinal fluorescence imaging of the same mouse in the bands (a) 900-1300 nm,
(b) 1300-1400 nm, (c¢) 1400-1500 nm, and (d) 1500-1700 nm. (e) SBR analysis for each band along the yellow dashed line. Scale bar: 5 mm. (f)

The fluorescence imaging in the NIR-IIx window of the different morphologies of the intestine of the same mouse at different times after gavage (20

min, 40 min, 85 min, 95 min). Scale bar: 10 mm.
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Fig. 5 Dual-channel imaging of lymph nodes and blood vessels in mice. : (a) Normalized absorption spectrum of MB@water (0.01 mg/
L). (b) Normalized emission spectrum of MB@water (0.1 mg/mL) beyond 1000 nm. (¢) Fluorescence imaging of MB@water (1 mg/mL) in the 900-
1300 nm range under 665 nm laser excitation.(d) Schematic diagram of mouse injection operation. (e) Mouse lymph node imaging at 900-1300 nm per-
formed under 665 nm laser excitation after injection of MB aqueous solution into the footpad. (f) 1400-1500 nm mouse vascular imaging performed un-
der 793 nm laser excitation after injection of ICG aqueous solution in mouse eye canthus. (g) The merged dual-channel image of Fig. (e) and Fig. (f).
(h) Cross—sectional fluorescence intensity distribution of lymph nodes along the yellow dashed line in (e). (i) Cross—sectional fluorescence intensity

distribution of blood vessels along the yellow dotted line in Figure (f). Scale bar: 10 mm.
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