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Table 1  Optical properties of NIR-II probes

Quantum yield (QY) Extinction

Fluorescent probe Ay /nm A, /nm (IR26 as the reference. its QY is 0.05%) coefﬁf%ent /71 Ref.
(mol-L '+cm ™)

Flav7 1026 1075 0.53% 236000 [32]
BTC980 932 980 0.57% 184000 [34]
BTC982 944 982 0.68% 260000 [34]
BTC1070 1014 1070 0.09% 115000 [34]
IR-PEG 780 920 0.18% N.A. [35]
HC1222 1180 1222 0.016% 117320 [33]
HC1376 1312 1376 0.011% 91880 [33]

FD1080-FBS 1046 1080 5.94% 29672 [36]
L.Z-1105 1041 1105 0.03% 101000 [37]
5H5 1069 1125 0.08% 34200 [38]
CH1055-PEG 750 1055 0.03% N.A. [39]
CH-4T 738 1005 1.08% N.A. [40]
CQS1000 830 1000 N.A. N.A. [41]
H1-based NPs 820 1100 N.A. N.A. [42]
TA1NPs 680 893 0.08% 22.4 [43]
IR-BEMC6P 725 1028 0.18% 1300 [44]
IR-BGP6 737 1036 N.A. 2400 [44]
IR-FEP 780 1047 0.2% 5700 [45]
IR-FGP 750 1047 0.19% 6400 [44]

IR-E1 830 1071 0.07% N.A. [46]
IR-BBEP 741 N.A. 0.04% 4100 [44]
IR-FTAP 733 1048 0.53% 5000 [47]
IR-FP8P 748 1040 0.6% 13000 [44]
BTB NPs 700 890 0.48% 19.6 [48]
BBT NPs 840 N.A. N.A. 8.2 [48]

L6-PEG,, 698 1050 0.105% 78000 [49]
FT-TQT@FBS 770 1034 0.2% N.A. [21]
Q8Pnap/FBS 80 1050 0.003% N.A. [50]
TB1 dots 740 975 0.62% 12100 [51]
L1013 NPs 761 1013 0.96% 9.6 [52]
TT3-0CB NPs 784 N.A. 0.46% 23600 [53]
2TT-0C26B 740 1031 1.15% N.A. [54]
TPE-BBT PLNPs 680 950 3.15% N.A. [55]
TPA-BT-DPTQ 700 950 0.18% N.A. [56]
BETA NPs 869 1084 0.0076 % 6180 [57]
1.897 NPs 711 897 0.58% 7.03 [58]
TQ-BPN dots 630 810 1.39% N.A. [29]
DPTQ-PTZTPE NPs 628 1017 0.22% (IR-820 as the reference, its QY is 4.2% in ethanol) N.A. [59]
DPTQ-PTZ NPs 618 1014 0.16% (IR-820 as the reference, its QY is 4.2% in ethanol) N.A. [59]
DPTQ-PTZTPA NPs 635 1068 0.29% (IR-820 as the reference, its QY is 4.2% in ethanol) N.A. [59]
p-FE 774 1010 1.65% N.A. [60]

PDA-1 654 1047 0.17% N.A. [61]

PBT NPs 1000 1156 0.01% 37600 [62]
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Quantum yield (QY) Extinction

Fluorescent probe Ay /nm A, /nm (IR26 as the reference. its QY is 0.05%) coefﬁfilent /71 Ref.
(mol-L '+cm V)
P1-Pdots 923 1095 0.092% N.A. [63]
m-PBTQ4F 986 1117 0.32% N.A. [63]
PBQ,; NPs 1060 1150 0.0048% 27.5 [64]
PDFT1032 809 1032 N.A. N.A. [65]
TT-3T 640 1070 017% 12200 [66]
TTQ-2TC NPs 880 1270 0.03% (IR-1061 as standard in THF, its QY is 1.7%) 6.2 [65]
1.1057 NPs 980 1057 0.125% 28000 [67]
P3c Pdots 746 1083 0.17% N.A. [68]
pNIR-4 709 1080 0.22% 5730 [69]
IR-TPA Pots 670 950 0.67% N.A. [70]

Flav1 Flav3 Flavs Flav7

Flav7 IR1048 IR1061 IR26

O J-aggregates
) a O =
O ,0 ‘ . O S a e OO 2 1.0 4 e -1.0 £
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W FD-1080 P s E N
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o ?P’ Y E E
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Bl Bt B & O IR S R A AR R M Mg L () R IR FE R I (b) 24 T - 4 s (o) AR BT i ™ s (d) 2= 3R AR
(e) iy gt TR AR
Fig. 1 Representative design strategies for fluorescent probes with long emission wavelengths. (a) Extending the conjugation chain"”;

(b) exchanging of heteroatoms; (c) donor modifications™’; (d) heterocycle substitute™; (e) constructing J-aggregates™’
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Fig. 2 Representative design strategies to improve fluorescent brightness. (a) Introducing steric hindrance™; (b) self-assembling with

protein™; (¢) imp

roving the molecular rigidity™”!
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Fig. 3 Representative design strategies to improve water solubility. (a) Nanoprecipitation”
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Fig. 4 Physical properties and biological applications of CH1055"". (a) Chemical structure of CH1055; (b) absorbance and fluorescent
emission spectra of CH1055-PEG; (c) temporal profiles of CH1055-PEG and SWCNTSs in vivo (1200 nm long-pass filter,
exposure time of 100 ms); (d) fluorescent signal intensity of both the liver and bladder regions for CH1055-PEG; (e) NIR-II

imaging with CH10555-PEG and NIR-I imaging with ICG on lymphatic vessels; (f) fluorescence intensity profiles at cross-

section indicated by arrows shown in Fig. 4(e)
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Fig. 7 Representative NIR-II fluorescent probes with different acceptors. (a) Chemical structures of BTB and BBT™; (b) absorption
and emission spectra of BTB NPs and BBT NPs™; (¢) quantum yields of BTB and BBT in toluene, BTB NPs in water;"

(d) schematic illustration of the design of self-assembled L6-PEG,, "

2107101-10



% 50% £ 21 #1/2023 £ 11 B/ E#*x

HEXE - $HF#EZiE

Tk 27 A B R W Wy g sk (TTD) AR Ry 3% 1K
AT IR A TR NIR-T19¢ 643+ L6, an &l 7(d) fr
~o S BBTD#L, TTD & 5 T A5 1 1Y %5 & 4H
XA AE— G FEE b AT AU 2 oK 2 AR 2 AR B C A
FEL A R4, 1 T DAAE — 8 B L il A 4R 49 BR AT L 42
L TR (2.5%) o HEF L6-PEG, AT DL A 41 %
T K IR, 12 9 K R L AT R Y O B R
P51 BRI " HEBE A 20 9 R P 2 R 48 (RES) 483,
FEAR PN B T /N 0 e 8 SR B K 174 1L VA0 B s
1] (435 59.5 h) M i A9 L AGO8T LU BE (CT/NT LU fE=>19)
DL K R K B b g v B8 B 1R) (>20 d) , & B Sh T
FARSAYIG K T USTMG i 28 1 J5 457 fii Jie Joii 928

0 Hh 7 AT LABEWY (T) L =4 (TPA) .9,9-—
T (F) R PR LA 8 W HL 7 5000 8 0y 52 i
5 (TIIG) (6, 7- X (4-C %8 3L R L) -4, 9- = (WE Wy -2-
5)-[1,2,5]H —HAM3,4-gl MW (TTQ) N %
AT 8 Fh D-A-D # B (AT AL/N G F o BT 45 R
WL LLTTQNZERAITTE M 4R /N T (TTQ-
Xs) BARTEM OGS 5 L TG Ky 32 K ot 4 i 4
BN Gy F (TIIG-Xs) AH AL, {HE AT 00 58 60 1% A7 78 5%

B A 2 5 TTQ-Xs #2615 B i 38 F TIG-
Xs, i TIG-Xs JL WA %, HFHEHHE, TTQ
F7ETTQ X/ FHRIMEN %R TR inm, ok
FasE VRS . 9 T 92 B NIR-TTAY AR By A% v L BF 58 N
Bl 3 s Ak 2E O A PEG X TTQ-F #E 7187
Mt T HoK W P RSB TR B L EL Y L i A
It 15 P 38 A A P9 NIR-TLAAE o

W & ELAT e R 1 RN IR A / % S 40 B8 1 AL L T
ZAR X T — 8 D-A-D H B @ A LN T E G
EE L WE SR, BRI BN S A T — o A
W) AZ R HIE 6, 7- WEW 3E-[ 1,2, 50 M [ 3, 4-g ] W
Ik (TQT). 5 BBTD AL, TQT B4 ¥ & 15k fa
EPE; S TQAM L, TQT BA 3 () W T8 Ty, B
PG T B RSO L . IAh, TQT i H A7 3
e B4 TR B, B B A M i 2 7T 6 A Ak R T L
RGBT T, BRIGHEBALLBBTD  TQT N
ZARK IO, A AR R R BT T — &R 4
NIR-ITA WL/ T, 3 R AE T B2 AT A2 e . 5286
s R, LLTQT N2 K 5t (1) D-A-D 4 BUA HL/I
ST AETE PR/ AW B (ROS/RNS) 4 @ B 1 0% 1

a Solvent Peak
@ ® TQT-2Br Solvent Peak
O Q ZNg & Decomposition
= — ‘ Blank’ product
6 ‘BBT-ZBr
N”S\\N 7\ 7\ 5 A A &
N N N N I 1 N - 4 5
A\ 3 4
K=
Br Br Br Br Br Br - Blank
I L] L} L T T T T T L)
NN NERY N 0 5 10 15 20 0o 5 10 15 20
~g” g’ Y Retention Time (min) Retention Time (min)
g 2 |
BBTD TQ TQT 5 3
= 3
T 2 3 4 5 @
FWHM/ 117 pm
210
g 119 pm
‘_E .- @ Tumor cell
£ 06 9 Necrotic tumor cel
Treating with joima for monito
Z04 Chaptorosn  —>|€— Nclr?:::-lnclnvag:éﬂl'udsm:ﬁz? ~— Blood veesels

0 02 04 06 08
Position (mm)
FWHM/ 114 pm

1100 LP

S
©
X

Hig‘h

Norm. Intensity
e o
W N

4
w

0 01 02 03
Position (mm)

 Low

— 1100 LP
— 1350 LP

B8 Al 32 P B0 9 NIR-TTH R H 4o (a) BBTD . TQ M TQT A2 458958 5 (b) TQT A1 BBTD 76 A [7] 2 B3l J& 175 ¢ 119 755
ORI A EE LUK TQT R BBT 76 A W B2 5l 5 B (5% DME, 1 mL) A5 E 5 (o) FT-TQT HF ik i 4 Fn fid Jgd i 47
B NTR-TT 5 56 BUAG 5 (d) S5 e i) ok 38 B 7 i R — 4 CC AP ) Ak i i 8 100 A5 1%y BEL OB 175 250
Fig. 8 Comparison of different acceptor NIR-II dyes™”. (a) Chemical structures of BBTD, TQ and TQT; (b) HPLC chromatograms of
TQT and BBTD under various acid-base conditions, and bright-field images of TQT and BBT in MeOH (5% DMF, 1 mL)
under various acid-base conditions; (¢) in vivo NIR-II imaging for the vascular network of brain and tumor with FT-TQT;

(d) real-time monitoring of the tumor vascular disruption after treatment with combretastatin A4 phosphate (CA4P)
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Fig. 9 Strategies to increase QY. (a) Schematic illustration of the design of S-D-A-D-S type NIR-II fluorophores™™’; (b) suppressing the

twisted intramolecular charge transfer of fluorophore™; (c) chemical structures of CH-4T, and fluorescence photos of CH-PEG

or CH-4T in DI water, FBS, and PBS buffer™’; (d) schematic of constructing CQL, and fluorescence photo of CQ-4T in

water, HSA, and HSA-HT; (e) scheme of constructing nanoparticle p-FE and chemical structures of FE and the PS-g-PEG

polymer™”; (f) absorption and emission spectra (excited by an 808 nm laser) of FE in toluene, and absorption and emission
spectra (excited by an 808 nm laser) of p-FE in PBS buffer"”’
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Fig. 11

Representative small molecules with AIE properties. (a) Schematic illustration for AIE molecular design"”; (b) chemical

structures and optimized ground state (S,) geometries of TT1-0CB, TT2-0CB, and TT3-0CB™; (¢) chemical structures and
optimized ground state (S,) geometries of 2T T-0C6B, 2TT-0C26B, and 2T T-0C610B; (d) NIR-IIb fluorescence imaging of

vasculature in living mice
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Fig. 12 The first polymer was applied to NIR-II iz vivo imaging"’. (a) Chemical structures of pDA-1, pDA-2, pDA-3 and pDA-4;

(b) a schematic of the pDA-PEG nanoparticle showing a hydrophobic polymer core and a hydrophilic PEG shell; (¢) a typical
AFM image of pDA-PEG nanoparticles deposited on a silicon substrate; (d) absorption and emission spectra of pPDA-PEG;

(e) ultrafast NIR-II imaging of arterial blood flow
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Fig. 13 Chemical structures of organic conjugated polymers
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Fig. 14 Fluorination strategy to improve QY"". (a) Schematic illustration of nanoscale fluorous effect to maintain hydrophobic interior
and minimize structure distortion of the Pdots (the fluorination redshifts the optical spectra and enhances the fluorescence QY );

(b) in vivo NIR-1I whole-body fluorescence imaging of C57BL/6 mice in prone and supine positions after tail-vein injection of

100 mL. m-PBTQ4F Pdots (200 pg/ml); (¢) in vivo NIR-II fluorescence imaging of cerebral vasculature of C57BL/6 mice

injected with 100 mL ICG or m-PBTQA4F Pdots (200 pg/ml.) at certain time intervals from 1 to 120 min (70 mW/cm”, 808 nm

laser, 1319 nm LP filter)
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Fig. 15 Representative polymers with AIE properties. (a) Fluorescence images of IR26 and Pdots in different states (left), illustration

of the formation of Pdots (right)”; (b) molecular design of three semiconducting polymers™; (¢) schematic illustration of the
molecular design philosophy of highly bright SPN"; (d) chemical structures of pNIR-1, pNIR-2, pNIR-3 and pNIR-4 "

(e) NIR-II fluorescent imaging of blood vessels in the cerebral cortex and hindlimb under different LP filters (left), comparison

of NIR-IIa fluorescent imaging quality between pNIR-4 and pNIR-3 nanoparticles (right)"”
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Abstractive

Significance Various biological imaging modalities have become essential tools in life science research, preclinical research, and
clinical practice. The emergence of enormous in vivo imaging technologies such as computed tomography (CT), magnetic resonance
imaging (MRI), positron emission tomography (PET), and single-beam emission computed tomography (SPECT) plays a significant
role in disease diagnosis, progression monitoring, and prognosis, bringing the possibility of molecular imaging into medical
observation.

Although they have unlimited penetration depth, the above techniques suffer from disadvantages such as limited spatial
resolution, long operation times, and low sensitivity. Additionally, the equipment is often very expensive and induces radiation. On
the other hand, as a radiation-free technique, fluorescence imaging has been widely used for in vivo imaging due to its high
spatiotemporal resolution and labeling specificity. However, the performance of FL. imaging is deteriorated by the strong absorption,
scattering, and autofluorescence of biological tissues in the visible (400 — 700 nm) or NIR-T (700 — 900 nm) regions and shows
unsatisfactory penetration depth, spatial resolution and signal-to-noise ratio (SNR), limiting its further application in in vivo imaging.

FL in the second near-infrared region (NIR-II, 1000-1700 nm), on the contrary, shows appealing advantages due to its deeper
penetration depth (=10 mm), improved spatial resolution (about 3 pm), and higher signal-to-noise ratio (about 20), unveiling great
clinical translation. Since single-walled carbon nanotubes (SWNTs) were first applied to NIR-II fluorescence imaging in small
animals, the development of NIR-II fluorescent probes with high molar absorbance coefficients, high fluorescence quantum yields,
good stability, and good biocompatibility has been a research hotspot. In the past decade, NIR-II fluorescent probes were primarily
classified into two categories: organic and inorganic probes. The NIR-II inorganic fluorescent probes (e.g., single-walled carbon
nanotubes, quantum dots, and rare earth doped conversion materials) have strong heavy metal toxicity, are typically poor in
biocompatibility, and have difficulty completing physiological metabolism in vivo, limiting their potential applications in clinical
practice. On the other side, organic NIR-II fluorescent probes are free of heavy metal ions and have clear structures as well as better
biocompatibility, making them more suitable and promising for clinical translation. Some representative examples are D-A-D small
molecules, cyanine dyes, and conjugated polymers. Hence, to guide the future development of this field more rationally, it is
important and necessary to summarize the molecular structure design concepts and biomedical imaging applications of organic NIR-II

fluorescent probes.

Progress In this review, we systematically summarize the molecular structure design concepts and biomedical imaging applications
of organic NIR-II fluorescent probes reported in the current literatures. The research progress of organic NIR-II fluorescent probes is
classified into anatase dyes, D-A-D organic small molecules, and conjugated polymers.

First, the molecular design strategies of cyanine dyes with NIR-II emission wavelengths are summarized in terms of red-shifting
absorption/emission wavelength, improving fluorescence quantum yield, enhancing biocompatibility, and chemical stability,
respectively. Up to now, the reasonable and result-oriented design strategies to achieve cyanine dyes with NIR-II emission
wavelengths primarily include: 1) extending the effective conjugation system, 2) modifying the donor and acceptor units, and
3) constructing fluorophore J-polymer. The strategies to enhance the fluorescence brightness primarily include: 1) introducing spatial
site resistance, 2) forming complexes with proteins, and 3) enhancing the rigidity of molecular structures. The effective strategies to
improve biocompatibility primarily include: 1) encapsulating hydrophobic fluorescent molecules by nanoprecipitation using amphiphilic
materials and 2) introducing hydrophilic groups on hydrophobic fluorescent molecules utilizing molecular engineering.

Second, the development process of D-A-D small molecules in terms of donor/acceptor unit modulation and fluorescence
quantum efficiency enhancement is also presented. In 2016, Dai’s team reported for the first time that the water-soluble small
molecule CH1055-PEG could be used for NIR-II fluorescence imaging. Since then, a series of small molecules with NIR-II emission
have been designed by modulating the electron-giving/absorbing ability of donor/acceptor units. Moreover, strategies have been
proposed to enhance fluorescence quantum efficiency, such as by introducing shielding units, suppressing TICT states, constructing
hydrophobic nonpolar environments, and building fluorescent small molecules with AIE properties.

Subsequently, we summarize the molecular design strategies of organic conjugated polymers with high brightness and further
discuss their applications in bioimaging, primarily including tumor imaging, dynamic angiography, and photothermal therapy.

Finally, the issues and challenges that need to be addressed to identify the clinical translation of NIR-II fluorescence imaging
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techniques are discussed.

Conclusions and Prospects NIR-II fluorescence imaging has been widely used in basic scientific research and preclinical practice.
Organic NIR-II fluorescent probes are highly amenable to clinical translation due to their excellent biocompatibility, good synthetic
reproducibility, and extremely high chemical modifiability. To date, a series of NIR-II fluorescent probes with excellent performance
have been developed and applied for in vivo imaging with a high signal-to-noise ratio, deep-tissue penetrating ability, and high spatial
and temporal resolution. However, most organic NIR-II fluorescent probes reported in the literatures are not yet well established and
have limitations in clinical applications. To expand the biological applications of NIR-II fluorescent probes and to achieve true clinical
translation, the following challenges must be overcome: 1) the development of liver/kidney metabolizable probes to address long-term
probe safety; 2) the development of endogenous NIR-II fluorescent proteins for long-term biomonitoring; and 3) the development and

optimization of NIR-II fluorescent imaging systems.

Key words medical optics; the second near-infrared window; fluorescent probes; cyanine dyes; organic small molecules; aggregation-
induced luminescence; conjugated polymers
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