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Abstract

Background: Fluorescence bio-imaging in the second near-infrared window (NIR-II FL,
1000—1700nm) has great potential in clinical theranostics, which is of great importance
providing precise locations of lesions and molecular dynamic actions simultaneously in a
single nanoprobe. Methods: There has been an upsurge of multidisciplinary research
focusing on developing functional types of inorganic and organic nanoprobes that can be
used for NIR-II FL with the high spatiotemporal resolution, deep tissue penetration, and
negligible auto-fluorescence. Results: In this mini-review, we summarize recent progress in
inorganic/organic NIR-II FL nanoprobes. We introduce the design and properties of
inorganic and organic nanoprobes, in the order of single-walled carbon nanotubes, quantum
dots, rare-earth-doped nanoparticles, metal nanoclusters and organic fluorophores, expect to
realize precise diagnosis and efficient image-guided therapy. Conclusion: Meanwhile, to
elucidate the problems and perspectives, we aim to offer diverse biological applications of
inorganic/organic NIR-II FL nanoprobes and accelerate the clinical transformation progress.

Keywords: second near-infrared biowindow; NIR-II fluorescence bio-imaging; organic
nanoprobes; inorganic nanoprobes; imaging performance
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Introduction

In the past decades, several noninvasive imaging technologies have
been developed for both scientific research and clinical applications,
such as single-photon-emission CT, positron emission tomography,
computed tomography, magnetic resonance imaging and ultrasound
imaging [1-3]. However, influenced by low sensitivity, high ionizing
radiation, and long inspection time, these traditional imaging
modalities are challenging to satisfy the increasing demand of precise
theranostics [4, 5].

Optical imaging has attracted considerable attention owing to its
high sensitivity, fast feedback, low damage, non-radioactivity, and
high spatial and temporal resolution [6, 7]. So far, visible (400—700
nm) and NIR (700—-1700 nm) imaging have been applied into clinical
practice. For instance, clinical applicability has been presented in
sentinel lymph node mapping, visualization of the vascularization
process, and topical tumor imaging [8, 9]. However, the visible
imaging has some limitations like inadequate penetration depth, high
tissue scattering and endogenous substances auto-fluorescence [10,
11]. Therefore, it is of great importance to acquire a novel imaging
modality. Compared with visible imaging, reduced photon scattering
and auto-fluorescence in the NIR region remarkably assured high
temporal and spatial resolution and signal-to-background ratio (SBR)
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(Figure 1D) [12—-14].

Near-Infrared-I Fluorescent Imaging (NIR-I FLI, 700-900 nm) has
been widely utilized for the visualization of organs and tissues of
human body, such as blood vessels and cancerous tissue as well as
clinical preoperative diagnosis and intraoperative navigation [15, 16].
United States Food and Drug Administration (FDA) has approved
several surgical grade image-guided systems, including SPY Elite
(Novadaq), PDE (Hamamatsu), SPY PHI (Novadaq), and Fluobeam
(Fluoptics) [17]. Indocyanine green (ICG) and methylene blue as NIR-I
FLI nanoprobes, approved by the FDA more than 50 years ago, that
have been used in NIR FLI intraoperative imaging for visualization of
anatomical structures [18—21]. Remarkably, the Near-Infrared-II
Fluorescent Imaging (NIR-II FLI, 1000-1700 nm) exhibits great
potential for clinical applications due to its recognized higher
resolution and SBR, lower autofluorescence and deeper biological
tissue penetration capability compared to visible and NIR-I FL (Figure
1) [22—24]. Furthermore, the NIR-II FLI has been divided into two
subranges: near-infrared Ila (NIR-Ila, 1000-1400 nm) and
near-infrared IIb (NIR-IIb, 1500—1700 nm) [25, 26]. It is well known
that evolving NIR-II FL system promotes the development of NIR-II FL
nanoprobes [27—29]. Increasing nanoprobes with excellent properties
are occurred to satisfy the requirements of precise and efficient early
diagnosis and prognosis.
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Figure 1 (A) A schematic of the imaging setup for NIR-II photons using InGaAs cameras. (B) Absorption spectrum of water through a 1-mm-long
path. OD, optical density. (C) The reduced scattering coefficient, us’, is plotted as a function of wavelength in the range of 400—1700 nm for various
tissue types including the skin (black), the mucous tissue (red), muscle (blue), skull (pink), the brain tissue (green), and the tissue phantom,
Intralipid (orange). Please note that the plots for skin, mucous tissue, muscle, and skull are derived from human samples, while that for brain is
derived from mouse sample. The ranges of visible, NIR-I, and NIR-II windows in the spectrum are also shaded in light blue, green, and red,
respectively. Reproduced with permission. Hong G, Diao S, Antaris AL, et al. Carbon Nanomaterials for Biological Imaging and Nanomedicinal
Therapy. Chem Rev 2015;115(19):10816-10906. Copyright 2015, Springer Nature. (D) Autofluorescence spectra of ex vivo mouse liver (black),
spleen (red) and heart tissue (blue) under 808-nm excitation light, showing the absence of autofluorescence in the >1,500 nm NIR-II window.
Reproduced with permission. Hong G, Antaris AL, Dai H. Near-infrared fluorophores for biomedical imaging. Nat Biomed Eng 2017;1(1):0010.
Copyright 2017, Springer Nature. NIR-II, Near-Infrared-II; NIR-I, Near-Infrared-I; NIR-Ila, Near-Infrared Ila; NIR-IIb, Near-Infrared IIb.
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The excitation light source, emission light tracker and
image-forming optical system are required to acquire the
spatiotemporal distribution of fluorescent nanoprobes labeled tissues
and anatomical structures. When the excitation photons reach the
fluorescent nanoprobe and excite it, the nanoprobe will emit photons
which detected by image-forming instrumentation. Therefore, the
nonspecific reflection of surface interface and components of animal
tissue greatly hampered the process of photons. Besides these
reflections, in-tissue absorption and tissue autofluorescence are
included in the process. Melanins, reduced nicotinamide adenine
dinucleotide and flavins have specific absorption and autofluorescence
in the short wavelength spectrum [14]. The introduction of NIR-IIb
FLI by Dai et al. provides the autofluorescence-free and minimal tissue
scattering window for biological imaging [17, 25]. In this process,
what’s the most important is to develop a versatile nanoprobe that
enables specific targeting and biocompatibility. In 2009 Dai and his
colleagues first developed phospholipid-polyethylene glycol coated
nanotubes via the surfactant exchange method to visualize tumor
vessels under NIR-II FLI. Numerous inorganic/organic nanoprobes
have been developed for NIR-II FLI to realize precise tumor
recognition, specific molecule detection and visualization of drug
delivery process [24, 30]. Currently, Tian et al. have developed a
multi-modality imaging nanoplatform that integrated visible and
NIR-I/1I FLI to accomplish the first NIR-I/II FL guided in-human liver
resection surgery. This work aimed to show that NIR-II FLI has great
potential over traditional NIR-I FLI imaging in clinical intraoperative
navigation [31].

The clinical transformation of NIR-II FL nanoprobes requires
excellent biocompatibility, high quantum yields (QYs), easy
metabolism and well-refined structure (Figure 2) [32—34]. In recent
years, many NIR-Il FL nanoprobes have been constructed for
preclinical disease diagnosis, image-guided surgery or combination
therapy [35—37]. Herein, the NIR-II FL nanoprobes are divided into
inorganic nanoprobes and organic nanoprobes, aiming to provide an
overview of their imaging properties and biological applications,

respectively.
Inorganic Nanoprobes

Single-Walled Carbon Nanotubes (SWCNTs)

Carbon nanomaterials are a kind of low-dimensional materials that
have a great number of unique chemical and photophysical properties
[24]. All carbon nanomaterials, including carbon nanotubes,
graphene40and carbon dots can exhibit fluorescence properties owing
to their normal Stokes shift [38—42]. It is worth noting that the larger
Stokes shift causes SWCNTs to be excited in the first NIR-I window
and can be detected in the NIR-II window [43].

A single-walled carbon nanotube can be considered as a single
graphene sheet rolled up seamlessly into a cylinder with its diameter
mostly less than 2 nm. Since Smalley and Weisman et al. reported that
SWCNTs could emit NIR fluorescence due to their wide band gap in
2002, it has attracted a great deal of interest around the world [6].
Then, Dai and coworkers developed a biocompatible SWCNT with
strong NIR-II FL, which achieved whole-animal NIR-II FLI for the first
time (Figure 3A—B) [30]. Later, the SWCNTs have gradually applied to
various diseases models, such as peripheral arterial diseases, bacterial
infection, lymphatic vessel imaging of tumor metastasis and imaging
guided tumor resection surgery [44—47]. Besides structural imaging of
different disease, the NIR-II FL of SWCNTs has been considered as
optical biosensors, allowing unique detection of certain molecular
species such as hydrogen peroxide (H,0,) and nitric oxide (NO)
(Figure 3C) [48, 49]. Strano’s group has reported a series of methods
to detect the biomarkers of versatile diseases. NIR-II fluorescent
SWCNTs were coated with DNA oligonucleotides which can select NO
especially, enabling the selective detection of local nitric oxide
concentration of inflamed liver with a detection limit of 1 mM [48].
The fluorescence of SWCNT can be immediately quenched due to the
reaction of NO radical with DNA oligonucleotides. The NO biosensor
based on fluorescent SWCNT could be used to investigate tissue
inflammation activity and cell signaling pathways.

Figure 2 Schematic illustration of NIR-II Fluorescent Probe. NIR-II, Near-Infrared-II.
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Figure 3 (A) Schematic of the exchange process. Cholate (red and white balls) on SWNTs (grey) is dialysed and eventually replaced by
phospholipid-polyethylene glycol (PL-PEG) to form biocompatible nanotubes without damaging the integrity of the nanotube sidewall. (B) NIR
photoluminescence images of the three solutions excited at 808 nm at equal concentrations. Exchange-SWNTs show greater fluorescence yield than
direct-SWNTs. Reproduced with permission. Welsher K, Liu Z, Sherlock SP, et al. A route to brightly fluorescent carbon nanotubes for near-infrared
imaging in mice. Nature Nanotech 2009;4(11):773-780. Copyright 2009, Springer Nature. (C) Images of excised livers deconvoluted with 2D
technology showing PEG-(AAAT)7-SWNT localization relative in the liver (top) and a heatmap of fluorescence (bottom; scale bar, 4 mm).
Reproduced with permission. Iverson NM, Barone PW, Shandell M, et al. In vivo biosensing via tissue-localizable near-infrared-fluorescent
single-walled carbon nanotubes. Nature Nanotech 2013;8(11):873-880. Copyright 2009, Springer Nature. (D) Fluorescence images of the
cerebrovascular of mice (n=2) without craniotomy in the NIR-I (a), NIR-II (b), and NIR-IIb (c) regions. Scale bars: 2 mm. Reproduced with
permission. Diao S, Blackburn JL, Hong G, et al. Fluorescence Imaging In Vivo at Wavelengths beyond 1500 nm. Angew Chem Int Ed
2015;54(49):14758-14762. Copyright 2015, Wiley-VCH. NIR-II, Near-Infrared-II; NIR-I, Near-Infrared-I.

Moreover, SWCNTs were used as imaging contrast agents in the
NIR-IIb window., which reduced tissue autofluorescence and
increased signal-to-noise ratio (SNR) compared to the NIR-IIa window.
Dai et al. developed a modified laser vaporization method to
synthesize fluorescent SWCNT in the NIR-IIb window (Figure 3D)
[50]. This kind of SWCNT can be used as brain vessel imaging at
depths of up to 3 mm through the intact skull of C57Bl/6 mice.
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Surprisingly, the signal-to-background ratios of the NIR-IIb window
were higher than that for the NIR-I and NIR-Ila windows, suggesting
that the minimized photon scattering and higher SBRs in the NIR-IIb
region.

Quantum Dots (QDs)
The tunable emission wavelength, high quantum yield, excellent
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water solubility and ultra-small size make quantum dots ideal
fluorescent nanoprobes in biomedical field [51, 52]. Numerous QDs
can be classified as different formation methods and elemental
compositions. For example, a large number of QDs include the
following classes in terms of elements of different groups: IV (Si, Ge),
IV-VI (PbS, PbSe), III-V (InAs, InSb), II-VI (HgSe, HgTe), I-VI (Ag.S,
Ag,Se, Ag,Te), and I-III-VI (CulnS,, AgBiS,, AgInSe,) etc [10]. NIR-II
QDs can be successfully used as imaging agents for cells, tumor sites,
lymphoid tissues, and blood vessels. Among them, silver chalcogenide
QDs including silver sulfide (Ag,S), silver telluride (Ag,Te), and silver
selenide (Ag,Se), have good biocompatibility because of their low
toxicity components to biological systems [53]. The biocompatibility
of Ag,S QDs can be proved through the labeling of human
mesenchymal stem cells (hMSCs) in vivo by Wang and his co-workers
[54]. The Ag,S could be used as a fluorescent probe with high
sensitivity, in which 1000 Ag,S-QDs labeled hMSCs can be tracked in
vivo. Those Ag,S-QDs marked hMSCs could maintain the fluorescence
intensity for up to 30 days after injection without any interference of
stem cell proliferation. Remarkably, Ag,S-QDs labeled hMSCs’
distribution inliver and lung could be detect dynamically under NIR-II
FL up to 14 days. Moreover, Ag,S QD has been widely applied to
cancer imaging, vessel imaging, and lymphatic imaging [55]. For
instance, Zheng et al. have constructed Ag,S-GOx@BSA-hollow SiO,
based on a novel one-step dual-template synthesis, which could
achieve NIR-II FL and photoacoustic imaging-guided photothermal
therapy (PTT) (Figure 4A-D) [56]. Ag,S QD was synthesized through
the biomineralization approach and can be catalyzed to release Ag* in
the tumor microenvironment to realize ion therapy.

Wang and coworkers reported a novel solvothermal method to
synthesize Ag,Se QDs with emission at 1300nm [57]. Ag,Se QDs are
further performed in the deep tissue imaging of organs and blood
vessels. Compared with traditional fluorescent dye ICG, Ag,Se QDs not
only can track small vessels with a diameter of 123 um, but also show
minimal tissue autofluorescence and deep penetration. However, the
low photoluminescence quantum yield (PLQY) of NIR-II QDs is still a
challenge to researchers compared to visible-emission QDs, whose
PLQY can be near-unity. To solve this issue, Wang and co-workers
recently reported the alloyed QDs with enhanced PLQY in the NIR-II
window (Figure 4E—G) [58]. They synthesized AgAuSe QDs by an
imperative alloying method. The PLQY of AgAuSe QDs could be up to
65.3 % at 978 nm for the first time. Besides this, the lifetime of
AgAuSe QDs is 4.58 ps and the photoluminescence emission is
removed to 1170 nm in the NIR-II biological window. In this synthesis
route, the lattice diffusion of the Au atom in Ag,Se QDs activated the
conversion from Ag,Se to AgAuSe QDs. This novel alloying strategy
exhibited great potential in bioimaging in the NIR-II window.
Furthermore, Wang et al. developed an “off-on” Ag,S QDs to track
peroxynitrite (ONOO ) which originated from the cerebral
vasculature (Figure 4H-I) [59]. To the best of our knowledge, ONOO ~
plays an essential role in the progression of Traumatic brain injury
(TBI). Activatable NIR-II nanoprobes V&A@Ag,S QDs are composed of
a NIR absorber A1094 and VCAM1 binding peptide except for NIR-II
fluorescent emitter Ag,S. A1094 chromophore could be oxidized by
the overload ONOO ™ in the TBI region, and served as an energy
acceptor. The fluorescent Ag,S QDs nanoprobe is “turned off” during
the absorption of A1094. It can be “turned on” only if A1094 is
oxidized by a high ONOO ™~ level in the TBI mice model.

Moreover, many researchers explored novel fluorescent nanoprobes
in the NIR-IIb even NIR-IIc (1700—2000nm) biological window. Dai
and his team reported a sulfide/cadmium sulfide quantum dots
emitting at ~1880nm and detected by a superconducting nanowire
single-photon detectors up to 2,000 nm [60]. NIR-IIc FLI can further
suppress light scattering and visualize mouse scalp/skull/brain
structures accurately. PbS QDs with an emission peak at ~2009 nm
are synthesized via a modified organometallic method. After a CdS
shell grown up outside the PbS core, the emission peak shifted to
~1880 nm. Following tail-vein injection of PbS/CdS QDs into the
mouse, three-dimensional intact mouse scalp/skull/brain could be
seen by NIR-IIc confocal microscopy. Peripheral node address on high
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endothelial venules play an important role in cancer immunological
reaction. This PbS/CdS QDs could mapped out Peripheral node
address on high endothelial venules, which discriminate tumor
molecule such as CD169 and CD3 in a living body. The strategy
enables non-invasive, surgery-free molecular imaging of tumor inside
mouse in NIR-IIc window.

Rare-earth doped nanoparticles (RENPs)

RENPS mainly were constructed with core-shell structure, the core
includes the main substance and dopants, and the undoped host
material wraps the core to be a shell. Due to the rare-earth elements
which exhibit various energy level transitions, RENPs also possess
efficient downconversion NIR-II emission except for the visible/NIR-I
upconversion emission [61, 62]. In recent years, RENPs has been
benefited from diverse emission wavelength, extendable half-lifetime
of luminescence, and nonphotobleaching activity. In 2013, P.V.
Moghe and co-workers suggested the first RENPs for in vivo NIR-II FL
imaging and disease detection [63]. These kinds of RENPs were
synthesized based on a core-shell structure consisting of a
rare-earth-doped NaYF, core and surrounded by an undoped NaYF,
shell. Through doping the NaYF, with different RE elements such as
ytterbium (Yb), erbium (Er), holmium (Ho), thulium (Tm) or
praseodymium (Pr), RENP changed the emission wavelength
remarkably. This kind of novel RENP nanoprobes could realize tumor
imaging with tunable emission wavelength and higher detection
sensitivity. Furthermore, Cheng’s group developed a DSPE-PEG coated
RENP for bone disease imaging because its unique affinity to
hydroxyapatite (Figure 5A—C) [64]. Besides skeletal system mapping,
RENPs@DSPE-mPEG has been successfully applied to the lymph nodes
and blood vessels imaging in vivo.

The luminescence of RENPs can be enhanced by alkaline metal
dopants such as Na*, K™ or Zn2* and Mn®’. Recently, Dai and
co-workers developed a novel kind of NaYF, downconversion NPs
through doping Zn®" ions into the cubic-phase a-ErNPs for tumor
imaging (Figure 5D—G) [65]. The downconversion NPs achieved a
total 11-fold luminescence by enhancing multi-phonon relaxation and
reducing crystal field symmetry. This work developed an ultra-bright
Zn** ion doping downconversion Er NPs for NIR-IIb FL for the first
time. In addition, Tian et al. constructed a multifunctional lanthanide
NP coated with liposome, which exhibits three emission wavelengths
of fluorescence including NIR-II, NIR-Ila and NIR-IIb under the
excitation of 808 nm at the same time [32]. The lanthanide NPs
synthesized by a thermal decomposition method, Yb**/ Er** ion pair,
Yb** ion, and Nd** ion located in their core, the second and the third
shell, respectively. Due to the different lanthanide elements having
diverse excited states and energy transfer processes, the NPs display
three fluorescence emission peaks situated at 1064 nm, 1325 nm and
1542 nm corresponding to NIR, NIR-Ila and NIR-IIb biological
windows. Then, the outermost liposome shell was used to improve
biocompatibility and water solubility. Notably, the nanoprobes can
detect the brown adipose tissue without any targeting molecules, for
which the brown adipose tissue is related to many metabolic diseases.
The RE nanoprobes could also be used for circulatory system imaging
and intraoperative image-guided surgery. In this way, it is of great
importance to develop RENPs as multifunctional NIR-II FL nanoprobes
in the diagnosis of many diseases.

Metal Nanoclusters

Metal nanoclusters are composed of different metal atoms with
specific spatial coordination. Metal nanoclusters are famous for
ultra-small sizes around 1-3 nm and tunable atomic structures. Metal
nanoclusters can be divided into gold clusters and silver clusters
according to the type of the primary element. It can also fall into
different groups such as mono-metallic clusters, bimetallic clusters
and polymetallic clusters. Since gold nanoclusters are reported for
their unique luminescence, it is of great importance to develop a gold
clusters with stable atomic spatial coordination and NIR-II
fluorescence [66]. Xie et al. demonstrated an Au nanoclusters are
synthesized by a novel method which is the thiolated-protected Au
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Figure 4 (A and B) TEM images of Ag,S-GOx@BHS NYs at varied magnifications, where the inset is the size distribution. (C) In vivo NIR-II FL
imaging (yellow circled tumor region) after intravenously injecting Ag,S-GOXx@BHS at varying points in time (200 L, 500 ug mL~"). The enlarged
imaging of the hind limb region in (C) at 1 min. (D) NIR-II FL imaging of the isolated organs/tumor. Reproduced with permission. Hong G,
Robinson JT, Zhang Y, et al. In Vivo Fluorescence Imaging with Ag,S Quantum Dots in the Second Near-Infrared Region. Angew Chem Int Ed
2012;51(39):9818-9821. Copyright 2020, American Chemical Society. TEM images of (E) Ag,Se and (F) AgAuSe QDs. (G) AC-HAADF-STEM images
and corresponding EDS mappings. Reproduced with permission. Yang H, Li R, Zhang Y, et al. Colloidal Alloyed Quantum Dots with Enhanced
Photoluminescence Quantum Yield in the NIR-II Window. J Am Chem Soc 2021;143(6):2601-2607. Copyright 2021, American Chemical Society.
(H) Time course of NIR-II fluorescence images of the same mouse intraperitoneally injected with FEAD1 (I) The tumor-to-background ratio plotted
as a function of time for NIR-II images. Reproduced with permission. Ling S, Yang X, Li C, et al. Tumor Microenvironment-Activated NIR-II
Nanotheranostic System for Precise Diagnosis and Treatment of Peritoneal Metastasis. Angew Chem Int Ed 2020;59(18):7219-7223. Copyright 2021,
American Chemical Society. NIR-II, Near-Infrared-II; NIR-I, Near-Infrared-I.
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Figure 5 (A) Schematic illustration of the uptake of RENPs@DSPE-mPEG into circulating leukocytes and the schematic illustration of the
RENPs@DSPE-mPEG structure with the dual NIR-II 1064 nm and NIR-Ila 1345 nm emission under 808 nm laser excitation. (B) TEM images of
RENPs@DSPE-mPEG (background is yellow; DSPE-mPEG coating is red, and RENPs are blue). (C) In vivo NIR-II imaging of C57BL/6 mice (n = 3)
bone in the NIR-Ila 1345 nm and NIR-II 1064 nm windows. In vivo fluorescence of the whole body in (a) prone, (b) supine, and (c) lateral postures
in the NIR-ITa 1345 nm window (1250 nm long-pass filter, exposure time 500 ms) and (g) prone, (h) supine, and (i) lateral postures in the NIR-II
1064 nm window (1064 nm band-pass filter, exposure time 500 ms). Scale bar: 10 mm. High-magnification bone NIR-II imaging of the (d and j)
spine, (e and k) hindpaw digits, (f and 1) rib in the NIR-IIa 1345 nm window (1250 nm long-pass filter, exposure time 500 ms) and the NIR-II 1064
nm window (1064 nm band-pass filter, exposure time 500 ms). Scale bar: 5 mm. Reproduced with permission. He S, Chen S, Li D, et al. High
Affinity to Skeleton Rare Earth Doped Nanoparticles for Near-Infrared II Imaging. Nano Lett 2019;19(5):2985-2992. Copyright 2019, American
Chemical Society. (D) Schematic design of core-shell Zn-doped a-ErNPs (left) and corresponding large-scale transmission electron microscopy
image (right, scale bar, 100 nm). (E) Raman spectra of cubic-phase a-ErNPs and our previously reported hexagonal-phase ErNPs34. (F)
Upconversion and downconversion luminescence spectra of a-ErNPs and (3-phase ErNPs. The insets show NIR-IIb luminescence images of these two
nanoparticles in cyclohexane. (G) Simplified energy-level diagrams depicting the energy transfer involved in a-ErNPs on 980 nm excitation.
Reproduced with permission. Zhong Y, Ma Z, Wang F, et al. In vivo molecular imaging for immunotherapy using ultra-bright near-infrared-IIb
rare-earth nanoparticles. Nat Biotechnol 2019;37(11):1322-1331. Copyright 2019, Springer Nature. NIR-II, Near-Infrared-II; NIR-I, Near-Infrared-I;
NIR-IIa, Near-Infrared Ila; RENPs, Rare-earth doped nanoparticles.
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complexes can be reduced by strong reducing agents such as sodium
borohydride and NaBH, or CO [67]. NIR-I FL Au clusters are
composed of different atomic configurations including Au,s, Au,,,
Auys. Following this design route, Zhang’s group presented a bright
thiolate-protected Au,s clusters through a metal ions doping method
and surface ligand modification, whose spectra suggested that the
emission wavelength is located at 1120 nm (Figure 6A—C) [68]. This
novel Au clusters not only could be used in distinguishing
lipopolysaccharides induced brain injury and stroke in vivo through
cerebrovascular NIR-II FLI, but also could detect tumor metastasis
accurately. What’s more, Cheng and co-workers recently synthesized a

kind of glutathione-capped gold nanoclusters Au,5(SG),s, which can
emit NIR-II FL and detect hydroxyapatite (one of the important
components of bone) especially without any bone targeting ligand at
the same time (Figure 6D) [69]. Au,5(SG) could accumulate in the
spine, knee and pelvis. Notably, the Au clusters were not gathered in
the liver and spleen because of their ultra-small size, which could
excrete from the body quickly after injection. Bawendi group first
synthesized Au clusters capped by lipoic acid-based sulfobetaine for
blood vessels imaging [70]. Through different surface modifications,
AuNCs with excellent stability under versatile physiological conditions
and rapid renal clearance have been synthesized.

} 1.70+0.13
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Figure 6 (A) Crystal structure of gold clusters with 25 gold atoms as core and 18 sulfur atoms. (B) Typical TEM image of gold clusters with an
average size of 1.8 nm. (C) Size distribution of gold clusters obtained from TEM image. Reproduced with permission. Liu H, Hong G, Luo Z, et al.
Atomic-Precision Gold Clusters for NIR-II Imaging. Adv Mater 2019;31(46):1901015. Copyright 2019, Wiley-ACH. (D) a) along the long axis
(middle) and the muscleless knee included small part of femur and tibia (right). b) NIR-II fluorescence imaging of the above bones (1000 nm
long-pass filter, exposure time 800 ms) showed obvious fluorescence in spinal processes, vertebral vertebrae, distal femur, and proximal tibia. c)
NIR-I fluorescence imaging showed no fluorescence even in skinless mouse because of the limited fluorescence penetration. Fluorescence could be
displayed only after fully exposing the bones (exposure time 2.5 s, binning-medium, F/stop-2, Excitation 640 nm, Emission ICG channel, lamp
level-high and FOV-B). d) Another sacrificed and skinless mouse at 24 h p.i. of AuNCs (exposure time 1000 ms) showed obvious fluorescence in
spinal processes (arrowhead), spinal pedicle (arrow) (left image), and all bony structures including ribs, scapula (asterisk), head of humerus (oval),
elbow joint (square), and femoral head (triangle). Bar: 10 mm. Reproduced with permission. Li D, Liu Q, Qi Q, et al. Gold Nanoclusters for NIR-II
Fluorescence Imaging of Bones. Small 2020;16(43):2003851. Copyright 2020, Wiley-VCH. NIR-II, Near-Infrared-II; NIR-I, Near-Infrared-I.
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Besides Au clusters, Ag clusters can also show NIR-II fluorescence
remarkably. For instance, Pradeep et al. described a new solid-state
method to synthesize Ag-S nanoclusters under the protection of
phosphine and hydrides, and the Ag-thiolate cluster is reduced by
sodium borohydride (NaBH,) [71]. Later, the discovery of bimetallic
nanoclusters provided an opportunity to substitute the gold atoms in
the Au-M (such as Pd, Pt, Ag, and Cu) structures. This mono or
bimetallic or multi-metallic nanoclusters now can be used in chemical
catalysis or sensing, optical imaging, biological labeling and drug
delivery [72].

Organic nanoprobes

Aggregation-induced Emission (AIE) Luminogens
AlE is a kind of phenomenon which refers to a series of fluorophores
showing weak fluorescence except for in aggregation state in the
molecular structure. Therefore, AIE luminogens in NIR-II biological
window allow for application at a high concentration demonstrating
high spatial/temporal resolution and high signal-to-noise ratio.
Various molecular acceptors including
6,7-diphenyl-[1,2,5]thiadiazolo[3,4-g]quinoxaline and
benzobisthiadiazole (BBTD) are applied in the structure broadly [73].
BBTD is one of the electron deficient segments, which has been
widely exploited as an important building part for
donor-acceptor-donor (D-A-D) configuration [74]. Recently, Ma’s
group introduced the Se and amino groups into the BBTD skeleton,
which could shift the maximal wavelength in the NIR-II window to
more than 1200nm (Figure 7A—C) [75]. In this way, prepared FM1210
in this study could be utilized to detect tumors and their vasculature in
mice with high resolution and signal-to-background. In addition, Dai
and co-workers synthesized a BBTD-based NIR-II organic dye p-FE by
constructing the shielding unit-donor-acceptor-donor-shielding unit
structure (Figure 7D—F) [43].The introduction of shielding unit into
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the molecular skeleton reduced intermolecular interaction, which
improved fluorescence QYs further. This novel NIR-II organic dye
exhibited high resolution and SNR both in vitro and in vivo, which
guided brain vessels imaging in mice well. Later, Tang et al.
synthesized an AIE gen while BBTD as an acceptor, which could
accumulate in the mucosa and submucosa layers and detect the degree
of inflammatory bowel diseases [73]. Furthermore, Tang group also
developed a novel AIE dye based on BBTD core and a method of
“backbone distortion and molecular rotor.” The fluorophores’ tail
emission extended to 1590 nm and maximal absorption was located at
710 nm [76]. This kind of AIEgen with brain-targeting ApoE could be
utilized in NIR-IIb orthotopic glioblastoma imaging. The study showed
that AIEgen based on BBTD exhibited remarkable advantages in brain
blood vessel imaging and lymph node imaging, could be applied in
clinical surgery and therapy.

Dipyrromethene Boron Difluoride (BODIPY) Fluorophores

BODIPY-derived structure is a kind of D-A-D configuration, which is
endowed with excellent fluorescent QYs and chemical stability in
water [77]. Recently, many researchers introduced nitrogen atoms
into the BODIPY skeleton to form aza-BODIPY, which allowed this
compound with red-shift absorption and emission wavelength
together [78]. Then, Huang and his colleagues developed a series of
synthesis methods to acquire a class of D-A-D based and tunable
photophysical aza-BODIPY derivatives (NJ960, NJ1030, and NJ1060)
(Figure 8A—C) [79]. Thanks to the electron-deficient properties of
aza-BODIPY, researchers could bind it to the electron-donating groups
such as 4-anisoly groups, forming the typical D-A-D structure. With
the help of the intramolecular charge transfer effect of the D-A-D
structure, a large emission peak red-shift to the NIR-II window could
be observed. J-aggregates are well-known for their red-shifted
absorption and increased fluorescence QYs and enhanced
photoluminance properties, which play a vital role in constructing of
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Figure 7 (A) Structures of NIR-II Fluorophores FM1210 and CF1065 (Control). Fluorescence spectra of (B) FM1210 and (C) CF1065 under the
excitation of 980 and 808 nm, respectively. Insets (from left to right: CH,Cl,, MeOH, DMSO, PBS) are NIR-II fluorescence images of FM1210 and
CF1065 with exposure time of 20 ms, respectively. Reproduced with permission. Fang Y, Shang J, Liu D, et al. Design, Synthesis, and Application of
a Small Molecular NIR-II Fluorophore with Maximal Emission beyond 1200 nm. J Am Chem Soc 2020;142(36):15271-15275. Copyright 2020,
American Chemical Society. (D) Absorption and emission spectra (excited by an 808 nm laser) of p-FE in PBS buffer. (E, F) High-magnification
fluorescence imaging of brain, hindlimb, and belly of the mouse through collection of fluorescence emitting above 1100 nm with low exposure time
of 2 ms (E) and above 1300 nm with exposure time of 20 ms (F). Reproduced with permission. Wan H, Yue J, Zhu S, et al. A bright organic NIR-II
nanofluorophore for three-dimensional imaging into biological tissues. Nat Commun 2018;9(1):1171. Copyright 2018, Springer Nature. NIR-II,

Near-Infrared-II.
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Figure 8 (A) Fluorescence maxima of selected NIR-II dyes and chemical structures of polymethines, BBTDs, NJ960, NJ1030, and NJ1060. (B)
Particle size distribution of NJ1060 NPs measured by dynamic light scattering with a mean diameter of 90 nm and a PDI of 0.137. Inset: TEM
images of NJ1060 NPs. (C) Normalized absorption and emission spectra of NJ1060 NPs in PBS solution. Reproduced with permission. Bai L, Sun P,
Liu Y, et al. Novel aza-BODIPY based small molecular NIR-II fluorophores for in vivo imaging. Chem Commun 2019;55(73):10920-10923. Copyright
2019, Royal Society of Chemistry. (D) NIR-II fluorescence imaging of blood vessels in brain and hindlimb of PCP-BDP2 NPs and ICG, respectively.
The quantification of fluorescent signals at the cross-section in hindlimb and brain (along the red-dashed line), respectively. The results are
representative of three independent experiments. (E) Chemical structures of PCP-BDP1, PCP-BDP2, Ph-BDP1, and Ph-BDP2. (F) Fluorescence
spectra of PCP-BDP2 in diluted dichloromethane solution (10 uM) (black line, “M” refers to monomer), THF-water binary solvents (10 uM, 1:9, v/v)
(red line, J1-band), and the crystalline powder (blue line, J2-band). Reproduced with permission. Li K, Duan X, Jiang Z, et al. J-aggregates of
meso-[2.2]paracyclophanyl-BODIPY dye for NIR-II imaging. Nat Commun 2021;12(1):2376. Copyright 2021, Springer Nature. NIR-II,

Near-Infrared-II; BBTD, benzobisthiadiazole; PCP, paracyclophane.

organic fluorescent molecules. To date, there are many reports
concerning BODIPY-derivatives J-aggregates, the question of
aggregation-caused emission quenching is still challenging. Liu and
coworkers reported BODIPY-based J-aggregates by introducing
paracyclophane (PCP) group to the meso-position of BODIPY (Figure
8D-F) [80]. The formed PCP-BDP2 compound showed both NIR-I and
NIR-II emission peaks when in its aggregation state. However, it
exhibited only NIR-II emission when in its crystalline state. PCP-BDP2
could also show excellent NIR-II imaging properties. In this study, the
PCP-BDP2 was utilized to image the cerebral vasculature and
hindlimb vessel. Only after 5 minutes of injection, the blood vessels
could be visualized in the fluorescence picture. Recently, Liu et al.
reported a fluorescent probe based on BODIPY that could be activated
by H,S in vivo [81]. The emission of these series of nanoprobes’
emission peaks located from 925 to 1205 nm because of the
n-conjugated skeleton and enhanced electron-donating ability. By
introducing a donor group into the BODIPY, the emission wavelength
region was further lengthened to 1205 nm. In addition,
4-nitrothiophenol was introduced to the BODIPY scaffold, which acted
as the fluorescence quencher and could be recognized by H,S through
a nucleophilic substitution reaction and turned on the NIR-II FL. With
the help of specific recognition of H,S, the formed WH-3 could be
applied in the H,S-abundant tumor site. The BODIPY-based
nanoprobes could detect the fluctuation of endogenous H,S in tumors,
which could be further used to verify the relationship between H,S
fluctuation level and tumor proliferation stage.

Cyanine Dyes

Compared with D-A-D fluorophores, methylene bonds connecting two
indoleamine groups formed the typical cyanine structure, which is
easy to synthesize [82]. However, cyanine molecules are limited due
to their chemical instability and high concentration-induced
quenching problem [83]. The mechanism of distorted intramolecular
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charge transfer contributes to the fluorescence of cyanine dyes. ICG as
one of the typical NIR-I cyanine molecules, has been approved by FDA
for clinical applications. Many researchers have discovered that ICG
had a tail emission in the NIR-II window [15]. Which means ICG and
its derivates such as IR-820, IRDye800CW and IR-783 have potential
in NIR-II FL imaging [83-85]. Hong et al. reported a NIR-II cyanine
derivate by substituting oxygen atom for sulfur atom on the
polymethine skeleton, whose emission wavelength is located at
~1125 nm and extended to 1400 nm (Figure 9A-C) [86]. Cyanine
dyes show bright NIR-II FL during the detection of main vessels in the
abdomen of C57BL/6J mice. To solve chemical instability and worse
water-solubility, Zhang and co-workers developed a series of stable,
high QYs and anti-solvent quenching cyanine fluorophores, which an
emission wavelength could up to 1008 nm (Figure 9D-F) [87]. What’s
most interesting is that with the introduction of the carboxylic acid
group, the cyanine fluorophores could achieve activatable NIR-II FL
through spirocyclization reaction. In the study, the cyanine
nanoprobes show real-time monitoring of ATP levels in the
drug-induced liver injury’s Kunming mouse model. Furthermore,
J-Aggregates of cyanine dyes were reported by Zhang’s group, which
could emit NIR-II FL beyond 1300 nm in the diagnosis of blood disease
(Figure 9G-I) [88]. The mouse carotid artery could be observed to
expand from 370 to 680 um under the monitoring of NIR-II FL
imaging.

Semiconducting polymer nanoparticles (SPNs)

Compared with other organic molecules, SPNs are composed of
multiple hydrophobic m-conjugated semiconducting polymer
backbones and amphiphilic monomer matrix, which the
building-block monomers for polymerization determined the SPNs’
bandgaps [89]. What’s more, SPNs’ optical properties are independent
of their size and morphology [90]. Recently, Pu and co-workers
developed a dual peak absorption nanoprobe, which is composed of a
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Figure 9 (A) Design strategy of small-molecule fluorophores with both excitation and emission in the NIR-II window. (B) Chemical structures of
5L5, 5H5, 616, and 6H6. (C) NIR-II and NIR-IIa imaging of blood vessels around and within the nude mouse tumors under ~100 mW cm ™2 808 nm
laser irradiation and 1000LP filter (middle, 100 ms exposure time), or ~100 mW cm ™% 1064 nm laser irradiation and 1320LP filter (right, 500 ms
exposure time). Reproduced with permission. Ding B, Xiao Y, Zhou H, et al. Polymethine Thiopyrylium Fluorophores with Absorption beyond 1000
nm for Biological Imaging in the Second Near-Infrared Subwindow. J Med Chem 2018;62(4):2049-2059. Copyright 2018, American Chemical
Society. (D) Structure of the reported NIR-II cyanines. (E) Rational design of the novel NIR-II cyanine fluorophores NIRII-RT1-4. (F) Real-time
images of NIRII-RT-ATP in livers of mouse simulated with saline or APAP (300 mg/kg) at different time points. Reproduced with permission.Ren T,
Wang Z, Xiang Z, et al. A General Strategy for Development of Activatable NIR - II Fluorescent Probes for In Vivo High - Contrast Bioimaging.
Angew Chem Int Ed 2020;60(2):800—805. Copyright 2021, Wiley-VCH. (G) Structure of FD-1080 and DMPC. (H) Normalized absorption (solid lines)
and emission (dashed line) of FD-1080 monomer and J-aggregates. (I) Images of brain and hindlimb vessels achieved by J-aggregates in varied
regions. Reproduced with permission. Sun C, Li B, Zhao M, et al. J-Aggregates of Cyanine Dye for NIR-II in Vivo Dynamic Vascular Imaging beyond
1500 nm. J Am Chem Soc 2019;141(49):19221-19225. Copyright 2019, American Chemical Society. NIR-II, Near-Infrared-II; NIR-IIa,
Near-Infrared Ila.

semiconducting copolymer including two parts exhibiting absorption
both in NIR-I and NIR-II biological windows, respectively (Figure
10A-C) [91]. These SPNs could be utilized for deep-tissue tumor
NIR-II PTT and provide an opportunity to compare results between
NIR-I PTT and NIR-II PTT. Furthermore, Fan and his colleagues
fabricated a SPNs-based nanoprobe for NIR-II imaging-guided
PTT/thermodynamic therapy combination therapy (Figure 10D-F)
[92]. The compound is synthesized by encapsulating a NIR-II
fluorescent SP molecule into an amphiphilic copolymer, then loading
up the SPN with an azo compound,
2,2’-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride via an
electrostatic reaction. After injection of this compound into
tumor-bearing mice model, the tumor can be visualized under NIR-II
FL. However, due to the strong intermolecular n-ntstacking interaction,
the emissions of aggregated SPNs are frequently quenched. Tang et al.
designed enhanced brightness NIR-II SPNs with structure
planarization and twisting [93]. While the planar segment assured
high absorption efficiency and the twisted segment ensured high
photoluminescence QYs. Fabricated pNIR-4 NPs showed an emission
peak at 1040 nm and the tail emission extended to NIR-IIa biological
window. The SPNs nanoprobe could verify the distribution in blood
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vessels of the mouse brain and hindlimb with increased SBR and high
resolution. In addition, the pNIR-4 NPs could also be utilized to
instruct tumor surgery resection and guide intraoperative resection
plans.

Conclusion and outlook

Over the past decades, we have witnessed remarkable progress in
biological imaging in the NIR-II window. Lower extinction coefficients
of biological tissues in the NIR-II window enable reduced photon
scattering and diminished tissue autofluorescence. NIR-II FLI with
unparalleled spatial and temporal resolution requires investigation of
multifunctional and efficient nanoprobes (inorganic/organic
nanoprobes). Therefore, the NIR-II fluorescent nanoprobes could
establish pathological association between biological and molecular
level. Many strategies have been explored for the synthesis and
modification of exogenous nanoprobes with NIR-II absorption and
emission.

Herein, we summarized recent progress in versatile types of
inorganic/organic nanoprobes, including their species, advantages
and applications.
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Figure 10 (A) Schematic illustration of SPNFI-II. (B) DLS profile of SPNI-IIs in 1 x PBS. Error bars indicated standard deviations of three separate
measurements. Inset: Representative TEM image of SPNI-IIs. (C) Fluorescence images of living mice bearing xenograft 4T1 tumors at 0, 6, 10, 24,
30, 36, 48, and 96 h after systemic administration of SPNFI-II through tail-vein injection (200 pL, SPI-II 200 ug mL™"). All the fluorescence data
were collected with excitation and emission at 710 and 780 nm, respectively. Reproduced with permission. Jiang Y, Li J, Zhen X, et al. Dual-Peak
Absorbing Semiconducting Copolymer Nanoparticles for First and Second Near-Infrared Window Photothermal Therapy: A Comparative Study. Adv
Mater 2018;30(14):e:1705980. Copyright 2018, Wiley-VCH (D) Schematic illustration for the in vivo NIR-II fluorescence imaging-guided
thermodynamic therapy of ADPPTN. (E) Representative TEM image of ADPPTN. The scale bar represents 100 nm. (F) Representative NIR-II
fluorescence images of tumor-bearing mice at different time points after i.v. injection of ADPPTN (200 pg mL™, 200 pL). The tumor regions are
marked with red circles. Reproduced with permission. Wang W, Zhang X, Ni X, et al. Semiconducting polymer nanoparticles for NIR-II fluorescence
imaging-guided photothermal/thermodynamic combination therapy. Biomater Sci 2022;10(3):846-853. Copyright 2021, Royal Society of

Chemistry. NIR-II, Near-Infrared-II.

Considering numerous advantages of inorganic/organic nanoprobes,
they have exhibited great potential in biomedical applications. Firstly,
the biocompatibility of nanoprobes plays an important role in
preclinical and clinical applications. For instance, the existence of
heavy-metal ions such as Pb2*, Hg2*, Cd2*, and As3™ result in
long-term potential toxicity. To overcome this problem, the surface
modification layer possessed charge and functional groups can largely
determine the fate and toxicity of the nanoprobes in vivo. Besides that,
the surface modification layer cannot be too thick to meet the renal
clearance requirement (<5.5nm). Hence, it is of great importance to
construct biodegradable and size-controllable nanoprobes for NIR-II
biomedical applications. Taking advantage of the biocompatible
nanoprobes, NIR-II FLI could be utilized to detect anatomical
structures accurately and safely (vascular imaging, lymphatic
detection and skeleton imaging), which could discriminate anatomical
structures with higher resolution and deeper penetration depth.
Secondly, stability and effective accumulation in lesions are always
key factors before clinical translation. Most small-molecule organic
fluorophores could be easily metabolized from body before they reach
the lesions compared to inorganic nanoprobes. In addition, many
organic fluorophores with high molecular weight are restricted by
poor stability in physiological conditions, which always results in
severe fluorescence quenching. Strategies to acquire stable
fluorophores structurally should be further explored. Remarkably,
constructing activable organic fluorophores are highly required in
NIR-II FLI. In response to pH, redox conditions and biomolecules, the
activable NIR-II FLI nanoprobes can distinguish and visualize disease
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area from normal structures. Reactive oxygen species and nitrogen
species-activable nanoprobes could be turned-on in specific
pathogenic conditions and visualize disease sites such as colorectal
cancers, rheumatoid arthritis and neurodegenerative disorders.
Biological environment is highly complicated that constituted of many
reactive species. Thus, efforts should be taken to improve a series of
nanoprobes that can respond to different substances and present
differentiable signals in NIR-II FLI

Thirdly, only a few nanoprobes’ emission peaks can extend to the
NIR-IIb window. At present, most NIR-II organic/inorganic
nanoprobes are located in the range of 1000-1200 nm due to
complicated molecular design. Higher SNR and lower tissue
auto-fluorescence could be acquired by NIR-IIb FLI. Hence more
efforts should be made to optimize design strategy and further
structural modification to expand the emission spectrum range. Based
on NIR-II FLI, image-guided surgery and therapy can be carried out in
a non-radiative strategy. Image-guided surgery is conductive to resect
lymph nodes and outline the target tissue accurately, that can be
applied into clinical human surgery in the future.
In conclusion, organic and inorganic nanoprobes hold great promise in
the NIR-II FLI. Each class of nanoprobes has its unique photophysical
and chemical properties, the combination of inorganic and organic
nanoprobes will have more excellent characteristics. Numerous novel
nanoprobes have been investigated in recent years, however, the
biocompatible and high fluorescent QYs nanoprobes that can be
applied to clinical practice still have a long way to go.
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