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Abstract

Ilumination of biological events with near-infrared II sub-channel (NIR-IIb, 1500-
1700 nm) enhances the transparency of biological tissues, which is very attractive for
deep imaging. Due to the long-wavelength, which reduces optical damage, suppresses
autofluorescence, and obviates light scattering, NIR-ITb nanoprobes afford deep tissue
penetration with unprecedented spatiotemporal resolution. Hence, NIR-IIb imaging
facilitates deep learning and decipherment of biological proceedings in living organ-
isms with astounding high clarity. In comparison to its predecessors in the visible-near-
infrared spectrum, imaging in the NIR-IIb has shown great potential for tissue imaging
and extrapolating imaging applications for clinical studies. However, the use of organic
fluorescent nanoprobes (OFNPs) in the NIR-IIb region is still rare since it is in its early
stages. Thus, herein we aim to survey the recent development of different organic fluores-
cent nanomaterials with NIR-IIb characteristics, their unique photophysical properties,
and their utilization in deep imaging in animal models. Further, practical researches on
organic fluorescent nanoprobes with NIR-IIb emission and their transition to clinical
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1 | INTRODUCTION

Up to date, obtaining details of biological events in a whole-
some noninvasive approach in living organisms is still a
great challenge.l'! Even though over the years, scientists
have made substantial progress to enable whole-body imag-
ing by unraveling the thorny resolution/penetration conun-
drum using tomographic imaging modalities like computed
tomography (CT), Ultrasound imaging (US), Single-photon
emission CT (SPECT), magnetic resonance imaging (MRI),
and Positron emission tomography (PET).[?] For anatomical
imaging, CT, US, or MRI are usually preferred at a clinical
level. These different techniques have advantages and disad-
vantages. For example, ultrasound images acquired based on
acoustic resistance between tissues boundaries, are character-
ized by high spatiotemporal resolution, limited depth pene-
tration of between 10 and 150 mm, and low contrast.*] As for

applications are highlighted.
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X-ray CT, images are based on X-ray reduction by different
tissues and are characterized with excellent spatial resolution,
unlimited depth penetration of >500 mm, and low sensitivity
for soft tissues. Thus, the technique is preferentially used for
imaging bones.[*] For MRI, images are acquired using emit-
ted radio frequency signals and strong magnetic fields which
affords unlimited depth penetration >500 mm, high spatial
resolution, and low sensitivity.[5 ] Although this model has a
lower spatial resolution than CT, it is more suitable for soft tis-
sue imaging. For PET and SPECT, images are acquired using
radioisotopes-labeled agents, the difference being the use of
single-photon emitting isotopes in SPECT. In addition, PET
is superior to SPECT and more expensive. In terms of advan-
tages both display unlimited depth penetration (>500 mm),
high sensitivity(pM-nM), low spatial resolution (<2 mm),
and minimal anatomical information.[®”! Indeed, many of
these technologies have played a crucial part in transforming
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prognosis and clinical treatment.!* "1/ Nevertheless, precision
with great sensitivity and maximum spatiotemporal resolu-
tion, is still a major hindrance to their application for in vivo
imaging. Thus, photoluminescence imaging strategies such
as optical fluorescence imaging that offers elevated sensitivity
and high spatiotemporal resolution in a non-invasive whole-
some manner at a low cost are preferred.!"!) Furthermore, it
permits the visualization of multiple biological events in living
animals due to its large optical window (400-2500 nm).['13]

Since its introduction in studying life processes, fluo-
rescence imaging technology has metamorphosized into
a mainstay in basic research and tremendously aided in
broadening our apprehension of the intriguing complexity of
biological processes that dictate life in living organisms.!'*17]
Hence, fluorescence imaging plays an instrumental role in
transforming fundamental biological research and biomedi-
cal research at the preclinical and clinical levels.!'®!°) Despite,
all its success at a cellular level and its appeal to enable
whole-body imaging, its transition to in vivo visualization
has often been impeded by an opaque barrier caused by
biological tissues.[292 Tissues have the inclination to absorb,
disperse photons, and cause strong autofluorescence. Thus, in
vivo imaging with traditional channels often results in a low
signal/background ratio and limited biotissue penetration
depth.[*?] This is also exacerbated by the fact that these biolog-
ical tissues also contain other constituents that absorbs pho-
tons in the Near-infrared region which further obscures the
interrogation window of optical fluorescence imaging in both
ultra-violet-visible and infrared wavelength spectrum.[?’]
Hence, the expansion of novel fluorescent probes and imag-
ing technologies that can non-invasively overcome biotissues
barriers are needed to facilitate the deep learning of biological
processes.[24’26] Hitherto, superior imaging instrumentations
such as two- and multi-photon microscopy,!*”-**] light-sheet
microscopy,!>**] confocal microscopy,!*!! optical coherence
tomography,*?] and fluorescence-mediated tomography!**]
have been reported to be applied for in vivo imaging in the sec-
ond near-infrared window. Contemporaneously, on the other
hand, to faithfully increase tissue depth penetration with a
high signal/background ratio more emphasis has been shifted
to pursue the development of superior fluorescent probes
with long-wavelength in the Near-infrared-II region with
high photoluminescence quantum yield, high optical stability,
and high biocompatibility.**] To a large extent, this has been
facilitated by the rapid expansion of nanotechnology over
the last three decades.**! Novel fluorescent nanoprobes with
NIR-II characteristics (1000-1700 nm) exhibiting better opti-
cal properties such as scanty optical scattering and almost zero
autofluorescence are available, enabling unprecedented deep
visualization of biological events with super-resolution.*°]
In contrast to their traditional counterparts in the UV-
Vis/Infrared spectrum or Near-infrared I, Near-infrared II
fluorescent nanoprobes have long wavelengths that display
impressively high brightness, excellent optical stability, and
high absorption coefficients. Furthermore, they are endowed
with a large surface area which provides a platform for their
functionalization/optimizing targeting, leading to the appli-

cation of these novel hybrid nanomaterials in bio-sensing
tracking, biomedical research, and bionanotechnology.!*-%]

Near-infrared II/shortwave-infrared window (NIR-
II/SWIR) which is also widely known as the transparent
biological window can broadly be classified into two groups,
Near-infrared IIa (1000-1300 nm) and Near-infrared IIb
(1500-1700 nm) window.[**] This is due to the vibrational
overtone of water at either 1444 or 1944 nm. Thus even
though imaging in the Near-infrared sub-channel provides
the required deep penetration for deep learning, there is
also the problem of increased optical attenuation due to the
increased water absorption of the region. Nonetheless, the
biological tissue attenuation coefficients are much low in the
NIR-IIb (1500-1700 nm) region than in the other regions,
leading to deeper biotissue penetration and scanty autoflu-
orescence. This results in a high signal-to-noise ratio (SNR)
which in turn facilitates deep learning of biological events
in the NIR-IIb spectrum. However, fluorescent probes with
NIR-IIb emission are few and are currently in a developmental
stage. In recent years, substantial breakthroughs have resulted
in much improved NIR-IIb fluorescent nanoprobes revamp-
ing their utilization in deep learning of the proceedings in
biological tissues, in vivo blood flow tailing, whole-body
vasculature imaging, brain vasculature monitoring, tumor
recognition, and image-guided treatment.[**-4!]

Herein, we succinctly focus on the recent progress of
the different organic fluorescent nanomaterials with NIR-IIb
emission, their unique optical properties, and their applica-
tion in deep learning in animal models in the NIR-IIb win-
dow (Figure 1A). Lastly, perspectives on the latest challenges
and potential future research based on NIR-IIb fluorescent
nanoprobes will also be presented.

2 | DEEP IMAGING WITH SECOND
NEAR-INFRARED SUB-WINDOW (NIR-IIB)

In the last three decades, the search for fluorescent probes
with long-wavelength has spearheaded the discovery of bet-
ter organic probes such as conjugated polymers, cyanine
dyes, and small molecules fluorophores which can be uti-
lized for NIR-II imaging. The application of NIR-II imaging
has tremendously contributed to the advancement of funda-
mental research and biomedical field.[*>**] Nonetheless, deep
imaging with organic fluorescent nanoprobes in the NIR-II
region is unsatisfactory and quite challenging due to insuf-
ficient long wavelength, poor optical properties (low stabil-
ity, and fluorescence quantum yield), or difficult synthesis of
organic fluorescent probes.!“*] Nevertheless, their application
for in vivo imaging is more attractive as compared to their
inorganic counterparts such as carbon nanotubes and quan-
tum dots. Organic fluorescent nanoprobes are more prone to
eradication from the body without a hitch, which makes them
have less long-term toxicity and are more suitable for transla-
tion to theranostics application.[*’]

Light penetration in biotissues is wavelength-dependent,
therefore, using longer wavelength in the near-infrared II
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FIGURE 1

(A) Organic fluorescent nanoprobes (OFNPs) with NIR-IIb emission positioned by their corresponding maximum tail emission (A5 em)

along the electromagnetic spectrum windows. (B) Schematic diagram of in vivo fluorescence imaging of photon-biotissue interactions in different windows

spectrum translates to reduce photon-tissue interactions
(Figure 1B). In addition, the wavelength is also inversely pro-
portional to the scattering coeflicient. Thus, generally, imag-
ing using longer wavelengths enables deep penetration of pho-
tons by counteracting photon loss associated with scattering
and photon absorption in bio-tissue. This facilitates the acqui-
sition of top-notch image quality of deep-buried events in
vivo. Although previously imaging in the NIR-IIa region out-
performed imaging in the UV-Vis-NIR-I window, it still par-
tially suffered from photon dispersion and autofluorescence in
biological tissues leading to suboptimal depth penetration and
resolution. Meanwhile, imaging beyond the 1500 nm region
with NIR-IIb fluorescent nanoprobes has afforded optimal
depth penetration and high spatiotemporal image resolution
owing to the longer wavelength that causes suppression of
biotissues autofluorescence and light attenuation caused by
light scattering and absorption.[“°! This has permitted the
acquisition of unprecedented real-time high-quality images
(Figure 2A,B).l*7] Therefore, the NIR-ITb window is consid-
ered to be the best optical biologic window for deep imag-
ing compared to previous windows due to its higher penetra-
tion depth and higher resolution (Table 1).148] Furthermore,
imaging beyond 1800 nm is impeded by high light attenua-
tion because of increased vibrational overtone caused by lig-
uid water[#2] Consequently, the utilization of the NIR-IIb win-

dow has made remarkable progress in the acquisition of bet-
ter image quality in numerous bioimaging applications such
as vasculature imaging, in vivo blood circulation tracing, and
brain vasculature imaging.

2.1 | Deep imaging using NIR-IIb organic
nanoparticles-based fluorescent probes in small
animals

Organic fluorescent fluorophores in the second near-infrared
sub-channel can be classified mainly into two groups. The
polymethine (cyanine) and small molecules with donor-
acceptor-donor (D-A-D) structure ﬂuorophores.[49] Their
fluorescence is governed by their energy bandgap which is
closely associated with their conjugated m systems, hence
a grasp of the structure-photophysical property relationship
is fundamental in developing superior organic fluorescent
nanoprobes.!°**!] Therefore, researchers have endeavored to
fine-tune their functionality and photophysical properties via
structural engineering and synthetic routes to extrapolate the
spectrum range of NIR-I (700-900 nm) or NIR-IIa (1000-
1300 nm) into NIR-IIb (1500-1700 nm).!*>**) In this review,
we focus chiefly on recently reported organic fluorescent
nanoprobes that facilitate NIR-ITb imaging.!4>5%°]
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FIGURE 2 (A) Fluorescence images of mice cerebrovascular (n = 3) without craniotomy in different NIR windows. (B) The corresponding

signal-background ratio analysis. Reproduced under the terms of the Creative Commons Attribution 3.0 Unported License with permission.[*”] Copyright

2020, The Royal Society of Chemistry

TABLE 1 Penetration depth-resolution performance of fluorescence imaging at different windows

Aspect Visible NIR-I NIR-IIa NIR-IIb

Penetration depth Ex vivo ~2mm 4-7 mm ~10 mm 11-20 mm
In vivo ~0.1 mm 1-3 mm ~4 mm ~3-5mm

Depth-to-resolution ratio In vivo ~5 ~15 ~400 ~700

Source: Reproduced with permission.*! Copyright 2020, American Chemical Society.

2.2 | Polymethine dyes

The polymethine dyes (PMD) are among the brighter organic
molecules due to high molar extinction coefficients and nar-
row energy bandgap and can be bathochromically switched
into the NIR-I channel.°>*’] Extension of the polymethine
chain or heterocycle substitution strategies is common in red-
shifting their emission resulting in fluorescent probes such
as IR26, IR1061, and IR-12N3 with emission extending into
the NIR-II channel.[*®] However, from previous studies, it has
been substantiated that red-shifting via extending the poly-
methine chain can have a negative impact on fluorescence
quantum yield and photostability. Hence, red-shifting of poly-
methine dyes into NIR-II via heterocycle substitutions or
addition of electron-donating constituents is more preferred
for the development of superior bathochromic-shifted probes

such as Flav7 and FD-1080.0°"°°) Thus, these dyes can tail
emit in the NIR-II region exhibiting high extinction coefhi-
cients, high quantum yield (QY), and excellent optical sta-
bilities (Table 2). Recently, studies by Carr’s group demon-
strated that polymethine (cyanine) dye such as ICG, which
was traditionally known to emit in the NIR-I window with a
tail emission in the NIR-II could emit beyond 1500 nm using
powerful advanced SWIR cameras such as the indium gal-
lium arsenide (InGaAs).[°"%?] Thus, repurposing of the NIR-I
dye (ICG) highlighted the importance of fluorophores’ opti-
cal characterization using superior InGaAs CCD detectors to
extend their biomedical application.[®*] Additionally, the ICG
brightness could be enhanced due to improved quantum yield
and peak absorption cross-section in vivo. So far NIR dye
ICG has been utilized in the first-ever tumor-guided surgery
in humans using optical fluorescence imaging.[°] But still,
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TABLE 2 A brief summary of organic fluorophores with NIR-IIb emission
Hydrophilic
Fluorophore modification Abs/Em (nm) Quantum yield? Bioimaging application Ref.
ICG Lipophilic 780-820/1500 9.3% (NIR-I, in Lymphatic, cardiovascular, intestinal [61]
serum) tract tracking, tumor, and
whole-body imaging
FD-1080 J-Aggregates DMPC 1360-1370/1500 0.0545% Vascular imaging and hypertension [65]
monitoring
HQL2 DSPE-mPEGs 710-1050/1500 0.002% Tumor and vessels imaging [77]
HL3 DPPE-5xPEG 750-1050/1550 0.005% Cerebrovascular, lymph node and [47]
whole-body imaging
2TT-Oc26b DSPE-mPEGy 700-1030/1600 0.012% Cerebrovascular, intestinal tract [81]

tracking, and whole-body imaging

*Fluorescence quantum yields of organic fluorophores in the NIR-IIb region as standardized based on IR26 = 0.05% (in 1,2-dichloroethane).

the polymethine dyes are not bright enough beyond 1500 nm.
Thus, more strategies are needed to construct space-age poly-
methine dyes with improved quantum yield and light absorp-
tion coefficient.

In other efforts to improve deep imaging using
polymethine-based probes, Sun’s team developed novel
NIR-II FD-1080 J-Aggregates that were self-assembled from
a mixture of highly order FD-1080 (small molecule dye) and
a lipid bilayer 1,2-dimyristoyl-sn-glycerol-3-phosphocholine
(DMPCQ). This resulted in a superior probe with bathochromi-
cally shifted (~300 nm) absorption and emission of 1360 and
1370 nm, respectively. In comparison to their monomers, the
J-aggregates displayed small stokes shifts of 10 nm, shortened
fluorescence lifetime, and negative circular dichroism signals.
In addition, they exhibited high absorption coefficients of
~0.5 X 10° M~! cm™!, commendable fluorescence quantum
yield of 0.0545%, high hydrophilicity, and better optical
stability when compared with their monomers. Thus, the
usage of FD-1080 J-aggregates enabled deep imaging of the
hind limb and brain vasculature beyond 1500 nm with low
background interference and high spatiotemporal resolution.
Different imaging Windows were used to compare the imag-
ing effects of FD-1080 J-aggregates in vivo. Cerebrovascular
imaging in the NIR-IIb displayed a higher signal background
of 1.2-fold and 3.3-fold increase as compared with imaging
in the NIR-IIa and NIR-II, respectively. At the same time,
the spatial resolution of NIR-IIb (462 um) imaging is also
higher than that of NIR-IIa (482 um) and NIR-II (502 um). In
imaging of the hindlimb vascular system, similar results were
obtained demonstrating superior performance in imaging
beyond 1500 nm in the NIR-IIb window. Based on imaging
the carotid artery and monitoring its width change beyond
1500 nm, the efficacy of Isoket (hypotensor) was also assessed
in hypertensive rats.!®]

2.3 | Small molecules dye with D-A-D
structure

Over the years, small-molecule dye with donor-acceptor-
donor structure pool has expanded exponentially due to

their tunable fluorescence spectra, facile functionalization,
and high quantum efficiency.!®) They include benzo-
bisthiadiazole (BBT), dipyrromethene boron difluoride
(BODIPY), benzo[c][1,2,5] thiadiazole (BSBT), squaraine,
selenadiazolo[3,4-f] and diketopyrrolopyrrole (DPP)-base
fluorophores with NIR-II emission.!”] The synthesis of
small molecules with NIR-IIb wavelength that can facilitate
deep image acquisition with miraculous clarity depends on
the optimization of their photoluminescence fluorescence
quantum yield (PLQY), brightness, and optical stability
(Table 2).l4*) In relation to the energy gap theory, red-shifting
is at the expense of photoluminescence fluorescence quantum
yield. Therefore, the construction of brighter small molecules
with D-A-D scaffolds that can emit in the NIR-IIb window
requires a deliberate effort of balancing quantum yield and
absorption coefficients conundrum. Thus, knowledge and
exploitation of the structure-fluorescence relationship are
also crucial in the red-shifting of small molecule dyes with
the Donor-Acceptor-Donor structure. Just like in poly-
methine dyes, bathochromic shifting via the extension of
7-conjugation in small molecules with a D-A-D structure has
been reported to also be detrimental. The expansion of -7
conjugated networks leads to aggregation and quenching,
which leads to low photoluminescence quantum yields due to
strong intermolecular 7-7 stacking promoting non-radiative
route. %] To surmount this, various structural engineering
strategies have been applied at a molecular and morpho-
logical level such as lodging the molecules with electron
donors/acceptors (D/A) substituents which can increase the
HOMO and decrease the LUMO levels, respectively. The
fabricated molecules have a low energy bandgap that facil-
itates their red-shifting as exemplified by the development
of NIR-IIb fluorescent probes, for example, the BBTD-based
fluorophore CH1055.1°°) But still, most of these fluorescent
probes display unsatisfactory low photoluminescence fluo-
rescence quantum yield in aqueous solutions, hence limiting
their biological application. To salvage this, other molecular
engineering techniques over the years have focused on pre-
venting fluorophores from aggregating, such as introducing
shielding units (S) to synthesize S-D-A-D-S molecules to
improve their water solubility and biological applications, but
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at the expense of absorption coeflicients, causing low bright-
ness and interfering with deep imaging.”>”! In 2001, a group
led by Tang discovered AlEgens that displayed increased
fluorescence upon aggregation due to intramolecular rotation
restrictions that permit the radiative channel while closing up
the non-radiative route when they aggregate.”>74) AIEgens
chromophores exhibited high photoluminescence fluores-
cence quantum yield beyond the traditional 2%. Thus NIR-II
fluorophores with AIE properties such as BPN-BBTD, and
TB1 are inherently brighter, with high quantum yield and
high optical stability.!”>7°]

To expand their repertoire into NIR-IIb, Li’s group
exploited the use of NIR-II fluorophores (Q4) with twisted
D-A architecture and AIE characteristics. They fabricated
two NIR-II fluorophores HQLI and HQL2. To their surprise
upon optical characterization HQL2 displayed high brightness
and high fluorescence quantum yield. HQL2 probes exhib-
ited a maximum wavelength of ~1050 nm with a tail emis-
sion of up to 1600 nm. To extend its bioapplication, HQL2
molecules were encapsulated with an amphiphilic molecule
DSPE-PEG5K endowing them with excellent biocompatibil-
ity and optical stability. Thereafter, HQL2 dots were applied
in dynamic imaging of blood vessels, affording a few mil-
limeters of depth penetration and high clarity in the NIR-IIb
window. The SBR of HQL2 dots was 2.5 times and 1.4 times
higher than that of NIR-II and NIR-IIb regions when visual-
ized in the NIR-IIa window. Also, a higher spatial resolution
was recorded in the NIR-ITa (0.345 mm) as compared with
NIR-II (2.13 mm) and NIR-IIb (0.529 mm). Moreover, upon
monitoring of tumor vascular system using the varied channel
in the NIR-II region, the HQL2 dots could only enable delin-
eation of microscopic tumor vessels in mice in the NIR-IIa
(1320 nm) and NIR-IIb (1550 nm) windows with a high res-
olution of 0.293 and 0.124 mm, respectively.””) Hence, HQL2
dots have clinical applicability in cancer detection, image-
guided surgery, and treatment assessment.

To further improve imaging in the NIR-IIb, Li’s group
developed highly distorted fluorophores HLI-HL3, based
on their previously reported NIR-II probes Q4 and HI,
with a dihedral angle between the acceptor molecule
BBTD and donor molecule 3,4-bis(hexyloxy)thiopene of
~45° 78791 Among the fluorophore, HL3 exhibited a maxi-
mum absorption wavelength of 750 nm and maximum emis-
sion at 1050 nm extending up to 1600 nm. Upon encapsulation
with amphiphilic DSPE-PEGS5K, the resulting HL3 dots had
a quantum vyield of ~0.05% and an absorption coefficient of
9.3 x 10° L mol™! cm™ in an aqueous solution in the NIR-ITb
window (Figure 3A). Furthermore, HL3 dots displayed excel-
lent stability and biocompatibility as long circulation half-life
was recorded. Imaging of the mice blood vessels in the NIR-
IIb (1550 nm) region using HL3 dots exhibited a much higher
SBR of 2.5 as compared to imaging in the NIR-II region using
1000 nm (1.4) and 1250 nm (1.8). Also, a higher spatial resolu-
tion at the varied window was recorded with NIR-IIb 1550 nm
(719 um), NIR-111250 nm (768 um) NIR-I1 1000 nm (777 um)
(Figure 3D). In imaging, the cerebral vasculature system, a
higher SBR (2.4-fold increase) was recorded in the NIR-IIb

window than that of imaging in the NIR-II window. Further-
more, a higher spatial resolution was also documented at NIR-
IIb 1550 nm (562 um), NIR-II 1250 nm (687 pum), and NIR-
II 1000 nm (701 um) (Figure 3E). Thus, HL3 dots can not
only achieve vascular imaging of the whole body or brain but
also achieve high-resolution imaging of small blood vessels.
Hence ,displaying its applicability in investigating biological
processes beyond the NIR-IIb window. Due to the high quan-
tum yield of HL3 dots in the NIR-IIb window as compared
with HQL2 dots.[*”] HL3 dots were able to facilitate contin-
uous monitoring of the lymph node system with minimum
background interference. Thus, proving that NIR-IIb imag-
ing of HL3 dots has the potential to facilitate prognosis and
detection of tumor metastasis at both preclinical and clinical
levels.

Even though through twisted intramolecular charge trans-
fer (TICT) manipulation, fluorophores that can tail emit in
the NIR-IIb region are attainable, they are at the expense of
fluorescence intensity.!**] To overcome this barrier, Tang and
his colleges demonstrated that superior organic fluorescent
probes would be developed by using TICT and aggregation-
induced luminescence illuminators. Thus, through an elab-
orate pathway at a molecular (TICT) and morphological
(aggregate) level, three distorted NIR-II fluorophores with
AIE characteristics were developed. The intermolecular
interactions were lessened to enhance AIE characteristics
while restricting close packing leading to the opening up of
the radiative decay pathway. As a result, red-shifted NIR-II
organic fluorescent probes with maximum photolumines-
cence quantum vyield and brightness were constructed.
Among the newly developed probes, 2T T-0C26B fluorescent
nanoprobe was more twisted with a higher dihedral angle of
~48° between BBTD and thiopene (Figure 4A). Additionally,
it exhibited a long wavelength that was tailed to 1600 nm in
the NIR-IIb region with a photoluminescence quantum yield
(PQY) of 0.12%. In vivo imaging using the 2TT-0C26B NPs,
high-quality photos images of blood vessels were recorded.
Compared with other channels, the NIR-IIb channel dis-
played high resolution in imaging blood vessels, indicating
its applicability in the utilization of assessing the circulatory
system and disease detection (Figure 4C). In addition, it
enabled deep visualization of vascular systems adjacent to the
liver which is difficult using the traditional NIR-II channel
(Figure 4D). The 2TT-0C26B NPs also exhibited a higher
resolution of ~71.6 um in imaging the cerebral vessels which
is similar to imaging using inorganic probes. Furthermore,
delineation of fine intestinal structure with high resolution in
real-time was possible using NIR-IIb channel at depth of ~5
and ~8 mm, respectively. 2TT-oC26B NPs were excreted 24 h
post gavaging, further indicating their capabilities in deep
learning of intestinal diseases in clinic studies.*!]

3 | CONCLUSION AND PERSPECTIVES

In the last decade, fluorescence imaging in the second region
has made tremendous contributions in propelling deep
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learning of biological proceedings in living organisms. This
has led to the emergency of NIR-IIb fluorescent probes
with longer wavelength emission which results in reduced
photon-biotissues interactions, causing less light absorption,
scattering, and tissue autofluorescence. Thus, NIR-IIb imag-
ing enables to obtain images with much deeper penetration,
higher resolution, and better contrast. This state-of-art imag-
ing technology displays great potential for future biological
imaging. However, it’s still at the infancy stage of develop-
ment. Some issues need to be tackled before they can be
widely applied.

First, one of the core challenges revolves around the short-
age of fluorescent probes with an inherent longer wavelength.
The emission wavelength of organic fluorescent probes
depends on their chromophore cores structure. Currently,
most polymethine-based and D-A-D-based probe chro-
mophores are around 1000 nm. Thus, there is a call to further
exploit other organic material-based fluorescent probes to
expand the NIR-IIb probe library.!°”} Secondly, it is notewor-
thy that, the current NIR-IIb fluorescent probes are of unsatis-
factory optical characteristics. To optimize their optical prop-
erties such as brightness in polar solvents is a huge hurdle. The
bottleneck of quantum yield and absorption coeflicient should
be addressed by improving the organic probes in various areas.
For polymethine dyes, extending their chain to lengthen their
emission often results in solvatochromic quenching in an
aqueous solution. Precisely designing of m-systems charge,
branching the chain, heteroatoms substitution, or strengthen-
ing electron-donating constituents would greatly contribute to
their translation into longer wavelength with maximum quan-
tum yield and brightness."*%?] For D-A-D-based dyes, the
addition of electron donors and acceptors w spacers should be
exploited in red-shifting their wavelength. Rational molecular
engineering strategies such as the addition of shielding units
S-D-A-D-S should be endorsed to enhance their quantum
yields and absorption coefficients.!”’! Another strategy may
be to combine twisted intramolecular charge transfer with
aggregation-induced emission for constructing novel fluores-
cent probes.!®!) These will aid in developing novel NIR-ITb
nanoprobes with long-wavelength far beyond 1500 nm, high
quantum yield, and excellent brightness. Thirdly, the lack
of functional constituents to enable facile functionalization
is another obstacle in their utilization for NIR-IIb probes.
Thus, novel strategies should also be developed to facilitate
easy functionalization of the probes which would improve
their targeting ability.[**] Lastly, biocompatibility is also an
important issue for the application of NIR-IIb nanoprobes.
For example, surface coating with amphipathic polymers
such as DSPE-PEG and PS-PEG or serum such as FBS or
HSA has shown potential in improving their biocompatibility
as well as quantum yield. Furthermore, size optimization to
facilitate renal excretion should be put into consideration
to improve their pharmacokinetics when designing new
probes.[*%]

New functional NIR-IIb probes could also be devel-
oped to promote the performance of near-infrared II sub-
window imaging in living organisms. For instance, NIR-IIb

probes usually have only the switch on mode. To optimize
their imaging precision, activatable nanoprobes can be
exploited to visualize physiological processes with a high
signal/background ratio.l***] To improve their capabili-
ties in multispectral imaging, NIR-IIb probes with large
stoke-shift and different spectrums should be designed to
avoid crosstalk. Furthermore, exploiting multifunctional
organic fluorescent nanoprobes that combine NIR-IIb imag-
ing and therapeutic properties is also a good strategy, which
will provide new in vivo theranostics platforms.[*°! Addi-
tionally, NIR-IIb imaging integration with other clinical
techniques needs to be exploited. Incorporating clinical
procedures such as MRI and CT with NIR-IIb imag-
ing would be a great approach to simultaneously obtain
anatomical structure and functional information in living
organisms. This would greatly benefit disease diagnosis and
treatment.!*’]

NIR-IIb organic fluorescent nanoprobes hold great poten-
tial in various areas of research and clinical application. One
application that would greatly benefit from NIR-IIb imaging
advancements is tumor diagnosis and treatment. For precise
tumor diagnosis and effective treatment, tumor development
and metastasis processes need to be comprehensively eluci-
dated. This is not yet possible with the current probes. The
incorporation of NIR-IIb imaging with multispectral imaging
approaches would provide a good platform for decipher-
ing tumor development and metastasis.**) Image-guided
tumor therapy is another area that the NIR-IIb imaging
has immense potential in the future. Its superiority in deep
imaging and commendable spatiotemporal resolution would
greatly aid to improve precision in tumor resection.!®"! Still,
the advancement of NIR-IIb nanoprobes with improved
tumor selectivity would facilitate tumor treatment using pho-
todynamic or photothermal therapies.[”*?!) This will provide
more effective and safer approaches to treat tumors. NIR-IIb
imaging also has immense potential in basic research areas.
For example, till now, it’s not yet feasible to non-invasively
elucidate the embryonic process and organ development
process in living organisms. The employment of NIR-IIb
probes with the incorporation of multispectral imaging
approaches would aid in obtaining the intriguing dynamic
processes of development. The utilization of NIR-IIb imag-
ing can also help to elucidate the dynamic differentiation
and fate of stem cells.[°?] In the neuroscience field, NIR-IIb
imaging also exhibits promising potential. For instance, to
detect ions and neurotransmitters (Ca>*, K*, and dopamine)
that influence neural activity, activatable NIR-IIb probes
will be powerful tools that switch on upon sensing the ions
and neurotransmitters. In addition, NIR-IIb imaging would
facilitate the decipherment of the underlying mechanisms
involved in neurological diseases.!*’] It will broaden our
understanding and promote the development of cutting-edge
therapies.

Allin all, NIR-IIb nanoprobes have a great potential in deep
imaging by overcoming biological tissue impediments, which
can facilitate new explorations in basic research and hasten
their theranostics applications in clinics.



Eeploration | so

ACKNOWLEDGMENTS

Zongqgiang Cui was supported by the Strategic Priority
Research Program of the Chinese Academy of Sciences (no.
XDB29050201), and the National Natural Science Founda-
tion of China (nos. 31925025, 91859108, 21727816). The authors
extend their gratitude to the CAS-TWAS Fellowship Program
and the Chinese Academy of Sciences.

CONFLICT OF INTEREST
Zongqiang Cui is a member of the Exploration editorial board.
The authors declare no conflict of interest.

ORCID
Zonggiang Cui‘® https://orcid.org/0000-0003-1564-272X
REFERENCES

(1]

[2]

(9]
(10]
(1]
(12]
(13]
(14]

(15]
[16]

(17]
(18]

(19]
(20]
(21]

(22]
(23]

(24]

S. Diao, J. L. Blackburn, G. Hong, A. L. Antaris, J. Chang, J. Z. Wu, B.
Zhang, K. Cheng, C. K. Kuo, H. Dai, Angew. Chem. Int. Ed. 2015, 54,
14758.

A. Walter, P. Paul-Gilloteaux, B. Plochberger, L. Sef, P. Verkade, J. G.
Mannheim, P. Slezak, A. Unterhuber, M. Marchetti-Deschmann, M.
Ogris, K. Biihler, D. Fixler, S. H. Geyer, W. J. Weninger, M. Glésmann,
S. Handschuh, T. Wanek, Front. Phys. 2020, 8, 47.

P. A. Dayton, K. W. Ferrara, . Magn. Reson. Imaging 2002, 16,
362.

M. J. Paulus, S. S. Gleason, S. J. Kennel, P. R. Hunsicker, D. K. Johnson,
Neoplasia 2000, 2, 62.

M. S. M. Chow, S. L. Wu, S. E. Webb, K. Gluskin, D. T. Yew, World J.
Radiol. 2017, 9, 5.

S.R. Cherry, S. S. Gambhir, ILAR J. 2001, 42, 219.

S. S. Gambhir, H. R. Herschman, S. R. Cherry, J. R. Barrio, N.
Satyamurthy, T. Toyokuni, M. E. Phelps, S. M. Larson, J. Balatoni, R.
Finn, M. Sadelain, J. Tjuvajev, R. Blasberg, Neoplasia 2000, 2, 118.

D. T. Lauber, A. Filop, T. Kovacs, K. Szigeti, D. Mathé, A. Szijarto, Lab.
Anim. 2017, 51, 465.

F. M. Tarik, S. S. Gambhir, Genes Dev. 2003, 17, 545.

M. Rudin, R. Weissleder, Nat. Rev. Drug Discovery 2003, 2, 123.
S.B.Mondal, S. Gao, N. Zhu, R. Liang, V. Gruev, S. Achilefu, Adv. Cancer
Res. 2014, 124,171.

A. M. Smith, M. C. Mancini, N. Shuming, Nat. Nanotechnol. 2009, 4,
710.

Y. Huang, Y. Zhang, F. Huo, Y. Wen, C. Yin, Sci. China Chem. 2020, 63,
1742.

]. F. Hersche, Philos. Trans. R. Soc. London 1845, 135, 143.

G. G. Stokes, Philos. Trans. R. Soc. London 1852, 142, 463.

L. Tsung-Li, S. Upadhyayula, D. E. Milkie, V. Singh, K. Wang, 1. A.
Swinburne, K. R. Mosaliganti, Z. M. Collins, T. W. Hiscock, J. Shea, A.
Q. Kohrman, T. N. Medwig, D. Dambournet, R. Forster, B. Cunniff, Y.
Ruan, H. Yashiro, S. Scholpp, E. M. Meyerowitz, D. Hockemeyer, D.
G. Drubin, B. L. Martin, D. Q. Matus, M. Koyama, S. G. Megason, T.
Kirchhausen, E. Betzigiu, Science 2018, 80, 360.

V. Ntziachristos, Annu. Rev. Biomed. Eng. 2006, 8, 1.

S. Diao, G. Hong, A. L. Antaris, J. L. Blackburn, K. Cheng, Z. Cheng, H.
Dai, Nano Res. 2015, 8, 3027.

V. Ntziachristos, J. Ripoll, L. V. Wang, R. Weissleder, Nat. Biotechnol.
2005, 23, 313.

E Leblond, S. C. Davis, P. A. Valdés, B. W. Pogue, J. Photochem. Photo-
biol. B 2010, 98, 77.

S. K. Piper, C. Habermehl, C. H. Schmitz, W. M. Kuebler, H. Obrig, J.
Steinbrink, J. Mehnert, PLoS One 2013, 8, e83749.

G. Hong, A. L. Antaris, H. Dai, Nat. Biomed. Eng. 2017, 1, 0010.

J. Cao, B. Zhu, K. Zheng, S. He, L. Meng, ]. Song, H. Yang, Front. Bioeng.
Biotechnol. 2020, 7, 487.

K. Welsher, S. P. Sherlock, H. Dai, Proc. Natl. Acad. Sci. U. S. A. 2011,
108, 8943.

[25]
(26]
(27]
(28]

[29

[31]

[32]

(33]
[34

[35]
(36]
(37]

(38]
[39]

(40]
(41]

(42]
(43]

[55]
[56

(57]
(58]

(59]

(60]

[61]

F. W. Pratiwi, C. W. Kuo, B. C. Chen, P. Chen, Nanomedicine 2019, 14,
1759.

V. Ntziachristos, C. Bremer, R. Weissleder, Eur. Radiol. 2003, 13, 195.

F. Helmchen, W. Denk, Nat. Methods 2005, 2, 932.

N. G. Horton, K. Wang, D. Kobat, C. G. Clark, E. W. Wisel, C. B. Schaffer,
C. Xu, Nat. Photonics 2013, 7, 205.

W. Feifei, W. Hao, M. Zhuoran, Z. Yeteng, S. Qinchao, T. Ye, Q.
Liangqiong, D. Haotian, Z. Mingxi, L. Li, M. Huilong, L. Jian, L. Yongye,
L. Wen Jung, H. Guosong, L. Lianqing, H. Dai, Nat. Methods 2019, 16,
545.

K. Chatterjee, E W. Pratiwi, E C. M. Wu, P. Chen, B. C. Chen, Appl.
Spectrosc. 2018, 72, 1137.

Z. Shoujun, S. Herraiz, J. Yue, M. Zhang, H. H. Wan, Q. Yang, Z. Ma,
Y. Wang, J. He, A. L. Antaris, Y. Zhong, S. Diao, Y. Feng, Y. Zhou,
K. Yu, G. Hong, Y. Liang, A. J. Hsueh, H. Dai, Adv. Mater. 2018, 30,
1705799.

J. G. Fujimoto, C. Pitris, S. A. Boppart, M. E. Brezinski, Neoplasia 2000,
2,9.

Y. Mu, V. Pera, M. Niedre, J. Biomed. Opt. 2016, 21, 105001.

C. Li, G. Chen, Y. Zhang, E Wu, Q. Wang, J. Am. Chem. Soc. 2020, 142,
14789.

M. Baker, Nat. Methods 2010, 7, 957.

C. H. Quek, K. W. Leong, Nanomaterials 2012, 2, 92.

L. Zuhai, S. Caixia, P. Peng, W. Shangfeng, L. Dandan, Z. Xin, Z. Fan,
Angew. Chem. Int. Ed. 2019, 58, 8166.

F Kiessling, Z. Liu, J. Gétjens, J. Nanomater. 2010, 15, 894303.

Z. Shoujun, B. C. Yung, S. Chandra, G. Niu, A. L. Antaris, C. Xiaoyuan,
Theranostics 2018, 8, 4141.

C. Zhaochong, Z. Liang, W. Menggqji, A. W. Roe, X. Wang, Q. Jun, Ther-
anostics 2020, 10, 4265.

W. Wei, Y. Yan-Qing, Y. Yang, Y. Yu-Ming, W. Hong, Z. Kai-Yuan, G. Li,
G. Hong-Fei, L. Jie, F. Hua, Int. J. Nanomed. 2019, 14, 3571.

E Ding, Y. Zhan, X. Lu, Y. Sun, Chem. Sci. 2018, 9, 4370.

G. Bing, E Zhe, H. Dehong, Xu. Shidang, M. Eshu, P. Yutong, L.
Chengbo, Z. Hairong, Q. Jun, S. Zonghai, L. Bin, Adv. Mater. 2019, 31,
1902504.

H. Dang, L. Yan, Biomed. Mater. 2021, 16, 022001.

Q. Miao, K. Pu, Adv. Mater. 2018, 30, 1801778.

Kenry, Y. Duan, B. Liu, Adv. Mater. 2018, 30, 1802394.

Y. Li, Y. Liu, Q. Li, X. Zeng, T. Tian, W. Zhou, Y. Cui, X. Wang, X. Cheng,
Q. Ding, X. Wang, J. Wu, H. Deng, Y. Li, X. Meng, Z. Deng, X. Hong,
Y. Xiao. Chem. Sci. 2020, 11, 2621.

L.-Y. Huang, S. Zhu, R. Cui, M. Zhang, Anal. Chem. 2020, 92, 535.

B. Li, M. Zhao, F. Zhang, ACS Mater. Lett. 2020, 2, 905.

H. Shang, H. Fan, Q. Shi, S. Li, Y. Li, X. Zhan, Sol. Energy Mater. Sol.
Cells 2010, 94, 457.

E.Kim, Y. Lee, S. Lee, S. B. Park, Acc. Chem. Res. 2015, 48, 538.

J. V. Jun, D. M. Chenoweth, E. J. Petersson, Org. Biomol. Chem. 2020, 18,
5747.

N. Zhang, C. Lu, M. Chen, X. Xu, G. Shu, Y. Du, J. Ji, J. Nanobiotechnol.
2021, 19, 132.

J. Li, Y. Liu, Y. Xu, L. Li, Y. Sun, W. Huang, Coord. Chem. Rev. 2020, 415,
213318.

H. Yu, M. Ji, Mol. Imaging Biol. 2021, 23, 160.

J. L. Bricks, A. D. Kachkovskii, Y. L. Slominskii, A. O. Gerasov, S. V.
Popov, Dyes Pigm. 2015, 121, 238.

S. Zhu, R. Tian, A. L. Antaris, X. Chen, H. Dai, Adv. Mater. 2019, 31,
1900321.

B. Kopainsky, P. Qiu, W. Kaiser, B. Sens, K. H. Drexhage, Appl. Phys.
B Photophys. Laser Chem. 1982, 29, 15.

E. D. Cosco, J. R. Caram, O. T. Bruns, D. Franke, R. A. Day, E. P.
Farr, M. G. Bawendi, E. M. Sletten, Angew. Chem. Int. Ed. 2017, 56,
13126.

B. Li, B. Lu, L. Zhao, M. Lei, E Zhang, Angew. Chem. Int. Ed. 2018, 57,
7483.

J. A. Carr, D. Franke, J. R. Caram, C. F. Perkinson, M. Saif, V.
Askoxylakis, M. Datta, D. Fukumura, R. K. Jain, M. G. Bawendi, O. T.
Bruns, Proc. Natl. Acad. Sci. U. S. A. 2018, 115, 4465.


https://orcid.org/0000-0003-1564-272X
https://orcid.org/0000-0003-1564-272X

woo | Eeploration

(62]

(63]

[64]

(65]
(6]
(67]
(68]

[69]

(70]
(71]
(72]
(73]
(74]
(75]

(76]

(79]

(80]
(81]
(82]

(83]

(84]

(85]
(86]

M. V. Marshall, J. C. Rasmussen, I. Tan, M. B. Aldrich, K. E. Adams, X.
Wang, C. E. E E. A. Maus, L. A. Smith, E. M. Sevick-Muraca, Open Surg.
Oncol. J. 2020, 2, 12.

S.Zhu, Z. Hu, R. Tian, B. C. Yung, Q. Yang, S. Zhao, D. O. Kiesewetter,
G. Niu, H. Sun, A. L. Antaris, X. Chen, Adv. Mater. 2018, 30, 1802546.
Z.Hu, C. Fang, B. Li, Z. Zhang, C. Cao, M. Cai, S. Su, X. Sun, X. Shi, C.
Li, T. Zhou, Y. Zhang, C. Chi, P. He, X. Xia, Y. Chen, S. S. Gambhir, Z.
Cheng, J. Tian, Nat. Biomed. Eng. 2020, 4, 259.

C. Sun, B. Li, M. Zhao, S. Wang, Z. Lei, L. Lu, H. Zhang, L. Feng, C. Dou,
D. Yin, H. Xu, Y. Cheng, F. Zhang, J. Am. Chem. Soc. 2019, 141, 19221.

J. Li, H. Liu, T. Fu, R. Wang, X. Zhang, W. Tan, Trends Chem. 2019, 1,
224.

H. Dai, Q. Shen, J. Shao, W. Wang, . Gao, X. Dong, Innovation 2021, 2,
100082.

W. Xu, D. Wang, B. Z. Tang, Angew. Chem. Int. Ed. 2021, 60, 7476.

A. L. Antaris, H. Chen, K. Cheng, Y. Sun, G. Hong, C. Qu, S. Diao, Z.
Deng, X. Hu, B. Zhang, X. Zhang, O. K. Yaghi, Z. R. Alamparambil, X.
Hong, Z. Cheng, H. Dai. Nat. Mater. 2016, 15, 235.

Q. Yang, H. Ma, Y. Liang, H. Dai, Acc. Mater. Res. 2021, 2, 170.

X. Zhang, H. Wang, A. L. Antaris, L. Li, S. Diao, R. Ma, A. Nguyen, G.
Hong, Z. Ma, . Wang, S. Zhu, J. M. Castellano, T. Wyss-Coray, Y. Liang,
J. Luo, H. Dai, Adv. Mater. 2016, 28, 6872.

J. Luo, Z. Xie, J. Lam, L. Cheng, H. Chen, C. Qiu, H. S. Kwok, X. Zhan,
Y. Liu, D. Zhu, B. Z. Tang, Chem. Commun. 2001, 18, 1740.

H. Zhang, Z. Zhao, A. T. Turley, L. Wang, P. R. McGonigal, Y. Tu, Y. Li, Z.
Wang, R. T. Kwok, . W. Lam, B. Z. Tang, Adv. Mater. 2020, 32, 2001457.
D. Ding, K. Li, B. Liu, B. Z. Tang, Acc. Chem. Res. 2013, 46,
2441.

N. Alifu, A. Zebibula, J. Qi, H. Zhang, C. Sun, X. Yu, D. Xue, J. W. Lam,
G. Li, J. Qian, B. Z. Tang, ACS Nano 2018, 12, 11282.

P. Xu, F. Kang, W. Yang, M. Zhang, R. Dang, P. Jiang, ]. Wang, Nanoscale
2020, 12, 5084.

Q. Li, Q Ding, Y. Li, X. Zeng, Y. Liu, S. Lu, H. Zhou, X. Wang, J. Wu, X.
Meng, Z. Denga, Y. Xiao, Chem. Commun. 2020, 56, 3289.

Y. Sun, C. Qu, H. Chen, M. He, C. Tang, K. Shou, S. Hong, M. Yang, Y.
Jiang, B. Ding, Y. Xiao, L. Xing, X. Hong, Z. Cheng, Chem. Sci. 2016, 7,
6203.

Y. Sun, M. Ding, X. Zeng, Y. Xiao, H. Wu, H. Zhou, B. Ding, C. Qu, W.
Hou, G. A. Er-BuA, Y. Zhang, Z. Cheng, X. Hong, Chem. Sci. 2017, 8,
3489.

S. Liu, R. Chen, J. Zhang, Y. Li, M. He, X. Fan, H. Zhang, X. Lu, R. T.
Kwok, H. Lin, J. W. Lam, J. Qian, B. Z. Tang, ACS Nano 2020, 14, 14228.
Y. Li, Z. Cai, S. Liu, H. Zhang, S. T. Wong, . W. Lam, R. T. Kwok, J. Qian,
B. Z. Tang, Nat. Commun. 2020, 11, 1255.

C. T. Jackson, S. Jeong, G. F. Dorlhiac, M. P. Landry, iScience 2021, 24,
102156.

S. Zhu, Q. Yang, A. L. Antaris, J. Yue, Z. Ma, H. Wang, W. Huang, H.
Wan, J. Wang, S. Diao, B. Zhang, X. Li, Y. Zhong, K. Yu, G. Hong, J. Luo,
Y. Liang, H. Dai. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 962.

G. Xu, Q. Yan, Y. Zhu, K. Xin, B. Shi, R. Wang, J. Chen, W. Gao, P. Shi,
C. Fan, C. Zhao, H. Tian, Angew. Chem. Int. Ed. 2018, 57, 3626.

K. Dou, W. Huang, Y. Xiang, S. Li, Z. Liu, Anal. Chem. 2020, 92, 4177.
Z. Sheng, B. Guo, D. Hu, S. Xu, W. Wu, W. H. Liew, K. Yao, J. Jiang, C.
Liu, H. Zheng, B. Liu, Adv. Mater. 2018, 30, 1800766.

[87] J. Zhao, J. Chen, S. Ma, Q. Liu, L. Huang, X. Chen, K. Lou, W. Wang,
Acta Pharm. Sin. B 2018, 8, 320.

[88] Y. Fan, S. Wang, F. Zhang, Angew. Chem. Int. Ed. 2019, 58, 13208.

[89] K. Shou, Y. Tang, H. Chen, S. Chen, L. Zhang, A. Zhang, Q. Fan, A. Yu,
Z. Chen, Chem. Sci. 2018, 9, 3105.

[90] S. Gao, G. Wei, S. Zhang, B. Zheng, J. Xu, G. Chen, M. Li, S. Song, W.
Fu, Z. Xiao, W. Lu, Nat. Commun. 2019, 10, 2206.

[91] T.Li, C.Li, Z. Ruan, P. Xu, X. Yang, P. Yuan, Q. Wang, L. Yan, ACS Nano
2019, 13, 3691.

[92] D.Huang, S. Lin, Q. Wang, Y. Zhang, C. Li, R. Ji, M. Wang, G. Chen, Q.
Wang, Adv. Funct. Mater. 2019, 29, 1806546.

AUTHOR BIOGRAPHIES

Kevin Wanderi is currently
a Ph.D. student at Wuhan
Institute of Virology, Chinese
Academy of Sciences since
2019. His research interests
include real-time imaging of
the virus biodistribution and
virus-host interactions using
fluorescent nanoprobes.

Zongqiang Cui is a profes-
sor at Wuhan Institute of
Virology (WIV), Chinese
Academy of Sciences (CAS).
His research focuses on the
interdisciplinary = study of
virology and nanobiology,
such as real-time imaging
the virus-cell interactions,
developing nanovaccines, and
; developing new nano-devices
with viral elements. He has published more than 80 papers
in the field of virology and nanotechnology.

How to cite this article: K. Wanderi, Z. Cui,
Exploration 2022, 2, 20210097.
https://doi.org/l().1002/EXP.20210097



https://doi.org/10.1002/EXP.20210097

	Organic fluorescent nanoprobes with NIR-IIb characteristics for deep learning
	Abstract
	1 | INTRODUCTION
	2 | DEEP IMAGING WITH SECOND NEAR-INFRARED SUB-WINDOW (NIR-IIB)
	2.1 | Deep imaging using NIR-IIb organic nanoparticles-based fluorescent probes in small animals
	2.2 | Polymethine dyes
	2.3 | Small molecules dye with D-A-D structure

	3 | CONCLUSION AND PERSPECTIVES
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	AUTHOR BIOGRAPHIES


