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Abstract

Molecular imaging technology enables us to observe the physiological or pathological processes in living tissue at
the molecular level to accurately diagnose diseases at an early stage. Optical imaging can be employed to achieve
the dynamic monitoring of tissue and pathological processes and has promising applications in biomedicine. The
traditional first near-infrared (NIR-I) window (NIR-I, range from 700 to 900 nm) imaging technique has been available
for more than two decades and has been extensively utilized in clinical diagnosis, treatment and scientific research.
Compared with NIR-I, the second NIR window optical imaging (NIR-II, range from 1000 to 1700 nm) technology has
low autofluorescence, a high signal-to-noise ratio, a high tissue penetration depth and a large Stokes shift. Recently,
this technology has attracted significant attention and has also become a heavily researched topic in biomedicine. In
this study, the optical characteristics of different fluorescence nanoprobes and the latest reports regarding the appli-
cation of NIR-Il nanoprobes in different biological tissues will be described. Furthermore, the existing problems and

future application perspectives of NIR-Il optical imaging probes will also be discussed.
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Introduction

Medical imaging technology has promoted the under-
standing of the basic biological process based on ana-
tomical or functional evaluations. This technology has
enabled doctors to understand the disease pathways
and diagnose the disease as early as possible. Various
medical examination imaging technologies, such as
computed tomography (CT), magnetic resonance imag-
ing (MRI), and ultrasound imaging, can show biological
anatomy information about the tissue or the organ. Other
modalities include positron emission tomography (PET)
and single-photon emission CT (SPECT), displaying
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biological function and molecular information for dis-
ease diagnosis. However, all of the clinically predominant
technologies for disease diagnosis lack sensitivity and
specificity, and some have potential radiological risks [1].

Optical imaging technology has emerged as an excel-
lent noninvasive, real-time, highly sensitive and spatial
resolution medical examination method for visualizing
and detecting biological structures or events at the cell or
tissue level [2—5], which meets the current requirements
of clinical medicine. Optical signals can display various
chemical components in the tissue, thereby providing
useful functional information [6]. Conventional biologi-
cal optical imaging approaches, such as photoacoustic
(PA) and luminescence imaging, are mainly operated in
the first near-infrared (NIR-I) region of the visible (400—
700 nm) and near-infrared wavelengths (700-900 nm)
[1, 7-9]. However, when imaged in the visible region
(400-700 nm), they suffer from severe tissue scattering,
absorption and autofluorescence, leading to a decreased
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spatial resolution, imaging sensitivity and contrast.
[10-13].

To overcome these limitations, imaging in the second
near-infrared window (NIR-II, 1000—-1700 nm) has gen-
erated escalating interest. It has also been seen as the
next-generation optical imaging technology used to assist
diagnosis in biomedicine. Compared with NIR-I optical
imaging, NIR-II optical imaging can reduce tissue photon
absorption, tissue autofluorescence and scattering, per-
mitting higher fidelity and spatial resolution effects [14].
Therefore, many efforts have been made to design and
develop novel fluorescent probes that emit in the NIR-II
window, including rare-earth (RE)-doped NPs [15-18],
quantum dots (QDs) [19-22], organic fluorescent NPs
[23-26] and single-walled carbon nanotubes (SWCN'Ts)
[27-30]. Indeed, many of these probes have shown great
application potential in biomedical examination-assisted
diagnosis and surgical treatment. Therefore, the develop-
ment of these fluorescent probes provides an essential
choice for realizing the full potential of NIR-II optical
bioimaging.

Notably, NIR-II biological imaging probe types and
characteristics have been reported in detail in some
recently published reviews [10-12]. Unlike these reviews,
this article summarizes the current studies regarding
NIR-II probe applications in imaging various biological
tissues and diagnosing different diseases. First, the bio-
logical imaging characteristics of NIR-II probes and their
advantages will be elaborated. Second, the application of
NIR-II probes in different biological organs and tissues
will be discussed. Finally, we address the current chal-
lenges and future application prospects of NIR-II bioim-
aging in biomedicine.

NIR-Il probes and their biological imaging
properties

Excellent NIR-II fluorescence imaging probes require
superior chemical properties and optical imaging per-
formance. Conventional biological optical imaging
approaches are mainly operated in the NIR-I spectrum
region of the visible (400-700 nm) and near-infrared
wavelengths (700—900 nm), which have high tissue auto-
fluorescence, absorption and a limited penetration depth
[31-34]. However, in recent years, an increasing number
of research results have shown that optical imaging in the
NIR-I spectrum region is far from satisfactory, limiting
its applications in the biomedical field. Therefore, tre-
mendous attention has been devoted to the development
and optimization of NIR-II optical imaging technology.
Compared with traditional optical imaging in the NIR-I
spectrum, the application of NIR-II optical imaging can
achieve lower tissue autofluorescence, photon scattering
and absorption, and has a higher signal-to-noise (S/N)
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ratio and deeper biological tissue penetration [35-38].
The design and preparation of new NIR-II probes have
recently become the focused research direction in opti-
cal imaging. Furthermore, many research teams have
successfully developed various NIR-II probes and applied
them to biomedical imaging.

NIR-II fluorescence nanoprobes can be divided into
the following categories: semiconductor quantum dots
(QDs), single-walled carbon nanotubes (SWCNTs),
downconversion lanthanide nanoparticles (DCNPs) and
organic fluorescent dyes.

Conceptually, SWCNTs are a piece of pure graphene
rolled into a tube with a diameter of approximately
1 nm [39, 40]. SWCNTs have unique optical properties
because of their photostability and large Stokes shifts of
fluorescence emission in the NIR region [41-43]. At the
same time, their absorption and autofluorescence of tis-
sue or blood are minimal. When photons interact with
SWCNTs, the energy will be absorbed and then released
as fluorescence, and the emission wavelength range is
1000-1700 nm in the NIR-II window. However, their low
photon-conversion efficiency is still a substantial obsta-
cle, limiting the application of SWCNTs in fluorescence
imaging.

QDs are semiconductor nanomaterials with a diameter
of only 10-100 atoms. Compared with other fluorescent
nanoprobes, QDs have excellent high fluorescence quan-
tum efficiency and concentrated emission spectra [22,
44-46). Nevertheless, at the same time, the potential
biological toxicity of QDs hinders their application and
development. Among the different kinds of QDs, Ag,S
is widely used as an excellent theranostic nanoplatform
due to its properties of NIR-II fluorescence and photo-
thermal properties [21, 47]; it has lower biological tox-
icity than other QDs containing Te, Cd, Pb, As and Se,
and the emission fluorescence spectrum is approximately
1294 nm in the NIR-II window [48]. Generally, QDs are
comprised of metal elements, so unknown potential
acute and chronic toxicity in vivo may be the main factor
affecting their practical application.

Downconversion lanthanide nanoparticles (DCNPs)
have become a promising fluorescent probe in the NIR-
II window due to their narrow multipeak emission pro-
files, large Stokes shifts, deep soft tissue penetration and
good photostability [49—52]. In principle, rare earth nan-
oprobes can produce fluorescence through the effect of
downconversion between rare earth elements. Therefore,
when excitation light irradiates the nanoparticles, it will
emit fluorescence in the NIR-II window. Nevertheless,
similar to other kinds of inorganic fluorescent probes,
long retention in the body and potential acute or chronic
toxicity may produce safety hazards and hinder their
future translation [53, 54].
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To date, organic fluorescent probes are still the pre-
ferred choice in optical imaging technology. Currently,
two NIR probes (methylene and indocyanine green)
are widely used in the clinic. From the perspective of
practical biomedical points of view, organic fluores-
cent probes are progressively attractive because of
their compact molecular structures, easy functionali-
zation, high fluorescent quantum efficiency, minimal
toxicity, availability for large-scale chemical synthesis
and facile derivatization [55-57]. For example, semi-
conducting polymers are completely organic optical
agents. Because they naturally avoid the toxicity prob-
lem caused by heavy ions, they have been widely used
in NIR fluorescence [58], chemiluminescence [59, 60]
and photodynamic therapy [61] research. However,
the short wavelength in the NIR-I region will cause
poor photon penetration. Therefore, it is necessary to
develop organic probes with a high quantum yield, a
low band gap and emission wavelengths in the NIR-II
window. Some NIR-II organic dyes have been success-
fully synthesized, such as IR-1061 and CH1055 [62-64].
Although many organic fluorescent probes have been
designed and synthesized for biosensing and bioimag-
ing in deep tissue with high sensitivity and resolution,
there are also some limitations in applying the materi-
als. First, many organic dyes are not stable in aqueous
solutions; second, biocompatible dyes with maximum
emission wavelengths beyond 1200 nm are still lacking.

In general, SWCNTs have strong fluorescence inten-
sity in the NIR-II window, enabling deep tissue penetra-
tion and high spatial resolution fluorescence imaging.
However, the solubility and biocompatibility of SWC-
NTs are poor, which makes it impossible to directly
use SWCNTs for bioimaging before modification. QDs
show a high quantum yield and low photobleaching
sensitivity. However, they tend to accumulate in the
liver/spleen and are not easily excreted from the body.

DCNPs have received increasing attention due to
their narrow and multimodal emission spectra, large
Stokes shift and excellent photostability. However,
similar to most of the reported NIR-II inorganic nano-
materials, their long residence time in the reticuloen-
dothelial system and their inability to be removed from
the living body increase their potential safety hazards.

Organic NIR-II probes can be effectively optimized
in regard to their spectroscopic properties by adjusting
their molecular structure, they are easily degraded, they
have low biological toxicity, and they have great poten-
tial for in vivo imaging applications. However, they also
have disadvantages such as a low quantum yield, poor
water solubility, and poor stability in organisms that
need to be further overcome.
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Application of NIR-Il probes in biomedicine

Optical imaging technology is a noninvasive, efficient and
safe inspection method. It is currently one of the most
straightforward and versatile diagnostic modalities in the
biomedical field. Therefore, some NIR-I probes have been
used in various clinical theranostic procedures, such as
vasculature imaging, fluorescein angiography, and tumor
imaging and monitoring [65, 66]. However, due to the
limited penetration depth of NIR-I probe-mediated opti-
cal imaging in the tissue (1-3 mm) and the obvious auto-
fluorescence, traditional NIR-I probes are suboptimal for
intraoperative imaging [67]. Understandably, NIR-II opti-
cal imaging has attracted increasing attention due to its
negligible tissue autofluorescence and minimal photon
absorption and scattering, providing unparalleled soft
tissue penetration (a few centimeters) and spatial reso-
lution (approximately 10 pum); these superior properties
are expected to make it the first choice for assisting with
disease diagnosis and guiding surgical procedures [1, 12,
68, 69].

Cancer imaging and image-guided surgery
To date, surgical resection is still the most essential and
standard treatment for tumors. Therefore, the ability to
visualize the tumor tissue boundary and find the sur-
rounding metastasis during tumor surgery will play a
vital role in the treatment prognosis. Much progress has
been made in tumor imaging research and in guiding
tumor resection through optical imaging in the NIR-II
window [16, 70, 71]. Wang et al. developed a novel NIR-II
fluorescence imaging probe (DCNP) modified with tar-
geted peptides and complementary DNA to achieve the
accuracy of optical image-guided resection for metastatic
ovarian cancer [16]. In this work, a novel complemen-
tary DNA-mediated self-assembly bioimaging strategy
of nanomedicine in vivo was successfully developed. Fur-
thermore, this work showed that the use of the DCNPs
prepared in this study for NIR-II optical imaging was
significantly better than the clinically used ICG. Another
exciting result was its in vivo self-assembly bioimaging
strategy. The administration by two sequential injec-
tions can achieve long-term retention of the drugs in the
tumor tissues (6 h), which served as the optimal surgi-
cal time window. Meanwhile, this NIR-II probe and the
in vivo self-assembly strategy also realized the visualiza-
tion of metastatic lesions and guided the removal of <1
metastatic lesions. This novel optical imaging in the NIR-
II window for image-guided tumor resection provides a
method for practical clinical applications.

The metastasis and spread of cancer cells mainly
depend on the surrounding lymphatic vessels. Detect-
ing the adjacent lymph nodes (sentinel LNs) can
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evaluate whether the cancer has metastasized [72]. The
gold standard of biopsy for the detection and targeted
removal of sentinel LN is the preoperative use of techne-
tium-99 m for lymphoscintigraphy. Therefore, it is urgent
to look for a safer and more straightforward method of
observing sentinel LNs to reduce the radiological hazards
caused by lymphoscintigraphy. Tian et al. [73] reported
a multiplexed NIR-II fluorescent nanoprobe with zero
autofluorescence and significantly suppressed scattering,
which enables the visualization of metastatic tumors and
metastatic proximal LN resection. In this study, a dual
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NIR-II probe pair, a donor—acceptor—donor (D-A-D)
fluorescent probe IR-FD, and PbS QDs were synthe-
sized for NIR-II imaging. The synthesized D—A-D fluo-
rescent probe IR-FD was used for fluorescence imaging
of primary/metastatic cancer in the NIR-Ila spectrum
(1100-1300), and PbS QDs were applied to detect can-
cer-invaded sentinel LNs in the NIR-IIb (> 1500 nm) win-
dow (Fig. 1a—d). This research has shown that IR-FD can
increase the quantum yield in water (>6.0%). At the same
time, it also exhibited excellent optical imaging effects
in vivo. Compared with the clinically used near-infrared
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tracer indocyanine green, the prepared QDs showed
perfect photostability and brightness, and noticeable
bleaching occurred after their exposure to a laser for 5 h
(Fig. 1e, g). When using QDs for NIR-1Ib imaging, they
have low scattering, high contrast, and a minimal signal-
to-muscle ratio to achieve high-quality LN imaging under
indoor light, guiding the removal of sentinel LNs. This
combination of dual-NIR-IIa and NIR-IIb fluorescence
imaging technology has good clinical application poten-
tial because NIR-IIa optical imaging can locate the pri-
mary tumor. The NIR-IIb imaging channel can be applied
to map the sentinel LNs so that NIR-IIb imaging-guided
resection can be achieved under bright light, which is
practical in clinical applications.

NIR-1l imaging for stem cell tracking
Stem cells have unlimited or immortal self-renewal abil-
ity and can be used to treat many incurable diseases,
including liver diseases, heart failure, bone defects,
immune system disorders, and cancer [74, 75]. After
transplantation into the body, stem cells converge on
damaged organs and then differentiate into target cells
to apply their therapeutic function. Therefore, real-time
monitoring of the status of transplanted stem cells in vivo
is of extraordinary significance. In recent years, many
NIR probes have been extensively researched for stem
cell tracking in vivo.

In Wang Qiangbin’s paper (Huang et al. 2020) pub-
lished in Advanced Functional Materials in 2019 [76],
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he reported NIR-II fluorescence/dual bioluminescence
(BLI) multiple imaging technologies, covering the vis-
ible spectrum and NIR-II spectrum from 400 to 1700 nm,
which can visualize the location, survival, and differ-
entiation of transplanted human mesenchymal stem
cells (hMSCs) in real time (Fig. 2a, b). In this study, pre-
pared Ag,S QDs were used to visualize the distribution
of transplanted hMSCs in the body, and red firefly and
Gaussian luciferase-based BLI was applied to observe the
survival and the osteogenic differentiation status of the
hMSCs. NIR-II fluorescence imaging was performed on
the experimental mice after treatment with Ag,S QDs.
The fluorescence signal slightly decreased in the bone
defect position at 30 days, indicating that hMSCs can
stay in the lesion for a long time. They used the red fire-
fly and Gaussian luciferase-based BLI imaging method
to observe the differentiation status of hMSCs in the tar-
get tissue. Therefore, combining NIR-II fluorescence and
bioluminescence (BLI) imaging technology, the process
of hMSCs locating in the target position and then under-
going osteogenic differentiation and gradual apoptosis
within 30 days after bone regeneration can be monitored.
This novel multiple imaging techniques can significantly
expand the multifunctional supervision of stem cell treat-
ment efficiency and contribute to realizing the applica-
tions and clinical transformation of stem cells.

Yang et al. (2019) developed biocompatible PbS QDs
for monitoring the cellular migration, biological distribu-
tion and clearance information of injected mesenchymal
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stem cells (MSCs) and used them to treat supraspinatus
tendon tears in mice [77]. In this research, the prepared
PbS QDs were modified with Tat peptide to label the
QDs, enter the MSCs and locate the MSCs. The results
showed that the transplanted MSCs had similar migra-
tion directions. More QD-labeled MSCs were enriched
around the footprint and improved to 82% at 7 days
postinjection in the medium-density group. In the stage
of repair, the MSCs stayed in the footprint for the longest
time with the highest cell retention rate. Therefore, the
NIR-II optical imaging method based on PbS QDs had
excellent performance in monitoring the status of MSCs
in the body, facilitating the optimization of MSC therapy.

NIR-ll-responsive drug release
To date, smart nanoplatforms for on-demand drug
release have been widely studied, as they enable pre-
cise control of the dose and position of the loaded drug,
thereby minimizing side effects while maximizing the
therapeutic efficacy [78]. These nanoplatforms can
achieve on-demand drug release in response to some
specific stimuli, such as pH, light, and biomolecules.
Among the above stimuli, light has the properties of sim-
ple remote controllability, noninvasiveness, high tem-
poral and spatial resolution, and minimal tissue damage
[79]. Therefore, the nanoplatform based on the NIR light
response has great potential in precision disease therapy.
Shi et al. [80] reported a theranostic nanoplatform
(NPs@BOD/CPT). It was fabricated by boron-dipyr-
romethene (INTBOD-CI) to endow it with H,S-triggered
NIR light to achieve light-controlled on-demand drug
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release for cancer treatment. H,S can trigger the produc-
tion of NIR photothermal agents. These photothermal
agents convert light energy into heat, thereby raising
the temperature above the eutectic melting point, caus-
ing a phase change and triggering the release of the
loaded drug. Furthermore, H,S also activated bright
NIR-II emission, enabling H,S-rich cancer diagnosis and
photocontrolled on-demand drug release (Fig. 3). This
nanoplatform targets H,S rich cancers. HCT116 tumor-
bearing mice were treated with nanoparticles and irra-
diated with a laser. The tumor growth was significantly
inhibited with minimal side effects, which indicated that
the accumulated NPs@BOD/CPT in the tumor posi-
tion could be activated specifically by NIR light. This
theranostic nanoplatform provides new ideas for preci-
sion medicine under the guidance of NIR-II fluorescence
imaging.

In addition, Huang et al. [81] proposed a novel strat-
egy using NIR-II-responsive drug release in collaborative
chemical/photothermal tumor therapy. In this study, bare
InSe nanosheets (InSe NSs) with a thickness of approxi-
mately 5 nm were prepared and then PEGylated to
improve their dispersion and stability in vivo. The nano-
probe exhibited a remarkable NIR-II photothermal con-
version efficiency of 39.5%, photothermal stability and
NIR-II response loaded drug release properties. In vitro
cytotoxicity assays showed that InSe-DOX has higher
cytotoxicity than free DOX at the same DOX concentra-
tions. Almost all of the cells were killed after treatment
with InSe-DOX at a low concentration of 10 pg/mL under
irradiation. However, the PEGylated InSe NSs showed
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negligible NIR-II photothermal killing efficiency at the
same concentration. These excellent synergistic chemo/
photothermal effects of the prepared InSe-DOX have
great potential in therapeutic applications in medicine.

NIR-1l imaging of inflammation
Inflammation is a common clinical symptom that can
occur in many organs and tissues of the human body.
Quantitative imaging of the distribution of inflamma-
tory factors in living organisms is vital for understanding
fundamental biological processes. Optical imaging in the
NIR-II window has a higher penetration depth and con-
trast than NIR-I optical imaging, which can provide real-
time monitoring of deep biological organs and tissues
[82]. Therefore, NIR-II optical imaging has broad pros-
pects for in vivo sensing and high-resolution imaging.
Liu et al. [83] reported constitutional isomerization
based on the philosophy of aggregation-induced emis-
sion (AIE). Based on the AIE molecular design principle,
NIR-II and AIE nanoprobes (2TT-oC6B) with excel-
lent performance were prepared by benzobisthiadiazole
(acceptor), thiophene (bridge and donor), and triphe-
nylamine (molecular rotor and second donor). The pre-
pared probe 2TT-oC6B exhibited an emission peak at
1030 nm and a high quantum yield of 11%. To provide
the AIE nanoprobe with a targeting imaging ability, neu-
trophils (NEs) were utilized to modify 2TT-oC6B (AIE@
NE) to penetrate the brain tissue and then accumulate in
the inflammatory tissue (Fig. 4). Furthermore, this study
demonstrated that the NE-coated AIE nanoprobe could
cross the BBB (blood—brain barrier) and be located in
the inflammation site. Moreover, the signal-to-noise ratio
was 30.6, which was higher than that of ICG (Fig. 5).
Other related research on the imaging of inflamma-
tion using the NIR-II probe includes a paper published
in 2019 by Zhang’s team about developing and apply-
ing a new 1550 nm emitting nanoprobe for detecting
lymphatic inflammation [84]. NIR-II optical imaging
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technology has attracted considerable attention due to
its deep penetration depth and high signal-to-noise ratio.
Among the various NIR-II probes, those emitting in the
NIR-IIb (1500-1700 nm) window can provide the lowest
photon scattering based on the Mie theory [85]. How-
ever, one of the application limitations of the NIR-IIb
probe is its response to biological stimuli. Based on the
above situation, they developed a new nanoprobe that
responds to reactive oxygen species (HOCI) for excel-
lent fluorescence imaging of inflammation. The probe
system was constructed between Cy7.5 and Er**-doped
DCNP according to the absorption competition-induced
emission (ACIE), so it combined all of the advantages of
DCNP and Cy7.5, such as the long wavelength fluores-
cence of Er**-doped DCNP under excitation at 808 or
980 nm and the sensitive (500 nM), fast (within 1 min),
and selective responsive of Cy7.5 to HOCL The results
showed that the 1550 emissive nanoprobe has a superior
spatial resolution in a scattering tissue phantom with a
penetration depth of 3.5 mm. A clear anatomical struc-
ture of lymphatic inflammation was observed in the rati-
ometric channel with a high resolution of ~ 477 pm.

NIR-1l imaging of tumor vessels

Tumor blood vessels play vital roles in the tumorigene-
sis, growth and metastasis of solid tumors. The abundant
blood vessels around the tumor can deliver oxygen and
nutrients to the tumor. Variations in tumor vasculature
have been used for tumor staging evaluation and are con-
sidered an essential indicator for predicting the outcomes
of tumor metastasis. The formation of tumor vasculature
mainly depends on the specific biological characteristics
of solid tumors, such as the tumor size, tumor model, and
tumor site. Moreover, the changes in tumor blood ves-
sels can also be used to reflect the effects of tumor treat-
ment. Therefore, it is necessary to monitor tumor blood
vessel formation and variation, providing practical guid-
ance for tumor staging, treatment and the evaluation
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of tumor metastasis. The commonly used examination
techniques for blood vasculature include B-mode ultra-
sonography, computerized tomography and magnetic
resonance imaging (MRI), which usually provide infor-
mation about the general tumor size, anatomical struc-
ture and its relationship with its surrounding tissues, but
the dynamic structures and activities inside the tumors
cannot be accurately probed [86]. Due to the reduced
light scattering and absorption in biological tissues, NIR-
IT optical imaging has recently demonstrated attractive
performance in tumor vascular imaging.

Ren et al. reported a well-dispersed Nd°"-doped
core—shell luminescent nanoprobe

d3+

downconversion

(NaYF4:5%Nd@NaGdF4), which has a long emission
wavelength in the NIR-II window, fast attenuation to
X-rays, and strong temperature-dependent paramagnet-
ism [87]. NaYF, nanoclusters were used as precursors
for the core, dopant, and shell to prepare monodisperse
Nd*>-doped core—shell nanoprobes with bright NIR-
II luminescence through a one-pot reaction, as shown
in Fig. 6a. Furthermore, the core-shell nanoprobe also
exhibited magnetism and attenuation toward X-rays,
which is helpful for improving MRI and CT imaging
(Fig. 6b).

After modifying the surface of the nanocrystals with
DSPE-PEG,,, it exhibited prolonged blood circulation,
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Fig. 6 a Schematic illustration of the preparation of the NaYF,:5%Nd@NaGdF, nanoprobe and b its application in NIR Il, MRl and CT imaging of

good biocompatibility and biosafety in vivo. The nano-
probe showed a relatively high quantum vyield (0.52%)
compared to the fluorescence dye IR-26. Then, NIR-II
imaging based on NaYF,:5%Nd@NaGdF, successfully
realized the visual monitoring of tumor blood vessels
in breast tumor models. The formation and changes
of tumor blood vessels during tumorigenesis, growth
and necrosis were tracked (Fig. 7a). As the nanocrystals

circulated in the body and gradually infiltrated into the
tumor tissue (red dashed circle), the tumor gradually
became bright, and 20 min after drug injection, the ratio
of tumor-to-background steadily increased (Fig. 7b). The
continuous decrease in the ratio of tumor-to-background
indicated that the NaYF,:5%Nd@NaGdF, nanocrystals
were challenging to circulate and retain in the tumor,
which may be due to the angionecrosis in the tumor and
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the formation of escharosis (Fig. 7c). In conclusion, this
Nd-based NIR-II nanoprobe not only has potential in
the monitoring of tumor progression, tumor staging and
tumor therapy but it also has great potential in imaging
the vasculature during tumorigenesis, thrombosis and
atherosclerosis.

In another example, bright NIR-II-conjugated polymer
nanoparticle (CP NP)-assisted optical-resolution pho-
toacoustic microscopy imaging (ORPAMI) technology
was used to pinpoint the vasculatures of the tumor and
cerebral tissue [88]. The CP NPs were prepared by the

microfluidics method and have the advantages of a small
uniform size, high sensitivity, large extinction coefficient
(48.1 L/g), excellent photoacoustic stability, and good bio-
compatibility. The sensitivity of PA was as high as 2 pg/
mL. 3D ORPAMI can observe the normal vasculature
of mouse ears in a wide field of view. The resolution was
19.2 pm, the SBR was 29.3 dB, and the maximum imaging
depth was 539 pm. The tumor edge comprised of twisted
dense blood vessels in the surrounding normal regular
blood vessels can be depicted. Cerebral blood vessels
can also be clearly distinguished through the intact skull
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with a high SBR (22.3 dB), high resolution (25.4 pm), and
a large imaging area (48 mm?) at depths up to 1001 um
by using 3D ORPAMI technology. This study showed that
NIR-II CP NP-assisted optimal-resolution photoacoustic
microscopy imaging technology is promising for various
biomedical applications.

Conclusion and perspectives

In this article, we summarized the properties and char-
acteristics of organic and inorganic NIR-II probes. We
described recent studies regarding the application of
these probes in NIR-II optical imaging in different bio-
logical tissues. The reported NIR-II probes, including
DCNPs, QDs and organic dyes, have demonstrated excel-
lent performance in fluorescence imaging in different
biological tissues (Table 1). Optical imaging in the NIR-II
window permits more in-depth penetration and higher
resolution because of lower tissue scattering and autoflu-
orescence than traditional optical imaging in the visible
region or theNIR-I window. Therefore, excellent optical
imaging by the NIR-II window can serve as a powerful
tool for clinical applications.
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With the rapid development of nanomedical science,
an increasing number of fluorescence probes will be
designed, studied and applied. However, it is worth not-
ing that NIR-II optical imaging technology is still in its
primary stage. Many prepared NIR-II nanoprobes in
reported papers have some problems and challenges in
biological applications. To realize the extensive applica-
tion of NIR-II optical imaging technology in biomedi-
cine, it is necessary to address the current problems.

First, many organic NIR-II nanoprobes are not stable in
water because the conjugative backbone can be attacked
by reactive species such as water. Furthermore, the emis-
sion wavelength of many existing organic dyes is only
slightly higher than 1000 nm, and they have low fluores-
cence quantum yields, only approximately 0.3—2%. Efforts
should be made to reduce the bandgap of the probes to
the bathochromic shift wavelength, which maintains its
stability in aqueous solutions.

Second, one should fully understand the biocompat-
ibility, metabolic pathways and long-term toxicity of the
NIR-II nanoprobes in the body. For example, lanthanide-
doped nanoparticles displayed many desirable proper-
ties, such as a long luminescence lifetime, large Stokes/

Table 1 Representative NIR-Il nanoprobes fabricated for biomedical applications

Fluorescence probe Excitation/emission Application Quantumyield (%) References
wavelength
Quantum dots PbS QDs 808/>1500 nm Imaging of metastatic tumor N.A. [73]
and proximal LNs resection
808/ 1300 nm Monitoring the cellular 173 [77]
migration, biological
distribution and clearance
information of injected
mesenchymal stem cells
Ag,S QDs 808/ 1200 nm Tracking the location, 15.5 [76]

Down-conversion NPs - NaGdF,: 5% Nd@NaGdF, 808/ 1060 nm

Er**-doped DCNP

NaYF,:5%Nd@NaGdF, 808/ 1060 nm
Organic NPs NPs@BOD/CPT 810/ 900 nm
2TT-0C6B 808/ 1030 nm

Conjugated polymer nano- 1064 nm/ 1160 nm

particles

808 and 980/ 1550 nm

survival, and osteogenic
differentiation of trans-
planted human mesen-
chymal stem cells

In vivo self-assembly bio- N.A. [1e]
imaging to improve the
image-guided surgery for
cancer

High-resolution ratiometric ~ 0.27-2.73 [84]
sensing of lymphatic

inflammation

Visualizing the formation 0.52 (87]
and variation of tumor

blood vessels

Photo-controlled on-
demand drug release for
cancer therapy

Imaging of the brain inflam- 11 [83]
mation tissue

3D vasculature imaging N.A. [88]
in vivo
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anti-Stokes shifts, multiple emission bands, and narrow
emission bandwidths in many reported studies. How-
ever, few studies have examined the pharmacokinetics
or the acute or chronic toxicity of these probes in vivo.
Crucially, only when an NIR-II nanoprobe has excellent
biocompatibility and acceptable clearance characteris-
tics (similar to the clinically approved NIR-I dyes, such as
methylene blue and ICG) can clinical approval and trans-
lation be achieved. Therefore, it is necessary to clarify the
biological toxicity of the probe and its metabolic path-
ways in the body. The design and development of a highly
biocompatible and safe NIR-II probe will have unprec-
edented practical value.

Third, improving the quantum yield (QY) of nano-
probes is very important. This is an indicator to evalu-
ate the optical performance of fluorescence probes. The
higher the QY of the fluorescent dye, the longer the fluo-
rescence lifetime. Therefore, a high QY can make a fluo-
rescent probe emit a strong fluorescence signal, which
can effectively improve the sensitivity of optical imaging.
However, most NIR-II probes suffer from low QY, espe-
cially in an aqueous solution. Many parameters, such as
the structure, composition, size, and surface functional
groups, have decisive roles in the QY of the NIR-II probe.
For example, by using a core—shell strategy, lanthanide-
based downconversion nanoparticles can achieve a
higher QY. Therefore, it is necessary to develop NIR-II
probes with high QDs by adjusting these parameters.

Finally, design and optimization of the NIR-II imaging
equipment is also necessary. The conventional NIR-II
optical imaging systems have the disadvantages of a small
field of view, a low resolution and insufficient penetra-
tion depth. These drawbacks will limit the application of
NIR-II optical imaging. Therefore, more efforts should be
made to develop and optimize the function of the NIR-II
imaging system.
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