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Visualizing biological tissues in vivo at a cellular or subcellular resolution to explore
molecular signaling and cell behaviors is a crucial direction for research into
biological processes. In vivo imaging can provide quantitative and dynamic
visualization/mapping in biology and immunology. New microscopy
techniques combined with near-infrared region fluorophores provide
additional avenues for further progress in vivo bioimaging. Based on the
development of chemical materials and physical optoelectronics, new NIR-II
microscopy techniques are emerging, such as confocal and multiphoton
microscopy, light-sheet fluorescence microscopy (LSFM), and wide-field
microscopy. In this review, we introduce the characteristics of in vivo imaging
using NIR-II fluorescence microscopy. We also cover the recent advances in NIR-
II fluorescence microscopy techniques in bioimaging and the potential for
overcoming current challenges.
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Introduction

Fluorescence imaging has been widely used in biomedicine due to its advantages of high
sensitivity, non-invasiveness, and lack of radiation hazard (Schouw et al., 2021).
Fluorescence imaging uses endogenous fluorescence (spontaneous fluorescence) or
fluorescence stimulated by an external labeled probe (induced fluorescence) to acquire
images. This process includes three key steps: signal excitation, collection, and detection.
When the fluorescent probe binds to cell or tissue, a light source with a specific wavelength is
used to irradiate the marker, which causes emission through excitation of the fluorophore. At
this point, spontaneous fluorescence often becomes the background of the image. Then,
through collecting, splitting, filtering, and focusing the emitting light path, the excited
fluorescence signal enters the photodetector to complete the photoelectric conversion. This is
followed by signal amplification, analysis, and processing, to finally obtain the image (Meng
et al., 2022). As a promising imaging method, fluorescence imaging has the advantages of
high temporal and spatial resolution and few side effects, which cannot be achieved by
in vitro imaging at the cell and tissue level.

Traditional biological imaging techniques use visible light (400–700 nm) and NIR-I (the
first near-infrared region, 700–900 nm), which have the following limitations (Duan and
Yang, 2022). First, due to the influence of absorption and scattering when light propagates in
biological tissues, the imaging depth and signal-to-background ratio (SBR) are not ideal. The
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objects to be visualized are usually limited to cell and tissue samples
with low thickness. Second, spontaneous fluorescence exists in
biological tissues, which often forms the background, interfering
with imaging and causing a decrease in the SBR and clarity. Third,
the excitation wavelength of visible light and NIR-I fluorescence is
shorter, the photon energy is higher, and the safety threshold of
excitation light is lower. The absorption of excessively strong
excitation light by biological tissues will lead to tissue damage.
Compared with visible light and NIR-I fluorescence imaging,
NIR-II (the second near-infrared region, 1000–1700 nm)
fluorescence imaging has the obvious advantages of imaging
clarity and laser power safety in vivo due to the longer
wavelength used.

In recent years, the NIR-II fluorescence microscopy technique
has achieved a breakthrough in terms of high temporal resolution,
high spatial resolution, high SBR, and strong penetrability of deep
tissue, which can be attributed to the development and improvement
of fluorescence probes and imaging instruments. Most NIR
fluorescence imaging is based on confocal microscopy. However,
the point scanning property of confocal microscopy limits the
imaging of dynamic samples to a small volume or a series of
fixed samples at a certain stage of a process. Recently, a variety
of microscopy techniques for wide-field acquisition and excellent
spatial and temporal resolution have been developed, such as
confocal microscopy, light-sheet fluorescence microscopy, and
wide field microscopy techniques (Zhang et al., 2022a). For large-
volume imaging in vivo, beam-shaping strategies are widely used to
optimize microscopy techniques. In this review, we introduce the
characteristics of in vivo imaging via NIR-II fluorescence imaging
and review studies of NIR-II fluorescence microscopy technology to
provide support for basic research and clinical applications of NIR-
II fluorescence microscopy.

NIR-II fluorescent in vivo bioimaging

Because the energy of photons of wavelength over 900 nm is
lower than the bandgap energy of conventional Si-based
semiconductor materials, conventional silicon-based sensors are
transparent to photons in the long wavelength of the NIR. NIR-
II detection generally uses indium gallium arsenide (InGaAs)
sensors with high quantum efficiency in the range of
900–1700 nm, with wide application in industrial detection,
military equipment, security, and other fields (Potma et al., 2021).

With the improvement of detector performance and the
development of new fluorescent probes, in vivo NIR-II
fluorescence imaging has become a research hotspot (Li et al.,
2022a; Baghdasaryan et al., 2022; Niu et al., 2022; Xu et al., 2022;
Liu et al., 2023). The first in-vivo NIR-II fluorescence imaging was
achieved by Hongjie Dai in 2009 (Welsher et al., 2009). They
visualized the inherently near-infrared luminescence of mice by
insulating low-dose “swapped” single-walled carbon nanotubes
(SWNT). The InGaAs camera captured the image in the
wavelength range of 1000–1700 nm, clearly visualized the
circulation of single-walled sodium carbon tubes in the
subcutaneous vasculature, and detected higher fluorescence
strength in the liver and spleen of mice, which is due to the
tendency of nanostructured materials to accumulate in the

organs of the reticuloendothelial system. In addition, Bawendi
et al. (Bruns et al., 2017). Have reported a class of high-quality
short-wave infrared emitting indium arsenide quantum dots that
can be used for clear full-body imaging of mice and measurement of
the heart rate and breathing rate of resting mice without contact.
Zhen Cheng et al. (Suo et al., 2019; Zheng et al., 2021). Developed
new NIR-II molecular imaging probes for early cancer detection,
metabolism studies, and treatment. Chen Xiaoyuan et al. (Wang
et al., 2019a; Tian et al., 2020) developed a precision diagnosis and
treatment system based on the precise detection of NIR-II
fluorescence imaging and multiple NIR-II in vivo imaging. Fan
Zhang et al. (Liu et al., 2018; Wang et al., 2021) developed erbium-
doped (Er3+) rare earth near-infrared probes for diagnosis,
navigation surgery, and lifetime imaging applications using NIR-
II with high SBR. Wang Qiangbin et al. (Yang et al., 2021a; Yang
et al., 2021b) carried out in situ, real-time, high-sensitivity, and high-
signal-to-noise (SNR) imaging of living tissue by using NIR-II
fluorescence imaging technology with silver containing low-
toxicity quantum dots. Hong Xuechuan et al. (Zheng et al., 2020;
Zhou et al., 2020) carried out small-molecule drug-related biological
imaging of blood vessels and tumors for early diagnosis of diseases
and drug development. Fan Quli et al. (Tang et al., 2018; Li et al.,
2019) developed a series of semiconductor polymers with the
emission properties of NIR-II as well as the use of multi-mode
imaging NIR-II organic fluorescent probes for the photothermal
treatment of focal diseases and other applications. The rapid
development of NIR-II in vivo imaging technology also provides
a good opportunity for clinical precision diagnosis and treatment. In
2019, Cheng Zhen et al. (Suo et al., 2019; Hu et al., 2020) reported the
application of NIR-II fluorescent endoscopy for the targeted
imaging of colorectal cancer. They also performed human liver
cancer surgery under the guidance of multi-window fluorescence
imaging of visible light, NIR-I, and NIR-II for the first time, ushering
in a new era of clinical application of NIR-II. The application of
NIR-II fluorescence imaging technology has evolved from cells to
the diagnosis of diseases in large animals and even humans.
Although there have been some preclinical studies of NIR-II
fluorescence imaging, many challenges still need to be addressed
before it can be used in the clinic.

NIR-II fluorophores

The development and production of a number of functional
near-infrared fluorophores for highly specific anatomical and
molecular imaging is conducive to the application of NIR-II
fluorescence imaging technology in basic research and preclinical
practice, and effectively promotes the development of this field.
From a clinical perspective, the NIR fluorophore should have certain
characteristics, including high safety, high stability, high quantum
yield, low toxicity, minimal or no accumulation in non-target
organs, and long emission wavelengths. A variety of NIR
fluorophores have been developed for in vivo fluorescence
imaging, including inorganic fluorophores (such as carbon
nanotubes, quantum dots, lanthanide-doped nanoparticles)
(Zhong et al., 2017; Chen et al., 2018; Zhang et al., 2020; Qin
et al., 2022a; Teng et al., 2022) organic fluorophores (such as organic
small molecules, polymers and activatable fluorescence probes)
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(Antaris et al., 2016; Li et al., 2022b; Zhang et al., 2022b; Gao and Lei,
2022; Zhao et al., 2022) A variety of inorganic materials have been
used in fluorescent imaging, this may cause safety concerns about
cumulative toxicity. Considering the unknown long-term toxicity,
these inorganic nanomaterials are difficult to translate to the clinic.
Organic fluorescent probes has adjustable physical and optical
properties controlled by structural engineering, processability and
good biocompatibility, therefore presents a better alternative
(Table 1) (Zhu et al., 2020; Cui et al., 2022).

Organic compounds based on small molecules show strong
prospects for clinical transformation due to their low toxicity,
high synthetic repeatability, and simple chemical modification.
Small molecules are metabolized by the body without the
production of additional metal ions. Dai et al. (Zhou et al., 2022)
introduced a water-soluble nanoparticle fluorescent molecular
probe with a donor-receptor-donor (D-A-D) skeleton, which
showed good photostability and pharmacokinetics, pioneering the
development of nanoparticle small-molecule fluorescent probes.
Although small-molecule fluorophores have made great strides in
NIR-II fluorescence imaging, most fluorophores are only used in
small animals, and are still a long way from clinical application.
Fortunately, scientists (Han et al., 2022; Kasprzyk et al., 2022;
Rodriguez-Luna et al., 2022) have successfully applied some small
molecular fluorophores to large animals (rabbits and monkeys) and
humans to accelerate their clinical translation. However, ICG has
low photostability and its fluorescence is easily quenched (Potharazu
and Gangemi, 2022). Using an aggregation-induced emission (AIE)
probe, Tang et al. (Qi et al., 2018a) performed high-contrast NIR-II

bioimaging of cyborg monkey arteries. These amazing achievements
provide compelling evidence for future clinical translational
research. Tian et al. (Hu et al., 2020) recently guided the surgical
resection of 23 human primary and metastatic hepatocellular
carcinomas using fluorescence imaging in combination with ICG,
which was the first clinical application of the technology.

In addition, activatable organic NIR-II fluorescent probes
generate fluorescent signals in the living system only after
responding to the target analyte, thereby displaying a higher SBR.
Thus, they have attracted increased attention for biomedical and
clinical research (Zhang et al., 2022b). Activatable organic NIR-II
fluorescence probes have been used in the detection of reactive
oxygen species (ROS), reactive nitrogen species (RNS), reactive
sulfur species (RSS), pH, viscosity and enzyme. This advanced,
non-invasive and highly specific optical imaging mode shows
promising prospects in exploring the pathophysiology of diseases
and potential clinical translation. Ren et al. designed a novel class of
polymethine dyes (NIRII-RTs) with bright (quantum yield up to
2.03%), stable and anti-solvent quenching NIR-II emission, together
with large Stokes shifts, realizing the real-time monitoring of drug-
induced hepatotoxicity (Ren et al., 2021). Qin et al., designed a novel
dye scaffold NIRII-HDs, realizing reliable NIR-II imaging of
different diseases in mouse models and evaluation of the redox
potential during a liver injury in vivo with high fidelity (Qin et al.,
2022b). He et al. constructed NIR-II Cy3s (a series of stable and
multifunctional NIR-II dyes) for reversible monitoring of HClO/
RSS-mediated redox processes in the pathophysiology environment
(He et al., 2022). Although several examples of NIR-II fluorescence

TABLE 1 The summary of advantages and disadvantages of NIR-II fluorophores.

NIR-II fluorophores Advantages Disadvantages

Inorganic

carbon nanotubes good photostability low quantum yield

high excitation intensity

quantum dots narrow emission wavelength toxicity

broad excitation wavelength, superior quantum yield

long fluorescence lifetime

lanthanide-doped nanoparticles high thermal and chemical stability low quantum yield

high imaging resolution unknown long-term toxicity

high penetration depth limited spatial imaging resolution

no photobleaching long collection time

Organic

organic small molecules high biocompatibility low quantum yield

fast excretion short emission wavelength

superior optical properties time-consuming synthesis and purification process

polymers superior optical properties limitation of biocompatibility slow excretion

adjustable structure

activatable probes more accurate for specific disease diagnoses low quantum yield

high resolution low photochemical stability

fast response
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imaging have been used in preclinical studies, there are many
challenges that need to be addressed before it can be used in a
clinical setting.

NIR-II fluorescence microscopy techniques

New microscopy techniques have facilitated many key advances
in biology. For example, microscopy is useful for observing the
transfer of the human immunodeficiency virus (HIV) (Hubner et al.,
2009) from cell to cell, the separation of individual chromatids
during cell division, the transient activity of the entire brain of
zebrafish larvae, and the neuronal activity of entire worms (Gao
et al., 2012; Hontani et al., 2022; Ishii et al., 2022). In vivo imaging
studies through macro NIR-II imaging can not only detect
circulation in the aorta and tiny blood vessels, but also be used
for the imaging of various organs, such as the heart (Greiner et al.,
2022), liver (Ojha et al., 2022), lung (Mirsanaye et al., 2022), kidney
(Sonoda et al., 2022) and intestine (Hanafy et al., 2022). However,
the visualization of tissue microstructure requires imaging systems
with larger magnification for improved spatial resolution and

contrast of biological tissue and clear imaging of biological
microstructure.

Confocal and multiphoton microscopy

So far, confocal microscopy and its non-linear counterpart
multiphoton microscopy have been considered the gold standard
techniques for fluorescence bioimaging (Ramani et al., 2022; Teo
et al., 2022). Confocal microscopes can eliminate out-of-focus
signals by placing a pinhole aperture at the conjugate point of
the focus of the detecting objective lens and the focus of the
concentrator. The pinhole ensures that only the signal from the
focal point in the sample can pass through and be collected by the
detector. Point by point scanning yields a three-dimensional (3D)
image without fuzzy signals. Due to this point-to-point principle,
this method can provide high-contrast optical slice images of
considerable depth in thick scattered samples (Figure 1A) (Cai
et al., 2020). However, point scanning characteristics also limit
the imaging speed of large samples. The exposure of fluorescence
bioimaging can cause additional damage, such as photobleaching of

FIGURE 1
The schematic illustration of the NIR-II fluorescence microscopic imaging system (A). Schematic illustration of the confocal fluorescence
microscopic imaging system. Copyright Year 2020, Theranostics (Cai et al., 2020) (B). Schematic illustration of the multiphoton fluorescence
microscopic imaging system. Copyright Year 2001, Opt Express (Masters and So, 2001) (C). Schematic illustration of the light sheet fluorescence
microscopic imaging system. Copyright Year 2011, J Histochem Cytochem (Santi, 2011) (D). Schematic illustration of the wide-field fluorescence
microscopic imaging system. Copyright Year 2020, Theranostics (Cai et al., 2020).
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the fluorophore and photon toxicity. Therefore, confocal
microscopy is the best choice for small volume imaging
(Paganelli et al., 2022).

Multiphoton microscopy is an extension of confocal microscopy
(Figure 1B) (Masters and So, 2001; Cai et al., 2020; Yang et al., 2022),
but does not exclude pinholes. Based on the non-linear multi-
photon excitation principle, excitation only occurs at the
maximum intensity point of the illumination, which can
effectively attenuate the defocus signal. This special application of
the non-linear multiphoton excitation principle gives it almost the
same effect as a pinhole. In addition to high contrast and high SBR,
there are several other advantages. First, the large separation
between the excitation spectrum and emission spectrum
eliminates the mixed fuzzy signal. Another is the use of longer
wavelengths, especially in the NIR-II or longer spectral window,
which is beneficial for deep in vivo bioimaging as discussed earlier.
However, multiphoton excitation requires very expensive ultrashort
pulsed lasers. In addition, it limits the choice of available excitation
wavelengths, and thus the choice of fluorophore (Akbari et al., 2022).

Qian Jun et al. (Chu et al., 2014; Alifu et al., 2018; He et al., 2020;
Feng et al., 2021) built a set of near infrared laser scanning confocal
microimaging systems (NER-LSCM) based on the commercial
Olympus FV1000 laser scanning confocal microscope, including
a near-infrared laser source (785 nm), optical path climbing system,
Olympus FV1000 laser scanning confocal microscope, dichroic
mirror, fiber coupler, optical fiber, near infrared response PMT,
signal amplifier, data acquisition card, and computer. The
researchers injected 300 µl of PBS dispersion of ICG
nanoparticles at a concentration of 500 µM into the caudal veins
of anesthetized 8-week-old ICR female mice, and then fixed the ears
or brains of mice under the NIR-LSCM system for fluorescence
imaging to obtain a 3D reconstruction of the blood vessels in the ears
and brain of the mice. They also coated TQ-BPN, an organic dye
with aggregation-induced luminescence effects, to obtain stable TQ-
BPN nanoparticles with good bioaffinity. They then combined them
with NIR-LSCM for deep-tissue fluorescence imaging in living mice,
achieving a depth of 700 µm for cerebral vascular imaging. The
researchers thus surpassed this limitation of laser scanning confocal
microscopy in cell imaging and thin tissue imaging, making the
application of laser scanning confocal microscopy in deep
fluorescence imaging of living tissue a reality. The team also built
a new two-photon excited near-infrared fluorescence microscopic
imaging system. With the help of fluorescent probe TQ-BPN
nanoparticles and excitation with the 1040 nm fs laser located in
the NIR-II region (1000–1400 nm), the near-infrared
photomultiplier tube (H7422-50) was used as the fluorescence
detector to detect the two-photon near-infrared fluorescence
signal located in the NIR-I region (700–900 µm), and achieve
large-depth fluorescence microscopic imaging of 950 µm in the
brain blood vessels of living mice.

Hongjie Dai et al. (Antaris et al., 2017; Zhang et al., 2018) used
808 nm epi-fluorescence excitation to build an amplification and
focusing optical system composed of two achromatic lenses.
Through the intact skin and skull, non-invasive fluorescence
imaging of cerebral blood vessels of mice at 1300–1400 nm was
achieved in this window, and the mouse cerebrovascular system was
analyzed at a depth of more than 2 mm. At a clinical level, themiddle
cerebral artery embolization model can accurately distinguish the

changes in vascular morphology and structure, and perform feature
recognition and boundary detection of malignant tumors in the
brain: these applications all require a microscopic imaging system
with higher magnification to achieve accurate analysis. The
realization of large-depth microscopic imaging of living biological
tissues indicates that confocal NIR-II microscopy holds great
promise in the field of biomedicine.

Light-sheet microscopy (LSM)

Because of the 3D volume imaging ability, low phototoxicity,
low background, and fast sectioning speed, light microscopy has
attracted great attention in biological and medical research
(Figure 1C) (Santi, 2011; Cai et al., 2020; Patel et al., 2022; Pesce
et al., 2022; Ma et al., 2021). Efforts to improve resolution,
volumetric imaging rates and tissue penetration depth have been
ongoing for decades. Scanning structured lighting and single
molecule localization give LSM limited subdivision resolution.
The penetration depth can be effectively increased by means of
two-photon excitation and self-reconstructing Bessel or Airy beams.
Recently, it was reported that the excitation and emission of NIR-II
LSM has been extended to 1320 nm and 1700 nm, respectively,
which inhibits the scattering of excited and emitted light. The NIR-II
LSM enables optical section and volumetric imaging to penetrate up
to 750 μm through the intact scalp and skull of mice. However, due
to diffraction limitations on the long wavelength of the detected
light, the resolution of the NIR-II LSM with a typical planar plate
using a cylindrical lens is approximately two to three times lower
than that of the visible-light LSM. Although the NIR-II LSM has
deeper penetration than the visible LSM, it still experiences light
scattering effects, resulting in feature smearing and undesired
background.

The excitation light is a thin piece of light, and the signal of the
excitation layer is collected by the vertical arrangement of the
detection light path and the illumination light path. LSM changes
the way that light excitation and collection is performed. Light is
modeled into a plane through a cylindrical lens, and the entire plane
is required to pass through the sample. This results in stringent
sample requirements and the need for optical transparency in
general. Therefore, it is a big challenge to realize cerebrovascular
imaging with LSM. Some advanced beams, such as Bessel and Airy
beams, have also been introduced in light-Sheet fluorescence
microscopy (LSFM) (Adams et al., 2015; Amich et al., 2020).
Compared to the conventional focused Gaussian beams that solve
the beam divergence problem, the non-diffraction properties of
these two advanced beams can contribute smaller core sizes over
extended longitudinal ranges. However, LSFM-based Bessel or Airy
beams must be solved with other techniques to overcome the
sidelobe negative effects. Returning to the principle of
multiphoton excitation, because the emission profile of
multiphoton excited fluorescence is proportional to the exponent
of illumination intensity, the sidelobe of the Bessel/Airy sheet is
greatly suppressed and exhibits excellent axial resolution and
penetration depth due to the longer wavelength used (Hobson
et al., 2022).

To produce thin sheets of light, so-called lattice
photomicroscopes (LLSM) use two-dimensional optical lattices of
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Bessel beams to achieve near diffraction limit resolution in X, Y, and
Z directions with high SNR. This avoids the need for excessive
excitation light in creating high-contrast images, resulting in low
photobleaching/phototoxicity, while maintaining fast acquisition
times. LLSM has proven to be a valuable tool for dynamic
bioimaging in a variety of sample types (Tsai et al., 2020). There
is a trade-off between sample size/maximum imaging volume and
achievable spatial resolution for a particular optical piece
technology. Although LLSM has the spatial resolution, it has the
smallest imaging volume of nearly 2.5 × 105 m3 (i.e., very few cells
are cultured). In contrast, IsoView imaging has a spatial resolution
of only more than half the spatial resolution, but its imaging volume
is close to 1.28 × 108 m3 (i.e., the entire Drosophila embryo).

With the development of NIR fluorescence bioimaging technology,
the combination of LSFM and near infrared fluorophores has been
explored, with great potential. More recently, Dai et al. (Wang et al.,
2019b) developed near-infrared II (NIR-II) (1000–1700 nm)
structured-illumination light-sheet microscopy (NIR-II SIM). The
wavelength of light excitation and emission is as high as ~ 1540 nm
and ~1700 nm, respectively. In a biological demonstration, the
combined microscopy technique achieved non-invasive in vivo
imaging of the living mouse brain at a depth of 2 mm, with an
axial resolution of less than 10 μm, resulting in dynamic processes
such as 3D molecular imaging of highly abnormal tumor
microcirculation and important immune checkpoint proteins, and
single-cell scale programmed death ligand one receptors in tumors.
NIR-II SIM provides an additional tool for non-invasive volumetric
molecular imaging of immune cells in living mammals.

Wide-field microscopy

Compared with the previous two techniques, wide-field
microscopy offers higher spatial and temporal resolution and is
easier to operate (Figure 1D) (Cai et al., 2020; Jiang et al., 2020).
First, the contrast scanning point detector needs external X-axis and
Y-axis scanning devices for surface detection to produce two-
dimensional images at a time, such as an image of

640 *512 pixels, so that the time resolution is higher. Second,
because there is no need for beam focusing and point excitation,
the requirements for the beam are significantly reduced, and the
operation is simple. Therefore, although the background
suppression of wide-field microscopy is inferior to that of
confocal microscopy and LSM, it is conducive to popularization
and application because of its significantly lower requirements for
samples and experimentalists (Table 2) (Lee et al., 2020). In order to
improve the effect of background suppression of NIR-II, Qian Jun,
et al. (Feng et al., 2019) carried out fluorescent wide-field
microscopic brain imaging in the NIR-IIx region, proving that
this band has excellent optical section ability. In the
1400–1500 nm window, water absorption of light greatly inhibits
the background. Therefore, microcapillary tubes with a diameter of
only 4.1 μm at 900 µm can be distinguished, and even vessels at
1.3 mm can be identified. They also develop a new nanoparticle
fluorescence positioning microscopic imaging system, which can
enable wide-field excitation, array detection, deep imaging depth,
high temporal resolution, good spatial resolution, easy operation,
and other advantages, and can achieve high-power detection of deep
tissue. So far, it has been applied in targeted chemotherapy of
cervical cancer and cerebrovascular research in mice.

Bawendi, et al. (Bruns et al., 2017; Qi et al., 2018b) introduced a
class of indium arsenide quantum dots. The dynamic imaging of
blood flow in healthy tissues and tumor edges was carried out using a
NIR-II fluorescence wide field microscopic system, thus generating z
section images of normal and abnormal vascular systems in mice.
Irregular blood vessels and oscillating “pendulum” blood flow were
observed at tumor edges. The healthy hemisphere showed a normal
network of blood vessels and regular blood flow. Relevant data
showed that the NIR-II fluorescence wide field microscopic system
could not only visualize the rich capillary structure of mice but also
measure blood flow velocity with high time resolution.

In addition, the NIR-II fluorescence wide field microscopy
technique can achieve the visualization of tissue vessels with high
spatial and temporal resolution. Tang Benzhong et al. (Qi et al.,
2018b) developed new near-infrared aggregation-induced emission
(AIE) nanoparticles. With the help of the NIR-II fluorescence wide-

TABLE 2 The summary of advantages and disadvantages of NIR-II fluorescence microscopies.

NIR-II fluorescence microscopy Advantages Disadvantages

Confocal and Multiphoton Microscopy

high contrast low imaging speed, photobleaching

high SBR photon toxicity

eliminating out-of-focus signals expensive excitation source

Light-Sheet Microscopy

low phototoxicity limited resolution

low background limited volumetric imaging rates

fast sectioning speed limited tissue penetration depth

Wide-Field Microscopy

higher temporal and spatial resolution weak background suppression

precise location of drug distribution lacking advanced detectors

deep imaging depth

commercially available
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field microscopic imaging system, the process of photo-thrombotic
ischemia (PTI) and blood-brain barrier (BBB) injury in the brains of
mice was accurately monitored. In addition to small photogenic
thrombus, the fluorescence wide-field microscopy system can also
accurately detect the formation of large thrombus after middle
cerebral artery Occlusion (MCAO) modeling. They also used a
fluorescent wide-field microscopic system and IR820 (a small-
molecule organic dye) to perform high-contrast and large-
penetration NIR-II fluorescent cerebral angiography, and
obtained clear vascular changes before and after MCAO
modeling in craniotomy mice. This study revealed that the highly
biocompatible and bioexcretable IR-820 has great potential for
therapeutic diagnosis in functional angiography. Based on the
NIR II-MS in vivo microscopy system, the researchers also used
a clinically-approved dye, Indocyanine Green (ICG), in mice
without craniotomy (Yu et al., 2019). The changes in cerebral
vessels in mice after cerebral embolization were further observed
using a NIR-II fluorescence wide field microscopy system. The high-
resolution NIR-II fluorescent wide field microscopic cerebrovascular
imaging based on craniotomy can diagnose cerebral thrombosis in
an intact skull, which enhances the feasibility of clinical application.
The exploration of real-time tracking of cerebral thrombotic
ischemia in mice opens up a new direction for in situ exploration
of the pathogenesis of brain diseases. Qian Jun et al. (Cai et al., 2020)
also used ICG as a NIR-II fluorescent probe to develop a wide-field
microscopic system with high temporal resolution, achieving
cerebrovascular imaging with a NIR-II fluorescent wide-field
microscopic in macaques for the first time, measuring the blood
flow velocity and heartbeat cycle of macaques, and identifying
capillaries with a diameter of 7.8 μm at a depth of 300 µm.

The detection and diagnosis of tumors and inflammatory lesions
is still a great clinical challenge, and the NIR-II fluorescence wide field
microscopy system can also be used for accurate detection of tumors.
Bawendi et al. (Bruns et al., 2017) used near-infrared quantum dots to
image glioblastoma multiforme in the brain of mice at a frame rate of
30 fps through a transparent cranial window; this was enabled by the
high temporal resolution of the fluorescent wide-field NIR-II
microscopy system. They also performed principal component
analysis to deconvolve the time series of images to distinguish pre-
labeled tumors, arterial vessels, and venous vessels, which will benefit
observation of changes in tumor blood vessel networks. Zhang Fan
et al. (He et al., 2021) further distinguished tumor stroma and blood
vessels by double-channel fluorescence angiography. The NIR-II
fluorescent probe CEAF-OMe was applied to the microscopic
imaging of tumor in vivo, and ICG was used as a vascular contrast
agent to obtain two-color fluorescence images. The fluorescence signal
of CEAF-OMe in tumor cells was specifically activated and could be
distinguished from the ICG signal in blood vessels. This method helps
avoid the serious fluorescence contamination caused by bleeding
during surgery, and enables the accurate removal of the tumor.
Wang Qiangbin et al. (Zhan et al., 2021) used the NIR-II
fluorescent wide-field microscopic system to realize cell imaging,
verified the targeting ability of the nanoparticle probe APP-
Ag2S-RGD to cancer cells, and achieved accurate tumor resection
through fluorescence-guided cells. Benzhong Tang et al. (Fan et al.,
2021) injected AIE nanoparticles TQ-BPN into mice with old tumors
(4 weeks) and new tumors (2 weeks), and used the NIR-II fluorescent
wide-field fiber system to identify tumors at different stages of growth.

The results showed that AIE nanoparticles could spread from the
endovascular to the extravasal tissues, producing brighter fluorescent
regions. Therefore, with the advantages of deep penetration depth and
real-time imaging, NIR-II fluorescence wide-field microscopy system
can be used to clearly visualize the enhanced permeability and
retention (EPR) effect of tumors in situ, which is also conducive to
early tumor detection and metastasis research.

The NIR-II fluorescent wide-field microscopy system offers high
temporal resolution to monitor dynamic biological processes, high
spatial resolution to observe tiny biological structures, precise
location of drug distribution, and deep imaging depth. In
addition, compared with other microscopy systems, the system is
easy to use and the cost involved is moderate. It therefore has
widespread application in vivo research and clinical practice. From
cerebrovascular systems to tumor blood vessels to inflammatory
tissues and isolated cells and tissue sections, imaging has been
realized in mice, rats, and macaques, which demonstrates the
great potential of the imaging technology of the NIR-II
fluorescence wide-field microscopy.

Conclusion and perspectives

In summary, thanks to the increasing abundance of probes,
continuous improvements in optical detectors, and the innovation
and improvement of system imaging optical paths and circuits, NIR-II
fluorescence microscopic imaging technology has benefited from
continuous innovation and breakthroughs have been made in
terms of greater imaging depth, better SBR, and higher spatial
resolution and imaging speed. Material technology, such as carbon
nanotubes, conjugated polymers, semiconductor quantum dots,
organic nanoparticles, small molecular organic dyes, and rare earth
doped nanomaterials, has been developed and applied successfully. In
addition, the progress in chip preparation and cooling technology has
enabled the development and mass production of detectors with high
quantum efficiency, large pixel, low noise, and wide motion. All these
advances indicate that the NIR-II fluorescence microscopic imaging
technology has a bright future in basic research and translation into
the clinic. As more biological applications related to the
cerebrovascular system, tumor blood vessels, and organ tissues,
and more complex biological models from rodents to primates are
reported, it is foreseeable that even richer and more complex clinical
applications will be developed and realized.

In the field of microscope technology, as we have discussed
before, confocal microscopy and multiphoton microscopy remain
the gold standard for fluorescence bioimaging in vivo in visible or
near-infrared spectroscopy. After nearly half a century of
development, confocal technology has matured. However, the
point scanning properties of confocal microscopes limit imaging
experiments of dynamic samples to small volumes or a series of fixed
samples at various stages of the process. LSFM is based on the
optimization of existing fluorescence microscopy techniques and
can generate effective signals for biomedical imaging. The
limitations come from hardware such as detection sensors,
especially when combined with other advanced beam-forming
strategies. Four-dimensional data sets with high spatiotemporal
resolution can be obtained, making it a powerful tool for a wide
range of fluorescence imaging applications. As for wide-field
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fluorescence technology, although its background suppression is
inferior to that of confocal microscopy and LSFM, its requirements
for samples and experimental are significantly lower, which is
conducive to clinical application. Therefore, further improvement
is needed in the application of in vivo bioimaging.

To date, all NIR emitters mentioned are in the preclinical stage,
making it particularly important to accelerate the clinical transition
research process. Optimization of existing emitters and the
development of new emitters require both optical properties
(such as low attenuation coefficient, high quantum yield, and
long emission wavelength), as well as biological properties (such
as low or non-toxicity, small molecules, rapid excretion, and good
biocompatibility). The combination of NIR fluorophores and LSFM
achieves excellent imaging performance with a penetration depth of
nearly 3 mm and a spatial resolution of less than 10 μm.
Multiphoton microscopes using near-infrared contrast agents can
eliminate self-fluorescence background. Multicolor STED
technology has also been developed by using near-infrared
fluorophores. Therefore, the long-term goal will be to combine
and integrate advanced near-infrared fluorescence with
microscopy-based beam shaping. Another direction of
development is the hybrid mode of fluorescence imaging.
Photoacoustic (PA) imaging can extend the imaging depth to
5 cm. Because several NIR fluorophores mentioned above are
also available for this new technique, achieving superior in vivo
fluorescence bioimaging with excellent spatial and temporal
resolution and deeper detection penetration will be a huge
improvement.

Based on existing research, there are still some aspects of NIR-II
fluorescence microscopic imaging technology need improving in
future. First, some fluorescent reagents pose safety problems in
terms of immune intake and biological self-clearance, resulting in
potential long-term toxicity in biological applications. This affects
the further clinical application of NIR-II fluorescence microscopy.
Second, NIR-II fluorescence microscopic imaging technology could
be combined with other imaging methods (such as photoacoustic
imaging). Multi-modal imaging could utilize the advantages of
different modes to overcome the disadvantages of a single mode,
so as to decipher more biological information and improve
diagnostic accuracy. It is foreseeable that with more research and
clinical work, NIR-II fluorescence microscopic imaging technology
will take the lead in further clinical applications such as
cerebrovascular health assessment, early cancer screening, and
in vitro tissue detection. Third, because of the influence of
background defocus signal, the spatial resolution of NIR-II
fluorescence wide-field microscopy is still not ideal, and the
imaging effect is inferior to that of confocal microscopy at the
same depth. In order to further suppress the background, given the

strong absorption of water at 1450 nm that can effectively inhibit the
background signal, the NIR-IIx band has the best imaging potential.
However, the imaging reagents that can be used for NIR-IIx and
clinical application are still to be developed. In conclusion, the
optimization of the imaging optical path and the innovation of
fluorescence probes will greatly promote the improvement of
fluorescence microscopy imaging. The continuous improvements
in imaging depth and SBR of in vivo imaging will drive the vigorous
development of NIR-II fluorescence microscopy-based in vivo
imaging systems and techniques.

Author contributions

Conceptualization, TW and MW; Writing—original draft
preparation, TW; Writing—Review and editing, TW, YC, and
BW; Supervision, MW; Funding acquisition, MW. All authors
have read and agreed to the published version of the manuscript.

Funding

This research was funded by the Applied Basic Research
Program of Wuhan Municipal Bureau of Science and Technology
(No.2019020701011436).

Acknowledgments

We thank all the members of our laboratory for their continuous
support of this project.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Adams, M. W., Loftus, A. F., Dunn, S. E., Joens, M. S., and Fitzpatrick, J. A. J. (2015).
Light sheet fluorescence microscopy (LSFM). Curr. Protoc. Cytom. 71, 12.37.1–12.37.15.
doi:10.1002/0471142956.cy1237s71

Akbari, N., Rebec, M. R., Xia, F., and Xu, C. (2022). Imaging deeper than the transport
mean free path with multiphotonmicroscopy. Biomed. Opt. Express 13, 452–463. doi:10.
1364/BOE.444696

Alifu, N., Zebibula, A., Qi, J., Zhang, H., Sun, C., Yu, X., et al. (2018). Single-molecular
near-infrared-II theranostic systems: Ultrastable aggregation-induced emission

nanoparticles for long-term tracing and efficient photothermal therapy. ACS Nano
12, 11282–11293. doi:10.1021/acsnano.8b05937

Amich, J., Mokhtari, Z., Strobel, M., Vialetto, E., Sheta, D., Yu, Y., et al. (2020).
Three-dimensional light sheet fluorescence microscopy of lungs to dissect local host
immune-Aspergillus fumigatus interactions. mBio 11, e02752. doi:10.1128/mBio.
02752-19

Antaris, A. L., Chen, H., Cheng, K., Sun, Y., Hong, G., Qu, C., et al. (2016). A small-
molecule dye for NIR-II imaging. Nat. Mater 15, 235–242. doi:10.1038/nmat4476

Frontiers in Physiology frontiersin.org08

Wang et al. 10.3389/fphys.2023.1126805

https://doi.org/10.1002/0471142956.cy1237s71
https://doi.org/10.1364/BOE.444696
https://doi.org/10.1364/BOE.444696
https://doi.org/10.1021/acsnano.8b05937
https://doi.org/10.1128/mBio.02752-19
https://doi.org/10.1128/mBio.02752-19
https://doi.org/10.1038/nmat4476
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1126805


Antaris, A. L., Chen, H., Diao, S., Ma, Z., Zhang, Z., Zhu, S., et al. (2017). A high
quantum yield molecule-protein complex fluorophore for near-infrared II imaging.Nat.
Commun. 8, 15269. doi:10.1038/ncomms15269

Baghdasaryan, A., Wang, F., Ren, F., Ma, Z., Li, J., Zhou, X., et al. (2022).
Phosphorylcholine-conjugated gold-molecular clusters improve signal for Lymph
Node NIR-II fluorescence imaging in preclinical cancer models. Nat. Commun. 13,
5613. doi:10.1038/s41467-022-33341-6

Bruns, O. T., Bischof, T. S., Harris, D. K., Franke, D., Shi, Y., Riedemann, L., et al.
(2017). Next-generation in vivo optical imaging with short-wave infrared quantum dots.
Nat. Biomed. Eng. 1, 56. doi:10.1038/s41551-017-0056

Cai, Z., Zhu, L., Wang, M., Roe, A.W., Xi, W., and Qian, J. (2020). NIR-II fluorescence
microscopic imaging of cortical vasculature in non-human primates. Theranostics 10,
4265–4276. doi:10.7150/thno.43533

Chen, G., Zhang, Y., Li, C., Huang, D., Wang, Q., and Wang, Q. (2018). Recent
advances in tracking the transplanted stem cells using near-infrared fluorescent
nanoprobes: Turning from the first to the second near-infrared window. Adv.
Healthc. Mater 7, e1800497. doi:10.1002/adhm.201800497

Chu, L., Wang, S., Li, K., Xi, W., Zhao, X., and Qian, J. (2014). Biocompatible near-
infrared fluorescent nanoparticles for macro and microscopic in vivo functional
bioimaging. Biomed. Opt. Express 5, 4076–4088. doi:10.1364/BOE.5.004076

Cui, C., Wang, C., Fu, Q., Song, J., Zou, J., Li, L., et al. (2022). A generic self-assembly
approach towards phototheranostics for NIR-II fluorescence imaging and
phototherapy. Acta Biomater. 140, 601–609. doi:10.1016/j.actbio.2021.11.023

Duan, N., and Yang, S. (2022). Research progress on multifunctional fluorescent
probes for biological imaging, food and environmental detection. Crit. Rev. Anal. Chem.
1-43, 1–43. doi:10.1080/10408347.2022.2098670

Fan, X., Xia, Q., Zhang, Y., Li, Y., Feng, Z., Zhou, J., et al. (2021). Aggregation-induced
emission (AIE) nanoparticles-assisted NIR-II fluorescence imaging-guided diagnosis
and surgery for inflammatory bowel disease (IBD). Adv. Healthc. Mater 10, e2101043.
doi:10.1002/adhm.202101043

Feng, Z., Yu, X., Jiang, M., Zhu, L., Zhang, Y., Yang, W., et al. (2019). Excretable IR-
820 for in vivo NIR-II fluorescence cerebrovascular imaging and photothermal therapy
of subcutaneous tumor. Theranostics 9, 5706–5719. doi:10.7150/thno.31332

Feng, Z., Tang, T., Wu, T., Yu, X., Zhang, Y., Wang, M., et al. (2021). Perfecting and
extending the near-infrared imaging window. Light Sci. Appl. 10, 197. doi:10.1038/
s41377-021-00628-0

Gao, L., Shao, L., Higgins, C. D., Poulton, J. S., Peifer, M., Davidson, M. W., et al.
(2012). Noninvasive imaging beyond the diffraction limit of 3D dynamics in thickly
fluorescent specimens. Cell. 151, 1370–1385. doi:10.1016/j.cell.2012.10.008

Gao, Y., and Lei, Z. (2022). The pursuit of xanthenoid fluorophores with near-
infrared-II emission for in vivo applications. Anal. Bioanal. Chem. doi:10.1007/s00216-
022-04463-z

Greiner, J., Sankarankutty, A. C., Seidel, T., and Sachse, F. B. (2022). Confocal
microscopy-based estimation of intracellular conductivities in myocardium for
modeling of the normal and infarcted heart. Comput. Biol. Med. 146, 105579.
doi:10.1016/j.compbiomed.2022.105579

Han, B., Hu, X., Zhang, X., Huang, X., An, M., Chen, X., et al. (2022). The fluorescence
mechanism of carbon dots based on the separation and identification of small molecular
fluorophores. RSC Adv. 12, 11640–11648. doi:10.1039/d2ra00431c

Hanafy, B. G., Abumandour, M. M. A., Kandyle, R., and Bassuoni, N. F. (2022).
Ultrastructural characterization of the intestine of the Eurasian common moorhen
using scanning electron microscopy and light microscopy. Microsc. Res. Tech. 85,
106–116. doi:10.1002/jemt.23888

He, M., Wu, D., Zhang, Y., Fan, X., Zhuang, S., Yang, W., et al. (2020). Protein-
enhanced NIR-IIb emission of indocyanine green for functional bioimaging. ACS Appl.
Bio Mater 3, 9126–9134. doi:10.1021/acsabm.0c01384

He, Y., Wang, S., Yu, P., Yan, K., Ming, J., Yao, C., et al. (2021). NIR-II cell
endocytosis-activated fluorescent probes for in vivo high-contrast bioimaging
diagnostics. Chem. Sci. 12, 10474–10482. doi:10.1039/d1sc02763h

He, L., He, L. H., Xu, S., Ren, T. B., Zhang, X. X., Qin, Z. J., et al. (2022).
Engineering of reversible NIR-II redox-responsive fluorescent probes for imaging of
inflammation in vivo. Angew. Chem. Int. Ed. Engl. 61, e202211409. doi:10.1002/anie.
202211409

Hobson, C. M., Guo, M., Vishwasrao, H. D., Wu, Y., Shroff, H., and Chew, T. L.
(2022). Practical considerations for quantitative light sheet fluorescence microscopy.
Nat. Methods 19, 1538–1549. doi:10.1038/s41592-022-01632-x

Hontani, Y., Akbari, N., Kolkman, K. E., Wu, C., Xia, F., Choe, K., et al. (2022). Deep-
tissue three-photon fluorescence microscopy in intact mouse and zebrafish brain. J. Vis.
Exp. 179. doi:10.3791/63213

Hu, Z., Fang, C., Li, B., Zhang, Z., Cao, C., Cai, M., et al. (2020). First-in-human liver-
tumour surgery guided by multispectral fluorescence imaging in the visible and near-
infrared-I/II windows. Nat. Biomed. Eng. 4, 259–271. doi:10.1038/s41551-019-0494-0

Hubner, W., McNerney, G. P., Chen, P., Dale, B. M., Gordon, R. E., Chuang, F. Y.,
et al. (2009). Quantitative 3D video microscopy of HIV transfer across T cell virological
synapses. Science 323, 1743–1747. doi:10.1126/science.1167525

Ishii, H., Takahashi, T., Yamaguchi, K., and Nemoto, T. (2022). Advanced
observation of brain and nerve cells using two-photon microscopy with novel
techniques. Microsc. (Oxf), dfac047. doi:10.1093/jmicro/dfac047

Jiang, S., Zhu, J., Song, P., Guo, C., Bian, Z., Wang, R., et al. (2020). Wide-field, high-
resolution lensless on-chip microscopy via near-field blind ptychographic modulation.
Lab. Chip 20, 1058–1065. doi:10.1039/c9lc01027k

Kasprzyk, W., Swiergosz, T., Romanczyk, P. P., Feldmann, J., and Stolarczyk, J. K.
(2022). The role of molecular fluorophores in the photoluminescence of carbon dots
derived from citric acid: Current state-of-the-art and future perspectives. Nanoscale 14,
14368–14384. doi:10.1039/d2nr03176k

Lee, J., Han, S., Seong, D., Lee, J., Park, S., Eranga Wijesinghe, R., et al. (2020). Fully
waterproof two-axis galvanometer scanner for enhanced wide-field optical-resolution
photoacoustic microscopy. Opt. Lett. 45, 865–868. doi:10.1364/OL.380032

Li, J., Jiang, R., Wang, Q., Li, X., Hu, X., Yuan, Y., et al. (2019). Semiconducting
polymer nanotheranostics for NIR-II/Photoacoustic imaging-guided photothermal
initiated nitric oxide/photothermal therapy. Biomaterials 217, 119304. doi:10.1016/j.
biomaterials.2019.119304

Li, C., Xu, Y., Tu, L., Choi, M., Fan, Y., Chen, X., et al. (2022a). Rationally designed
Ru(ii)-metallacycle chemo-phototheranostic that emits beyond 1000 nm. Chem. Sci. 13,
6541–6549. doi:10.1039/d2sc01518h

Li, J., Dong, Y., Wei, R., Jiang, G., Yao, C., Lv, M., et al. (2022b). Stable, bright, and
long-fluorescence-lifetime dyes for deep-near-infrared bioimaging. J. Am. Chem. Soc.
144, 14351–14362. doi:10.1021/jacs.2c05826

Liu, L., Wang, S., Zhao, B., Pei, P., Fan, Y., Li, X., et al. (2018). Er(3+) sensitized
1530 nm to 1180 nm second near-infrared window upconversion nanocrystals for in
vivo biosensing. Angew. Chem. Int. Ed. Engl. 57, 7518–7522. doi:10.1002/anie.
201802889

Liu, Z., Zhu, Y., Zhang, L., Jiang, W., Liu, Y., Tang, Q., et al. (2023). Structural and
functional imaging of brains. Sci. China Chem. 66, 324–366. doi:10.1007/s11426-022-
1408-5

Ma, Z., Wang, F., Wang, W., Zhong, Y., and Dai, H. (2021). Deep learning for in vivo
near-infrared imaging. Proc. Natl. Acad. Sci. U. S. A. 118, e2021446118. doi:10.1073/
pnas.2021446118

Masters, B., and So, P. (2001). Confocal microscopy and multi-photon excitation
microscopy of human skin in vivo. Opt. Express 8, 2–10. doi:10.1364/oe.8.000002

Meng, X., Pang, X., Zhang, K., Gong, C., Yang, J., Dong, H., et al. (2022). Recent
advances in near-infrared-II fluorescence imaging for deep-tissue molecular analysis
and cancer diagnosis. Small 18, e2202035. doi:10.1002/smll.202202035

Mirsanaye, K., Uribe Castano, L., Kamaliddin, Y., Golaraei, A., Kontenis, L.,
Zurauskas, E., et al. (2022). Unsupervised determination of lung tumor margin with
widefield polarimetric second-harmonic generation microscopy. Sci. Rep. 12, 20713.
doi:10.1038/s41598-022-24973-1

Niu, X., Wei, P., Sun, J., Lin, Y., Chen, X., Ding, C., et al. (2022). Biomineralized hybrid
nanodots for tumor therapy via NIR-II fluorescence and photothermal imaging. Front.
Bioeng. Biotechnol. 10, 1052014. doi:10.3389/fbioe.2022.1052014

Ojha, S., Pribyl, J., Klimovic, S., Hadraba, D., Jirouskova, M., and Gregor, M. (2022).
Measurement of liver stiffness using atomic force microscopy coupled with polarization
microscopy. J. Vis. Exp. 185. doi:10.3791/63974

Paganelli, A., Tarentini, E., Benassi, L., Scelfo, D., Pisciotta, A., Rossi, E., et al. (2022). Use
of confocal microscopy imaging for in vitro assessment of adipose-derived mesenchymal
stromal cells seeding on acellular dermal matrices: 3D reconstruction based on collagen
autofluorescence. Skin. Res. Technol. 28, 133–141. doi:10.1111/srt.13103

Patel, K. B., Liang, W., Casper, M. J., Voleti, V., Li, W., Yagielski, A. J., et al. (2022).
High-speed light-sheet microscopy for the in-situ acquisition of volumetric histological
images of living tissue. Nat. Biomed. Eng. 6, 569–583. doi:10.1038/s41551-022-00849-7

Pesce, L., Scardigli, M., Gavryusev, V., Laurino, A., Mazzamuto, G., Brady, N., et al.
(2022). 3D molecular phenotyping of cleared human brain tissues with light-sheet
fluorescence microscopy. Commun. Biol. 5, 447. doi:10.1038/s42003-022-03390-0

Potharazu, A. V., and Gangemi, A. (2022). Indocyanine green (ICG) fluorescence in
robotic hepatobiliary surgery: A systematic review. Int. J. Med. Robot. 19, e2485. doi:10.
1002/rcs.2485

Potma, E. O., Knez, D., Ettenberg, M., Wizeman, M., Nguyen, H., Sudol, T., et al.
(2021). High-speed 2D and 3D mid-IR imaging with an InGaAs camera. Apl. Photonics
6, 096108. doi:10.1063/5.0061661

Qi, J., Sun, C., Li, D., Zhang, H., Yu, W., Zebibula, A., et al. (2018a). Aggregation-
induced emission luminogen with near-infrared-II excitation and near-infrared-I
emission for ultradeep intravital two-photon microscopy. ACS Nano 12, 7936–7945.
doi:10.1021/acsnano.8b02452

Qi, J., Sun, C., Zebibula, A., Zhang, H., Kwok, R. T. K., Zhao, X., et al. (2018b). Real-
time and high-resolution bioimaging with bright aggregation-induced emission dots in
short-wave infrared region. Adv. Mater 30, e1706856. doi:10.1002/adma.201706856

Qin, J., Tian, H., Kong, F., Zhao, Q. Q., Zhang, C., Gu, H., et al. (2022a). A novel long
excitation/emission wavelength fluorophore as platform utilized to construct NIR
probes for bioimaging and biosensing. Bioorg Chem. 127, 105954. doi:10.1016/j.
bioorg.2022.105954

Frontiers in Physiology frontiersin.org09

Wang et al. 10.3389/fphys.2023.1126805

https://doi.org/10.1038/ncomms15269
https://doi.org/10.1038/s41467-022-33341-6
https://doi.org/10.1038/s41551-017-0056
https://doi.org/10.7150/thno.43533
https://doi.org/10.1002/adhm.201800497
https://doi.org/10.1364/BOE.5.004076
https://doi.org/10.1016/j.actbio.2021.11.023
https://doi.org/10.1080/10408347.2022.2098670
https://doi.org/10.1002/adhm.202101043
https://doi.org/10.7150/thno.31332
https://doi.org/10.1038/s41377-021-00628-0
https://doi.org/10.1038/s41377-021-00628-0
https://doi.org/10.1016/j.cell.2012.10.008
https://doi.org/10.1007/s00216-022-04463-z
https://doi.org/10.1007/s00216-022-04463-z
https://doi.org/10.1016/j.compbiomed.2022.105579
https://doi.org/10.1039/d2ra00431c
https://doi.org/10.1002/jemt.23888
https://doi.org/10.1021/acsabm.0c01384
https://doi.org/10.1039/d1sc02763h
https://doi.org/10.1002/anie.202211409
https://doi.org/10.1002/anie.202211409
https://doi.org/10.1038/s41592-022-01632-x
https://doi.org/10.3791/63213
https://doi.org/10.1038/s41551-019-0494-0
https://doi.org/10.1126/science.1167525
https://doi.org/10.1093/jmicro/dfac047
https://doi.org/10.1039/c9lc01027k
https://doi.org/10.1039/d2nr03176k
https://doi.org/10.1364/OL.380032
https://doi.org/10.1016/j.biomaterials.2019.119304
https://doi.org/10.1016/j.biomaterials.2019.119304
https://doi.org/10.1039/d2sc01518h
https://doi.org/10.1021/jacs.2c05826
https://doi.org/10.1002/anie.201802889
https://doi.org/10.1002/anie.201802889
https://doi.org/10.1007/s11426-022-1408-5
https://doi.org/10.1007/s11426-022-1408-5
https://doi.org/10.1073/pnas.2021446118
https://doi.org/10.1073/pnas.2021446118
https://doi.org/10.1364/oe.8.000002
https://doi.org/10.1002/smll.202202035
https://doi.org/10.1038/s41598-022-24973-1
https://doi.org/10.3389/fbioe.2022.1052014
https://doi.org/10.3791/63974
https://doi.org/10.1111/srt.13103
https://doi.org/10.1038/s41551-022-00849-7
https://doi.org/10.1038/s42003-022-03390-0
https://doi.org/10.1002/rcs.2485
https://doi.org/10.1002/rcs.2485
https://doi.org/10.1063/5.0061661
https://doi.org/10.1021/acsnano.8b02452
https://doi.org/10.1002/adma.201706856
https://doi.org/10.1016/j.bioorg.2022.105954
https://doi.org/10.1016/j.bioorg.2022.105954
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1126805


Qin, Z., Ren, T. B., Zhou, H., Zhang, X., He, L., Li, Z., et al. (2022b). NIRII-HDs: A
versatile platform for developing activatable NIR-II fluorogenic probes for reliable in
vivo analyte sensing. Angew. Chem. Int. Ed. Engl. 61, e202201541. doi:10.1002/anie.
202201541

Ramani, R. S., Tan, I., Bussau, L., Angel, C. M., McCullough, M., and Yap, T. (2022).
Confocal microscopy in oral cancer and oral potentially malignant disorders: A
systematic review. Oral Dis. doi:10.1111/odi.14291

Ren, T. B., Wang, Z. Y., Xiang, Z., Lu, P., Lai, H. H., Yuan, L., et al. (2021). A general
strategy for development of activatable NIR-II fluorescent probes for in vivo high-
contrast bioimaging. Angew. Chem. Int. Ed. Engl. 60, 800–805. doi:10.1002/anie.
202009986

Rodriguez-Luna, M. R., Okamoto, N., Al-Taher, M., Keller, D. S., Cinelli, L., Hoskere
Ashoka, A., et al. (2022). In vivo imaging evaluation of fluorescence intensity at tail
emission of near-infrared-I (NIR-I) fluorophores in a porcine model. Life (Basel) 12,
1123. doi:10.3390/life12081123

Santi, P. A. (2011). Light sheet fluorescence microscopy: A review. J. Histochem
Cytochem 59, 129–138. doi:10.1369/0022155410394857

Schouw, H. M., Huisman, L. A., Janssen, Y. F., Slart, R., Borra, R. J. H., Willemsen, A.
T. M., et al. (2021). Targeted optical fluorescence imaging: A meta-narrative review and
future perspectives. Eur. J. Nucl. Med. Mol. Imaging 48, 4272–4292. doi:10.1007/s00259-
021-05504-y

Sonoda, K., Harada, M., Aomura, D., Hara, Y., Yamada, Y., Yamaguchi, A., et al.
(2022). Relationship between glomerular number in fresh kidney biopsy samples and
light microscopy samples. Clin. Exp. Nephrol. 26, 424–434. doi:10.1007/s10157-022-
02179-z

Suo, Y., Wu, F., Xu, P., Shi, H., Wang, T., Liu, H., et al. (2019). NIR-II fluorescence
endoscopy for targeted imaging of colorectal cancer. Adv. Healthc. Mater 8, e1900974.
doi:10.1002/adhm.201900974

Tang, Y., Li, Y., Wang, Z., Pei, F., Hu, X., Ji, Y., et al. (2018). Organic semiconducting
nanoprobe with redox-activatable NIR-II fluorescence for in vivo real-time monitoring
of drug toxicity. Chem. Commun. (Camb) 55, 27–30. doi:10.1039/c8cc08413k

Teng, C., Zhang, S., Tian, Y., Cheng, Q., Dang, H., Yin, D., et al. (2022). Synthesis of
strong electron donating-accepting type organic fluorophore and its polypeptide
nanoparticles for NIR-II phototheranostics. Nanomedicine 44, 102574. doi:10.1016/j.
nano.2022.102574

Teo, A. W. J., Mansoor, H., Sim, N., Lin, M. T., and Liu, Y. C. (2022). In vivo confocal
microscopy evaluation in patients with keratoconus. J. Clin. Med. 11, 393. doi:10.3390/
jcm11020393

Tian, R., Ma, H., Zhu, S., Lau, J., Ma, R., Liu, Y., et al. (2020). Multiplexed NIR-II
probes for lymph node-invaded cancer detection and imaging-guided surgery. Adv.
Mater 32, e1907365. doi:10.1002/adma.201907365

Tsai, Y. C., Tang, W. C., Low, C. S. L., Liu, Y. T., Wu, J. S., Lee, P. Y., et al. (2020).
Rapid high resolution 3D imaging of expanded biological specimens with lattice light
sheet microscopy. Methods 174, 11–19. doi:10.1016/j.ymeth.2019.04.006

Wang, C., Fan, W., Zhang, Z., Wen, Y., Xiong, L., and Chen, X. (2019a). Advanced
nanotechnology leading the way to multimodal imaging-guided precision surgical
therapy. Adv. Mater 31, e1904329. doi:10.1002/adma.201904329

Wang, F., Wan, H., Ma, Z., Zhong, Y., Sun, Q., Tian, Y., et al. (2019b). Light-sheet
microscopy in the near-infrared II window. Nat. Methods 16, 545–552. doi:10.1038/
s41592-019-0398-7

Wang, T., Wang, S., Liu, Z., He, Z., Yu, P., Zhao, M., et al. (2021). A hybrid
erbium(III)-bacteriochlorin near-infrared probe for multiplexed biomedical imaging.
Nat. Mater 20, 1571–1578. doi:10.1038/s41563-021-01063-7

Welsher, K., Liu, Z., Sherlock, S. P., Robinson, J. T., Chen, Z., Daranciang, D., et al.
(2009). A route to brightly fluorescent carbon nanotubes for near-infrared imaging in
mice. Nat. Nanotechnol. 4, 773–780. doi:10.1038/nnano.2009.294

Xu, Y., Li, C., Ma, X., Tuo, W., Tu, L., Li, X., et al. (2022). Long wavelength-emissive
Ru(II) metallacycle-based photosensitizer assisting in vivo bacterial diagnosis and
antibacterial treatment. Proc. Natl. Acad. Sci. U. S. A. 119, e2209904119. doi:10.
1073/pnas.2209904119

Yang, H., Huang, H., Ma, X., Zhang, Y., Yang, X., Yu, M., et al. (2021a). Au-doped
Ag(2) Te quantum dots with bright NIR-IIb fluorescence for in situ monitoring of
angiogenesis and arteriogenesis in a hindlimb ischemic model. Adv. Mater 33,
e2103953. doi:10.1002/adma.202103953

Yang, H., Li, R., Zhang, Y., Yu, M., Wang, Z., Liu, X., et al. (2021b). Colloidal alloyed
quantum dots with enhanced photoluminescence quantum yield in the NIR-II window.
J. Am. Chem. Soc. 143, 2601–2607. doi:10.1021/jacs.0c13071

Yang, Y., Zheng, L., Li, Z., Chen, J., Wu, X., Ren, G., et al. (2022). Multiphotonmicroscopy
providing pathological-level quantification of myocardial fibrosis in transplanted human
heart. Lasers Med. Sci. 37, 2889–2898. doi:10.1007/s10103-022-03557-5

Yu, X., Feng, Z., Cai, Z., Jiang, M., Xue, D., Zhu, L., et al. (2019). Deciphering of
cerebrovasculatures via ICG-assisted NIR-II fluorescence microscopy. J. Mater Chem. B
7, 6623–6629. doi:10.1039/c9tb01381d

Zhan, Y., Ling, S., Huang, H., Zhang, Y., Chen, G., Huang, S., et al. (2021). Rapid
unperturbed-tissue analysis for intraoperative cancer diagnosis using an enzyme-
activated NIR-II nanoprobe. Angew. Chem. Int. Ed. Engl. 60, 2637–2642. doi:10.
1002/anie.202011903

Zhang, M., Yue, J., Cui, R., Ma, Z., Wan, H., Wang, F., et al. (2018). Bright quantum
dots emitting at ~1,600 nm in the NIR-IIb window for deep tissue fluorescence imaging.
Proc. Natl. Acad. Sci. U. S. A. 115, 6590–6595. doi:10.1073/pnas.1806153115

Zhang, Y., Yang, H., An, X., Wang, Z., Yang, X., Yu, M., et al. (2020). Controlled
synthesis of Ag(2) Te@Ag(2) S core-shell quantum dots with enhanced and tunable
fluorescence in the second near-infrared window. Small 16, e2001003. doi:10.1002/smll.
202001003

Zhang, H., Zhu, L., Gao, D. S., Liu, Y., Zhang, J., Yan, M., et al. (2022a). Imaging the
deep spinal cord microvascular structure and function with high-speed NIR-II
fluorescence microscopy. Small Methods 6, e2200155. doi:10.1002/smtd.202200155

Zhang, X., Li, S., Ma, H., Wang, H., Zhang, R., and Zhang, X. D. (2022b). Activatable
NIR-II organic fluorescent probes for bioimaging. Theranostics 12, 3345–3371. doi:10.
7150/thno.71359

Zhao, X., Zhang, F., and Lei, Z. (2022). The pursuit of polymethine fluorophores with
NIR-II emission and high brightness for in vivo applications. Chem. Sci. 13,
11280–11293. doi:10.1039/d2sc03136a

Zheng, Y., Li, Q., Wu, J., Luo, Z., Zhou, W., Li, A., et al. (2020). All-in-one
mitochondria-targeted NIR-II fluorophores for cancer therapy and imaging. Chem.
Sci. 12, 1843–1850. doi:10.1039/d0sc04727a

Zheng, Z., Jia, Z., Qu, C., Dai, R., Qin, Y., Rong, S., et al. (2021). Biodegradable silica-
based nanotheranostics for precise MRI/NIR-II fluorescence imaging and self-
reinforcing antitumor therapy. Small 17, e2006508. doi:10.1002/smll.202006508

Zhong, Y., Ma, Z., Zhu, S., Yue, J., Zhang, M., Antaris, A. L., et al. (2017). Boosting the
down-shifting luminescence of rare-earth nanocrystals for biological imaging beyond
1500 nm. Nat. Commun. 8, 737. doi:10.1038/s41467-017-00917-6

Zhou, H., Zeng, X., Li, A., Zhou, W., Tang, L., Hu, W., et al. (2020). Upconversion
NIR-II fluorophores for mitochondria-targeted cancer imaging and photothermal
therapy. Nat. Commun. 11, 6183. doi:10.1038/s41467-020-19945-w

Zhou, W., Yin, L., Zhang, X., Liang, T., Guo, Z., Liu, Y., et al. (2022). Recent advances
in small molecule dye-based nanotheranostics for NIR-II photoacoustic imaging-guided
cancer therapy. Front. Bioeng. Biotechnol. 10, 1002006. doi:10.3389/fbioe.2022.1002006

Zhu, R., Su, L., Dai, J., Li, Z. W., Bai, S., Li, Q., et al. (2020). Biologically responsive
plasmonic assemblies for second near-infrared window photoacoustic imaging-guided
concurrent chemo-immunotherapy. ACS Nano 14, 3991–4006. doi:10.1021/acsnano.
9b07984

Frontiers in Physiology frontiersin.org10

Wang et al. 10.3389/fphys.2023.1126805

https://doi.org/10.1002/anie.202201541
https://doi.org/10.1002/anie.202201541
https://doi.org/10.1111/odi.14291
https://doi.org/10.1002/anie.202009986
https://doi.org/10.1002/anie.202009986
https://doi.org/10.3390/life12081123
https://doi.org/10.1369/0022155410394857
https://doi.org/10.1007/s00259-021-05504-y
https://doi.org/10.1007/s00259-021-05504-y
https://doi.org/10.1007/s10157-022-02179-z
https://doi.org/10.1007/s10157-022-02179-z
https://doi.org/10.1002/adhm.201900974
https://doi.org/10.1039/c8cc08413k
https://doi.org/10.1016/j.nano.2022.102574
https://doi.org/10.1016/j.nano.2022.102574
https://doi.org/10.3390/jcm11020393
https://doi.org/10.3390/jcm11020393
https://doi.org/10.1002/adma.201907365
https://doi.org/10.1016/j.ymeth.2019.04.006
https://doi.org/10.1002/adma.201904329
https://doi.org/10.1038/s41592-019-0398-7
https://doi.org/10.1038/s41592-019-0398-7
https://doi.org/10.1038/s41563-021-01063-7
https://doi.org/10.1038/nnano.2009.294
https://doi.org/10.1073/pnas.2209904119
https://doi.org/10.1073/pnas.2209904119
https://doi.org/10.1002/adma.202103953
https://doi.org/10.1021/jacs.0c13071
https://doi.org/10.1007/s10103-022-03557-5
https://doi.org/10.1039/c9tb01381d
https://doi.org/10.1002/anie.202011903
https://doi.org/10.1002/anie.202011903
https://doi.org/10.1073/pnas.1806153115
https://doi.org/10.1002/smll.202001003
https://doi.org/10.1002/smll.202001003
https://doi.org/10.1002/smtd.202200155
https://doi.org/10.7150/thno.71359
https://doi.org/10.7150/thno.71359
https://doi.org/10.1039/d2sc03136a
https://doi.org/10.1039/d0sc04727a
https://doi.org/10.1002/smll.202006508
https://doi.org/10.1038/s41467-017-00917-6
https://doi.org/10.1038/s41467-020-19945-w
https://doi.org/10.3389/fbioe.2022.1002006
https://doi.org/10.1021/acsnano.9b07984
https://doi.org/10.1021/acsnano.9b07984
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1126805

	Recent progress of second near-infrared (NIR-II) fluorescence microscopy in bioimaging
	Introduction
	NIR-II fluorescent in vivo bioimaging
	NIR-II fluorophores
	NIR-II fluorescence microscopy techniques
	Confocal and multiphoton microscopy
	Light-sheet microscopy (LSM)
	Wide-field microscopy

	Conclusion and perspectives
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


