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Second near-infrared window (NIR-II) fluorescence imaging has shown great potential in
the field of bioimaging. However, the excitation wavelengths of most NIR-II fluorescence
dyes are in the first near-infrared (NIR-I) region, which leads to limited imaging depth and
resolution. To address such issue, NIR-II fluorescence dyes with 1,064 nm excitation have
been developed and applied for in vivo imaging. Compared with NIR-I wavelength excited
dyes, 1,064 nm excited dyes exhibit a higher tissue penetration depth and resolution. The
improved performance makes these dyes have much broader imaging applications. In this
mini review, we summarize recent advances in 1,064 nm excited NIR-II fluorescence
fluorophores for bioimaging. Two kinds of organic fluorophores, small molecule dye and
semiconducting polymer (SP), are reviewed. The general properties of these fluorophores
are first introduced. Small molecule dyes with different chemical structures for variety of
bioimaging applications are then discussed, followed by the introduction of SPs for NIR-II
phototheranostics. Finally, the conclusion and future perspective of this field is given.

Keywords: NIR-II fluorescence imaging, 1,064 nm excitation, photothermal therapy, phototheranostics, organic
fluorophores

INTRODUCTION

As a powerful disease diagnostic method, optical imaging has shown great promise both in the
laboratory research and clinical application (Ding et al., 2021) (Xu and Pu, 2021). The two major
optical imaging modalities are fluorescence and photoacoustic imaging, and near-infrared (NIR)
light (650–900 nm) has been widely used as both excitation and signal source because of its relatively
high tissue penetration depth compared with visible light (Cheng et al., 2020a) (Guo et al., 2017)
(Huang et al., 2019) (Jiang and Pu, 2018) (Xie et al., 2017) (Wang et al., 2021a). NIR fluorescence
imaging has unique advantages, such as high biological safety, high spatial and temporal resolution,
high sensitivity and low cost (Li and Pu, 2019) (Lovell et al., 2011) (Qi et al., 2019) (Yang et al., 2018)
(Zhang et al., 2020a). Until now, variety of NIR fluorescence probes have been designed for imaging
cancer, (Huang et al., 2021) (Zhou et al., 2020a) inflammation (Fan et al., 2021) (Liu et al., 2021)
(Yang et al., 2020a) (Cheng et al., 2020b), kidney dysfunction (Huang and Pu, 2020) (Huang et al.,
2019) (Chen et al., 2021a), liver injury (Cheng et al., 2021) (Kwon et al., 2018), and thrombus (Lee
et al., 2019), (Wang et al., 2021b), (Jiang et al., 2021). Although NIR fluorescence imaging has shown
great potential, its tissue penetration depth still needs to be improved compared with traditional
imaging modalities such as X-ray computed tomography (CT) and magnetic resonance imaging
(MRI) (Li et al., 2021) (Miao and Pu, 2018) (Li and Pu, 2019) (Wang et al., 2019a) (Guo et al., 2019).
Thus, fluorescence imaging in the second NIR window (NIR-II, 1,000–1,700 nm) has gained more
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and more attention, as it has both higher tissue penetration depth
and spatial resolution than fluorescence imaging in the first NIR
(NIR-I) window (Sheng et al., 2018) (Zhou et al., 2020b) (Guo
et al., 2019) (Gong et al., 2013).

Until now, different kinds of NIR-II fluorescence probes have
been developed for disease diagnosis, including carbon nanotubes
(Zhao et al., 2018) (Antaris et al., 2016), small molecule dyes
(Zhang et al., 2021) (Zhou et al., 2020c) (Chen et al., 2021b),
semiconducting polymers (SPs), and quantum dots(Feng et al.,
2021) (Kong et al., 2016) (Li et al., 2015) (Zhang et al., 2019)
(Chen et al., 2021c). Among these materials, organic fluorophores
including small molecule dyes and SPs have shown great potential
owing to their good biocompatibility and high absorption
coefficient(Hu et al., 2021) (Tian et al., 2020) (Wang et al.,
2020) (Xie et al., 2020) (Yang et al., 2020b) (Zhou et al., 2021)
(Ou et al., 2021). However, the excitation wavelengths for most of
organic fluorophores are still in the range of NIR-I window.
Compared with the most commonly used excitation wavelength
808 nm, 1,064 nm light has both deeper tissue penetration and
higher maximum permissible exposure (MPS) intensity (1 vs.
0.33W/cm2)(Zhen et al., 2021) (Zhang et al., 2020b). Such feature
makes NIR-II fluorescence imaging under 1,064 nm excitation
have a much better imaging depth and resolution than that under
808-nm excitation (Du et al., 2021). However, it is difficult to
design and synthesize organic NIR-II fluorescence probes with
NIR-II excitation wavelength. Thus, developing such kind of
organic fluorophores to further promote the effect of NIR-II
fluorescence imaging is of great significance.

The design, preparation, and applications of NIR-II
fluorescence probes have been very well summarized by
several reviews (Su et al., 2021), (Zhu et al., 2019), (Wang
et al., 2019b). Therefore, in this mini review, we focus on
recent progress in the development of 1,064 nm excited
organic NIR-II fluorescence probes. In the first part, the
general classification and synthesis of these probes are
introduced. Then, different kinds of 1,064-nm excited NIR-II
fluorescent small molecule dyes and semiconducting polymers
are introduced separately. Finally, a brief summary and the
current status as well as potential challenge of this field are
discussed.

GENERAL CLASSIFICATION AND
PROPERTIES OF ORGANIC
FLUOROPHORES
Organic fluorophores can be classified into two types, small
molecule dyes and SPs. For small molecule dyes, large
π-conjugated backbones or electron donor–acceptor (D-A)
structures are required to extend the absorption of these dyes
into the NIR-II region. Compared with SPs, small molecule dyes
have definite structure and smaller molecular weight. By virtue of
such feature, small molecule dyes may be metabolized via renal
clearance and, thus, have greater potential in clinical translation
(Zhang et al., 2021) (Chen et al., 2021b). However, sophisticated
synthetic and purification procedures are usually required for
small molecule dye preparation owing to their relatively complex

structures. In contrast, the synthetic and purification procedures
for SPs are much easier. The commonly used reactions for SP
preparation are palladium-catalyzed Suzuki and Stille coupling;
both of them are well studied and widely applied (Li et al., 2018).
By choosing proper electron donor and acceptor monomers, SPs
with NIR-II absorption can be readily synthesized. In addition,
SPs have better photostability than small molecule dyes (Zhou
et al., 2020a). Overall, both small molecule dyes and SPs have
their own advantages and have been developed for 1,064 nmNIR-
II excitation fluorescence contrast agents.

SMALL MOLECULE DYES FOR 1,064NM
NIR-II EXCITATION FLUORESCENCE
IMAGING
The first example of small molecule dye for 1,064 nm excitation
NIR-II fluorescence imaging is reported by Zhang et al. (Ding
et al., 2019). They designed and synthesized a cyanine-based dye,
FD-1080, with good water solubility (Figure 1A). Compared with
the commercially available NIR-I dye indocyanine green (ICG),
FD-1080 had a better photostability. FD-1080 showed an NIR-II
absorption peak at 1,046 nm, and an emission peak at 1,080 nm
under 1,064 nm excitation (Figure 1B). The quantum yield of
FD-1080 was determined as 0.31% in ethanol, and can be
significantly increased into 5.94% by being encapsulated with
fetal bovine serum (FBS). Tissue penetration study indicated that,
under 1,064 nm excitation, the NIR-II fluorescence signal of FD-
1080 can resolve the edge of capillary tube even under 5-mm
phantom, which was much deeper than excitation under NIR-I
light. The in vivo imaging performance of FD-1080 was first
evaluated by NIR-II fluorescence imaging of left hindlimb of
mice. FD-1080 was encapsulated by FBS to give FD-1080-FBS
complex, and was intravenously (i.v.) injected into the mice. The
results showed that under 1,064 nm excitation, the signal-to-
background ratio (SBR) of hindlimb vessel (4.32) was much
higher than that under other shorter wavelengths (ranging
from 1.9 to 2.2) (Figure 1C). The resolved blood vessel under
1,064 nm excitation had a full width at half-maximum (FWHM)
of 0.47 mm. Similarly, under 1,064 nm excitation, NIR-II
fluorescence signal of FD-1080-FBS complex can clearly
resolve the sagittal sinus vessel of mouse with a FWHM of
0.65 mm, while such resolution can only reach 1.43 mm under
808 nm excitation (Figure 1D). Furthermore, the FD-1080-FBS
complex can quantify the respiratory rate of mice by real-time
NIR-II fluorescence imaging of respiratory craniocaudal motion
of the liver and, thus, differentiate awake and anesthetized mice.

To prepare high-performance NIR-II fluorescence dyes, Hong
et al. synthesized four NIR-II fluorophores with alkyne groups,
which can be conjugated with targeting groups for cancer
imaging. (Li et al., 2020). Among them, 5H5 had the highest
quantum yield of 2.6% (Figure 1E). The maximum absorption of
5H5 was longer than 1,000 nm, with a maximum emission of
1,125 nm (Figure 1F). As 5H5 had the highest quantum yield, it
was then applied for bioimaging applications. Owing to the two
alkyne groups in the structure of 5H5, azide-functionalized cyclic
arginylglycylaspartic acid (cRGD) can be linked with 5H5 to give
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5H5-PEG8-cRGD. Because of the conjugation of PEG, the water
solubility of 5H5 was improved, thus, increasing the blood
circulation of 5H5-PEG8-cRGD. After i.v. injection of 5H5-
PEG8-cRGD, the main blood vessel of mice can be clearly
observed by NIR-II fluorescence imaging. Under 808 nm
excitation, the imaging under 1,320 long-pass (LP) filter had a
better SBR than that under 1,000 LP filter (3.8 vs. 2.3). An even
higher SBR (7.2) was detected for the imaging under 1,064 nm
excitation with 1,320 LP filter, which indicated that longer
excitation and emission wavelength had lower background
signal (Figure 1G). In addition, such imaging condition
showed a much better resolution than that under 808-nm
excitation. The 5H5-PEG8-cRGD was then applied for
tumorous microvasculature imaging. After i.v. injection of
5H5-PEG8-cRGD, tumorous vessels 1 and 2 were clearly
delineated by NIR-II fluorescence imaging both under 808 and
1,064-nm excitation (Figure 1H). Compared with 808-nm
excitation, NIR-II fluorescence imaging under 1,064 nm
showed a higher resolution. Blood vessels 1 and 2 were
measured as 318 and 516 μm under 1,064 nm excitation,

respectively, whereas those measured as 407 and 587 μm were
under 808-nm excitation. The 5H5 nanoparticles showed good
tumor-targeting capability. At t � 48 h post-injection, tumor
tissue had an SBR of 3.2 under 808-nm excitation, while such
SBR can increase to 6.5 under 1,064 nm excitation. In addition,
5H5-PEG8-cRGD can effectively accumulate into U87MG glioma
tumors with integrin αvβ3 overexpression. The NIR-II
fluorescence imaging data also confirmed that the tumor site
had a higher SBR under 1,064 nm excitation than that under
808 nm excitation.

To achieve in vivo dynamic vascular imaging in the NIR-II
window, Zhang et al. designed a long blood half-life small
molecule dye, LZ-1105 (Figure 1I) (Jiang et al., 2017). LZ-
1105 had absorption (1,041 nm) and emission (1,105 nm)
wavelength both in the NIR-II window, and the quantum
yield of LZ-1105 was determined as 1.69%. In addition, LZ-
1105 had a better photostability than ICG. The tissue penetration
depth of NIR-II fluorescence signal of LZ-1105 can reach 6 mm,
which was much deeper than that of ICG excited under 808 nm.
The in vivo NIR-II fluorescence imaging capability of LZ-1105

FIGURE 1 | (A) Chemical structure of cyanine-based dye (FD-1080). (B) Absorption and emission spectra of FD-1080. Inset: Representative second near-infrared
window (NIR-II) fluorescence images of FD-1080 in deionized (DI) water, PBS, and fetal bovine serum (FBS) under 1,064 nm excitation. (C) The signal-to-background
ratio of mouse left hindlimb vasculature injected with FD-1080-FBS under different excitation wavelengths. (D)Representative NIR-II fluorescence images of mouse brain
vasculature injected with FD-1080-FBS under 808 or 1,064-nm excitation. (E)Chemical structure of 5H5. (F) Fluorescence spectra of 6H6, 6L6, 5H5, and 5L5. (G)
The signal-to-background ratio of mouse hindlimb vasculature injected with 5H5 under different excitation wavelengths and filters. (H) Representative NIR-II
fluorescence images of mouse blood vessels around and within tumor under different excitation wavelengths and filters. (I) Chemical structure of LZ-1105 (J)
Representative NIR-II fluorescence images of mouse brain injected with LZ-1105 or indocyanine green (ICG) under 1,064 and 808 nm excitation, respectively. The scale
bar represents 3 mm (K) Blood concentration of LZ-1105 and ICG in living mice as a function of time (L) Representative NIR-II fluorescence images of LZ-1105-injected
mouse carotid artery before and after injection of recombinant tissue plasminogen activator for 15 min. The scale bar represents 3 mm. Adapted from ref. 19–21.
Copyright© 2018 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim, 2019 American Chemical Society and 2020 Springer Nature.
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was then evaluated. Cerebral vessel imaging showed that NIR-II
fluorescence signal of LZ-1105 under 1,064-nm excitation can
clearly delineate the blood vessel with very high resolution, which
was 8.4-fold higher than that of ICG under 808-nm excitation. In
addition, the contrast of LZ-1105-injected mice (0.42) was
twofold higher than that of ICG-injected mice (0.21)
(Figure 1J), demonstrating the higher resolution and contrast
for LZ-1105. LZ-1105 showed a long blood circulation time, and
the vasculature of mice can be clearly visualized even after 12 h
post-injection. The SBR of blood vessel was higher than five at
t � 4 h post-injection. For ICG, the blood vessels can only be
distinguished at 5 min post-injection. The blood circulation time
study indicated that LZ-1105 had a long blood half-life of
195.4 min, while such time was only 3.1 min for ICG
(Figure 1K). Owing to the ultralong blood circulation time,
LZ-1105 can be applied for real-time imaging of ischemic
reperfusion in hindlimb. After i.v. injection of LZ-1105, the
recovery of blood flow can be indicated by the NIR-II
fluorescence signal of LZ-1105. The process of thrombolysis
can also be monitored by LZ-1105. After i.v. injection of LZ-
1105, the blood vessel with thrombus showed no NIR-II
fluorescence signal because of the occlusion of blood flow.
After injection of rt-PA to destruct the blood clot, the
fluorescence signal of such blood vessel recovered gradually,
and such signal reached its maximum at t � 15 min post-
injection of rt-PA, indicating the success of thrombolysis
(Figure 1l). LZ-1105 can also be used for monitoring the
opening and recovery of blood brain barrier (BBB). When
BBB was opened, an obvious bright spot can be observed in
the brain tissue, which can be attributed to the leakage of LZ-1105
into brain tissue due to the opening of BBB. After the recovery of
BBB, such bright spot gradually disappeared. Such phenomenon
demonstrated that LZ-1105 can real-time monitor the status
of BBB.

Overall, all of these small molecule dyes showed good NIR-II
fluorescence imaging effect under 1,064 nm excitation. They had
both higher tissue penetration depth and imaging resolution than
their counterparts under 808 nm excitation. In addition, their
quantum yields were relatively high, all of them were higher than
1%, and the highest can reach nearly 6% with the help of FBS.
Owing to such feature, they can be applied for imaging blood
vessel, tumor, respiratory craniocaudal motion, BBB and so on.

SEMICONDUCTING POLYMERS FOR
1,064-NM SECOND NEAR-INFRARED
WINDOW EXCITATION FLUORESCENCE
IMAGING

Compared with small molecule dyes, SPs with absorption
longer than 1,000 nm are readily synthesized, as SPs usually
have larger molecular weight, which leads to larger
π-conjugated backbone and longer absorption wavelength.
(Jiang et al., 2020). However, most of them showed almost no
fluorescence signal but good photothermal conversion
efficiency.(Xu et al., 2021) (Huang et al., 2020) Thus,

developing SPs with high NIR-II fluorescence quantum
yield under 1,064 nm excitation is still a great challenge.

Our group successfully synthesized a squaraine-based SP
(PSQP) by using squaraine as the electron acceptor unit and
1,4-bis [2-(1-methylpyrrol-2-yl)vinyl]-2,5-
didodecyloxybenzene (BP) as the electron donor unit.
PSQP was encapsulated into DSPE-PEG5000-NH2 to form
water-soluble PSQP nanoparticles (PSQPNs), and an
alkynyl group-containing compound DBCO-NHS was
conjugated onto the surface of PSQPNs to give PSQPNs-
DBCO (Figure 2A). PSQPNs-DBCO had a spherical
morphology with a hydrodynamic size of 172.4 nm.
PSQPNs-DBCO had a maximum absorption of about
900 nm, and an NIR-II emission at around 1,300 nm. In
addition, PSQPNs-DBCO had good photostability, wherein
its fluorescence signal remained almost the same even under
continuous 1,064-nm light irradiation for 1 h. The in vivo
NIR-II fluorescence imaging effect of PSQPNs-DBCO was
compared with an 808-nm excited SPN, TT-3T CPs.
PSQPNs-DBCO-injected mice showed a much higher
imaging resolution than TT-3T CPs-injected mice for
blood vessels (Figure 2B). The photothermal effect of
PSQPNs-DBCO was then tested. The highest photothermal
temperature of PSQPNs-DBCO under 1,064-nm light
irradiation can reach 86.5°C, while such temperature can
only reach 48 C under 808-nm light irradiation. The good
photothermal effect of PSQPNs-DBCO made it suitable for
NIR-II fluorescence imaging-guided photothermal therapy
(PTT). As the surface of PSQPNs-DBCO had alkynyl groups,
they can effectively conjugate with 1,3,4,6-tetra-O-acetyl-N-
azidoacetyl-D-mannosamine (Ac4ManNAz)-incubated cells
via biorthogonal click chemistry. PSQPNs-DBCO showed a
much higher cellular uptake for Ac4ManNAz-incubated
cancer cells than PSQPNs, which indicated that the click
strategy can effectively increase the cellular uptake. The effect
of click strategy for in vivo tumor targeting was then
evaluated. Tumor-bearing mice were pre-injected with
Ac4ManNAz for 3 days. After that, PSQPNs-DBCO or
PSQPNs were i.v. injected into mice, and the NIR-II
fluorescence images of mice were captured at designated
time points. For PSQPNs-DBCO-injected mice, an obvious
higher SBR was observed in the tumor site than PSQPNs-
injected mice (Figure 2C). Such phenomenon can be
attributed to the click reaction between PSQPNs-DBCO
and azide groups expressed on the surface of tumor cells,
which significantly increased the tumor accumulation.

Recently, our group reported another example of NIR-II
fluorescent SP, BDT-TTQ, with 1,064 nm excitation for tumor
imaging (Figure 2D) (Cheng and Pu, 2020). BDT-TTQ was
prepared via Stille coupling, and its chemical structure and
molecular weight were studied by 1H NMR and GPC,
respectively. To endow BDT-TTQ with good water solubility,
an amphiphilic copolymer F127 was used to encapsulate BDT-
TTQ to give BDT-TTQ nanoparticles (BDT-TTQ NPs). BDT-
TTQ NPs had a hydrodynamic size of 62 nm with low
polydispersity. BDT-TTQ NPs had strong absorption at
1,064 nm, and its emission wavelength was longer than
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1,300 nm (Figure 2E). BDT-TTQ NPs had good photothermal
efficiency. For the concentration of 0.1 mg/ml, the temperature of
BDT-TTQ NPs solution can reach higher than 60 C under 1,064-
nm laser irradiation (1W/cm2). The NIR-II fluorescence imaging
depth of BDT-TTQ NPs was determined as 6 mm by covering
chicken breast tissue onto BDT-TTQNPs solutions. Owing to the
high resolution of NIR-II fluorescence imaging, BDT-TTQ NPs
was applied for in vivo blood vessel imaging. Under 1,064 nm
light excitation, the blood vessels in the brain and hypogastric
region can be clearly distinguished, and the SBR of blood vessels
can reach 5 (Figure 2F). In vitro cytotoxicity study indicated that
BDT-TTQ NPs had good biocompatibility without laser
irradiation. In contrast, obvious cytotoxicity was observed for
BDT-TTQ NPs-treated HeLa cells under 1,064 nm laser
irradiation for 5 min, which showed that BDT-TTQ NPs had
good photothermal efficacy against tumor cells. BDT-TTQ NPs
was then applied for in vivo NIR-II fluorescence imaging-guided
PTT. After i.v. injection of BDT-TTQ NPs into tumor-bearing
mice, the NIR-II fluorescence signal at tumor site gradually
increased, indicating that BDT-TTQ NPs can effectively
accumulate into tumor. Such signal reached the maximum at
t � 12 h post-injection (Figure 2G). At such time point, the NIR-
II fluorescence signal of BDT-TTQ NPs can clearly delineate the
contour of tumor. In vivo PTT results showed that the tumor
growth can be significantly inhibited for BDT-TTQ NPs-treated
mice under 1,064-nm laser irradiation. Overall, BDT-TTQ NPs
was a good 1,064-nm excited NIR-II phototheranostic system.

Because SPs had large molecular weight and poor water
solubility, encapsulating SPs with amphiphilic copolymer to
give water dispersible SPNs was a rational choice for
biological applications. Thus, these probes were mostly in
the nanoscale, which were very suitable for tumor imaging

owing to the enhanced permeation and retention (EPR)
effect. However, SPNs usually had lower NIR-II
fluorescence quantum yield than small molecule dyes, and
such disadvantage limited the application of SPNs. Thus,
improving the quantum yield of SPNs is highly demanded.

DISCUSSION

We herein summarized organic fluorophores including small
molecular dyes and SPs for 1,064-nm NIR-II excitation
fluorescence imaging. Compared with NIR-II fluorescence
dyes under 808-nm excitation, these dyes have a deeper
tissue penetration and higher imaging resolution because of
the longer excitation wavelength. The developed 1,064-nm
excited small molecular dyes have good water solubility and
photostability, and can be applied for NIR-II fluorescence
imaging of blood vessel, thrombus, tumor, and respiratory
craniocaudal motion. In contrast, SPs have poor water
solubility, and amphiphilic copolymers are utilized to
encapsulate these SPs to give water soluble SPNs. These
SPNs not only show satisfactory NIR-II fluorescence signal
under 1,064-nm laser, but also have good photothermal effect.
Thus, SPNs can be applied for in vivo 1,064-nm excited NIR-II
fluorescence imaging-guided PTT.

Although 1,064 nm excited organic fluorophores have
been developed for NIR-II fluorescence imaging with high
imaging depth and resolution, some critical issues are still
needed to be resolved to further promote their biological
applications. Compared with 808-nm excited dyes, the
quantum yield of 1,064 nm excited dyes are relatively low.
Thus, developing organic dyes with novel chemical structures

FIGURE 2 | (A) Schematic illustration of preparation of PSQPNs-DBCO. (B) NIR-II fluorescence imaging of blood vessels by PSQPNs-DBCO and TT-3T CPs. (C)
Signal-to-background ratio (SBR) of tumor tissue of mice with different treatments. (D) Chemical structure of BDT-TTQ. (E) Absorption and emission spectra of BDT-
TTQ NPs in water. (F) NIR-II fluorescence imaging of brain and hypogastric region of BDT-TTQ NPs-injected mice. (G) NIR-II fluorescence imaging of tumor after i.v.
injection of BDT-TTQ NPs for 12 h. The red circle indicates the location of tumor. Adapted from ref. 16 and 24. Copyright© 2020 Elsevier and 2020 Chinese
Chemical Society.
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is required for screening NIR-II fluorescence fluorophores
with high quantum yield under 1,064-nm excitation. On the
other hand, activatable probes usually have higher SBR and
specificity compared with “always-on” probes because their
signals are only activated in the presence of specific
biomarkers or microenvironments (Li et al., 2019) (Meng
et al., 2018). Until now, the excitation wavelengths of
reported activatable NIR-II fluorescence probes are still
limited in the NIR-I window. Therefore, to further
improve the sensitivity and selectivity of 1,064-nm excited
NIR-II fluorescence dyes, endowing these dyes with specific
environmental responsiveness is of great significance.

AUTHOR CONTRIBUTIONS

WWwrote the original draft of the manuscript. XH, MD, and CX
edited the manuscript. WZ, WH, and QF discussed the scope and
content of this review. WZ and QF reviewed the final version of
the review.

FUNDING

This work was supported by the Research Start-up Fund of
NJUPT (NY220149 and NY219006).

REFERENCES

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

Chen, L., Chen, J., Fang, Y., Zeng, F., and Wu, S. (2021). A Turn-On Probe for
Detecting Antituberculotic Drug-Induced Liver Injury in Mice via NIR-II
Fluorescence/Optoacoustic Imaging. Chem. Commun. 57, 7842–7845.
doi:10.1039/d1cc02845f

Chen, S., Miao, H., Jiang, X., Sun, P., Fan, Q., and Huang, W. (2021). Starlike
Polymer Brush-Based Ultrasmall Nanoparticles with Simultaneously Improved
NIR-II Fluorescence and Blood Circulation for Efficient Orthotopic
Glioblastoma Imaging. Biomaterials 275, 120916. doi:10.1016/
j.biomaterials.2021.120916

Chen, Y., Sun, B., Jiang, X., Yuan, Z., Chen, S., Sun, P., et al. (2021). Double-
Acceptor Conjugated Polymers for Nir-Ii Fluorescence Imaging and NIR-II
Photothermal Therapy Applications. J. Mater. Chem. B. 9, 1002–1008.
doi:10.1039/d0tb02499f]

Cheng, D., Xu, W., Gong, X., Yuan, L., and Zhang, X.-B. (2021). Design Strategy of
Fluorescent Probes for Live Drug-Induced Acute Liver Injury Imaging. Acc.
Chem. Res. 54, 403–415. doi:10.1021/acs.accounts.0c00646

Cheng, P., Chen, W., Li, S., He, S., Miao, Q., and Pu, K. (2020). Fluoro-
Photoacoustic Polymeric Renal Reporter for Real-Time Dual Imaging of
Acute Kidney Injury. Adv. Mater. 32, 1908530. doi:10.1002/
adma.201908530

Cheng, P., Miao, Q., Huang, J., Li, J., and Pu, K. (2020). Multiplex Optical
Urinalysis for Early Detection of Drug-Induced Kidney Injury. Anal. Chem.
92, 6166–6172. doi:10.1021/acs.analchem.0c00989

Cheng, P., and Pu, K. (2020). Activatable Phototheranostic Materials for Imaging-
Guided Cancer Therapy. ACS Appl. Mater. Inter. 12, 5286–5299. doi:10.1021/
acsami.9b15064

Ding, B., Xiao, Y., Zhou, H., Zhang, X., Qu, C., Xu, F., et al. (2019). Polymethine
Thiopyrylium Fluorophores with Absorption beyond 1000 Nm for Biological
Imaging in the Second Near-Infrared Subwindow. J. Med. Chem. 62,
2049–2059. doi:10.1021/acs.jmedchem.8b01682

Ding, F., Feng, J., Zhang, X., Sun, J., Fan, C., and Ge, Z. (2021). Responsive Optical
Probes for Deep-Tissue Imaging: Photoacoustics and Second Near-Infrared
Fluorescence. Adv. Drug Deliv. Rev. 173, 141–163. doi:10.1016/
j.addr.2021.03.008

Du, Y., Liu, X., and Zhu, S. (2021). Near-Infrared-II Cyanine/Polymethine Dyes,
Current State and Perspective. Front. Chem. 9, 718709. doi:10.3389/
fchem.2021.718709

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., 2101043. doi:10.1002/
adhm.202101043

Feng, S., Li, H., Liu, C., Chen, M., Sheng, H., Huang, M., et al. (2021). Real-Time In
VivoDetection andMonitoring of Bacterial Infection Based on NIR-II Imaging.
Front. Chem. 9, 689017. doi:10.3389/fchem.2021.689017

Gong, H., Peng, R., and Liu, Z. (2013). Carbon Nanotubes for Biomedical Imaging:
The Recent Advances. Adv. Drug Deliv. Rev. 65, 1951–1963. doi:10.1016/
j.addr.2013.10.002

Guo, B., Feng, Z., Hu, D., Xu, S., Middha, E., Pan, Y., et al. (2019). Precise
Deciphering of Brain Vasculatures and Microscopic Tumors with Dual NIR-II
Fluorescence and Photoacoustic Imaging. Adv. Mater. 31, 1902504.
doi:10.1002/adma.201902504]

Guo, B., Sheng, Z., Hu, D., Li, A., Xu, S., Manghnani, P. N., et al. (2017).
Molecular Engineering of Conjugated Polymers for Biocompatible
Organic Nanoparticles with Highly Efficient Photoacoustic and
Photothermal Performance in Cancer Theranostics. ACS Nano 11,
10124–10134. doi:10.1021/acsnano.7b04685

Hu, X., Chen, Z., Jin, A. J., Yang, Z., Gan, D., Wu, A., et al. (2021). Rational
Design of All-Organic Nanoplatform for Highly Efficient MR/NIR-II
Imaging-Guided Cancer Phototheranostics. Small 17, 2007566.
doi:10.1002/smll.202007566

Huang, G., Su, C., Wang, L., Fei, Y., and Yang, J. (2021). The Application of
Nucleic Acid Probe-Based Fluorescent Sensing and Imaging in Cancer
Diagnosis and Therapy. Front. Chem. 9, 705458. doi:10.3389/
fchem.2021.705458

Huang, J., Li, J., Lyu, Y., Miao, Q., and Pu, K. (2019). Molecular Optical Imaging
Probes for Early Diagnosis of Drug-Induced Acute Kidney Injury. Nat. Mater.
18, 1133–1143. doi:10.1038/s41563-019-0378-4

Huang, J., and Pu, K. (2020). Near-Infrared Fluorescent Molecular Probes for
Imaging and Diagnosis of Nephro-Urological Diseases. Chem. Sci. 12,
3379–3392. doi:10.1039/d0sc02925d

Huang, T., Chen, Y., Sun, P., Fan, Q., and Huang, W. (2020). Conjugated-Polymer
Nanoparticle for NIR-II Fluorescence Imaging Guiding NIR-II Photothermal
Therapy. Acta Polym. Sin. 51, 346–354. doi:10.11777/j.issn1000-
3304.2019.19192

Jiang, Y., Huang, J., Xu, C., and Pu, K. (2021). Activatable Polymer Nanoagonist for
Second Near-Infrared Photothermal Immunotherapy of Cancer. Nat.
Commun. 12, 742. doi:10.1038/s41467-021-21047-0]

Jiang, Y., and Pu, K. (2018). Multimodal Biophotonics of Semiconducting Polymer
Nanoparticles. Acc. Chem. Res. 51, 1840–1849. doi:10.1021/
acs.accounts.8b00242

Jiang, Y., Upputuri, P. K., Xie, C., Lyu, Y., Zhang, L., Xiong, Q., et al. (2017).
Broadband Absorbing Semiconducting Polymer Nanoparticles for
Photoacoustic Imaging in Second Near-Infrared Window. Nano Lett. 17,
4964–4969. doi:10.1021/acs.nanolett.7b02106

Jiang, Y., Zhao, X., Huang, J., Li, J., Upputuri, P. K., Sun, H., et al. (2020).
Transformable Hybrid Semiconducting Polymer Nanozyme for Second Near-
Infrared Photothermal Ferrotherapy. Nat. Commun. 11, 1857. doi:10.1038/
s41467-020-15730-x

Kong, Y., Chen, J., Fang, H., Heath, G., Wo, Y., Wang, W., et al. (2016).
Highly Fluorescent Ribonuclease-A-Encapsulated Lead Sulfide Quantum
Dots for Ultrasensitive Fluorescence In Vivo Imaging in the Second Near-
Infrared Window. Chem. Mater. 28, 3041–3050. doi:10.1021/
acs.chemmater.6b00208

Kwon, S.-P., Jeon, S., Lee, S.-H., Yoon, H. Y., Ryu, J. H., Choi, D., et al. (2018).
Thrombin-Activatable Fluorescent Peptide Incorporated Gold Nanoparticles

Frontiers in Chemistry | www.frontiersin.org November 2021 | Volume 9 | Article 7696556

Wang et al. 1,064 nm Excited NIR-II Fluorescence Imaging

https://doi.org/10.1038/nmat4476
https://doi.org/10.1038/nmat4476
https://doi.org/10.1039/d1cc02845f
https://doi.org/10.1016/j.biomaterials.2021.120916
https://doi.org/10.1016/j.biomaterials.2021.120916
https://doi.org/10.1039/d0tb02499f
https://doi.org/10.1021/acs.accounts.0c00646
https://doi.org/10.1002/adma.201908530
https://doi.org/10.1002/adma.201908530
https://doi.org/10.1021/acs.analchem.0c00989
https://doi.org/10.1021/acsami.9b15064
https://doi.org/10.1021/acsami.9b15064
https://doi.org/10.1021/acs.jmedchem.8b01682
https://doi.org/10.1016/j.addr.2021.03.008
https://doi.org/10.1016/j.addr.2021.03.008
https://doi.org/10.3389/fchem.2021.718709
https://doi.org/10.3389/fchem.2021.718709
https://doi.org/10.1002/adhm.202101043
https://doi.org/10.1002/adhm.202101043
https://doi.org/10.3389/fchem.2021.689017
https://doi.org/10.1016/j.addr.2013.10.002
https://doi.org/10.1016/j.addr.2013.10.002
https://doi.org/10.1002/adma.201902504
https://doi.org/10.1021/acsnano.7b04685
https://doi.org/10.1002/smll.202007566
https://doi.org/10.3389/fchem.2021.705458
https://doi.org/10.3389/fchem.2021.705458
https://doi.org/10.1038/s41563-019-0378-4
https://doi.org/10.1039/d0sc02925d
https://doi.org/10.11777/j.issn1000-3304.2019.19192
https://doi.org/10.11777/j.issn1000-3304.2019.19192
https://doi.org/10.1038/s41467-021-21047-0
https://doi.org/10.1021/acs.accounts.8b00242
https://doi.org/10.1021/acs.accounts.8b00242
https://doi.org/10.1021/acs.nanolett.7b02106
https://doi.org/10.1038/s41467-020-15730-x
https://doi.org/10.1038/s41467-020-15730-x
https://doi.org/10.1021/acs.chemmater.6b00208
https://doi.org/10.1021/acs.chemmater.6b00208
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


for Dual Optical/Computed Tomography Thrombus Imaging. Biomaterials
150, 125–136. doi:10.1016/j.biomaterials.2017.10.017

Lee, J., Jeong, L., Jung, E., Ko, C., Seon, S., Noh, J., et al. (2019). Thrombus Targeting
Aspirin Particles for Near Infrared Imaging and On-Demand Therapy of
Thrombotic Vascular Diseases. J. Controlled Release 304, 164–172.
doi:10.1016/j.jconrel.2019.05.012

Li, B., Lu, L., Zhao, M., Lei, Z., and Zhang, F. (2018). An Efficient 1,064 Nm NIR-II
Excitation Fluorescent Molecular Dye for Deep-Tissue High-Resolution
Dynamic Bioimaging. Angew. Chem. Int. Ed. 57, 7483–7487. doi:10.1002/
anie.201801226

Li, B., Zhao, M., Feng, L., Dou, C., Ding, S., Zhou, G., et al. (2020). Organic NIR-II
Molecule with Long Blood Half-Life for In Vivo Dynamic Vascular Imaging.
Nat. Commun. 11, 3102. doi:10.1038/s41467-020-16924-z

Li, C., Li, F., Zhang, Y., Zhang, W., Zhang, X.-E., and Wang, Q. (2015). Real-Time
Monitoring Surface Chemistry-dependent In Vivo Behaviors of Protein
Nanocages via Encapsulating an NIR-II Ag2S Quantum Dot. ACS Nano 9,
12255–12263. doi:10.1021/acsnano.5b05503

Li, D., Wang, S., Lei, Z., Sun, C., El-Toni, A. M., Alhoshan, M. S., et al. (2019).
Peroxynitrite Activatable Nir-Ii Fluorescent Molecular Probe for Drug-Induced
Hepatotoxicity Monitoring. Anal. Chem. 91, 4771–4779. doi:10.1021/
acs.analchem.9b00317

Li, J., and Pu, K. (2019). Development of Organic Semiconducting Materials for
Deep-Tissue Optical Imaging, Phototherapy and Photoactivation. Chem. Soc.
Rev. 48, 38–71. doi:10.1039/C8CS00001H

Li, J., Yu, X., Jiang, Y., He, S., Zhang, Y., Luo, Y., et al. (2021). Second Near-
Infrared Photothermal Semiconducting Polymer Nanoadjuvant for
Enhanced Cancer Immunotherapy. Adv. Mater. 33, 2003458.
doi:10.1002/adma.202003458

Liu, S., Zhu, Y., Wu, P., and Xiong, H. (2021). Highly Sensitive D-A-D-type Near-
Infrared Fluorescent Probe for Nitric Oxide Real-Time Imaging in
Inflammatory Bowel Disease. Anal. Chem. 93, 4975–4983. doi:10.1021/
acs.analchem.1c00281

Lovell, J. F., Jin, C. S., Huynh, E., Jin, H., Kim, C., Rubinstein, J. L., et al. (2011).
Porphysome Nanovesicles Generated by Porphyrin Bilayers for Use as
Multimodal Biophotonic Contrast Agents. Nat. Mater 10, 324–332.
doi:10.1038/nmat2986

Meng, X., Zhang, J., Sun, Z., Zhou, L., Deng, G., Li, S., et al. (2018). Hypoxia-
Triggered Single Molecule Probe for High-Contrast NIR II/PA Tumor Imaging
and Robust Photothermal Therapy. Theranostics 8, 6025–6034. doi:10.7150/
thno.26607

Miao, Q., and Pu, K. (2018). Organic Semiconducting Agents for Deep-
Tissue Molecular Imaging: Second Near-Infrared Fluorescence, Self-
Luminescence, and Photoacoustics. Adv. Mater. 30, 1801778.
doi:10.1002/adma.201801778

Ou, C., Na, W., Ge, W., Huang, H., Gao, F., Zhong, L., et al. (2021).
Biodegradable Charge-Transfer Complexes for Glutathione Depletion
Induced Ferroptosis and NIR-II Photoacoustic Imaging Guided Cancer
Photothermal Therapy. Angew. Chem. Int. Ed. 60, 8157–8163.
doi:10.1002/anie.202014852

Qi, G., Hu, F., KenryShi, L., Wu, M., and Liu, B. (2019). An AIEgen-Peptide
Conjugate as a Phototheranostic Agent for Phagosome-Entrapped
Bacteria. Angew. Chem. Int. Ed. 58, 16229–16235. doi:10.1002/
anie.201906099

Sheng, Z., Guo, B., Hu, D., Xu, S., Wu, W., Liew, W. H., et al. (2018). Bright
Aggregation-Induced-Emission Dots for Targeted Synergetic NIR-II
Fluorescence and NIR-I Photoacoustic Imaging of Orthotopic Brain
Tumors. Adv. Mater. 30, 1800766. doi:10.1002/adma.201800766

Su, Y., Yu, B., Wang, S., Cong, H., and Shen, Y. (2021). NIR-II Bioimaging of Small
Organic Molecule. Biomaterials 271, 120717. doi:10.1016/
j.biomaterials.2021.120717

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, 1907365. doi:10.1002/adma.201907365

Wang, Q., Dai, Y., Xu, J., Cai, J., Niu, X., Zhang, L., et al. (2019). All-in-One
Phototheranostics: Single Laser Triggers NIR-II Fluorescence/Photoacoustic
Imaging Guided Photothermal/Photodynamic/Chemo Combination Therapy.
Adv. Funct. Mater. 29, 1901480. doi:10.1002/adfm.201901480

Wang, Q., Xu, J., Geng, R., Cai, J., Li, J., Xie, C., et al. (2020). High Performance
One-For-All Phototheranostics: NIR-II Fluorescence Imaging Guided
Mitochondria-Targeting Phototherapy with a Single-Dose Injection and 808
Nm Laser Irradiation. Biomaterials 231, 119671. doi:10.1016/
j.biomaterials.2019.119671

Wang, Y., Feng, L., and Wang, S. (2019). Conjugated Polymer Nanoparticles for
Imaging, Cell Activity Regulation, and Therapy. Adv. Funct. Mater. 29,
1806818. doi:10.1002/adfm.201806818

Wang, Y., Lei, L., Ye, R., Jia, G., Hua, Y., Deng, D., et al. (2021). Integrating Positive
and Negative Thermal Quenching Effect for Ultrasensitive Ratiometric
Temperature Sensing and Anti-counterfeiting. ACS Appl. Mater. Inter. 13,
23951–23959. doi:10.1021/acsami.1c05611

Wang, Y., Xu, M., Yang, N., Gao, S., Li, S., Zhang, J., et al. (2021). A Thrombin-
Responsive Nanoprobe for In Vivo Visualization of Thrombus Formation
through Three-Dimensional Optical/Computed Tomography Hybrid
Imaging. ACS Appl. Mater. Inter. 13, 27814–27824. doi:10.1021/
acsami.1c04065

Xie, C., Zhen, X., Lyu, Y., and Pu, K. (2017). Nanoparticle Regrowth
Enhances Photoacoustic Signals of Semiconducting Macromolecular
Probe for In Vivo Imaging. Adv. Mater. 29, 1703693. doi:10.1002/
adma.201703693

Xie, C., Zhou, W., Zeng, Z., Fan, Q., and Pu, K. (2020). Grafted Semiconducting
Polymer Amphiphiles for Multimodal Optical Imaging and Combination
Phototherapy. Chem. Sci. 11, 10553–10570. doi:10.1039/d0sc01721c

Xu, C., Jiang, Y., Huang, J., Huang, J., and Pu, K. (2021). Second Near-Infrared
Light-Activatable Polymeric Nanoantagonist for Photothermal
Immunometabolic Cancer Therapy. Adv. Mater. 33, 2101410. doi:10.1002/
adma.202101410

Xu, C., and Pu, K. (2021). Second Near-Infrared Photothermal Materials for
Combinational Nanotheranostics. Chem. Soc. Rev. 50, 1111–1137. doi:10.1039/
d0cs00664e

Yang, Y., Fan, X., Li, L., Yang, Y., Nuernisha, A., Xue, D., et al. (2020).
Semiconducting Polymer Nanoparticles as Theranostic System for
Near-Infrared-II Fluorescence Imaging and Photothermal Therapy
under Safe Laser Fluence. ACS Nano 14, 2509–2521. doi:10.1021/
acsnano.0c00043

Yang, Y., Hu, Y., Shi, W., and Ma, H. (2020). A Near-Infrared Fluorescence Probe
for Imaging of Pantetheinase in Cells and Mice In Vivo. Chem. Sci. 11,
12802–12806. doi:10.1039/d0sc04537c

Yang, Z., Fan, W., Tang, W., Shen, Z., Dai, Y., Song, J., et al. (2018). Near-
Infrared Semiconducting Polymer Brush and Ph/Gsh-Responsive
Polyoxometalate Cluster Hybrid Platform for Enhanced Tumor-
specific Phototheranostics. Angew. Chem. Int. Ed. 57, 14101–14105.
doi:10.1002/anie.201808074

Zhang, J., Ning, L., Huang, J., Zhang, C., and Pu, K. (2020). Activatable Molecular
Agents for Cancer Theranostics. Chem. Sci. 11, 618–630. doi:10.1039/
C9SC05460J

Zhang, W., Deng, W., Zhang, H., Sun, X., Huang, T., Wang, W., et al. (2020).
Bioorthogonal-Targeted 1,064 Nm Excitation Theranostic Nanoplatform
for Precise NIR-IIa Fluorescence Imaging Guided Efficient NIR-II
Photothermal Therapy. Biomaterials 243, 119934. doi:10.1016/
j.biomaterials.2020.119934

Zhang, W., Huang, T., Li, J., Sun, P., Wang, Y., Shi, W., et al. (2019). Facial Control
Intramolecular Charge Transfer of Quinoid Conjugated Polymers for Efficient
In VivoNIR-II Imaging. ACS Appl. Mater. Inter. 11, 16311–16319. doi:10.1021/
acsami.9b02597

Zhang, X., Ji, A., Wang, Z., Lou, H., Li, J., Zheng, L., et al. (2021). Azide-Dye
Unexpected Bone Targeting for Near-Infrared Window II Osteoporosis
Imaging. J. Med. Chem. 64, 11543–11553. doi:10.1021/
acs.jmedchem.1c00839

Zhao, J., Zhong, D., and Zhou, S. (2018). NIR-I-to-NIR-II Fluorescent
Nanomaterials for Biomedical Imaging and Cancer Therapy. J. Mater.
Chem. B. 6, 349–365. doi:10.1039/c7tb02573d

Zhen, X., Pu, K., and Jiang, X. (2021). Photoacoustic Imaging and Photothermal
Therapy of Semiconducting Polymer Nanoparticles: Signal Amplification and
Second Near-Infrared Construction. Small 17, 2004723. doi:10.1002/
smll.202004723

Frontiers in Chemistry | www.frontiersin.org November 2021 | Volume 9 | Article 7696557

Wang et al. 1,064 nm Excited NIR-II Fluorescence Imaging

https://doi.org/10.1016/j.biomaterials.2017.10.017
https://doi.org/10.1016/j.jconrel.2019.05.012
https://doi.org/10.1002/anie.201801226
https://doi.org/10.1002/anie.201801226
https://doi.org/10.1038/s41467-020-16924-z
https://doi.org/10.1021/acsnano.5b05503
https://doi.org/10.1021/acs.analchem.9b00317
https://doi.org/10.1021/acs.analchem.9b00317
https://doi.org/10.1039/C8CS00001H
https://doi.org/10.1002/adma.202003458
https://doi.org/10.1021/acs.analchem.1c00281
https://doi.org/10.1021/acs.analchem.1c00281
https://doi.org/10.1038/nmat2986
https://doi.org/10.7150/thno.26607
https://doi.org/10.7150/thno.26607
https://doi.org/10.1002/adma.201801778
https://doi.org/10.1002/anie.202014852
https://doi.org/10.1002/anie.201906099
https://doi.org/10.1002/anie.201906099
https://doi.org/10.1002/adma.201800766
https://doi.org/10.1016/j.biomaterials.2021.120717
https://doi.org/10.1016/j.biomaterials.2021.120717
https://doi.org/10.1002/adma.201907365
https://doi.org/10.1002/adfm.201901480
https://doi.org/10.1016/j.biomaterials.2019.119671
https://doi.org/10.1016/j.biomaterials.2019.119671
https://doi.org/10.1002/adfm.201806818
https://doi.org/10.1021/acsami.1c05611
https://doi.org/10.1021/acsami.1c04065
https://doi.org/10.1021/acsami.1c04065
https://doi.org/10.1002/adma.201703693
https://doi.org/10.1002/adma.201703693
https://doi.org/10.1039/d0sc01721c
https://doi.org/10.1002/adma.202101410
https://doi.org/10.1002/adma.202101410
https://doi.org/10.1039/d0cs00664e
https://doi.org/10.1039/d0cs00664e
https://doi.org/10.1021/acsnano.0c00043
https://doi.org/10.1021/acsnano.0c00043
https://doi.org/10.1039/d0sc04537c
https://doi.org/10.1002/anie.201808074
https://doi.org/10.1039/C9SC05460J
https://doi.org/10.1039/C9SC05460J
https://doi.org/10.1016/j.biomaterials.2020.119934
https://doi.org/10.1016/j.biomaterials.2020.119934
https://doi.org/10.1021/acsami.9b02597
https://doi.org/10.1021/acsami.9b02597
https://doi.org/10.1021/acs.jmedchem.1c00839
https://doi.org/10.1021/acs.jmedchem.1c00839
https://doi.org/10.1039/c7tb02573d
https://doi.org/10.1002/smll.202004723
https://doi.org/10.1002/smll.202004723
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zhou, H., Yi, W., Li, A., Wang, B., Ding, Q., Xue, L., et al. (2020). Specific Small-
Molecule NIR-II Fluorescence Imaging of Osteosarcoma and Lung Metastasis.
Adv. Healthc. Mater. 9, 1901224. doi:10.1002/adhm.201901224

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., Chen, Y., Zhang, Y., Xin, X., Li, R., Xie, C., et al. (2020). Iodine-Rich
Semiconducting Polymer Nanoparticles for CT/Fluorescence Dual-Modal
Imaging-Guided Enhanced Photodynamic Therapy. Small 16, 1905641.
doi:10.1002/smll.201905641

Zhou, X., Liu, Q., Yuan,W., Li, Z., Xu, Y., Feng,W., et al. (2021). Ultrabright NIR-II
Emissive Polymer Dots for Metastatic Ovarian Cancer Detection. Adv. Sci. 8,
2000441. doi:10.1002/advs.202000441

Zhu, S., Tian, R., Antaris, A. L., Chen, X., and Dai, H. (2019). Near-Infrared-II
Molecular Dyes for Cancer Imaging and Surgery. Adv. Mater. 31, 1900321.
doi:10.1002/adma.201900321

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.

Copyright © 2021 Wang, He, Du, Xie, Zhou, Huang and Fan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org November 2021 | Volume 9 | Article 7696558

Wang et al. 1,064 nm Excited NIR-II Fluorescence Imaging

https://doi.org/10.1002/adhm.201901224
https://doi.org/10.1038/s41467-020-19945-w
https://doi.org/10.1038/s41467-020-19945-w
https://doi.org/10.1002/smll.201905641
https://doi.org/10.1002/advs.202000441
https://doi.org/10.1002/adma.201900321
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Organic Fluorophores for 1064 nm Excited NIR-II Fluorescence Imaging
	Introduction
	General Classification and Properties of Organic Fluorophores
	Small Molecule Dyes for 1,064 nm NIR-II Excitation Fluorescence Imaging
	Semiconducting Polymers for 1,064-nm Second Near-Infrared Window Excitation Fluorescence Imaging
	Discussion
	Author Contributions
	Funding
	References


