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In liver tumor surgery, the recognition of tumor margin and radical resection of microcancer focis
have always been the crucial points to reduce postoperative recurrence of tumor. However,
naked-eye inspection and palpation have limited e®ectiveness in identifying tumor boundaries,
and traditional imaging techniques cannot consistently locate tumors in real time. As an
intraoperative real-time navigation imaging method, NIR °uorescence imaging has been exten-
sively studied for its simplicity, reliable safety, and superior sensitivity, and is expected to
improve the accuracy of liver tumor surgery. In recent years, the research focus of NIR °uores-
cence has gradually shifted from the ¯rst near-infrared window (NIR-I, 700–900 nm) to the
second near-infrared window (NIR-II, 1000–1700 nm). Fluorescence imaging in NIR-II reduces
the scattering e®ect of deep tissue, providing a preferable detection depth and spatial resolution
while signi¯cantly eliminating liver auto°uorescence background to clarify tumor margin.
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Developing °uorophores combined with tumor antibodies will further improve the precision
of °uorescence-guided surgical navigation. With the development of a bunch of °uorophores
with phototherapy ability, NIR-II can integrate tumor detection and treatment to explore a
new therapeutic strategy for liver cancer. Here, we review the recent progress of NIR-II °uo-
rescence technology in liver tumor surgery and discuss its challenges and potential development
direction.

Keywords: Fluorescence guided-surgery; liver cancer; near infrared-II; optical imaging.

1. Introduction

Liver cancer is the seventh most common cancer in
the world and the third leading cause of cancer-
related death.1 Hepatocellular carcinoma (HCC),
the most common type of liver cancer, has the sec-
ond low survival rate among all cancers in China.2

For resectable early and middle-stage liver cancer,
hepatectomy is still the most e®ective treatment
for prolonging survival.3 However, identifying and
removing all cancerous tissues is challenging, espe-
cially under the consideration of maximizing the
preservation of normal liver parenchyma to guar-
antee adequate remnant liver function. Therefore,
there is an urgent need to develop an ideal tech-
nique to assist surgeons in achieving the optimal
balance between R0 resection and maximum pres-
ervation of normal liver tissue.

Near-infrared °uorescence (NIRF) is an emerg-
ing imaging technique for real-time intraoperative
navigation. Since it was ¯rst applied to hepatecto-
my by Ishizawa et al.4 in 2009, the use frequency of
this imaging technique increased rapidly while its
role was constantly expanded and modi¯ed. Com-
pared with traditional imaging techniques such as
computed tomography (CT) or magnetic resonance
imaging (MRI), NIRF imaging has the advantages
of low cost, easy to use, nonradioactive, high safety,
and so forth.5 According to the spectral wave-
length, the near-infrared window includes near-
infrared-I (NIR-I, 700–900 nm) and near-infrared-II
(NIR-II, 1000–1700 nm). As the main window used
for °uorescence imaging at present, NIR-I °uores-
cence has brought incomparable practicality, e±-
ciency, and precision into surgical scenarios such as
lymph node dissection, nerve imaging, and tumor
detection.6,7 Especially in hepatobiliary surgery, in
vivo °uorescence imaging via NIR-I window pro-
vides surgeons with a powerful instrument for real-
time navigation, which has manifested its value in
detecting primary or metastatic liver tumors,

delineating atrophic liver segments and liver
transplantation surgery.5,8,9

However, con¯ned detection depth and high
tissue auto°uorescence background limit its practi-
cability in clinical applications.10 In recent years,
studies have proved that the image quality and
clinical applicability of NIR-II imaging have signif-
icantly improved compared to NIR-I imaging and
have preliminarily applied NIR-II to imaging sen-
tinel lymph nodes (SLN) and ovarian tumors.11,12

Herein, we reviewed and summarized the latest
preclinical and clinical progress of NIR-II °uores-
cence in liver tumor surgery in recent years, and
clari¯ed its advantages compared with NIR-I im-
aging. Finally, the clinical challenges and perspec-
tives for the application of NIR-II °uorescence in
liver tumor surgery were discussed.

2. NIR-I to NIR-II: An All-Round
Optimization of Fluorescence

Imaging

As the ¯rst operational window of opening the gate
of NIRF imaging, NIR-I has been widely used in
various real-time °uorescence navigation surgeries
in the past 15 years.13–17 As a clinical drug approved
by the Food and Drug Administration (FDA),
indocyanine green (ICG) has excellent water solu-
bility, pharmacokinetics, biosafety, and excellent
quantum yield (QY), making it one of the most
representative °uorescent dyes in NIR-I imaging. It
can be excited by the light of 750–810 nm and emit
the light of 830 nm received by the silicon lens.13 In
addition, IRDye800CW, IR-12N3, and other °uo-
rescent groups are also commonly used dyes for
NIR-I imaging. The °uorescence imaging mediated
by these °uorophores has been used in liver segment
staining, tumor imaging, and cholangiography in
hepatobiliary surgery, achieving excellent transla-
tion in clinical applications.5,14,15
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Studies have shown that in liver cancer surgery,
the °uorescence images produced by NIR-I imaging
can exceed the experience of surgeons, indicating
suspicious cancerous tissues that cannot be detected
by naked-eye inspection and palpation.4,16

Kudo et al.17 reported that in 32 cases of ICG
°uorescence-guided laparoscopic hepatectomy, 17
new lesions that could not be identi¯ed with the
naked eye were discovered by °uorescence, im-
proving the speci¯city and sensitivity of tumor de-
tection. He et al.18 conducted a randomized
controlled trial to probe into the e±cacy of
the tumor detection of colorectal liver metastases
in NIR-I °uorescence-guided hepatectomies, 64

patients were equally divided into two groups
according to whether the operation was guided by
ICG °uorescence. The signi¯cant di®erences be-
tween ICG group and non-ICG group in the number
of tumors detected (3.03 versus 2.28) and 1 year-
recurrence (6 versus 15) convincingly proved that
NIRF is a more e®ective imaging method to
improve the detection rate of tumors compared with
naked eye and traditional preoperative examina-
tion. However, the detection depth of NIR-I is only
limited to a shallow range and tumors deeper than
8mm from the liver surface are undetectable.5 Be-
sides, due to the partial overlap between the NIR-I
imaging window and the excitation/emission

Scheme. 1. Illustrative representation of NIR-II °uorescence imaging technology and its applications in liver tumor surgery.
Adapted with permission from Refs. 29, 32, 37, 42 and 45.
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spectra of some endogenous °uorophores in normal
liver tissue,19 the image of the HCC nodule is vul-
nerably interfered by liver auto°uorescence back-
ground, causing a blurry edge of the lesion which is
intractable for surgeons to assess. These short-
comings of NIR-I restrict the detecting depth and
the clear visualization of tumor boundaries, there-
fore it is urgent to further expand the imaging
window to break through the bottleneck of NIRF.

According to relevant research in recent years, as
the near-infrared wavelength extends to the second
window (1000–1700 nm), the imaging parameters
were signi¯cantly improved attributed to the re-
duced photon absorption and scattering e®ects at
longer wavelengths, o®ering a centimeter-level
penetration depth to the maximum, the maximum
depth at which micrometer-level spatial resolution
can be obtained has been increased to 3mm, which
is signi¯cantly higher than that of NIR-I, making it
possible to resolve the underlying anatomical fea-
tures in a deeper level.20 Moreover, the higher
wavelength threshold of NIR-II could ¯lter and
block the auto°uorescence background from normal
liver parenchyma to achieve the optimal contrast
delineation of tumors.10,21,22 The emergence of NIR-
II is a critical upgrade to the powerful real-time
°uorescence navigation technique, which is expec-
ted to boost the eradication and e®ectiveness of
liver tumor surgery and prolong patients' disease-
free survival. In this paper, the reported NIR-II
°uorescent agents designed for HCC imaging and
their properties are summarized in Table 1. Appli-
cations of NIR-II °uorescence imaging for liver
tumor surgery are illustrated in Scheme 1.

3. Applications of NIR-II Fluorescence

in Liver Tumor Surgery

3.1. NIR-II imaging mediated

by NIR-I °uorophores

The clinical translation of NIR-II navigation
surgery has been hampered by a shortage of °uor-
ophores that are allowed to be used in the human
body. Although some dyes such as carbon nano-
tubes and small molecule dyes have been developed
and showed great potential in NIR-II, they are still
in clinical trials.23,24 Fortunately, it has been pro-
posed that some NIR-I agents with a longer emis-
sion wavelength such as ICG, IRDye800CW, and
IR-12N3 show emission tails reaching past 1000 nm

in NIR-II window (Fig. 1(A)).25–27 Starosolski et al.
con¯rmed that ICG, which was the most represen-
tative dye in NIR-I bioimaging, also can be used for
high-quality imaging in the NIR-II window.28 These
conclusions indicate that the implementation of
NIR-II bioimaging may not necessitate the exclusive
use of dyes whose peak emission is located in the
NIR-II spectrum. Traditional NIR-I agents with a
long emission tail extending to NIR-II window also
provide a shortcut, which can greatly accelerate the
clinical application of NIR-II imaging. In 2019, a
multispectral imager integrated with visible light,
NIR-I, and NIR-II was built for the ¯rst-in-human
study of a group of 23 patients with liver cancer
(Fig. 1(B)).29 Intraoperative °uorescence imaging
was performed using ICG to acquire the NIR-I/II
images and the white light images of the operation
area simultaneously through this integrated system
(Fig. 1(C)). The key indicators of tumor images
such as signal-to-background ratio (SBR), tumor-
to-background ratio (TBR), and tumor-to-normal
tissue ratio (TNR) are quantitatively analyzed and
compared in two di®erent near-infrared imaging
windows. The comparative analysis unequivocally
demonstrated a comprehensive superiority of NIR-
II over NIR-I in the imaging e±cacy of tumors.
What counts more is NIR-II imaging newly indi-
cated three tumors that were omitted by NIR-I
(Fig. 1(D)). Moreover, the sensitivity and speci¯city
of tumor detection via NIR-II window are nearly 10
percentage points higher than those achieved with
NIR-I imaging. Being able to detect the lesions
missed by NIR-I, NIR-II undoubtedly promotes the
accuracy and radical e®ect of tumor surgery to a
higher level. This progress is likely to change the
patient's staging, prognosis, and treatment to re-
duce the probability of postoperative recurrence
and prolong the survival time. Real-time °uores-
cence navigation surgery via the NIR-II window
enables the surgeon to obtain tumor images with
higher resolution and target-to-background con-
trast to delineate the tumor margin more precisely.
In addition, according to the above study, NIR-II
imaging has better discrimination among
primary liver carcinoma nodules, intrahepatic and
extrahepatic metastases and is more sensitive in
distinguishing di®erent pathological types and dif-
ferentiated degrees of liver cancer nodules, which
may become another valuable information for sur-
geons to initially evaluate liver tumors intraopera-
tively shortly (Fig. 1(E)). The superiority of NIR-II

NIR-II °uorescence imaging in liver tumor surgery
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imaging is also re°ected in the capacity of resisting
disturbance from the lighting condition of the op-
erating room, while NIR-I imaging can only operate
normally when the lighting is turned o®. Otherwise,
the imaging clarity will greatly reduce, indicating
that NIR-II imaging is more suitable for the lighting
conditions of the operating room. However, utilizing
the emission tail of ICG for NIR-II imaging remains
constrained by certain limitations. As a nontargeted
°uorophore, the accumulation of ICG in benign
lesions can interfere with the sensitivity and speci-
¯city of malignant liver tumor detection, leading to
false-positive results. Shi et al. conjugated ICG with
GPC-3 antibodies to develop °uorescence probe,
GPC-ICG, targeting HCC.30 In a subcutaneous
Huh-7 tumor mouse model expressing GPC-3,

NIR-II imaging revealed that the GPC3-ICG probe
speci¯cally accumulated in tumors, distinctly de-
lineating the tumor from surrounding tissue. In
contrast, the control group, using IgG-ICG, exhib-
ited a weaker °uorescence signal, demonstrating the
liver cancer targeting capability of the probe. Fur-
thermore, Zhang et al. synthesized the nanoprobe
IgG-IRDye800CW and employed a negative stain-
ing tumor imaging strategy during hepatectomy in
a 66-year-old male patient with HCC and liver cir-
rhosis.31 This approach aimed to address the false
positives often encountered in liver cancer detection
using conventional dyes like pure ICG and
IRDye800CW. The negative staining imaging
strategy resulted in the tumor area being non°uo-
rescent, while normal liver parenchyma and

Fig. 1. (A) Fluorescent emission of NIR-I/II dyes past 1000 nm. Emission spectrum at wavelengths longer than 900 nm after
808 nm laser excitation from NIR-II °uorophores including CH-4T, CH-4T/FBS and HiPCO carbon nanotubes as well as NIR-I
dyes such as IR800 and ICG/FBS. Adapted with permission from Ref. 25. (B) The liver surface was examined by the integrated
NIR-I/II and visible multispectral imaging instrument and visible and NIR-I/II images were obtained. Adapted with permission
from Ref. 29. (C) Schematic of the integrated visible and NIR-I/II multispectral imaging instrument. Adapted with permission from
Ref. 29. (D) (a) For a typical patient with HCC, guided by ultrasonography and the visible light image, the tumor was resected and
thought to be completely removed on the basis of the experience of the surgeons. (b) NIR-II imaging detected °uorescence signals in
the remaining tissue sections. (c) NIR-I imaging did not reveal any signals. (d) The °uorescent residual tissues were further resected
and received histopathological examination to verify that the tissues were HCC. Adapted with permission from Ref. 29. (E) (a) The
quantitative analysis results also showed that the NIR-II imaging discriminated a nodule of liver cancer more e®ectively compared
with NIR-I. (b) The H&E results showed that the tumors were well-di®erentiated HCC (top), moderately di®erentiated HCC
(middle) and ICC (bottom). Reproduced with permission from the publisher. Adapted with permission from Ref. 29.
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cirrhotic lesions °uoresced, successfully guiding the
resection of liver cancer with liver cirrhosis. These
strategies facilitate the clinical application of NIR-I
°uorophores. However, to fully exploit the potential
of NIR-II imaging, the development of dyes with
emission peaks over 1000 nm presents a more
promising avenue. The advancements in imaging
quality using NIR-I °uorophores in NIR-II window
can be attributed to improved tissue penetration
and reduced biological tissue scattering, which
overshadow the diminished °uorescence brightness
of NIR-I °uorophores.

3.2. High-performance of tumor

imaging

CH1055, a novel small-molecule dye developed by
Antaris et al. in 2016, shows excellent imaging
quality in vivo.23 Since its appearance, it has be-
come one of the most representative NIR-II dyes
with excitation and emission wavelengths located
at 750 and 1055 nm, respectively. Due to its excel-
lent performance both in biocompatibility and
function-plasticity, CH1055 is widely used as a
small-molecule dye platform for renovation. Ding
et al. constructed a class of NIR-II agents based on
CH1055 conjugating with a series of short

polyethylene glycol (PEG) linkers, named SCH1–
SCH4.32 Through the creative PEGylation strategy,
this class of dyes is not only endowed with good
solubility and low biotoxicity for bioimaging but
also the assembled size can be regulated by
adjusting conjugated functional groups, ranging
from nanoparticle (NP) to molecule (Fig. 2(A)).
Previous studies have demonstrated that °uores-
cence agents conjugating with PEG linkers would
remarkably improve the pharmacokinetics and
tumor uptake thanks to the acceleration of the
nonspeci¯c di®usion and accumulation in the tumor
microenviroment.11,23,33 The consequence of subse-
quent NIR-II °uorescence imaging of xenograft
HepG2 tumors in mice further proved this point.
Ten min after intravenous injection of SCH4, which
possesses the best balance between photostability
and urine excretion rate in vivo among the four
agents, the tumor was noticeably di®erent from the
surrounding normal tissue (Fig. 2(B)). Until 1 h, the
TNR of the tumor image reached the maximum,
with an astonishing value of 7.2 (Fig. 2(C)). The
ability to provide images of high TNR value will
undoubtedly improve the recognition of the tumor
margin and the positive rate of microcancerous
lesions, making °uorescence-guided tumor surgery
more precise and radical. Lou et al. developed a

Fig. 2. (A) Facile PEGylation strategy for regulating the assembly of NIR-II probes based on a CH1055 platform (SCH1–SCH4),
with sizes ranging from single molecule to nanoparticle. Adapted with permission from Ref. 32. (B) HepG2 tumor-earing mice
imaging in the NIR-II window at 10min, 1 h, 2 h, 4 h, 12 h after intravenous injection of SCH4. Adapted with permission from
Ref. 32. (C) T/N ratios acquired at di®erent time points. Reproduced with permission from the publisher. Adapted with permission
from Ref. 32.
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small molecule NIR-II dye, IT-TQT, encapsulated it
within DSPE-PEG2000, forming IT-TQT NPs for
NIR-II imaging.34 These IT-TQT NPs demon-
strated remarkable capabilities in the detection of
ultra-small liver metastasis, as small as 90�m, in a
mouse model. Di®ering from the SCH4, the IT-TQT
molecules encapsulated in liposomes resulted in an
increased size, predominantly clearing via hepato-
biliary pathway, with minor renal system clearance.
This high liver uptake resulted in a lower TNR of
liver metastasis, with a maximum TNR of 1.54.
Given the physiological functions of metabolism,
detoxi¯cation and phagocytosis of liver, these
nanoscale °uorescence probes are often nonspeci¯-
cally uptaken by the reticuloendothelial system
(RES) of liver post intravenous administration.
This uptake can interfere with the °uorescence
signal in the tumor site, making it di±cult to
achieve imaging results and quality in orthotopic
liver tumor models comparable to subcutaneous
tumor models. Therefore, controlling factors like
molecular weight and particle size that in°uence the
pharmacokinetic properties of the °uorophores is
imperative to realize high-quality NIR-II imaging in
orthotopic liver tumors.

3.3. Multimodal systems based

on NIR-II

Attaining high resolution and contrast concurrently
has always been one of the paramount objectives in
bioimaging research. In recent years, the multi-
modal imaging system combining NIRF with tra-
ditional imaging techniques has gradually attracted
close attention.35,36 Multi-modal imaging, integrat-
ing two or more imaging modalities, capitalizes on
the complementary capabilities of di®erent imaging
methods to provide comprehensive information on
tumor regions across diverse spatial scales. While
signi¯cant advancements in NIR-II °uorescence
imaging have been made in recent years, it inher-
ently lags in terms of penetration depth and axial
resolution when compared to MRI, CT, positron
emission tomography (PET), single-photon emis-
sion computed tomography (SPECT), and photo-
acoustic imaging (PAI). Among these techniques,
MRI and CT generate high-resolution anatomical
images, albeit with low contrast agent sensitivity.
PET and SPECT boast nearly unrestricted pene-
tration depths, high sensitivity, and quantitative
capabilities, but with limited spatial resolution.

PAI o®ers strong contrast and high 3D spatial
resolution at centimeter-level penetration depths.
However, its acquisition of volumetric data is intri-
cate and time-consuming, with a reduced temporal
resolution hampering real-time surgical guidance.22

Thus, there is a pressing need to develop NIR-
II-based multimodal imaging strategies to counter-
balance the inherent limitations of standalone
NIR-II imaging. Traditional imaging methods also
need the micron-scale spatial resolution, high time
resolution, excellent operability, and capabilities of
low-latency real-time guidance provided by the NIR-
II imaging to maximize the functional extension.

Zeng et al. designed an activatable nanoprobe,
BH-NO2@BSA, with dual-modal imaging functions
of NIR-II °uorescence and multispectral optoa-
coustic tomography (MSOT).37 The nanocomposite
probe can speci¯cally react to the highly-expressed
nitroreductase of liver tumor cells and give out
signi¯cant °uorescence at the NIR-II window after
being activated (Fig. 3(A)). Di®erent from the
traditional inert probe, the activable probe emits a
°uorescence signal only when it encounters or reacts
with the target biomarkers, e®ectively reducing the
background °uorescence and improving the sensi-
tivity of liver tumor detection.38 Moreover, the ac-
tivated probe becomes an ideal photo absorber for
MSOT imaging through which can obtain the 3D
image of the tumor to enrich the preoperative im-
aging preparation (Fig. 3(B)). With a large amount
of valuable information provided by MSOT and a
real-time °uorescence navigation system, the accu-
racy of liver tumor surgery can be further improved.
Similarly, Ren et al. reported a rare earth-doped NP
Gd-REs@Lips which has performed a good T2
weighted contrast e®ect via MRI (Fig. 3(C)).39

Meanwhile, it is also regarded as a promising agent
for NIR-II imaging owing to its innate structural
features such as large Stokes shift, multi-peak
emission, and prominent light stability.40 Interest-
ingly, the study reported an unusual isolation
strategy of liver tumors based on the interaction of
RES other than bile excretion disorder and molec-
ular marker targeting. Images obtained in vivo
showed that NIR-II signal from Gd-REs@Lips was
mainly concentrated in normal liver tissue, while
the tumor region presented no signal, resulting in a
negative image of the tumor with a clear distinction
from the surrounding tissue (Fig. 3(D)). Phagocy-
tosis of macrophages abundant in the liver might
be the possible mechanism for this phenomenon.35
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In such high-contrast images, some satellite lesions
with a minimum diameter of 2mm that could have
been easily neglected by visual diagnosis can be
e®ectively detected. Sun et al. reported an inte-
grated NIR-II/PET multimodal small-molecule
based �V �3-targeted probe 68Ga-CHS2, indicating
the maximum emission wavelength at 1055 nm.41

The 68Ga3þ in the probe serves as a radioactive
label, achieving tumor PET imaging. Upon intra-
venous injection, the small molecule probe demon-
strated pronounced tumor accumulation, resulting
in a distinct contrast in NIR-II/PET imaging
compared to normal tissues. Subcutaneous glioma-
derived tumors were preoperatively detected via
PET imaging and subsequently completely excised
under the precise delineation of real-time NIR-II
imaging. Additionally, the pharmacokinetics of
68Ga-CHS2 demonstrated renal and hepatobiliary
excretion, such multimodal small-molecule probes
with the ability of rapid metabolism in vivo hold
immense potential for preoperative diagnostic
evaluation and precise image-guided surgery in the
future for hepatic tumors.

3.4. Novel lifetime-based NIR-II

imaging

There is no doubt that NIR-II imaging has pushed
the detection rate of liver tumors to another level,
especially in the super¯cial layer of the liver.

However, due to signal attenuation caused by het-
erogeneous scattering and absorption within tissues,
the imaging accuracy of intensity-based NIR
°uorescence imaging diminishes progressively with
increasing depth of tumors.19 Zhao et al. proposed a
neoteric NIR-II lifetime-based °uorescence imaging
method.42 This approach, slightly divergent from
the commonly employed intensity-based imaging
principle, ensures consistent lifetime responses
within its detectable depth range. Compared to
intensity-based imaging, where signal attenuation
escalates with increasing depth, this lifetime-based
imaging maintains stable lifetime values across
various depths, ensuring the reliability of physio-
logical data acquired at di®erent tissue depths.

Zhao et al. established a NIR-II lifetime-based
ONOO-responsive nanosensor using a lanthanide–
cyanine FRET (°uorescence resonance energy
transfer) system. Besides, targeting antibody
glypican-3 (GPC-3) was attached to the nanosensor
to enhance traceability. Through the detection of
ONOO�, which is closely related to the tumor mi-
croenvironment, cancerous tissue could be distin-
guished from liver parenchyma (Fig. 4(B)).43,44

More advantageously, no matter what the pene-
tration depth is, the lifetime NIR-II imaging
intensity is always linear with the concentration of
ONOO�, which means richer tumor information
can be provided by quantifying the index
of ONOO� (Fig. 4(A)). Finally, the ability of

Fig. 3. (A) Schematic illustration of the formation of the nanocomposite probe BH-NO2@BSA and its response to nitroreductase.
Adapted with permission from Ref. 37. (B) Location of orthotopic liver tumor achieved by 3D MSOT imaging and the imaging-
guided tumor resection surgery by NIR °uorescence imaging using the nanocomposite probe. Reproduced with permission from the
publisher. Adapted with permission from Ref. 37. (C) T2-weighted images of mice before, 5min and 30min after tail vein injection of
Gd-REs@Lips. Adapted with permission from Ref. 39. (D) Satellite liver lesions on the liver surface (arrows) (Left: White light
image; Right: NIR-II image). Adapted with permission from Ref. 39.
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tumor-delineating of lifetime imaging was tested by
establishing a multiple HCC model. The reliability
of the lifetime-based detection method was veri¯ed
by the distinctiveness between three lesions and
normal liver tissue (215� 27 � 249� 43�s versus
204� 10�s) as well as the highly coincident
signal with MRI imaging and white light image
(Fig. 4(C)). However, it is important to note that
while °uorescence lifetime imaging provides consis-
tent lifetime responses within its detection depth
limit, exceeding this range may result in signi¯-
cantly weakened °uorescence signals due to scat-
tering and absorption, leading to inaccuracies and
nonresponsiveness in lifetime value acquisition.

3.5. Navigation-therapy integration via

NIR-II °uorescence

The advanced optical principle of NIR-II not only
brings the progress of tumor visualization intrao-
peratively but also breaks through the \single-
function positioning" limitation of NIR-II in liver
cancer surgery. In addition to the function of tumor
visualization, NIR-II imaging also has an unfath-
omable potential in tumor phototherapy. Jia et al.
designed a NIR-II photosensitizer, PTZ-TQ-AIE,
based on aggregation-induced-emission (AIE) fea-
ture and tested its near-infrared imaging ability and
photodynamic therapy (PDT) e±cacy in mice
models.45 What is more advanced than the previous

Fig. 4. (A) Intensity- and lifetime-based imaging results as a function of ONOO� concentration with DSNP@MY-1057-GPC-3
contained capillaries under di®erent penetration depths. (a) The °uorescence intensity-ONOO� concentration slope varies with
depth, (b) the lifetime value-ONOO� concentration slope is always consistent. Adapted with permission from Ref. 42. (B) Non-
invasive intensity-based imaging, lifetime-based imaging of HCC-bearing mice and optical photo of dissected livers. Tumor lesions
and normal hepatic tissues are marked as indicated. Adapted with permission from Ref. 42. (C) Lifetime distribution of multiple
HCC lesions (marked as (B)–(D)) in mouse, (A): normal hepatic tissue; (B)–(D): tumor lesions. Reproduced with permission
from the publisher. Adapted with permission from Ref. 42. (D) The relative tumor growth curve of the tumor-bearing mice
under di®erent treatment strategies. Surgery+PDT: Applying surgery ¯rst and then PDT treatment for the residual tumors;
PDT+Surgery: Applying PDT treatments to reduce the tumor size ¯rst then conducting surgery to minimize the injury of the liver
in the therapeutic process. Reproduced with permission from the publisher. Adapted with permission from Ref. 45.
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NIR-II phototherapy strategy is that PTZ-TQ-AIE
possesses a dual function of photoluminescence and
reactive oxygen species (ROS) generator, which
does not require NIR agents-photosensitizers cou-
pling. This feature has been proved to be able to
achieve the best therapeutic e®ect in NIR-II guided
phototherapy surgery.46 More signi¯cantly, the
models of multiple small HCC and large HCC were
constructed to simulate possible cases in the real
clinical environment. Usually in practice, the sur-
gical resection feasibility for such tumors is re-
stricted due to their high recurrence rate after the
surgery. Given this situation, the researchers for-
mulated di®erent treatment protocols. For multiple
small HCC, the NIR-II °uorescence surgical resec-
tion was ¯rst conducted followed by PDT treatment
toward the residual lesions. As for large HCC, PDT
was ¯rst applied to the size of tumor to ensure
su±cient remnant functional liver volume after the
surgery. The result showed that the combination of
NIR-II photosensitizer-mediated phototherapy and
°uorescence-guided surgery signi¯cantly reduced
tumor recurrence compared with the control group
(Fig. 4(D)), creating an opportunity for positive
treatment for advanced liver cancer.

The heat generated upon the excitation of °uo-
rescent dyes can also serve as a phototherapeutic
means for HCC. NIR-II °uorophores with e±cient
photothermal conversion capabilities can transform
the absorbed light energy into thermal energy,
producing elevated temperatures that lead to tumor
cell death. Dang et al. were the ¯rst to introduce
hydrogen bonding into BODIPY, constructing
J-aggregates through intermolecular hydrogen
bonding and �–� stacking interactions, achieving
NIR-II °uorescence emission and high photothermal
conversion e±ciency (PCE ¼ 55%). In subcutane-
ous liver cancer models, they realized galactose-
targeted NIR-II imaging and photothermal therapy
(PTT), e®ectively ablated the tumors.47 Li et al.
developed a GPC-3 targeted probe, CR-PEG-GBP,
that achieves dual-modal imaging through NIR-II
°uorescence and photoacoustic modalities, and
guides PTT and sonodynamic therapy (SDT) for
HCC.48 Upon actively targeting subcutaneous
HepG2 tumors,CR-PEG-GBPresponds to the acidic
tumor microenvironment by self-assembling into
NPs, thereby enhancing tumor accumulation and
retention. Under the guidance of NIR-II °uorescence
and PAI, CR-PEG-GBP mediated PTT and
SDT exhibit synergistic tumor suppression e®ects.

Hu et al. developed the DOX@PEG-Ag2S
nanoplatform, integrating drug delivery, tumor
microenvironment-responsive drug release, and
NIR-II imaging. Adopting a passive targeting
strategy, doxorubicin (DOX) can be rapidly re-
leased in the acidic environment within tumors to
inhibit growth. Simultaneously, the NIR-II °uores-
cence generated by Ag2S QD is used for real-time
assessment of the therapeutic e®ect on subcutane-
ous breast tumors, enriching personalized tumor
diagnosis and therapy.49 NIR-II based therapeutics
represent a promising photo-controlled drug deliv-
ery approach, o®ering real-time visual feedback on
the in vivo targeting process and therapeutic out-
comes of chemotherapeutic agents, expected to fa-
cilitate the research of targeted immunotherapy for
liver cancer. To avoid potentially harmful excessive
thermal e®ects during the visualized process, tran-
sient and intermittent NIR-II excitation may be a
feasible solution.22 Liao et al. developed a ratio-
metric NIR-II °uorescence imaging strategy for
real-time quantitative tracking and visualization of
the viability of adoptive NK cells in an orthotopic
HCC model.50 The nanoreporter consists of lan-
thanide-based down-conversion nanoparticles
(DCNP) coated with IR786s. Upon cell death,
the generation of ROS disrupts the absorption
competition-induced emission (ACIE) balance be-
tween DCNP and IR786s, resulting in an enhanced
°uorescence signal from DCNP under 808 nm exci-
tation, while the °uorescence signal under 980 nm
excitation remains unchanged. This alteration in the
ratio of the two °uorescence signals indirectly
re°ects the viability of NK cells. Furthermore,
leveraging this nanoreporter, the co-treatment with
IL-2, IL-15, and IL-21 has been demonstrated for the
¯rst time to enhance the in vivo viability and im-
plantation e±ciency of NK cells, thereby improving
the therapeutic e±cacy against orthotopic HCC.

4. Challenges and Perspectives

NIR-II °uorescence imaging has shown strong po-
tential to improve clinical outcomes through its
superior imaging capability and application expan-
sibility. It is undeniable that by switching the op-
tical window, the progress of NIR-II in detection
depth makes the clinical translation of this tech-
nique in liver cancer surgery greatly leap forward.
However, due to the congenital disadvantage of
optical imaging, which is susceptible to photon
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refraction and absorption, it still focuses on a rela-
tively super¯cial depth compared with ultrasound
detection when dealing with deeper liver tumors.
Therefore, the necessity of intraoperative ultra-
sound and preoperative traditional imaging exami-
nation should also be emphasized to minimize the
possibility of missing primary or metastatic lesions.
In addition to recourse to the traditional imaging
techniques, NIR-II lifetime imaging or the combi-
nation with PAI can also be a viable option for the
depth constraint, which is also a promising devel-
opment direction in the future. With the explora-
tion of dual-mode probes in recent years, more
tumor anatomy information can be unearthed.37,40

Preoperative photoacoustic info and intraoperative
real-time °uorescence navigation may con¯rm and
complement each other to reach the ultimate utili-
zation of the profound potential of the NIR-II
°uorescence imaging, bringing the completeness of
liver cancer surgery to another stage.

Compared to NIR-I, NIR-II can signi¯cantly re-
duce the liver °uorescence background while
highlighting the tumor to achieve the optimum
contrast, but it does not mean that all distractions
a®ecting tumor visualization are ruled out. It also
depends on the characteristics of the chosen °uor-
ophores. Using ICG for NIR-II imaging adheres to
the nonspeci¯c mechanism of bile excretion disor-
der, which is susceptible to interference from cir-
rhotic nodules, causing false-positive conditions. It
is easy to lead surgeons to expand the scope of
surgical resection. Since the liver compensatory ca-
pacity of patients with liver cirrhosis is usually im-
paired, the risk of liver insu±ciency and various
complications after the expanded resection will be
further increased. As for some novel NP agents
using the discrepancy between normal liver and
tumor in the RES to achieve negative contrast im-
aging, their e®ect remains dubious to be guaranteed
due to the heterogeneity of tumor cells. A promising
way to isolate these interferences is to enable
°uorophores with target-tracking capabilities. Cur-
rently, most developed NIR-II agents are nonspe-
ci¯c to liver tumors, limiting the e±ciency of
accurately delineating cancerous lesions in °uores-
cence-guided surgery. Conjugation with speci¯c
biomarkers could be one of the e®ective solutions to
empower tumor-tracking capability. Clinically
employed biomarkers for early-stage diagnosis of
HCC, such as alpha-fetoprotein (AFP), AFP-L3,
Golgi protein 73 (GP-73), heat shock protein 70

(Hsp70), and des-�-carboxy prothrombin (DCP),
present potential suitable sites for HCC-speci¯c
°uorescent targeted imaging. However, when de-
signing a targeting conjugation strategy, critical
considerations include the marker's speci¯c cellular
localization, di®erential expression between malig-
nant tumor and normal tissues, and solubility and
stability in the circulation. While the levels of AFP,
AFP-L3, and DCP are typically elevated in patients
with HCC, their high solubility in the blood might
contribute to nonspeci¯c background signals,
compromising the speci¯city and sensitivity of the
imaging. Given that GP-73 is a membrane protein,
it might theoretically o®er a more suitable site for
°uorophore conjugation compared to Hsp70, which
is primarily localized in the cytoplasm and nucleus.
Membrane proteins such as GPC-3, CXCR4, and
integrin �6 have been reported as highly selective
biomarkers with potential for HCC diagnosis,
holding promise as ideal target proteins for HCC-
speci¯c imaging.51–53 Nevertheless, the performance
of these biomarkers in NIR-II liver tumor imaging
still requires further experimental validation. Ad-
ditionally, the speci¯c biochemical reaction between
tumor microenvironment and °uorophores paves a
new path toward tumor targeting in the absence of
liver cancer biomarkers. By binding well-designed
chemical groups, the probe can be readily taken up
by liver and speci¯cally respond to the particular
abnormal pH, redox, or enzyme generated in the
tumor microenvironment and then the structure of
the °uorophore changes to an activated state to
°uoresce.54–56 Tang et al. proposed an innovative
double-lock strategy to perform ultrahigh-speci¯c
°uorescence imaging of tumors in vivo.57 They de-
veloped a dual-pathological-parameter coopera-
tively activatable nanoprobe making use of the
overexpressed hyaluronidase (Hyal) and thiols in
tumor to activate the probe, and thus e±ciently
reduced nonspeci¯c activation and the liver °uo-
rescence background.

In addition to the achievements in visual en-
hancement, the great potential of NIR-II °uores-
cence in liver cancer PTT/PDT or chemo/
immunotherapy should not be neglected. The inte-
grated platform of NIR-II °uorescence diagnosis-
treatment will become a development trend in the
future clinic and has received great interest from
researchers by virtue of high transmittance, con-
trollable behavior, subtle damage to normal tissues,
and, most importantly, the real-time ability to
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identify microcancerization.58,59 NIR-II °uor-
ophores with excellent photothermal conversion ef-
¯ciency and high ROS generation rate have been
developed in recent years45,60 Integrating NIR-II
with PTT can be a strong competitor of radio-
frequency ablation to enrich the available options
for liver cancer treatment, but the change of prog-
nosis remains to be con¯rmed by clinical trials. The
integration of NIR-II/ PDT can be used not only for
preoperative noninvasive neoadjuvant down-stage
therapy of huge HCC without surgical indication,
but also for intraoperative elimination of multiple
small tumor foci. In terms of chemo/immunotherapy,
a variety of drug-°uorescent complexes have been
developed,50,61 which can be activated in speci¯c
tumor areas, ensuring the least systemic adverse
events. According to the research, NIR-II °uores-
cence intensity has also been found to correlate well
with drug concentration, making it possible to visu-
alize drug release at the cellular level and predict the
therapeutic e®ect based on the °uorescence
intensity.61

5. Conclusions

In vivo imaging experiments in recent years have
fully demonstrated the superb performance advan-
tages of NIR-II °uorescence over NIR-I in detection
depth, tumor detection rate, and TBR. NIR-II
°uorescence-guided liver tumor surgery can not
only provide the high resolution of the tumor
boundary to help surgeons determine the surgical
margins but also prevent the omission of some small
disseminated cancer foci that are di±cult to be
detected by traditional imaging methods and naked
eyes, further breaking through the limitation of the
curative e®ect of current liver cancer surgery, fun-
damentally improving the tumor recurrence rate
and long-term prognosis of HCC patients. With the
development of a group of °uorophores with excel-
lent photothermal conversion e±ciency and high
ROS generation rate, NIR-II, with its enhancement
in penetration performance, has given a golden
timing for clinical translation of NIRF in non-
hepatectomy treatment of liver cancer, especially
PTT and PDT. Although the optimal biomarkers
for HCC binding are still unclear, with many pre-
clinical studies underway, it is foreseeable that the
NIR-II targeting probes with excellent pharmaco-
kinetics will be introduced and used in clinical trials
for human liver cancer surgery soon.
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