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Abstract: Hepatectomy is a main therapeutic strategy for hepatocellular carcinoma (HCC), which requires
removal of primary and disseminated tumors and maximum preservation of normal liver tissue. However,
in a clinical operation, it is difficult to recognize the tumor tissue and its boundary with the naked eye
and palpation, which often leads to insufficient or excessive resection. Near-infrared fluorescence (NIRF)
imaging, a non-invasive, real-time, low-cost, and highly sensitive imaging technique has been extensively
studied in surgical navigation. With the development of fluorescence imaging system and fluorescent probe,
intraoperative tumor detection and margin definition can be achieved, making the operation more accurate.
Advances in fluorescence imaging of HCC in the NIR region have focused on the traditional first NIR
window (NIR-I, 700-900 nm), and have recently been extended to the second NIR window (NIR-II, 1,000
1,700 nm). Compared with NIR-I imaging, fluorescence imaging in the NIR-II exhibits great advantages,
including higher spatial resolution, deeper penetration depth, and lower optical absorption and scattering
from biological substrates with minimal tissue autofluorescence. There is no doubt that developing novel
NIRF probes for in vivo imaging of HCC has high significance and direct impact on the field of liver surgery.
In this article, the development of various NIRF probes for fluorescence image guided HCC hepatectomy is

reviewed, and current challenges and potential opportunities of these imaging probes are discussed.
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Introduction

Hepatocellular carcinoma (HCC) accounts for the majority
(>80%) of primary liver cancers. Globally, HCC is ranked
as the sixth most common neoplasm and the fourth most
common cause of cancer-related death (1,2). HCC is the
second most lethal tumor after pancreatic cancer, and the
S-year overall survival rates in the United States are only
approximately 18% (3). With an age-standardized 5-year
relative survival rate of 10.1%, HCC has the poorest survival
among all cancers in China (4). The treatment of HCC is
complicated, and hepatectomy remains the most important
approach for achieving long-term survival. According
to the Barcelona Clinic Liver Cancer (BCLC) staging
system recommended by the European Association for the
Study of Liver Disease (EASL) and American Association
for the Study of Liver Disease guidelines (AASLD), the
ideal candidates for hepatic resection are HCC patients
with a solitary tumor at BCLC stage 0 or A, Child-Pugh
classification A liver function with total bilirubin <1 mg/dL
and excellent performance status, and without evidence of
clinically significant portal hypertension (5,6). However,
as many as 70% of these patients have tumor recurrence at
5 years (7,8). The high risk of recurrence is often interpreted
as incomplete resection of the primary lesion (positive
margin), and failure to remove all existing tumors in the
liver at the time of resection (occult multifocality) (9). It is
challenging to achieve accurate localization of HCC and
complete tumor resection with maximum normal hepatic
tissue preservation.

Since Weissleder ez al. (10) put forward the concept of
molecular imaging (MI) in 1999, various MI technologies
have been widely developed and used to display specific
targets at the tissue, cellular and subcellular levels, reflecting
the changes of the molecular level iz vivo. Near-infrared
fluorescence (NIRF) imaging, in particular, has been
increasingly used to understand the complexity, diversity
and behavior of cancer (10). Traditional noninvasive
NIRF imaging typically operates in the first near-infrared
(NIR-I) region of the electromagnetic spectrum between
700 and 900 nm (11). Compared with visible light between
400 and 700 nm, NIR-I imaging can penetrate deeper
tissues to a depth of a millimeter or even a centimeter,
and maximize the signal-to-background ratio (SBR) by
NIR-I fluorescent probes (12,13). Over the last decade,
the invisible NIR-I fluorescence has been studied to the
real-time visualization of HCC, providing a new solution
for intraoperative navigation (14,15). Regarding selection
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of light wavelengths, the NIR window between 1,000 and
1,700 nm, commonly known as the second near-infrared
(NIR-II) window, has recently emerged as a better choice
in contrast to conventional NIR-I light, because of its
advantages in penetration depth, spatial resolution, tissue
autofluorescence and other key indicators (11,16). With
several NIR-II probes demonstrating superior performance
to the clinically approved NIR-I agents, NIR-II imaging
is expected to provide great help for surgeons to carry out
accurate hepatic resection, and improve the postoperative
survival of HCC patients. In this review, we attempt to
summarize the recent advances of various NIR-I and NIR-
IT fluorescent probes in preclinical studies and clinical
applications in hepatectomy for HCCs, and discuss the
challenges and perspectives of these probes for liver surgery
in the near future. We present the following article in
accordance with the Narrative Review reporting checklist
(available at http://dx.doi.org/10.21037/atm-20-5341).

NIR-I fluorescence imaging
NIR-I fluorescent probe for clinical applications

Indocyanine green (ICG)

ICG is an NIRF agent approved by the Food and Drug
Administration (FDA) and the European Medicines
Agency (EMEA), which is suitable for human intravenous
administration. It was proposed in the 1970s that protein
binding ICG can be activated by extraneous light with a
wavelength of 750-810 nm and emits NIR light with a
wavelength of about 840 nm (17). Since ICG fluorescence
imaging was first reported by Aoki er 4l (18) to identify
segments and subsegments for anatomical hepatic resection
in 2008, a variety of clinical applications of ICG NIRF
imaging in HCC surgery have been gradually developed.

As a non-specific fluorescent probe, ICG can be rapidly
taken in by hepatic cells and excreted through the biliary
system. Due to the damage of bile excretion function of
hepatocytes in HCC tissue, ICG remains in the cytoplasm
and/or pseudo glands for several weeks after intravenous
injection, which displays fluorescence of tumoral tissues
under intraoperative irradiation of exciting light (19).
Tumor fluorescence enhancement realizes an initial
identification of HCCs, and helps surgeons to accurately
locate and demarcate the superficial, micro and satellite
foci under laparotomy and laparoscopy. The phenomenon
of ICG aggregation in HCC tissue was accidentally found
in 2007. Ishizawa et al. (15) carried out a prospective study
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aiming to demonstrate clear visualization of HCC, and
they reported the results for the first time in 2009. ICG
fluorescence imaging identified all 63 HCCs confirmed
by postoperative pathology, and 8 of 63 HCCs that were
missed by preoperative examinations were detected by ICG
NIRF. Gotoh et al. (20) collected 10 cases with solitary
HCC at about the same time, and they found 4 new HCC
nodules that only ICG NIRF imaging could detect. All of
the newly detected HCC nodules were very small in size
(<6 mm in diameter) and most of the tumors were well-
differentiated HCCs. Except for intrahepatic HCC, Satou
et al. (21) reported in 2013 that extrahepatic lesions
including the peritoneum, lymph nodes, lungs, and adrenal
glands exhibited ICG fluorescence and were confirmed to
be HCC metastases pathologically. In the same year, Morita
et al. (22) preliminarily discussed whether ICG fluorescence
can improve the prognosis of patients with HCCs.
Through the follow-up of 58 HCC patients who received
intraoperative ICG fluorescence guided resection, the
short-term postoperative recurrence of these patients within
12 months tended to be diminished compared with the
control group. Further research in 2014 by Ishizawa et a/. (19)
revealed that 273 out of 276 HCCs were identified by ICG
fluorescence imaging with a sensitivity of 99%. Besides, they
also found that the HCCs with low differentiation showed a
ring fluorescence pattern, but HCCs with high and medium
differentiation had a full and partial fluorescence pattern,
respectively. Kudo ez 4. (23) then developed laparoscopic
ICG NIRF imaging technology and evaluated the effect
of identifying subcapsular HCCs, which made up for
the shortage of palpation in laparoscopic hepatectomy.
Recently, Zhang et a/. (24) demonstrated the high potential
of intraoperative ICG NIRF detection for small and grossly
unidentifiable HCCs, and the smallest HCC nodule they
detected was approximately 2 mm in diameter.

Since Makuuchi ez 4/. (25) reported anatomical
hepatectomy in 1985, this surgical approach has played an
important role in the treatment of HCC. In 2008, Aoki
et al. (18) first reported a highly sensitive ICG fluorescence
imaging technique for identifying hepatic segments and
subsegments in anatomic hepatectomy. Out of 35 patients
with malignant liver tumors, stained liver subsegments
and segments of 33 cases were recognized. Their further
study, reported in 2010, proved that this method can clearly
delineate the hepatic segments even in the background
of cirrhosis (26). This fluorescent staining technique is
simple for open surgery; however, it is much more difficult
to reproduce these procedures laparoscopically. In 2012,
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Ishizawa et al. (27) developed a laparoscopic ICG NIRF
imaging system, and they applied the system to the positive-
staining technique by laparoscopic ultrasound-guided
puncture of segment IV portal vein for ICG injection and
a negative-staining technique by segment III portal pedicle
clamping and peripheral vein ICG injection. In 2015, Inoue
et al. (28) described their initial experience of fusion ICG
NIRF imaging applied to anatomical hepatectomy with
three-dimensional identification of liver territories. With
this method, they safely obtained more accurate and clearer
anatomical resection navigation than conventional ICG
NIRF imaging. Compared with the previously reported
higher dose of ICG injection (18,28), Miyata et al. (29)
modified the hepatic staining technique based on the
injection of an indigo-carmine solution spiked with a small
amount of ICG (0.25 mg) into the portal branch, especially
for patients whose liver was covered by connective tissue
from previous operations. In 2017, the technical details
of five types of fluorescence staining techniques including
single staining, multiple staining, counterstaining,
negative staining, and paradoxical negative staining were
demonstrated by Kobayashi et /. (30). These techniques
have been proved to be safe and facilitate real-time and
clear visualization of the portal vein territory, enhancing
the efficacy of anatomical resection of such territories. In
recent years, there were a growing number of case reports
concerning anatomical laparoscopic segmentectomy using
a positive or negative staining method with ICG NIRF
imaging (31-35). On the basis of advanced laparoscopic
skills, the role of ICG fluorescent visualization of hepatic
segmental boundaries has been emphasized to assist in these
technically challenging operations.

At present, the application of ICG fluorescence imaging
in hepatectomy for HCCs remains to suffer two major
limitations. One is the limited tissue penetration depth. It
has been reported that tumors located deeper than 10 mm
from the liver surface are difficult to identify as luminous
nodules, presumably, their maximum detection depth is
only 10 mm (36). The other limitation is the high false-
positive detection rate of HCC nodules. ICG fluorescence
is also shown in benign lesions such as regenerative nodules
and cirrhosis, resulting in a false positive rate of 40-50% (20).

5-aminolevulinic acid (5-ALA)

5-ALA is the main substrate for the synthesis of
protoporphyrin, which has been used clinically for tumor
fluorescence imaging and photodynamic therapy. In cancer
cells, 5-ALA causes intracellular synthesis and accumulation
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of protoporphyrin IX (PpIX). There are two main
fluorescence emission peaks in PpIX with approximately
half of their fluorescence emission centered at ~700 nm (37).
In 2002, Schneider ez al. (38) presented the first experience
of 5-ALA fluorescence-based diagnostic laparoscopy in
a patient with HCC. Fluorescence laparoscopy revealed
several small metastases of HCC, which were ignored under
the traditional white-light illumination. Inoue ez 4/. (39) used
5-ALA in 2014 for the diagnostic and surgical procedures
of malignant liver tumor demarcation via fluorescence
guidance. Their study showed that 5-ALA fluorescence was
detected in all 24 HCCs with serous infiltration, providing
a higher sensitivity than the traditional white light real-time
irradiation. In 2016, Kaibori er al. (40) compared ICG and
5-ALA in intraoperative fluorescein imaging for detecting
superficial liver tumors. The sensitivity, specificity, and
accuracy of 5-ALA and ICG for detecting preoperatively
identified main tumors were 57% and 96%, 100% and
50%, and 58% and 94%, respectively. 5-ALA fluorescence
imaging may provide higher specificity and lower sensitivity
than using ICG fluorescence imaging alone in the detection
of surface-invisible malignant liver tumors. Because
hypotension and alteration of liver functions have been
reported as potential adverse effects of oral 5-ALA (41),
the main advantages of ICG over 5-ALA are its safety and
commercial availability.

NIR-I fluorescent probe for preclinical studies

NIR-I fluorescent probe

The construction of a novel NIRF probe requires a variety
of components, and the safety of each component needs
to be considered. Because of the need to evaluate from the
perspective of effectiveness, safety and ethics, it takes a long
time for the newly developed NIRF probe to enter clinical
practice. Most of the NIR-I fluorescence probes for HCC
imaging are still in the preclinical research stage (42).

In this article, the reported NIR-I fluorescent probes
designed for HCC imaging and their imaging characteristics
are summarized in 7able 1. These probes are mainly active
targeting probes, which are the molecules constructed by
ligands or antibodies conjugated with fluorescent reporters.
As mentioned above, ICG has some limitations in HCC
diagnosis because of the deficiency of targeting ability. In
order to improve the detection specificity and sensitivity,
it is urgently needed to find a cancer-specific biomarker
and its ligand, but there is still limited knowledge of
suitable biomarkers for HCC. In 2011, Li et al. (43) first
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demonstrated that sperm protein 17 (Sp17) is overexpressed
on the surface of the HCC cell line SMMC-7721, and
anti-Sp17 monoclonal antibody (mAb) conjugated with
ICG could serve for HCC imaging in vivo. Lv et al. (44)
reported an NIR-I fluorescent probe in 2013 known as
lactose substituted zinc phthalocyanine. Because of the
endocytosis mediated by the lactose receptor, it showed
fluorescence imaging specifically targeted HCC, but not
lung cancer or melanoma. Cluster of differentiation 24
(CD24) is known to be overexpressed in a variety of human
tumors including HCC. In 2015, He ez al. (45) conjugated
CD24 targeted antibodies G7mAb and G7S with an NIRF
dye multiplex probe amplification, and specific NIRF
imaging was observed in Huh7 HCC xenograft tissue. The
studies carried out by Zhu er 4/. and Qin er al. focused on
glypican-3 (GPC3), a promising HCC-specific target as
its expression was significantly elevated in HCC, but not
in cholangiocarcinoma or normal liver tissue or in serum
(46,47). In these two studies, phage display screening
technology was used to obtain GPC3 binding peptides
(GBP), and HCC tissue was successfully differentiated from
normal liver tissue after intravenous injection of NIR dye
CyS5.5-labeled GBP into the HepG2 HCC tumor-bearing
mouse model. In 2016, Zeng ez al. (48) synthesized arginine-
glycine-aspartic acid (RGD)-conjugated highly loaded
ICG mesoporous silica ICG/MSNs-RGD) nanoparticles
(NPs) as a fluorescent probe to overcome the difficulties
in the highly sensitive detection of HCC microfoci. By
targeting the tumor marker integrin avf3 receptor with
RGD peptide, they accurately delineated HCC margins,
and the average size of the detected microtumor lesions
was 0.4£0.21 mm with excellent tumor-to-background ratio
(TBR) of 4.7£0.21. Li et al. (49) emphasized the value of
CyS5.5-labeled peptide specific for epidermal growth factor
receptor (EGFR) in minimally-invasive surgery of HCC.
A compact imaging module was attached to the proximal
end of a medical laparoscope, and this integrated imaging
methodology measured a mean TBR of 2.99+0.22 from 13
surgically exposed subcutaneous SK-Hepl human HCC
tumors iz vivo in 5 mice. Recently, high expression of
histone deacetylases, especially HDACG, has been found
in tumor samples of HCC patients, and some HDAC
inhibitors, including the FDA approved suberoylanilide
hydroxamic acid (SAHA), which have strong antitumor
effects on HCC (51). In 2020, Tang er al. (51) reported
that IRDye800CW labeled SAHA (IRDye800CW-SAHA)
showed rapid tumor accumulation with high TBR in both
subcutaneous and orthotopic HCC mouse tumor models,
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Table 1 Preclinical studies of NIR-I fluorescent probes for HCC
References Absorption/ Maximum SBR of Margin Minimal
car " Imaging systems Fluorophore emission Targets Cell lines  NIRF, Post-injection detection  tumor
y wavelength time information imaging
Li et al. Self-built NIRF Imaging ICG-Der-02  780/835 nm Sp17 SMMC-7721 N/A, 24 h NMTP N/A
(43), 2011 System
Lvetal. In Vivo Imaging System Zinc 618/690 nm  Lactose HepG2 N/A, N/A NMTP N/A
(44), 2013  (Kodak FX Pro) phthalcyanine receptor
He et al. Self-built NIRF Imaging MPA N/A CD24 HuH7 2.233T(G7mAb), 4 h; NMTP N/A
(45), 2015 System 2.80° (G7S),4 h
Zhuetal. In Vivo Imaging System Cy5.5 670/690 nm GPC3 HepG2 3.98+0.36%", 4 h NMTP N/A
(46), 2016  (Carestream FX Pro)
Qinetal.  In Vivo Imaging System Cy5.5 670/690 nm GPC3 HepG2 6.49+0.55%", 4 h NMTP N/A
(47),2017  (Carestream FX Pro)
Zeng et al. VIS Spectrum Imaging ICG 770/837 nm Integrin o, B, Hep-G2 4.92+0.2%, 48 h NMTP  0.4+0.21
(48), 2016  System (PerkinElmer) receptor mm°’
Lietal Self-built Laparoscopic Cy5.5 660/710 nm EGFR SK-Hep1 2.53+0.20%", 6 h NMTP N/A
(49), 2016  NIRF Imaging System
An et al. Lumina Il Small Animal Dz-1 767/798 nm Nonspecific Hep3B, N/A NMTP N/A
(50), 2017  Optical Imaging System SMMC-7721,
(Caliper Life Sciences) C90706
Tang et al. VIS Spectrum Imaging  IRDye800CW 775/801 nm HDAC Bel-7402 3.35%, 12 h NMTP N/A
(51), 2020 System (PerkinElmer)
Liu et al. N/A ABTT-NH,  405/680 nm GGT HepG2 N/A, 1h NMTP N/A
(52), 2019
Wu et al. IVIS Spectrum Imaging NIR775 580/780 nm B-Gal HepG2 71.9+8.8%, 12 h; NMTP  ~2.8x2.9
(53), 2020  System (PerkinElmer) receptor 124.5£12.5°, 12 h mm? ST

N/A, not available; ST, subcutaneous tumor; OT, orthotopic tumor; NMTP, negative margin targeting probe; HCC, hepatocellular carcinoma;

NIR, near-infrared; NIRF, near-infrared fluorescence.

and the resection of orthotopic HCC was successfully
guided under IRDye800CW-SAHA NIRF imaging.
Another new biomarker, y-glutamyl transpeptidase (GGT)
has been reported to be of great benefit for early detection
as well as intraoperative navigation of HCC. Liu ez al. (52)
designed and synthesized a novel NIRF probe, namely
ABTT-Glu, coupling aggregation-induced emission and
excited-state intramolecular proton transfer effect for
GGT detection. The probe had almost no fluorescence in
an aqueous solution; however, GGT mediated enzymatic
reaction changed the aggregation state of the probe,
formed an intramolecular hydrogen bond, and enhanced
fluorescence emission to identify HCC with high GGT
expression from normal cells. In 2020, Wu et a/. (53)
constructed an afterglow luminescent probe with high SBR.
They optimized an organic n-electron structure-based
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electrochromic material (EM 1°*) and integrated it into
NIR photosensitizers {poly[2methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] and silicon 2,3-naphthalocyanine
bis(trihexylsilyloxide)} containing NPs to develop an H,S-
activatable NIR afterglow probe (F1°*-ANP). Furthermore,
by incorporating B-galactose ligands on the surface,
the probe realized sensitive detection of subcutaneous
and orthotopic HepG2 HCC tumors in vivo, reaching
the average afterglow SBR of 71.9+8.8 and 124.5£12.5,
respectively (Figure I).

Except for the targeting probe, heptamethine
carbocyanine dye (DZ-1) was reported to recognize HCC
cells directly without chemical modification. Unlike the
mechanism of action of ICG, tumor hypoxia and the
activation of a group of organic anion-transporting peptide

(OATP) genes mediate DZ-1 uptake in HCC. Using
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afterglow images of main organs resected from control mice and orthotopic HepG2 tumor-bearing mice at 12 h post L.V. injection of F17*-

ANP-Gal. Copyright 2020, Springer Nature. HCC, hepatocellular carcinoma.

preclinical models, cell lines, and clinical samples, DZ-1 was
proved to be an effective molecular probe for tumor-specific

imaging in HCC (50).

Hybrid NIR fluorescent probe
Up to now, a single imaging modality of NIRF has not been
able to simultaneously provide the preoperative structural
information and the intraoperative local functional
information for HCC required in clinical practice. There
are diverse imaging modalities of HCC, such as positron
emission tomography-computed tomography (PET-CT),
CT, and magnetic resonance imaging (MRI), each of which
owns its pros and cons for various physiological parameters.
Hybrid MI probes may have the potential to combine the
advantages of two imaging techniques. Intraoperative NIRF
imaging has been developed in combination with other
modalities in several studies because of its high sensitivity
and real-time performance, which is expected to provide
more accurate detection and resection of HCC. The
summary of the preclinical studies of hybrid NIRF probes
for HCC are shown in Table 2.

Owing to excellent soft tissue contrast and spatial
resolution of MRI, NIRF and MRI dual-model probes
account for the majority of the reported hybrid probes.

© Annals of Translational Medicine. All rights reserved.

In general, T1-weighted contrast agents of MRI are
paramagnetic lanthanide compounds, such as gadolinium
(Gd™) and manganese (Mn"") chelates, while T2 weighted
contrast agents are superparamagnetic, like iron oxide
NPs (64). In a preliminary study reported in 2012, iron
oxide NPs were covalently conjugated to Alexa Fluor 647.
Human HCC cells were treated with biotin-conjugated
GPC3 mAb (aGPC3), and then targeted with NPs through
non-covalent streptavidin-biotin interaction. Based on the
flow cytometry and MRI experiments, the aGPC3-NPs
conjugate showed 4-fold mean fluorescence and 3-fold
R2 relaxivity over non-targeted NPs, respectively (54).
Another study showed that the “core—shell” combination
of iron oxide NPs and Gd complex, and NIRF dye Cy5-
labeled hybrid probe realized simultaneous dual-modal
T1 and T2-weighted MRI and NIRF imaging of hepatic
tumor detection in mice (55). Moreover, the probe (SPIO@
Liposome-ICG-RGD) reported by Chen ez al. (57),
comprised of superparamagnetic iron oxide NPs coated
with liposomes to RGD and ICG. After the probe injection
in mouse models with both orthotopic liver tumors and
intrahepatic tumor metastasis, preoperative MRI detected
small tumors (0.9+0.5 mm) with the contrast-to-noise
ratio of 31.9+25.4, and intraoperative fluorescent images
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Table 2 Preclinical studies of hybrid NIR fluorescent probes for HCC
References, Imagin Imaging systems of Maximum SBR of NIRF, Margin
’ 9 g ging sy Materials Targets ST ’ detection Cell lines
year modalities NIRF post-injection time ) .
information

Park etal.  NIRF/MRI  N/A Alexa Fluor 647/ GPC3 N/A, N/A NMTP HepG2
(54), 2011 Iron oxide NPs
Liu et al. (55),NIRF/MRI  N/A Cy5/Au-Fe;O, Folate N/A, N/A NMTP Bel7402
2015 NPs receptor
Hernandez NIRF/PET VIS Spectrum Imaging ZW800-1/%Zr  CD146 N/A, N/A NMTP HepG2, Huh7
et al. (56), System (PerkinElmer)
2016
Chenetal. NIRF/MRI IVIS Spectrum Imaging ICG/SPIO NPs Integrin .8, 2.6+0.1%",72 h NMTP HepG2
(57), 2017 System (PerkinElmer) receptor
Guan etal. NIRF/PAT IVIS Spectrum Imaging ICG/AuNR Nonspecific N/A NMTP HepG2, Huh7
(58), 2017 System (PerkinElmer)
Yanetal.  NIRF/MRI Kodak’s In Vivo Optical |IR783/Gd*- CD105 2.7, 24h NMTP SMMC-7721
(59), 2018 Imaging System DTPA
Jinetal. NIRF/MRI VIS Spectrum Imaging |IRDye800 CW/ GRP78 3.08+0.20°" (HepG2), 48 h; NMTP HepG2, Hep3B,
(60), 2018 System (PerkinElmer) ~ Gd**-DOTA 3.20+0.30%" (Hep3B), 48 h; SMMC-7721,

2.06+0.11°T (SMMC-7721), Bel-7402

12 h; 3.96+0.15°%

(Bel-7402), 48 h
Zhang et al. NIRF/PET N/A MHI-148/%Ga  Nonspecific N/A, N/A NMTP Hep3B-3.1
(61), 2018
Ai et al. NIRF/CT VIS Spectrum Imaging ZnGa,0,Cr,q. Nonspecific 5.22+0.88°, 6 h PMTP HepG2, Huh7
(62), 2018 System (PerkinElmer)
Shuai etal. NIRF/CT  IVIS Spectrum Imaging CNCI-1 Nonspecific N/A, N/A NMTP HepG2, LM3
(63), 2020 System (PerkinElmer)

N/A, not available; ST, subcutaneous tumor; OT, orthotopic tumor; NMTP, negative margin targeting probe; PMTP, positive margin targeting
probe; HCC, hepatocellular carcinoma; NIR, near-infrared; NIRF, near-infrared fluorescence.

captured miniscule tumor lesions (0.6£0.3 mm) with a
TBR of 2.5£0.3. Because the non-specificity and transient
circulation lifetime of the commercial MRI contrast agent
Gd™"-DTPA limits its ability to detect HCC, Yan ez al. (59)
screened a new aptamer with high endothelin binding
activity. By combining the aptamer with the paramagnetic
agent Gd”*-DTPA and NIR fluorophore IR783 on the
G5 dendrimer, a targeted nanoprobe was constructed.
The orthotopic xenograft HCC with a diameter as low as
4 mm was successfully imaged. Jin ez al. (60) selected the
HCC targeting peptide SP94 to conjugate with an NIR
dye IRDye800 CW and Gd chelated DOTA to enhance
the specificity of different imaging modalities. Significant
enhancement of the MRI signal in HCC was noted, and
microprimary malignancy and micrometastasis foci with
a diameter less than 1 mm were easily detected by NIRF
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imaging after abdominal exposure in mice.

X-ray CT, like MRI, has high spatial resolution, which
is the main noninvasive imaging technique to distinguish
HCC from normal tissue (65). In 2018, Ai et al. (62)
reported that ZnGa,0,Cr 4y (ZGC), an NIR-emitting
persistent luminescent NP, accurately delineated HCC in
mice and supplied preoperative CT imaging. Interestingly,
ZGC was found to mainly accumulate in normal liver
tissue, and reverse imaging in the tumor region was
observed. In 2020, Shuai ez al. (63) conducted the first study
to enhance hepatoma-specific dual-modal imaging using
small molecules. The molecule CNCI-1 was synthesized
by an ICG derivative and two diatrizoic acids with high
liver specificity and effective CT/NIRF imaging functions.
CNCI-1 was successfully applied to NIRF imaging in vivo
in a HepG2 tumor-xenografted mouse model and LM3
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Table 3 Studies of NIR-II fluorescent probes for HCC

Zhang et al. Fluorescence imaging in hepatectomy

References, Imaging

Maximum SBR of NIRF, Margin detection

year modalities Imaging systems of NIRF Materials post-injection time information Celllines
Hu et al. NIRF Self-built Integrated Visible and NIR-I/1l ICG 2.25+0.06%" (Mice), N/A; NMTP HepG2

(68), 2020 Multispectral Imaging Instrument 2.43+1.16 (Patients), N/A

Dingetal. NIRF Series 111 900/1700 Equipment SCH4 72 1h NMTP HepG2

(69), 2018 (NIR-Optics Technologies Co.)

Renetal. NIRF/MRI Self-built NIRF Imaging System NaGdF,:Nd5%@ 2.1+0.83°", N/A PMTP HCC patient
(70), 2020 NaGdF,@Lips specimen

N/A, not available; ST, subcutaneous tumor; OT, orthotopic tumor; NMTP, negative margin targeting probe; PMTP, positive margin targeting
probe; HCC, hepatocellular carcinoma; NIR, near-infrared; NIRF, near-infrared fluorescence.

orthotopic hepatoma mouse model, and enhanced tumor
imaging by revealing the blood vessels nearby for the CT
image acquisition in the VX2 orthotopic hepatoma rabbit
model.

At present, the diagnosis of early HCC mainly depends
on morphological features of the tumor detected by CT,
MRI or contrast-enhanced ultrasound. However, these
features are rarely seen in the initial stage of HCC or are
not sensitive to biological changes occurring shortly after
treatment (66). PET, a typical example of a functional
imaging technique, is superior for noninvasive detection
of tumor metabolism, tumor-associated biomarkers, and
molecular pathways. Hernandez et /. (56) described the
generation of a CD146-targeting probe via labeling of anti-
CD146 mAb with the positron emitter *’Zr, the NIRF dye
ZW800-1 for dual-modal PET, and optical imaging of
HCC in a mouse model. Since a previous study reported
that NIRF heptachlor cyanine dye MHI-148 accumulates
specifically in HCC cells (50), Zhang er al. (61) reported
the synthesis and characteristics of the PET/NIRF optical
imaging probe by using MHI-148 and ®Ga, and its
feasibility was verified in orthotopic xenotransplantation of
HCC in nude mice and rabbits.

Photoacoustic tomography (PAT) has the characteristics
of high spatial resolution and penetration depth (up to
7 cm). It overcomes the high degree of scattering of
optical photons in biological tissue by making use of the
photoacoustic effect (67). In 2017, Guan et a/. (58) prepared
ICG loaded gold nanorod@liposome core-shell NPs (Au@
liposome-ICQG) to integrate both imaging modalities.
Preoperative PAT and intraoperative NIRF imaging
confirmed the effectiveness of the dual-mode probe in

detecting tumors and guiding operations in the orthotopic
HCC mouse model.

© Annals of Translational Medicine. All rights reserved.

NIR-II fluorescence imaging
NIR-II fluorescent probe for clinical applications

The studies of NIR-II fluorescent probes for HCC
are described in Tzble 3. The development of NIR-
II fluorophores and molecular probes represents an
important, newly emerging and dynamic field in MI.
Because of diminished tissue autofluorescence, reduced
photon scattering, and low levels of photon absorption at
longer wavelengths, the imaging performance of NIR-II
fluorescence is better than that of visible light and NIR-I
fluorescence, and latest optical imaging research indicates
that NIR-II fluorescence can obviously improve tumor
imaging iz vivo (16,71). Nevertheless, due to the lack of
suitable imaging instruments and optical probes, NIR-II
fluorescence imaging has not been tested in clinical practice.
ICG has recently been found to display tail fluorescence
in the NIR-II window and has been proved to be suitable
for NIR-II imaging in small animal models (72,73). Hu
et al. (68) developed an integrated visible and NIR-1/II
multispectral imaging instrument and characterized the
imaging performance in human and animal research under
different infrared windows (Figure 2). In addition, the
first-in-human study of visible light, NIR-I and NIR-II
multispectral imaging was carried out in 23 patients with
liver tumors after ICG injection. For all the HCC patients
(n=11), NIR-II imaging achieved a significantly higher
tumor-to-normal tissue ratio ('NR) over NIR-I imaging
(2.43+1.16 versus 1.17+0.13, P=0.024), and NIR-II imaging
showed higher sensitivity and positive predictive value than
NIR-I. It is worth noting that NIR-I imaging needs to
turn off the light, while NIR-II imaging does not. NIR-II
imaging is compatible to the lighting environment of the
operating room, providing convenience and feasibility for
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Figure 2 The visible and NIR-I/II multispectral imaging of HCC (68). (A) Schematic for description of the study plan. (B) The HCC was
resected guided by ultrasonography and the visible light image and it was thought to be completely removed on the basis of the experience
of the surgeons. (C) NIR-II imaging detected fluorescence signals in the remaining tissue sections. (D) NIR-I imaging did not reveal any
signal. (E) The fluorescent residual tissues were further resected and received histopathological examination to verify that the tissues were
HCC. (F,G) Quantitative analysis of the TNR of NIR-II and NIR-I imaging in the iz vivo experiment, and there was a significant correlation
difference between the TNR of NIR-IIT and NIR-I (P<0.0001). (H,I) Quantification analysis of the TNR of NIR-II and NIR-I imaging in
the ex vivo experiment, and the TNR of NIR-II imaging was significantly higher than that of NIR-I imaging (P<0.0001). Copyright 2019,
Springer Nature. HCC, hepatocellular carcinoma; NIR, near-infrared; TNR, tumor-to-normal tissue ratio. ****, P<0.0001. (A,E) The

staining method is H&E staining, and the scale bar is 50 pm.

clinical application.

NIR-II Fluorescent probe for preclinical studies

In 2016, researchers developed a novel NIR-II fluorescent
molecule CH1055 (74). Its optical properties are excellent
with the excitation wavelength of 750 nm and the emission
wavelength of 1,055 nm. The fluorescent molecule has good
biocompatibility, high stability, and iz vive performance,
and the metabolites can be excreted through urine. Ding
et al. (69) developed an ingenious PEGylation strategy for
regulating the assembly of CH1055-based NIR-II probes

© Annals of Translational Medicine. All rights reserved.

from a single molecule to NP size. By coupling CH1055
with a series of PEG short chains, a class of NIR-II probes
(SCH1-SCH#4) were constructed. SCH4 displayed the
properties of a single molecule probe with a molecular mass
of 6.7 kDa. It showed fast and high passive HCC uptake
with a superior TNR (>7) in a mouse model, which was
capable of facilitating precise image-guided tumor surgery
and also demonstrated the first example of liver fibrosis
detection in the NIR-II window.

Furthermore, Ren ez 4l. (70) reported a hybrid NIR-II
fluorescent probe, a rare earth doped NP NaGdF:Nd5%@
NaGdF,@Lips (Gd-REs@Lips), which simultaneously
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performed powerful functions in both MRI and NIR-II
imaging. The imaging studies on orthotopic models with
xenografts established from HCC patients indicated that Gd-
REs@Lips exhibited a good T2 contrast effect in vivo, and
NIR-II fluorescence imaging detected satellite lesions on the
liver surface with the smallest lesion diameter of 2 mm.

Challenges and perspectives

So far ICG and methylene blue (MB) are the only available
NIR fluorophores approved by the US FDA (75). MB has
not been used for regular surgical treatment due to its non-
specificity and limited quantum yield. Although ICG has
been reported to achieve NIR-I/II fluorescence imaging
of HCC, as a non-targeted probe, ICG cannot distinguish
benign and malignant tumors, and its accumulation in other
tissues may lead to false positive detection of the tumor.
The targeted NIRF probe needs the stable combination of
the NIR fluorophore and targeting molecule to realize the
fluorescence of targeted tumor cells. Once the unbound
tracer is removed, the background fluorescence is expected
to be significantly weakened. A variety of molecular
targeted NIRF probes, recognizing vascular endothelial
growth factor, carcinoembryonic antigen, EGFR and other
molecular biomarkers, have been evaluated for molecular
fluorescence imaging applications in the clinic (75). There
is still a lack of clinical trials on HCC-targeted NIRF
imaging; more importantly, no clear consensus exists on
the optimal biomarkers for HCC. Molecular targets are
urgently required for the early detection of HCC and the
development of a novel targeted NIRF probe. Several
molecular signaling pathways such as RAS-MAPK, PI3K-
AKT-mTOR and WNT-TGEFB, immune response related
molecules such as IFN-y, IL-4 and IL-17, tumor stem
cell related molecules such as EpCAM, CD44 and CK19,
tumor angiogenesis related molecules such as CXCR4,
VEGEFR, Proxl and PDGE, and signal transduction related
molecules such as GPC3 and integrin a6 are involved in
the development of HCC, which form a complex molecular
network (76). Among them, several key molecules are
expected to be promising biomarkers for HCC. For
instance, GPC3, an oncofetal proteoglycan anchored to the
cell membrane, is highly expressed in >70% of HCCs, but
not in benign hepatic lesions, and its expression predicts a
poor prognosis (77). The mechanism of GPC3 participating
in HCC progression has not been fully elucidated. It is
believed that GPC3 plays a role in the development of HCC
by binding with Wnt signaling proteins and growth factors.
Excitingly, GPC3-targeted MRI, PET and NIRF imaging

© Annals of Translational Medicine. All rights reserved.
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have been investigated for early HCC detection (78).
With the high expression of GPC3 in the HCC cell
membrane and the high tumor-to-liver ratio, we believe
GPC3-targeted NIRF will have a promising future in
image-guided hepatectomy of HCC. Moreover, integrin
a6, which is normally expressed on the surface of cells and
consists of molecules for cell-cell and cell-extracellular
matrix adhesion, has recently attracted much attention as
a diagnostic marker of HCC (79). Many research groups
have provided evidence of overexpression of integrin a6 in
HCC (80,81). More importantly, according to the latest
report of Jiang ez al. (82), integrin a6 was found to be highly
expressed in about 94% of early HCC. A further study
reported that integrin a6-targeted PET visualizes the small
HCC lesion with a diameter of about 0.2 ¢cm in the mouse
model (83). These findings suggest that integrin o6-targeted
NIRF imaging may have a broad application prospect in the
detection and resection of early HCC.

Compared with NIR-I imaging, NIR-II fluorescence
imaging has significantly improved imaging performance,
including real-time light detection across centimeters of tissue,
micrometer resolution at depths of millimeters and high
TBR, which is the future direction of optical imaging (68).
As previously described, due to the limited ability of NIR-I
light to penetrate human tissues, the fluorescence signals
emitted by ICG can only penetrate liver parenchyma within
10 mm (36). An increasing number of proof-of-concept
studies on exogenous NIR-II probes have shown that the
obtained imaging penetration depth is much better than
those acquired using more established contrast agents in
the NIR-I window (11). However, NIR-II imaging is still
difficult to break through the penetration depth of several
centimeters for large parenchymal organs like the liver,
and the intraoperative detection of deep HCC remains
challenging. Because a deeper penetration depth can be
intrinsically achieved with PA imaging and high optical
absorptivity of NIR-II fluorophores can also facilitate
their NIR-I or NIR-II PA imaging (11), we believe that
dual-modal NIR-II fluorescence and PA imaging will be
a balancing act to maximize the desired parameters for
hepatectomy of HCC. Notably, Kupffer cells are specialized
macrophages dispersed throughout liver sinusoids that
comprise an elaborate reticuloendothelial system (RES).
They take up the probes and interfere with NIRF imaging of
HCC. Unfortunately, most of the existing NIR-II fluorescent
probes exceed the renal filtration threshold of ~40 kD or
~5 nm hydrodynamic diameter with slow excretion and are
largely retained within the RES, making clinical translation
almost impossible (84). For NIR-II fluorescence imaging
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applications of HCC, it is necessary to consider the timing
of administration of the contrast agent and the clearance
pattern of the probe. In comparison with the fluorescent
agents cleared by the hepatobiliary pathway, the agents
cleared by the kidneys can improve the visualization of
HCC. Only a few NIR-II fluorescent agents can undergo
renal clearance, which include CH1055-PEG (74), CP-
IRT (84), IR-BGP6 (85), Nd-DTPA (86), Nd-DOTA (87),
semiconductor CDIR2 (88), and lipoic acid-based
sulfobetaine coated gold nanoclusters (89). CP-IRT MI
probe was reported to possess both high tumor targeting
and rapid renal excretion (#87% excretion within 6 h).
It was composed of a cancer stem cell marker CD133
targeting peptide CP and NIR-II emitting fluorophore
IRT. While targeted imaging often relies on an antibody,
the peptide has the advantages of having a small size, cell
penetration, low immunogenicity, high biocompatibility,
and easy synthesis. Nowadays, a variety of peptides have
been found that can specifically bind to tumor biomarkers.
The highly safe, NIR-II fluorescent, HCC-targeted probe
composed of NIR-II agents with renal clearance ability and
small molecule interface ligand is a promising strategy for
HCC diagnosis and image-guided surgery.

Conclusions

During hepatic resection, reduction of normal structural
damage and removal of all malignant tissue is vital for
HCC patients. NIRF imaging has so far shown its high
potential to support surgical procedures and the feasibility
of improving clinical outcomes. Given the interest in this
area, more evidence is needed to clarify the role of NIRF
imaging in HCC surgery. NIR-I fluorescence imaging is
rapidly progressing in hepatectomy for HCC, but there
is still a lack of clinical trials of targeted probes. With the
increasing number of preclinical studies, NIR-II imaging
has reached a crucial turning point. In the authors’ opinion,
highly HCC-specific agents with fast pharmacokinetics
may facilitate intraoperative HCC imaging and rapid
clinical translation of the NIR-II imaging technique. It is
anticipated that commercial and clinically available NIR-II
fluorescent probes will be widely used in surgical resection

of HCC.
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