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ARTICLE INFO ABSTRACT

Keywords: Hepatocellular carcinoma (HCC) is one of the cancers that has the highest morbidity and mortality rates. In
Hepatocellular carcinoma clinical practice, there are still many limitations in surveilling, diagnosing, and treating HCC, such as the poor
Nanotechnology

detection of early HCC, the frequent post-surgery recurrence, the low local tumor control rate, the therapy
resistance and side effects. Therefore, improved, or innovative modalities are urgently required for early diag-
nosis as well as refined and effective management. In recent years, nanotechnology research in the field of HCC
has received great attention, with various aspects of diagnosis and treatment including biomarkers, ultrasound,
diagnostic imaging, intraoperative imaging, ablation, transarterial chemoembolization, radiotherapy, and sys-
temic therapy. Different from previous reviews that discussed from the perspective of nanoparticles’ structure,
design and function, this review systematically summarizes the methods and limitations of diagnosing and
treating HCC in clinical guidelines and practices, as well as nanomedicine applications. Nanomedicine can
overcome the limitations to improve diagnosis accuracy and therapeutic effect via enhancement of targeting,
biocompatibility, bioavailability, controlled releasing, and combination of different clinical treatment modal-
ities. Through an in-depth understanding of the logic of nanotechnology to conquer clinical limitations, the main
research directions of nanotechnology in HCC are sorted out in this review. It is anticipated that nanomedicine
will play a significant role in the future clinical practices of HCC.

Clinical practice dilemma
Surveillance and diagnosis
Cancer therapy

1. Introduction

Liver cancer is the sixth most common cancer in the world and the
third leading cause of cancer death. It was estimated that there were
905,677 new cases and 830,180 deaths worldwide in 2020 [1], and the
incidence of liver cancer increased with age [2]. Approximately 80% of
liver cancer cases are hepatocellular carcinoma (HCC) [1]. Chronic liver
disease is present in the majority of HCC cases, most of which occur on
the background of cirrhosis [3]. The surveillance of HCC mainly relies
on ultrasound and the level of serum markers such as alpha-fetoprotein
(AFP). When there is an abnormality, it is diagnosed by computed to-
mography (CT) or magnetic resonance imaging (MRI). However, in a

few cases, pathological diagnosis is required. Treatment includes sur-
gery, ablation, liver transplantation, transarterial chemoembolization,
and systemic therapy [4,5]. HCC is often asymptomatic at the early
stage, and less than 20% of patients with liver cirrhosis receive regular
screening, therefore, most HCC patients are already in the middle and
advanced stage when diagnosed [4]. The five-year survival rate of HCC
is only 20% due to factors involving late discovery, rapid progression,
poor response to treatment in the advanced stage, and easy recurrence
[6]. Hence, there is an urgent need for an improved or innovative
diagnostic and therapeutic method.

Recently, there has been a steady increase in biomedical nanotech-
nology research [7-13]. Consideration has also been given to its
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application in diagnosing and treating HCC [14-16]. The characteristics
of nanoparticles provide them with many unique advantages. The
appropriate size allows them to easily pass through the tumor’s new
microvessels and accumulate locally, prolonging circulation clearance.
In terms of targeted diagnosis and treatment, nanoparticles have several
advantages over other molecular conjugates due to their large specific
surface area: 1) they can contain multiple targeting ligands, which can
generate higher affinity through multivalent binding to cell surface re-
ceptors; 2) they can carry a large number of effector molecules and
protect them from degradation; for example, lipiodol-bridged indoc-
yanine green (ICG) nanoemulsion could protect the fluorochrome ICG
from degradation for a few days via the shielding effect, while the
fluorescence intensity of free ICG solution rapidly declined to zero at the
same conditions [17]; 3) they are sufficient to accommodate multiple
types of effector molecules; and 4) the release of effector molecules from
nanoparticles can be tuned to match the mechanism of action [18].
These advantages enable nanomaterials to improve the detection
sensitivity of biomarkers or imaging and facilitate the targeted delivery
of drugs, thereby improving the efficacy of diagnosis and treatment
while minimizing the side effects of anticancer drugs.

Several analyses have been conducted on the application of nano-
technology to HCC. These articles focused on applying specific charac-
teristics of nanomedicine, such as targeting, self-adaptivity, assembling,
the ability of coordination and sensitization [19-23], or used nano-
materials as an entry point to describe their development in HCC or in
animal hepatoma models [24-26], or enumerated nanotechnology ad-
vancements in various therapeutic approaches [14,16]. There are no
review reports on the consensus, limitations, and progression of HCC in
clinical practice and how nanotechnology can improve clinical limita-
tions and expand clinical applications. This article provides a systematic
overview of the current status of surveillance, diagnosis, and treatment
of HCC (Fig. 1). It reviews various nanotechnology-based strategies for
overcoming the limitations in HCC clinical practice, such as improving
targeting, optimizing the physicochemical properties of effector mole-
cules, combining multiple therapeutic or auxiliary molecules, and
others. Through an in-depth understanding of how nanotechnology can
be used to achieve optimization and improvement and summarizing the
targeted research directions of nanotechnology in HCG, it is beneficial to
promote its widespread and promising application in diagnosing and
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treating HCC.

2. Progress in surveillance and diagnosis of HCC and application
of nanotechnology

Regular surveillance for HCC high-risk populations is recommended.
According to the guidelines, these populations should undergo ultra-
sound with or without serum AFP testing every six months. When liver
lesions <1 cm are detected, the ultrasound monitoring interval should
be shortened to 3-6 months; when liver lesions are >1 cm or when AFP
is positive (>20 ng/mL), it is recommended to perform multi-phase CT
or dynamic contrast-enhanced MRI for initial diagnosis and determining
the management according to LI-RADS category [4,5].

The advancement of nanotechnology has significantly contributed to
the development of diagnostic techniques based on molecular markers.
In HCC, there are numerous molecules that hold potential as biomarkers,
and the surface functionalization of nanocarriers plays a crucial role in
targeting these molecules. In biomarker detection, nanoparticles utilize
antibodies, aptamers, peptides, etc. as probes to convert the signal of
target molecules into electrical, optical, or other signals, enabling sen-
sitive detection [27-29]. On the other hand, in imaging inspection,
nanotechnology can enhance the signal-to-noise ratio of imaging by
utilizing their unique physiochemical properties and molecular target-
ing [30,31]. In recent years, numerous studies have actively improved
detection strategies through nanotechnology to increase the HCC diag-
nostic rate (Table 1).

2.1. Invitro diagnosis

Biomarkers play a crucial role in the in vitro diagnosis of HCC, and
their applications include clinical diagnosis, progression monitoring,
and prognosis assessment. AFP is currently the only widely used HCC
serum marker. It is frequently elevated in HCC patients; nonetheless,
there are still 30-40% of patients whose AFP will not increase [28].
Moreover, pregnancy, benign liver diseases, malignant gastrointestinal
tumors and other physiological or pathological reasons may lead to
elevated serum AFP. Therefore, the diagnostic value of AFP alone for
HCC is limited, and the sensitivity is only 31-69% [48,49]. At present,
AFP is often used in combination with ultrasound for HCC surveillance.
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Fig. 1. The clinical limitations of diagnosing and treating HCC.
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Table 1
The introduction of diagnostic nanoparticles.
Nanoinducers Material type Encapsulation/Conjugation Functional mechanism Feature Hepatic cell Reference
lines
Biomarker
Nano-gold Gold nanoparticles Ab; + Ab, Redox cycling-based charge Improving AFP detection  / Xiang et al.
electrode + (AuNPs) + Polydopamine transfer signal amplification sensitivity [27]
PDANPs-Ab, nanoparticles
F-AuNPs + AuNPs Three probe-DNA recognizing SERS-based detection High sensitivity and / Wu et al.
AgMNPs target miRNAs multiplex biomarkers [28]
detection
GPC3apt/RGO- Reduced graphene oxide- GPC3 aptamers GPC3-aptamer conjugation High affinity and specific =~ / Lietal. [29]
Hemin/Au hemin nanocomposites binding to GPC3
NPs/SPE
Nanofluidic Nanopores integrated on CEA, AFP, HER2 antibodies Electric charge of the target Ultra-sensitive and / Duan et al.
diode microchip proteins captured by mAbs multiplexed detection [32]
biosensors
Exo@Au AuNPs Installing onto the exosomal Nanozyme-assisted Rapid profiling of HepG2, LO-2, Dietal
nanozymes phospholipid membrane immunosorbent assay multiple exosomal MCF-7, HeLa [33]
proteins
Ultrasound
FA-NDs Perfluoropentane Folate Phase-transition to Capable of passing SKOV3 Liu et al.
nanodroplets microbubbles after low- through the capillaries [30]
HA/CPPs-10- Hyaluronic acid, cell- intensity focused US allowing effective SMMC-7721 Zhao et al.
HCPT-NPs penetrating peptide, 10- sonication extravasation into tumor [34]
hydroxycamptothecin
Gas vesicles Gas vesicles / Sound waves are strongly Easy isolation, capable of = RAW264.7, Ling et al.
reflected by air-water passing through the HEK293T [35]
interfaces capillaries and / Wei et al.
quantifying phagocytic [36]
clearance and lysosomal
degradation
Diagnostic imaging
UAG USPIO AFP, GPC3 antibodies Tumor targeting via ligand- Actively targeting tumor Hepal-6/ Ma et al.
receptor interaction to improve imaging GPC3 [31]
TPP- Bismuthine nanosheets Compound polysaccharide accuracy Bel-7402 Bai et al.
Bi@PDA@CP (hepatoma cell targeting), [371
triphenylphosphonium
(mitochondrial targeting agent)
UMENPs Ultrasmall MnFe,O4 / Parameter optimization of Improving imaging HepG2 Zhang et al.
nanoparticles contrast agents impacting capability [38]
MnO MnO nanoparticles / imaging capability SMMC-7721, Yang et al.
nanoparticles H22 [39]
Dual-modal AuNPs Gd chelator, polyethyleneimine Combination of different CT/MR or PAI/MRI dual HepG2, Li et al.
imaging contrast agents onto mode imaging of tumor HCCLM3 [40], Wang
contrast nanoplatform etal. [41]
agents Fe30,4 magnetic PAI materials such as FeSe, and HepG2, He et al.
nanoparticles semiconductor polymers HUH?7, SK- [42], Deng
Hepl et al. [43]
Intraoperative imaging
ICG Nano-ICG-lipiodol / ICG molecules disperse in Clearly delineating tumor ~ LO2, Hepal- Zhu et al.
nanoemulsion emulsion lipiodol emulsion in surgery and more 6, HepG2 [17], He
excellent stability et al. [44]
BH-NO,@BSA BH-NO, + BSA / The probe is reduced and The activatable probe can ~ HCC-LM3- Zeng et al.
activated by the precisely delineate tumor  fLuc [45]
overexpressed nitroreductase
in tumor cells
ZGC ZnGaz04Cr0.004 NIR- / Afterglow lasting for several Excellent long-lasting HepG2, Aietal.
emitting persistent hours after light excitationin  afterglow properties to Huh7, LO2 [46]
luminescent nanoparticles vitro to obtain high signal-to-  accurate delineation of
(NPLNPs) noise ratio and deep tumor aiding in real-time
penetration in vivo imaging guided surgery
F12"-ANP-Gal poly[2-methoxy-5-(2- pB-galactose ligands (tumor The probe is activated by Hepatic-tumor-targeting HepG2 Wu et al.
ethylhexyloxy)-1,4- targeting), EM F1%" (HyS- elevated H,S in tumor to and activatable afterglow [47]

phenylenevinylene]-based
nanoparticles

responsive chromophore),
NIR775

control afterglow
luminescence from MEP-PPV
and NIR775

In recent decades, numerous novel biomarkers have been reported, such
as AFP isoform AFP-L3, heat shock protein 70 (HSP70),
des-y-carboxyprothrombin (DCP), glypican-3 (GPC3) [50,51]. They can
detect some AFP-negative HCC, nevertheless, few markers have been
confirmed by large-scale, multicenter studies to have sufficient diag-
nostic value in clinical practice. Thus another strategy to improve
diagnostic performance and cope with tumor heterogeneity is to
combine AFP with other biomarkers or clinical indicators [52,53].

GALAD score, which gained FDA ‘Breakthrough Device Designation’,
combines three tumor markers (AFP, AFP-L3, and DCP) and two de-
mographic risk factors (age and gender). The study found that the per-
formance of the GALAD score in detecting early HCC in patients with
nonalcoholic steatohepatitis (NASH) was better than that of any tumor
markers alone [54]. A multicenter study in North America revealed that
the performance of the GALAD score screening for HCC is better than
ultrasound [55]. Moreover, there was the first prospective cohort study
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demonstrating the clinical applicability of the GALAD score [56]. The
GALAD score is expected to become the routine surveillance program of
HCC in the near future. However, it is worth noting that the commonly
used detection methods for biomarkers include enzyme-linked immu-
noassay, fluorescence immunoassay, chemiluminescence, and mass
spectrometry. These traditional methods have the disadvantages of
being labor-intensive, time-consuming, and expensive to be improved.
In addition, several liquid biopsy markers have also been developed in
detecting early HCC, such as circulating tumor cells, circulating tumor
DNA, exosomes, free microRNA (miRNA) and long non-coding RNA
(IncRNA), and others. They can provide much diagnostic information
such as carcinogenesis, subtype determination, and tumor burden
[57-61]. However, these methods have not yet been commercialized
and must be fully evaluated in the five phases of tumor marker discovery
and validation.

Nanotechnology primarily enhances in vitro diagnosis through
several aspects (Fig. 2A). First, it innovates techniques to achieve HCC
detection with high sensitivity, high throughput, rapid response, and
cost-effectiveness. Different from the traditional detection approaches,
some nanoparticles have unique electrochemical properties. They can be
combined with electrochemical technology to implement the detection
of biomarkers. Xiang et al. constructed the Ab;-AFP-Ab, sandwich re-
action platform on the nano-gold electrode, using polydopamine nano-
particles as the labeling material of Aby. The property of polydopamine
amplifying the mediator’s charge transfer improved the sensor’s sensi-
tivity, and the detection limit of AFP was as low as 0.3 pg/mL [27]. Wu
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et al. utilized the electromagnetic enhancement of gold nanoparticles to
implement surface-enhanced Raman scattering, amplifying the collected
signal to achieve ultrasensitive detection of biomarkers [28]. The second
is to improve the efficacy of target binding. Nanoparticles’ high specific
surface area and strong adsorption capacity make it possible to combine
various ligands to increase the affinity to the target or amplify the
detection signal. For example, aptamers are a type of oligonucleotide
sequence with a unique three-dimensional conformation with a receptor
affinity comparable to antibodies. Moreover, they possess excellent
stability, low immunogenicity, and easy preparation and are frequently
used as specific target-binding ligands [62]. Li et al. covalently com-
bined reduced graphene oxide-hemin nanoparticles with GPC3 aptam-
ers, immobilizing the complex on the electrode surface, and detected the
concentration of GPC3 via the change of electrochemical signal. Under
optimal conditions, the linear detection range of GPC3 was 0.001-10.0
pg/mL [29]. Third, using nanoarray microchips for detecting multi-
plexed biomarkers can potentially overcome tumor heterogeneity [32,
33]. Duan et al. integrated nanofluidic diode arrays on microchips and
achieved highly selective and ultrasensitive multiple markers (AFP,
CEA, HER2) in buffer and unpretreated serum based on
antigen-antibody binding and protein charge regulation. The biosensor
was less difficult to manufacture and had a fast response, with an
ultra-low detection limit, which was expected to be used in the joint
detection of multiple markers of HCC in the future [32].
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2.2. In vivo diagnosis

2.2.1. Ultrasound

Ultrasound is extensively used as a routine screening method
because it is simple, flexible, non-invasive and inexpensive. A meta-
analysis of 32 studies revealed that the sensitivity of ultrasound to
detect HCC at any stage in liver cirrhosis patients was 84%; however, for
early HCC (a single nodule <5 cm or 2-3 nodules <3 cm), the sensitivity
was only 47% [63]. The development of contrast-enhanced ultraso-
nography (CEUS) additionally provides hemodynamic characteristics on
the basis of ultrasound and improves the accuracy of HCC screening.
Randomized controlled trials (RCT) have shown that the HCC nodules
detected by the Sonazoid CEUS group based on Kupffer cell-specific
uptake were significantly smaller than the B-mode ultrasound group
(13.0 £ 4.1 mm vs 16.7 + 4.1 mm; p = 0.012) [64]. The typical HCC
CEUS pattern had a high positive predictive value, reaching 98.5% [65].
For nodules of 10-20 mm, the specificity (92.9%) of CEUS in diagnosing
HCC was higher than CT (76.8%) and MRI (83.2%). However, its limi-
tation was considerably lower sensitivity than CT/MRI [66], which may
be due to the large size of the contrast agent being restricted within the
vasculature, resulting in missing hypovascular lesions.

As mentioned above, ultrasound contrast agents are valuable for
monitoring HCC; however, the currently used microbubbles (MB) have a
large particle size and cannot effectively extravasate from vessels and
target tumors, whereas nanoscale contrast agents can solve this problem
(Fig. 2B). The researchers developed perfluoropentane-coated lipid
nanoparticles with liquid-gas phase-transition properties. Nanoscale MB
precursors accumulated in the tumor through passive or active targeting
were converted into MB by in situ phase-transition and enhancing tumor
imaging capability [30,34]. Besides, gas vesicles (GVs) of certain marine
bacteria and archaea have also recently been found to serve as novel
nanoscale contrast agents, showing great potential in ultrasound imag-
ing [35,36]. Studies have shown that rugby-shaped GVs from Halobac-
teria NRC-1 could generate stable and strong ultrasound contrast signals
in mouse liver tumors under optimized parameters and perfuse ischemic
tumor regions where MB failed to image, yielding a 6.84 times stronger
signal than MB [36]. Ling et al. developed a nanoscale contrast agent
made entirely of proteins based on GVs. Hepatic macrophages phago-
cytized the contrast agent and underwent lysosomal degradation,
therefore, its ultrasonic signals could reflect the functions of phagocy-
tosis and lysosomal degradation. Liver dysfunction (such as phagocyte
deficiency and nonalcoholic fatty liver disease) leads to changes in the
ultrasound signal, which can be used to monitor HCC in the future [35].

2.2.2. Diagnostic imaging

Suspicious lesions detected by ultrasound require further imaging
examinations (dynamic contrast-enhanced CT/MRI) to confirm the
diagnosis and staging of the tumor. The typical imaging pattern of HCC
shows significantly enhanced lesions compared to the surrounding pa-
renchyma in the arterial phase, while in the portal or delayed phase, it is
less enhanced than the surrounding. For adult patients with chronic liver
disease, the sensitivity and specificity of CT in diagnosing HCC were
77.3 and 91.3% [67], while the sensitivity and specificity of MRI were
84.4 and 93.8%, respectively [68]. The meta-analysis comparing the
accuracy of enhanced CT and MRI in detecting HCC revealed that MRI
has a higher detection sensitivity, particularly for small nodules <2 cm.
However, there was no significant difference in specificity [69,70].
Therefore, MRI is utilized more frequently than CT. In general, MRI has
high diagnostic accuracy and is suitable for patients who are allergic to
iodine contrast agents, nevertheless, it is expensive, highly sensitive to
artifacts, and takes a long time to scan; CT is slightly less accurate,
nonetheless, it is cost-effective and applicable to patients who cannot
undergo MRI. However, most contrast agents used in clinical diagnostic
imaging have issues such as a brief circulation time, lack of tumor tar-
geting, and low sensitivity to small nodules. Therefore, it is necessary to
develop new contrast agents and imaging technologies to improve the
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current diagnostic dilemma of HCC.

Nanotechnology can improve the limitations of HCC diagnosis in
numerous ways, such as modifying molecules to improve the targeting
of nanoprobes, improving the sensitivity of HCC detection, reducing the
dose by optimizing contrast agent parameters, and developing multi-
modal imaging nanoprobes (Fig. 2C). First, nanotechnology can enhance
diagnostic performance by modifying one or more target-docking mol-
ecules (antibodies, aptamers, peptides, and others) to endow various
contrast agents with active targeting properties [31,40-42]. Ma et al.
synthesized ultra-small superparamagnetic iron oxide nanoparticles
(USPIO) with or without AFP/GPC3 antibody conjugation and found
that AFP and GPC3 antibodies conjugated USPIO had the highest tar-
geting and internalization efficiency to Hepal-6/GPC3 cells, and mini-
mized MRI T, relaxation time, having the potential to overcome
biomarker-related tumor heterogeneity [31]. Bai et al. constructed
bismuthene-based nanoparticles TPP-Bi@PDA@CP coupled with com-
pound polysaccharide (hepatoma cell targeting agent) and triphenyl-
phosphine (TPP, mitochondrial targeting agent), and its
contrast-enhancement efficiency was as high as 51.8 HU mL mg~?,
which was 3.16-fold that of iopromide, a commonly used clinical
contrast agent. The average HU value in mouse tumor sites was 2.63-fold
that of non-targeted particles, which may be used in clinical diagnosis in
the future [37].

Second, parameter optimization of specific nanoscale contrast agents
can improve the MRI contrast ratio, enabling sensitive liver tumor
detection at low doses [38,39]. Yang et al. prepared manganese oxide
(MnO) nanoparticles of varying sizes and shapes and investigated the
factors affecting T1-MRI in terms of geometric volume, surface area,
crystal plane, and ry/r; ratio. They found that the surface area and oc-
cupancy rate of manganese ions positively affected the sensitivity of
T1-MRI, whereas the volume and ry/r; ratio had negative effects. MnO
octahedrons exhibited exceptional enhancement in liver T; imaging and
could detect liver tumors at approximately 1/10 of the clinical dose
[391.

In addition, multi-modal imaging has attracted much attention in
recent years. It combines various imaging technologies to acquire more
detailed images and biological characteristics of tissues, improving in-
spection and diagnosis efficiency. Nanotechnology can provide a great
platform for achieving multi-modal imaging. CT and MRI are the two
most common imaging procedures. The former is good at high spatial
and density resolution imaging of hard tissues, while the latter provides
high-resolution imaging of soft tissues. Therefore, the combination of CT
and MRI can provide complementary diagnostic information. For
instance, polyethylenimine-based gold nanoparticles have good X-ray
attenuation properties, T; relaxivity and stability after chelating gado-
linium ions, allowing for CT/MRI dual-modal imaging [40,41]. Photo-
acoustic imaging (PAI) is an emerging hybrid imaging technology with
high temporal and spatial resolution real-time imaging capabilities and
high optical sensitivity that can deliver diagnostic information at the
micron level. Dual-modal PAI/MRI imaging using nanoparticles incor-
porating PAI materials such as FeSe; and semiconductor polymers with
MRI contrast agent Fe3O4 could detect HCC of <1 cm [42,43].

2.2.3. Intraoperative imaging

Surgical resection has the potential to cure patients with early-stage
HCC. It has been reported that the five-year survival rate of patients
undergoing surgical resection was 47-67% [71-73]. For early-stage
HCC <3 cm, the postoperative five-year survival rate was as high as
75% [74]. Previous studies have shown an insignificant difference be-
tween surgical resection and radiofrequency ablation (RFA) for treating
early-stage HCC [72,74]. However, a meta-analysis of six RCTs showed
that for HCC eligible for the Milan criteria (single lesion <5 cm or < 3
lesions <3 cm each), surgical resection was associated with a higher
five-year recurrence-free survival rate [75]; even for early recurrence of
HCC, the long-term curative effect of surgical resection was also better
than RFA [76]. Therefore, surgery remains the first-line treatment for
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resectable HCC. However, the five-year recurrence rate of surgical
resection of HCC is more than 70% [49,77]. The lesions missed during
surgery are one of the main sources of recurrence [78]. To remove as
much cancerous tissue as possible during surgery and reduce the prob-
ability of recurrence, intraoperative ICG near-infrared (NIR) fluores-
cence imaging is used to achieve more accurate visualization of HCC
margins and to detect some tiny invisible lesions [79].

Conventional ICG probes have a brief local residence time, are sus-
ceptible to photobleaching and degradation, and lack tumor specificity.
Therefore, more effective probes are urgently required to acquire stable,
tumor-specific fluorescent signals with prolonged intratumoral reten-
tion. In addressing these shortcomings, nanotechnology primarily con-
tributes in two ways (Fig. 2D). First, constructing nanoscale ICG-lipiodol
emulsion, which is preferentially absorbed by tumor tissue, and its high
viscosity makes it resistant to blood flow clearance. ICG molecules
dispersed in lipiodol emulsion are stable. According to studies, nano-
ICG-lipiodol emulsion exhibited superior imaging properties and
greater resistance to photobleaching and degradation than ordinary ICG
solution [17,44]. Second, constructing activatable nanoprobes. Inert
probes can emit imaging signals at any time. In contrast, the modified
activatable nanoprobes can distinguish tumor cells from normal cells
based on biological differences, emitting signals only after contacting
the target. Activatable nanoprobes can minimize non-specific back-
grounds and enhance the detection precision of tumor margins. Zeng
et al. developed an activatable nanocomposite BH-NO,@BSA, which
specifically responded to the overexpressed nitroreductase in tumor
cells and generated strong NIR-I/1I fluorescence and photoacoustic sig-
nals. 3D multispectral photoacoustic tomography (MSOT) images could
be used for preoperative localization of liver tumors, and NIR-I/II
fluorescence images provided intraoperative navigation [45]. Howev-
er, traditional fluorescence imaging requires in situ light excitation. The
inevitable light absorption, scattering, and autofluorescence of biolog-
ical tissues will limit the penetration depth and result in a low
signal-to-noise ratio. Afterglow nanoprobes can overcome this limita-
tion because the probes slowly emit photons after being excited by light,
and the afterglow can last for hours [46]. Wu et al. took advantage of the
elevation of H,S in cancer and used the electrochromic material F12* as
the HyS-responsive chromophore to construct HCC-targeted afterglow
nanoparticles. The signal-to-noise ratio of nanoprobe imaging was
substantially higher than NIR fluorescence, and it had greater pene-
trating power, effectively delineating HCC lesions in clinical specimens
[471.

2.3. All kinds of surveillant and diagnostic methods

For different diagnostic methods, nanotechnology employs various
optimization strategies, which primarily focuses on two aspects.

The first is to utilize the diverse physiochemical properties of
nanoparticles, such as electrochemical, magnetic, and optical charac-
teristics, to enhance or innovate biodetection materials and platforms.
This enables the achievement of rapid, real-time, highly sensitive, and
specific detection. In addition to the electrical nanomaterials, there are
many nanoparticles utilized in the detecting techniques. Matrix-assisted
laser desorption/ionization time of flight mass spectrometry (MALDI-
TOF MS) is a method for determining the mass of biomacromolecules
like peptides, proteins, and nucleic acids. It offers advantages such as
high throughput and rapid detection. The selection of an appropriate
matrix plays a crucial role in obtaining accurate results. Wang et al.
employed magnetic SiO, nanoparticles as a matrix and connected
aptamers and molecularly imprinted polymers (MIPs) through Au-S
bonds as substitutes for antibodies. By using this nanoplatform, the
signal-to-noise ratio of mass spectrometry in detecting AFP in body
fluids was significantly improved compared to direct detection [80]. To
detect very early tumor lesions that lack of abundant vasculature, Lei
et al. employed positive (tumor vessels) and reverse (tumor paren-
chyma) contrast-balanced imaging strategy. They developed a gemstone
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spectral CT/PAI dual-modal imaging nanoprobe PEG-Ta;Os@CuS. The
CuS outer layer possessed strong PAI capacity at the NIR-II window,
enabling sensitive visualization of micron-scale blood vessels in tiny
HCC lesions. The nanoprobe could detect 2-4 mm HCC in orthotopic
tumor model [81],

The second is to increase molecular targeting to improve detection
accuracy. In the detection of biomarkers, liquid crystal (LC) sensors can
transduce and amplify chemical and biological changes into visible light
signals. At present, most LC sensors can only detect a single tumor
marker, while Qi et al. employed the strategy of LC sensors assisted with
target-induced dissociation (TID) of an aptamer to detect multiple tumor
markers. In TID, nanomagnetic beads functionalized with aptamer 1
were bound to target proteins, followed by incubation with aptamer 2
and signal DNA duplexes. The combination of the target protein and
aptamer 2 released the signal DNA, which was recognized by the LC
sensor and formed light signals. The reliability of the detection system
was confirmed in the experiments, and it was not affected by hemolysis
[82].

3. Progress in treatment of HCC and application of
nanotechnology

The therapeutic regimen of HCC is determined by the tumor stage.
There are numerous staging systems for liver cancer, including Barce-
lona Clinic Liver Cancer (BCLC), Tumour, Node, Metastasis (TNM),
China Liver Cancer Staging (CNLC), Japan Integrated Staging (JIS), and
Hong Kong Liver Cancer (HKLC), among others. The 2018 version of
BCLC is currently the most popular staging system for HCC. Based on
tumour status, liver reserve function (Child-Pugh score), and physical
function status score (ECOG PS), it divides HCC into five stages; surgical
resection or RFA for BCLC stage 0; surgical resection, liver trans-
plantation, or ablation according to tumor and liver function conditions
for BCLC stage A. BCLC stage B and above should receive transarterial
chemoembolization (TACE) or systemic therapy. Supportive treatment
is suggested for BCLC stage D [4,5]. Despite various treatment methods,
the survival rate of HCC patients is still unsatisfactory due to the limi-
tations of low long-term local tumor control rate, drug resistance, a high
recurrence rate, and numerous adverse effects.

With the rapid development of nanomedicine, researchers have used
nanotechnology to effectively improve various treatment methods based
on clinical needs (Table 2). In these studies, researchers have con-
structed various highly targeted nanocarriers, loading different effector
molecules such as photothermal agents, chemotherapeutic drugs and
radioactive particles, and utilized biomimetic materials to increase the
bioavailability and stability of drugs. Moreover, they combined diverse
regimens containing ablation, TACE, radiotherapy and systemic therapy
to improve the treatment effect and to minimize the systemic side
effects.

3.1. Ablation

Although surgery is the first choice for treating early-stage HCC,
some patients cannot tolerate surgery because most of them have
different degrees of liver cirrhosis, and ablation has the advantages of
less impact on liver function, less trauma, and a definite curative effect.
In some early-stage HCC patients, ablation and surgical resection im-
pacts are similar [74], so ablation is also recommended for HCC patients
with lesions <3 cm. Ablation therapy includes RFA, microwave ablation
(MWA), cryoablation (CRA), percutaneous ethanol injection (PEI), and
irreversible electroporation (IRE), among which RFA and MWA are the
most commonly used. Retrospective studies and RCTs have shown that
for HCC patients with small number and size tumor lesions, the efficacy
and safety of RFA and MWA are comparable [102,103]. PEI and CRA are
less used, and their advantage is causing less damage to surrounding
tissues. They are suitable for cancer lesions adjacent to the hilum of the
liver and gallbladder, and the risk of vascular complications is extremely
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Table 2
The introduction of therapeutic nanoparticles.

Nanoinducers Nanoparticle Encapsulation/Conjugation Functional mechanism Feature Hepatic cell ~ Reference

material lines

Ablation

PCN-ACF- Metal (H,TCPP)- ACF (hypoxia inducible Ablation activates liver- Enhancing immune responses to H22 Cai et al. [83]

CpG@HA organic (zirconium factor signaling inhibitor), cancer-related adaptive eliminate residue cancer cells and
ions) framework- CpG (immunologic immune response which inhibiting hypoxia-induced survival
based nanoparticles adjuvant), HA (tumor enhanced by CpG and hypoxia  and metastasis
targeting) is blocked by ACF
Transarterial therapy
CaO, NPs CaO,, nanoparticles / CaO, NPs react with water to Improving tumor microenvironment ~ HepG2 Wang et al.
generate abundant O,, OH by relieving hypoxia, neutralizing [84]
and Ca** acid, and down-regulating the
expression of hypoxia-related
markers, enhancing the anti-tumor
effect of TACE
ATONP/NDEB  Arsenite / Arsenite nanoparticles are Resulting in more thorough tumor VX2 Fuetal. [85],
nanoparticles activated by plasma Pi to necrosis in TACE Zhao et al.
sustained release arsenic [86]
trioxide
Pickering Poly(lactide-co- / The addition of PLGA NPsinto  No significant toxicity on tumor cells ~ HepG2, Deschamps
emulsion glycolide) (PLGA) the formulation endows the HUVEC et al. [87]
nanoparticles emulsions with
biodegradability
Radiotherapy
GNP Iron oxide-gold core-  AKG (mitochondrial Radiosensitization realized by Increasing treatment efficacy PLC/PRF/5 Sood et al.
shell nanoparticles targeting), 4-HPR the accumulation of a large [88]
(chemotherapeutic drug) amount of ROS in cancer cells
tGd- Gd-hybridized gold VEGF-siRNA, cyclic Radiosensitization realized by HepG2, Li et al. [89]
GNMsgirnA nanomolecules asparagine-glycine-arginine increasing local radiation dose H22,
peptide (tumor targeting) deposition and inhibition of HUVEC
tumor revascularization
Systemic therapy
NP(ArtePt) Polymer ArtePt (cisplatin + Polymer fragments deplete Relieving drug resistance to improve 7404 Jin et al. [90]
nanoparticles artesunate dual-threat GSH via Iodo-Clikc reaction to  antitumor effect of cisplatin in HCC
hybrid prodrug) enhance the efficacy of
cisplatin
Gal-SLPs Galactose-decorated Sorafenib, USP22 shRNA USP22 shRNA suppresses the Showing increased sorafenib Huh-7, Xu et al. [91]
lipopolyplexes expression of multidrug accumulation and enhanced BEL-7402
resistance-associated protein 1 sensitivity to sorafenib
usLNPs Lipid nanoparticles Sorafenib, MK-siRNA MK-siRNA increases the Increasing the chemosensitivity of HepG2 Younis et al.
sensitivity to sorafenib and tumor cells and allowing more drugs [92]
ultra-small nanoparticles are to be delivered into tumor
easier to penetrate the stroma
barrier in tumor
All kinds of therapies
NdqFe 4B/ Fe304+DSPE- SNF peptide/EpCAM Improving therapeutic Hierarchical targeting significantly Huh7, 97H, Shi et al. [93]
Fe304-PLGA PEG2000-Mal + antibody, y-IFN targeting by modifying tumor enhances antitumor effect 97L, SK-
DPPC + cholesterol target ligands Hep-1, LO2,
nanoparticles Hepal-6
NP-sfb PEG-b-PLA Sorafenib Improving solubility and Showing significantly improved Hepal-6, Chen et al.
bioavailability of sorafenib/ therapeutic efficacy compared with H22, [94]
pterostilbene same dose free-sfb HepG2

PSN Eudragit e100 Pterostilbene, polyvinyl Having a better cytocidal effect than ~ HepG2 Tzeng et al.
alcohol (stabilizer) raw pterostilbene [95]

FCPN Pluronic F-127 Folic acid-functionalized Improving the SMMC- Shen et al.
SMMC-7721 cell biocompatibility and targeting 7721 [96]
membrance, paclitaxel by coating biomimetic

(SEN + TPL) Glyceryl Huh-7 cell-platelet hybrid materials Long circulation function and Huh-7 Li et al. [97]

@CPLCNPs monooleate + P507 membrane, sorafenib, homologous targeting
triptolide

TBP@DOX Liposome P-selectin (tumor targeting), = Combining the efficacy of HepG2, Xu et al. [98]
doxorubicin, BML chemotherapy and ablation H22
(microwave-sensitizer)

Ui0-66/ Ui0-66/Bi,S3 MOF Doxorubicin Combining the efficacy of N1S1 Liu et al. [99]

Bi,S;@DOX nanoparticle TACE and ablation
BMPMs SPION Inhexol, Carrageenan Combining TACE and MRI Imageable TACE HUVECs Liu et al.
[100]
IR820-PEG- PEGylated melanin 1IR820 Combining PA/MA imaging Diagnosis of micro HCC and imaging ~ HepG2, Chen et al.
MNPs nanoparticle and ablation guided ablation Huh7 [101]

low while ensuring the success rate of ablation [104]. However, insuf-
ficient ablation leads to HCC recurrence and may promote its metastasis.
Sublethal heat stress may promote tumor cell metastasis by upregulating
the expression of the epidermal growth factor receptor [105]. Studies
have found that ablation therapy could activate or enhance innate

immunity and liver cancer-related adaptive immune response [106,
107]; however, the response was weak. Synergistic immunotherapy
could enhance the immune response and improve the effect of anti-HCC
[108,109]1, which will solve the above problem.

The therapeutic efficiency can be improved by combining ablation
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therapy with various immune adjuvants through nanotechnology
(Fig. 3A) [83,110-112]. Synthetic oligodeoxynucleotide with unme-
thylated cytosine-phosphate-guanine (CpG) is an immune adjuvant that
triggers innate and adaptive immunity by stimulating dendritic cells
(DC), nevertheless, it requires multiple injections or high doses to
stimulate DC maturation. Therefore, Cai et al. designed a metal-organic
framework (MOF) nanoparticle formed by photosensitizers and loaded
them with CpG and acriflavine (ACF), a hypoxia signaling inhibitor, as
an in situ tumor vaccine. The results showed that the nanoparticle
promoted local DC maturation, cytokine upregulation, and T-cell infil-
tration enhancing tumor inhibition [83].

3.2. Transarterial therapy

Transarterial therapy is commonly used for HCC patients who cannot
accept curative therapies. Its principle is to deliver a high concentration
of chemotherapy drugs to tumor cells and/or to block tumor-feeding
arteries. This treatment can minimize the systemic toxicity of chemo-
therapy. According to different arterial intubation chemotherapy and
embolization procedures, it can be divided into TACE, hepatic arterial
infusion chemotherapy (HAIC), transarterial embolization (TAE) and
transarterial radioembolization (TARE) [113-115]. As the standard
treatment for mid-term HCC, TACE consists of conventional TACE
(cTACE) and drug-eluting beads TACE (DEB-TACE). The former infuses
part of the chemotherapy drugs first and then mixes the other part with
lipiodol emulsion for embolization; the latter has the advantage of sus-
tained and stable drug release through drug-eluting beads. Although the
randomized trial failed to prove that DEB-TACE is more effective than
cTACE, in subgroup analysis, more advanced patients (Child-Pugh B,
ECOG 1, bilobal disease, recurrent disease) had a significantly increased
objective response rate to DEB-TACE, and the severe liver toxicity of
DEB-TACE was less compared with ¢cTACE [116]. Although TACE is the
most widely used transarterial therapy in clinical practice, problems still

Materials Today Bio 22 (2023) 100766

affect the antitumor efficacy, such as aggravating tumor hypoxia,
incomplete embolization, and poor degradation of embolic agents.
Therefore, nanotechnology is applied to address these problems
(Fig. 3B).

TACE will aggravate tumor hypoxia during embolization, which is
associated with chemotherapy resistance and recurrence, and can also
lead to the invasive phenotype of the tumor, increasing angiogenesis and
metastatic activity [117]. Some studies have combined TACE with
hypoxia-related protein inhibitors to enhance therapeutic efficacy
[118], and nanotechnology can integrate the two. Wang et al. synthe-
sized CaO, nanoparticles (CaO2 NPs) as a synergist for TACE. CaOy NPs
reacted with water to generate abundant O,, OH™ and Ca", thereby
improving the tumor microenvironment by relieving hypoxia, neutral-
izing acid, and down-regulating hypoxia-related markers’ expression,
which significantly enhanced the antitumor effect of TACE [84].

Furthermore, TACE is difficult to completely embolize, which may
lead to tumor recurrence. DEB-TACE can release drugs stably compared
with cTACE; hence researchers exert nanotechnology to optimize DEB-
TACE to increase drug loading and enhance sustained release, killing
residual cancer cells [85,86]. Zhao et al. synthesizeddextran-coated
arsenic trioxide (ATO) nanoparticles as a nanosized drug-eluting bead
(NDEB), which was activated by endogenous inorganic phosphate (Pi) to
release ATO, while the hydrated dextran layer protected ATO from
contacting with the serum to delay the reaction between NDEB and Pi.
The therapeutic effect of NDEB-TACE was verified in animal experi-
ments. It was found that compared with cTACE, NDEB-TACE led to the
continuous embolization of tumor-feeding vessels and the sustained
release of ATO, resulting in more thorough tumor necrosis [86].

In addition, with the widespread use of TACE, the biodegradability of
embolic agents is required. Using biodegradable nanomaterials can meet
the long retention of embolic agents while making them degrade slowly
[87,100,119,120]. Currently, lipiodol emulsion mixed with doxorubicin
(DOX) is mainly used clinically for TACE. Adding solid particles to the
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formula can obtain a stable emulsion (i.e. Pickering emulsion). How-
ever, organic or inorganic particles are non-degradable and may cause
chronic tissue inflammation. Deschamps et al. successfully prepared
stable lipiodol emulsion with biodegradable poly(lactide-co-glycolide
acid) (PLGA) nanoparticles and proposed a new strategy for stabilizing
lipiodol emulsion [87]. Liu et al. designed a biodegradable chemo-
embolic agent composed of carrageenan, iohexol, and super-
paramagnetic iron oxide nanoparticle (SPION). The porous structure
allowed a large amount of loading and controlled DOX release while
facilitating the infiltration of various enzymes into its interior. It could
be degraded by 20-35% within two months, meeting long embolization
duration and biodegradability [100].

3.3. Radiotherapy (RT)

RT for HCC includes stereotactic body radiotherapy (SBRT), proton
beam radiotherapy (PBT), and others. Limited studies have found that
SBRT was as effective as RFA regarding local tumor control [121,122].
For patients at high risk of portal vein invasion, the local recurrence rate
in the SBRT group was lower than RFA [121]. Besides, prospective
studies have found that the one-year tumor control rate of SBRT was
over 90% [123,124], suggesting that SBRT may be an effective option
for liver transplantation bridging therapy. PBT is a novel technique that
is theoretically more accurate and efficient. A recent phase III ran-
domized trial found that the efficacy of PBT on postoperative recurrence
or residual small HCC lesions was not inferior to that of RFA, proving
that this is a promising technique for treating small HCC [125]. How-
ever, the drug resistance caused by hypoxia of the tumor is a major
problem hindering the effect of RT. Therefore, radiosensitizers have
emerged. Commonly used clinical radiosensitizers include radiosensi-
tive compounds such as glycidiazole sodium, sanazole, and oxygen.

In recent years, researchers found that gold nanoparticles have
radiation-sensitizing capabilities, which can increase local radiation
dose deposition (Fig. 3C). Sood et al. prepared targeted iron oxide-gold
core-shell nanoparticle (GNP), and the local tumor ROS levels were
significantly increased in the GNP group after radiation exposure [88].
In addition, after radiation exposure, angiogenesis pathways were
activated in the tumor and tumor cells became more radioresistant,
leading to tumor cell repopulation [126]. Therefore inhibiting angio-
genesis pathways is an effective strategy to enhance the radiotherapy
response of HCC. Li et al. used targeted gadolinium-hybridized gold
nano molecules (tGd-GNMs) as radiosensitizers to increase local radia-
tion dose deposition; meanwhile, effective VEGF siRNA nanocarriers to
down-regulate the expression of VEGF, inhibiting tumor revasculariza-
tion. The tumor inhibition rate increased from 12% of RT alone to 23%
[89].

3.4. Systemic therapy

HCC is insensitive to commonly used chemotherapeutic drugs. For
HCC patients with liver cirrhosis, the damage of metabolic pathways
increases the systemic toxicity of traditional chemotherapeutic drugs;
therefore, chemotherapy is not used for the conventional systemic
treatment of HCC. Current systemic therapy for advanced HCC consists
primarily of targeted therapy [4]. Both sorafenib and lenvatinib are oral
multikinase inhibitors that inhibit tumor cell proliferation and angio-
genesis. They have been approved as the first-line treatment of advanced
HCC after phase III RCTs have confirmed their efficacy [127-129].
Because inhibition of vascular endothelial growth factor (VEGF)
signaling has immunomodulatory effects, such as DC maturation, T-cell
function, and reversal of immunosuppression, it may result in syner-
gistic antitumor effects when combined with immune checkpoint in-
hibitors. The recent phase III IMbravel50 trial found that the
combination of atezolizumab (anti-PD-L1 antibody) and bevacizumab
(anti-VEGF antibody) in patients with advanced HCC who had unre-
ceived prior systemic therapy resulted in a prolonged median survival
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time and progression-free survival time than the sorafenib group [130,
131], which has been approved as the first-line systemic therapy for
advanced HCC. Second-line systemic therapies includes regorafenib,
cabozantinib and ramucirumab [132-134]. However, drug resistance is
one of the most troublesome problems in treating advanced HCC. The
mechanism of drug resistance is complicated, involving epigenetics,
molecular transport, and tumor microenvironment, and there is still a
lack of satisfactory solutions [135].

For the problem of drug resistance, studies have found that some
molecules are insufficient to kill HCC, nonetheless can increase the
sensitivity of HCC to existing drugs; therefore, nanotechnology can
improve drug resistance by carrying different auxiliary molecules
(Fig. 3D). Platinum drugs, represented by cisplatin, are the most
extensively used chemotherapeutic drugs in clinical practice. However,
HCC is insensitive to it, coupled with strong side effects, which greatly
limits the application of platinum drugs in HCC. To overcome the ac-
quired drug resistance, Jin et al. designed an iodine-containing polymer
nanoparticle loaded with cisplatin to deplete glutathione, which medi-
ates platinum resistance in cancer cells, via an iodine-click reaction and
effectively improved the chemotherapeutic effect of cisplatin [90]. This
type of research is expected to bring back attention to traditional
chemotherapeutic drugs in treating HCC. Additionally, the first-line
drug sorafenib, which has been used for many years, is also facing the
issue of drug resistance. Studies have found that certain small nucleic
acid molecules, such as MK-siRNA, could increase the sensitivity of HCC
to sorafenib [136,137]. Xu et al. used nanoparticles to co-deliver sor-
afenib and USP22 shRNA, which suppresses the expression of multidrug
resistance-associated protein 1, demonstrating an increase in sorafenib
accumulation and enhanced sensitivity of HCC [91]. However, the
tumor microenvironment rich in stroma sometimes hinders the delivery
of drugs, so Younis et al. employed microfluidic technology to generate
ultra-small lipid nanoparticles of approximately 60 nm, targeted deliv-
ering SOF and MK-siRNA, and found that about 70% of
sorafenib-resistant HCC growth was inhibited [92].

3.5. All kinds of therapies

According to the preceding, the advantages of nanotechnology are
reflected in the methodological improvement of ablation, TACE, RT, and
systemic therapy in a targeted and efficient manner. Moreover, nano-
technology can generally optimize the therapies of HCC through several
aspects (Fig. 4).

First, improving the therapeutic targeting. The non-specific uptake of
drugs can lead to many side effects [127,128], while improving thera-
peutic targeting by modifying various tumor target ligands on nano-
particles can enhance efficacy and decrease side effects, such as
targeting common HCC biomarkers [138,139], coupling with folic acid
to target the highly expressed folic acid receptor in solid tumors [140,
141], targeting the highly expressed P-selectin in HCC and tumor
vascular endothelium to simultaneously target the primary tumor and
metastases [98]. Hierarchical targeting is a novel strategy to further
improve the accuracy of HCC diagnosis and treatment [37,93]. Shi et al.
proposed that tissues (primary targets), cells (secondary targets) and
receptors (tertiary targets) should be accurately graded and targeted,
and they designed a tertiary targeting nanosystem. The nanosystem was
mediated by biomagnetism, and the primary targeting ability to target
tissues was improved by a magnetic field in the body. For the secondary
targets, the study selected liver cancer stem cells (LCSCs) involved in
tumorigenesis, progression, metastasis, recurrence, and drug resistance.
Low-intensity focused ultrasound triggers the explosion of nanoparticles
around LCSCs, causing physical damage to them. The subsequent release
of y-interferon attained tertiary targeting, which upregulated the major
histocompatibility complex (MHC) expression and promoted tumor cell
apoptosis after binding to membrane receptors. This nanosystem
significantly enhanced the antitumor effect compared with non-tertiary
targeting nanoparticles [93].
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Second, improving the physicochemical properties of therapeutic
drugs. Some drugs, such as sorafenib, have a tumoricidal effect; how-
ever, their clinical application is limited due to poor water solubility,
fast metabolism, and low oral bioavailability. The nano-delivery system
can improve the water solubility and bioavailability of drugs [94,95,
142]. Chen et al. used clinically safe poly(ethylene glycol)-b-poly(lactic
acid) as a nanocarrier to deliver sorafenib (NP-sfb), and the inhibition of
NP-sfb on tumor growth was significantly stronger than that of free SFB
at the same dose, indicating that nanoparticles successfully increased
the bioavailability of SFB [94]. The natural chemotherapeutic drug
pterostilbene (PTS) is cytotoxic against various tumors, including liver
cancer. However, it is insoluble in water, and the solvents commonly
used are organic substances with systemic toxicity. The nanoplatform is
an ideal substitute. Tzeng et al. increased the solubility of PTS to 604.38
pg/mL by reducing the PTS nanoparticles (PSN) size, adjusting the PTS
and excipients ratio, and inducing PSN to undergo amorphous transition
[95].

Third, increasing the biocompatibility and stability of the effector
molecule. Coating/binding nanoparticles with endogenous substances
in the body can improve their biocompatibility and stability, prolong
circulation time, reduce the leakage of effector molecules, and facilitate
drug absorption. This kind of nanoparticle is called a biomimetic
nanoplatform. Currently used biomimetic materials include cell mem-
branes, biomacromolecules, and others [138,143]. Ma et al. coated the
target-recognizing CAR-T cell membrane on photothermal agent-loaded
mesoporous silica nanoparticles. The results showed that the nano-
particles exhibited excellent biocompatibility in vivo and in vitro [138].
Studies by Shen et al. showed that liver cancer cell
membrane-encapsulated paclitaxel nanocrystals (CPN) had longer
plasma half-life and higher bioavailability than paclitaxel nanocrystals
(PN) [96]. Li et al. found that the phagocytosis of nanoparticles by
macrophages was reduced by approximately 10-fold after liver cancer
cell-platelet hybrid membrane coating [97].

Fourth, providing a platform for combination therapy. Combining
two or more therapies with nanoparticles can enhance the antitumor
effect and reduce the probability of recurrence. Previous studies
demonstrated that hyperthermia could enhance chemotherapy which in
turn can improve ablation efficiency, and the two have synergistic
antitumor effects, so many studies have combined the two through
nanoplatforms [144-146]. Xu et al. encapsulated DOX and microwave
sensitizers in targeted liposome nanoparticles. Under the acidic envi-
ronment and microwave stimulation, the nanoplatform released more
DOX and produced ablation effect. The therapeutic effect on liver cancer
was more than 1.5-fold that of nanoparticles without microwave sensi-
tizer, equivalent to 10-fold the dose of free DOX. There were no common
side effects of DOX [98]. In addition, since a small part of HCC’s blood
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supply does not originate from the hepatic artery, the clearance of
cancer cells by TACE is always incomplete. Combining TACE with
ablation therapy can improve the efficiency of TACE. The multifunc-
tional nanoparticles UiO-66/Bi;Os@DOX prepared by Liu et al. can
achieve low pH triggered DOX release and photothermal ablation,
showing stronger tumor inhibitory effect [99].

Fifth, realizing the integration of diagnosis and treatment on nano-
platforms. On the one hand, it can reduce time cost and improve diag-
nosis and treatment efficiency [93,101,139,141]. Chen et al. coupled
PEGylated melanin nanoparticles (PEG-MNPs) with the NIR dye IR820
to construct a highly biocompatible multifunctional nanoplatform
IR820-PEG-MNPs with PAI, MRI and photothermal ablation capabilities.
Combining the two imaging techniques demonstrated a high sensitivity,
high resolution, and deep tissue penetration. After the injection of
IR820-PEG-MNPs, the PA/MR signal of the tumor area increased by
4.13-fold and 1.60-fold compared with before injection, capable of
detecting tiny orthotopic tumors as small as 1.8 mm; compared with
PEG-MNPs, the photothermal conversion efficiency of IR820-PEG-MNPs
increased from 18.7 to 40.2% [101]. On the other hand, integrating
diagnosis and treatment can realize the monitoring and evaluation of
treatment effects and can play the role of precise guidance [100,120].
Liu et al. prepared a DOX-loaded multifunctional porous microsphere,
which encapsulated iohexol and SPION at the same time. During TACE,
doctors can evaluate the embolism position and scope by digital sub-
traction angiography (DSA), while SPION can remain for several hours
to several days after TACE, therefore, it is convenient to evaluate the
degradation degree of BMPM by MRI for follow-up treatment [100].

In short, nanotechnology can enhance efficacy and reduce side ef-
fects by improving the targeting of effector molecules, optimizing the
properties of effector molecules, and synergizing various therapies. By
integrating diagnosis and treatment, it can also improve efficiency as
well as achieve real-time assessment.

4. The safety of nanotechnology in HCC

Although the multifunctionality of nanomaterials can overcome
some limitations of diagnostic and therapeutic methods, the potential
toxicity can’t be ignored. The small particle size, special morphology,
high specific surface area, complex compositions and surface functions
of nanomaterials make them inevitably distribute and accumulate in the
normal tissues, eventually leading to body toxicity [147]. The
nanomaterials-induced toxicity mechanisms include inflammation,
oxidative stress, apoptosis, necrosis, and genetic toxicity, etc [148-150].

The types of materials generally used in nanomedicine include car-
bon nanotubes, metal nanoparticles, lipid-based nanoparticles, and
polymer-based nanoparticles, etc. Nanoparticles can enter the
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circulation and then migrate to different organs via skin exposure,
airway inhalation, gastrointestinal ingestion, and intravenous injection
[151]. As a primary metabolic active organ, liver always becomes the
place where nanoparticles in systemic circulation accumulate. It was
estimated that 30-99% of nanoparticles in the circulation can accumu-
late in the liver [152]. Various nanomaterials can lead to elevated liver
enzymes, hepatic steatosis, and liver fibrosis [149,153]. According to
Zhang et al. exposure of parental mice to multi-walled carbon nanotubes
damaged the liver function of offspring mice, resulting in the accumu-
lation of lipid droplets in hepatocytes [154]; Albrahim et al. found that
silver nanoparticle poisoning in rat models (80 mg/kg) damaged the
liver by interfering with oxidative homeostasis, causing elevated liver
enzymes and reduced albumin [155]; while multiple injections of silica
nanoparticles (20 mg/kg) induced oxidative damage and apoptosis in
mouse hepatocytes, and then activated the TGF-$1/Smad3 pathway to
promote liver fibrosis [156]. Although researchers have paid more
attention to the nanosafety issues, the current investigation on this
aspect are not enough, especially the impacts and mechanisms of
long-term accumulation of nanoparticles on the body are not clear.
Nanotechnology is a double-edged sword, so translational research
needs to be carried out prudently before the assessment norms for the
risk of nanomaterials application have been formed.

5. Conclusions and prospects

In recent years, nanotechnology has significantly improved the ef-
ficacy of diagnosis and treatment and has become a research hotspot. As
described in this article, nanotechnology’s high modifiability and
loading capacity can improve detection sensitivity, therapeutic target-
ing, and the properties of effector molecules and the tumor microenvi-
ronment to improve the efficacy of diagnosis and treatment. The
multifunctional nanoplatform can also facilitate the combination of
diagnosis and therapies, further enhancing the efficiency of medicine.

However, there are still some limitations in the research of nano-
technology in HCC: 1) the research evaluation standards are non-
uniform, and it is challenging to make comparisons among various an-
alyses. In the future, it will be necessary to develop research evaluation
standards for nanotechnology in HCC; 2) several studies blindly com-
bined diagnosis and treatment methods, although they didn’t achieve
synergism. The combination of therapies should be supported by
research on mechanisms in future; 3) certain therapies, such as TARE,
have deficiencies; however, there are no improvement strategies and
applications of nanotechnology in these fields. Applying bio-
nanotechnology in clinical practice will take a long time; however, its
prospects are very broad. In addition to the current therapies, nano-
technology can further be applied to the emerging regimens such as
surgical nanorobots, immunotherapy, gene therapy, cell therapy and
regenerative medicine, etc. Furthermore, it is also expected to play a role
in individualized treatment and real-time monitoring of therapy. It can
be predicted that nanomedicine will occupy an important position in the
future diagnosis and treatment of HCC.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

No data was used for the research described in the article.

Acknowledgements

This work was supported by the National Natural Science Foundation
of China (81901794), and Science and Technology Planning Project of

Materials Today Bio 22 (2023) 100766
Shenzhen Municipality (No. JCYJ20200109140212277).

References

[1] H. Sung, J. Ferlay, R.L. Siegel, M. Laversanne, I. Soerjomataram, A. Jemal,

F. Bray, Global cancer statistics 2020: GLOBOCAN estimates of incidence and

mortality worldwide for 36 cancers in 185 countries, CA Cancer J. Clin. 71 (3)

(2021) 209-249, https://doi.org/10.3322/caac.21660.

F. Islami, E.M. Ward, H. Sung, K.A. Cronin, F.K.L. Tangka, R.L. Sherman, J. Zhao,

R.N. Anderson, S.J. Henley, K.R. Yabroff, A. Jemal, V.B. Benard, Annual Report to

the Nation on the Status of Cancer, Part 1: National Cancer Statistics, J. Natl.

Cancer Inst., 2021, https://doi.org/10.1093/jnci/djab131.

A. Vogel, T. Meyer, G. Sapisochin, R. Salem, A. Saborowski, Hepatocellular

carcinoma, Lancet 400 (10360) (2022) 1345-1362, https://doi.org/10.1016/

S0140-6736(22)01200-4.

European Association for the Study of the Liver, Electronic address, L. European

association for the study of the, EASL clinical practice guidelines: management of

hepatocellular carcinoma, J. Hepatol. 69 (1) (2018) 182-236, https://doi.org/
10.1016/j.jhep.2018.03.019.

[5] J.A. Marrero, L.M. Kulik, C.B. Sirlin, A.X. Zhu, R.S. Finn, M.M. Abecassis, L.

R. Roberts, J.K. Heimbach, Diagnosis, staging, and management of hepatocellular

carcinoma: 2018 practice guidance by the American association for the study of

liver diseases, Hepatology 68 (2) (2018) 723-750, https://doi.org/10.1002/
hep.29913.

R.L. Siegel, K.D. Miller, H.E. Fuchs, A. Jemal, Cancer statistics, 2022, CA Cancer

J. Clin. 72 (1) (2022) 7-33, https://doi.org/10.3322/caac.21708.

[7]1 W. Ma, Q. Chen, W. Xu, M. Yu, Y. Yang, B. Zou, Y.S. Zhang, J. Ding, Z. Yu, Self-
targeting visualizable hyaluronate nanogel for synchronized intracellular release
of doxorubicin and cisplatin in combating multidrug-resistant breast cancer,
Nano Res. 14 (3) (2021) 846-857, https://doi.org/10.1007/512274-020-3124-y.

[8] Z.1i, Q. Xu, X. Lin, K. Yu, L. Lin, Y. Liu, Z. Yu, T. Liu, D. Luo, Integrating of

lipophilic platinum(IV) prodrug into liposomes for cancer therapy on patient-

derived xenograft model, Chin. Chem. Lett. 33 (4) (2022) 1875-1879, https://
doi.org/10.1016/j.cclet.2021.10.077.

Y. Yang, Y. Yu, H. Chen, X. Meng, W. Ma, M. Yu, Z. Li, C. Li, H. Liu, X. Zhang,

H. Xiao, Z. Yu, Illuminating platinum transportation while maximizing

therapeutic efficacy by gold nanoclusters via simultaneous near-infrared-1/11

imaging and glutathione scavenging, ACS Nano 14 (10) (2020) 13536-13547,

https://doi.org/10.1021/acsnano.0c05541.

[10] X. Xue, H. Qu, Y. Li, Stimuli-responsive crosslinked nanomedicine for cancer
treatment, Exploration (Beijing) 2 (6) (2022), 20210134, https://doi.org/
10.1002/exp.20210134.

[11] X. Xiang, X. Feng, S. Lu, B. Jiang, D. Hao, Q. Pei, Z. Xie, X. Jing, Indocyanine
green potentiated paclitaxel nanoprodrugs for imaging and chemotherapy,
Exploration (Beijing) 2 (4) (2022), 20220008, https://doi.org/10.1002/
exp.20220008.

[12] J. Chen, J. Yang, J. Ding, Rational construction of polycystine-based
nanoparticles for biomedical applications, J. Mater. Chem. B 10 (37) (2022)
7173-7182, https://doi.org/10.1039/d2tb00581f.

[13] J. Chen, Z. Jiang, Y.S. Zhang, J. Ding, X. Chen, Smart transformable nanoparticles
for enhanced tumor theranostics, Appl. Phys. Rev. 8 (4) (2021).

[14] H. Wu, M.D. Wang, L. Liang, H. Xing, C.W. Zhang, F. Shen, D.S. Huang, T. Yang,
Nanotechnology for hepatocellular carcinoma: from surveillance, diagnosis to
management, Small 17 (6) (2021), e2005236, https://doi.org/10.1002/
smll.202005236.

[15] J.D. Yang, J.K. Heimbach, New advances in the diagnosis and management of
hepatocellular carcinoma, BMJ 371 (2020) m3544, https://doi.org/10.1136/
bmj.m3544.

[16] M. Xu, L. Yang, Y. Lin, Y. Lu, X. Bi, T. Jiang, W. Deng, L. Zhang, W. Yi, Y. Xie,
M. Li, Emerging nanobiotechnology for precise theranostics of hepatocellular
carcinoma, J. Nanobiotechnol. 20 (1) (2022) 427, https://doi.org/10.1186/
$§12951-022-01615-2.

[17] J. Zhu, C. Chu, D. Li, Y. Zhang, Y. Cheng, H. Lin, X. Wang, J. Liu, X. Pang,

J. Cheng, G. Liu, Superior fluorescent nanoemulsion illuminates hepatocellular
carcinoma for surgical navigation, Front. Bioeng. Biotechnol. 10 (2022), 890668,
https://doi.org/10.3389/fbioe.2022.890668.

[18] M.E. Davis, Z.G. Chen, D.M. Shin, Nanoparticle therapeutics: an emerging
treatment modality for cancer, Nat. Rev. Drug Discov. 7 (9) (2008) 771-782,
https://doi.org/10.1038/nrd2614.

[19] A. Bakrania, G. Zheng, M. Bhat, Nanomedicine in hepatocellular carcinoma: a
new frontier in targeted cancer treatment, Pharmaceutics 14 (1) (2021), https://
doi.org/10.3390/pharmaceutics14010041.

[20] M.H. Elnaggar, A.I. Abushouk, A.H.E. Hassan, H.M. Lamloum, A. Benmelouka, S.
A. Moatamed, H. Abd-Elmegeed, S. Attia, A. Samir, N. Amr, D. Johar, S. Zaky,
Nanomedicine as a putative approach for active targeting of hepatocellular
carcinoma, Semin. Cancer Biol. 69 (2021) 91-99, https://doi.org/10.1016/j.
semcancer.2019.08.016.

[21] G.Yang, Y. Liu, J. Chen, J. Ding, X. Chen, Self-adaptive nanomaterials for rational
drug delivery in cancer therapy, Acc. Mater. Res. 3 (12) (2022) 1232-1247,
https://doi.org/10.1021/accountsmr.2c00147.

[22] M. Zhao, R. Wang, K. Yang, Y. Jiang, Y. Peng, Y. Li, Z. Zhang, J. Ding, S. Shi,
Nucleic acid nanoassembly-enhanced RNA therapeutics and diagnosis, Acta
Pharm. Sin. B 13 (3) (2023) 916-941, https://doi.org/10.1016/].
apsb.2022.10.019.

[2

[3

[4

[6

[9


https://doi.org/10.3322/caac.21660
https://doi.org/10.1093/jnci/djab131
https://doi.org/10.1016/S0140-6736(22)01200-4
https://doi.org/10.1016/S0140-6736(22)01200-4
https://doi.org/10.1016/j.jhep.2018.03.019
https://doi.org/10.1016/j.jhep.2018.03.019
https://doi.org/10.1002/hep.29913
https://doi.org/10.1002/hep.29913
https://doi.org/10.3322/caac.21708
https://doi.org/10.1007/s12274-020-3124-y
https://doi.org/10.1016/j.cclet.2021.10.077
https://doi.org/10.1016/j.cclet.2021.10.077
https://doi.org/10.1021/acsnano.0c05541
https://doi.org/10.1002/exp.20210134
https://doi.org/10.1002/exp.20210134
https://doi.org/10.1002/exp.20220008
https://doi.org/10.1002/exp.20220008
https://doi.org/10.1039/d2tb00581f
http://refhub.elsevier.com/S2590-0064(23)00226-0/sref13
http://refhub.elsevier.com/S2590-0064(23)00226-0/sref13
https://doi.org/10.1002/smll.202005236
https://doi.org/10.1002/smll.202005236
https://doi.org/10.1136/bmj.m3544
https://doi.org/10.1136/bmj.m3544
https://doi.org/10.1186/s12951-022-01615-2
https://doi.org/10.1186/s12951-022-01615-2
https://doi.org/10.3389/fbioe.2022.890668
https://doi.org/10.1038/nrd2614
https://doi.org/10.3390/pharmaceutics14010041
https://doi.org/10.3390/pharmaceutics14010041
https://doi.org/10.1016/j.semcancer.2019.08.016
https://doi.org/10.1016/j.semcancer.2019.08.016
https://doi.org/10.1021/accountsmr.2c00147
https://doi.org/10.1016/j.apsb.2022.10.019
https://doi.org/10.1016/j.apsb.2022.10.019

T. Liu et al.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

D. Li, S. Liu, Y. Ma, S. Liu, Y. Liu, J. Ding, Biomaterials that induce immunogenic
cell death, Small Methods 7 (5) (2023), €2300204, https://doi.org/10.1002/
smtd.202300204.

B. Baig, S.A. Halim, A. Farrukh, Y. Greish, A. Amin, Current status of
nanomaterial-based treatment for hepatocellular carcinoma, Biomed.
Pharmacother. 116 (2019), 108852, https://doi.org/10.1016/j.
biopha.2019.108852.

K.J. Mintz, R.M. Leblanc, The use of nanotechnology to combat liver cancer:
progress and perspectives, Biochim. Biophys. Acta Rev. Canc 1876 (2) (2021),
188621, https://doi.org/10.1016/j.bbcan.2021.188621.

Q. Wang, P. Zhang, Z. Li, X. Feng, C. Lv, H. Zhang, H. Xiao, J. Ding, X. Chen,
Evaluation of polymer nanoformulations in hepatoma therapy by established
rodent models, Theranostics 9 (5) (2019) 1426-1452, https://doi.org/10.7150/
thno.31683.

H. Xiang, Y. Wang, M. Wang, Y. Shao, Y. Jiao, Y. Zhu, A redox cycling-amplified
electrochemical immunosensor for alpha-fetoprotein sensitive detection via
polydopamine nanolabels, Nanoscale 10 (28) (2018) 13572-13580, https://doi.
org/10.1039/c8nr02946f.

J. Wu, X. Zhou, P. Li, X. Lin, J. Wang, Z. Hu, P. Zhang, D. Chen, H. Cai,

R. Niessner, C. Haisch, P. Sun, Y. Zheng, Z. Jiang, H. Zhou, Ultrasensitive and
simultaneous SERS detection of multiplex MicroRNA using fractal gold nanotags
for early diagnosis and prognosis of hepatocellular carcinoma, Anal. Chem. 93
(25) (2021) 8799-8809, https://doi.org/10.1021/acs.analchem.1c00478.

G. Li, H. Feng, X. Shi, M. Chen, J. Liang, Z. Zhou, Highly sensitive electrochemical
aptasensor for Glypican-3 based on reduced graphene oxide-hemin
nanocomposites modified on screen-printed electrode surface,
Bioelectrochemistry 138 (2021), 107696, https://doi.org/10.1016/j.
bioelechem.2020.107696.

J. Liu, T. Shang, F. Wang, Y. Cao, L. Hao, J. Ren, H. Ran, Z. Wang, P. Li, Z. Du,
Low-intensity focused ultrasound (LIFU)-induced acoustic droplet vaporization in
phase-transition perfluoropentane nanodroplets modified by folate for ultrasound
molecular imaging, Int. J. Nanomed. 12 (2017) 911-923, https://doi.org/
10.2147/1JN.S122667.

X.H. Ma, S. Wang, S.Y. Liu, K. Chen, Z.Y. Wu, D.F. Li, Y.T. Mi, L.B. Hu, Z.W. Chen,
X.M. Zhao, Development and in vitro study of a bi-specific magnetic resonance
imaging molecular probe for hepatocellular carcinoma, World J. Gastroenterol.
25 (24) (2019) 3030-3043, https://doi.org/10.3748/wjg.v25.124.3030.

L. Duan, L. Yobas, Label-free multiplexed electrical detection of cancer markers
on a microchip featuring an integrated fluidic diode nanopore array, ACS Nano
12 (8) (2018) 7892-7900, https://doi.org/10.1021/acsnano.8b02260.

H. Di, Z. Mi, Y. Sun, X. Liu, X. Liu, A. Li, Y. Jiang, H. Gao, P. Rong, D. Liu,
Nanozyme-assisted sensitive profiling of exosomal proteins for rapid cancer
diagnosis, Theranostics 10 (20) (2020) 9303-9314, https://doi.org/10.7150/
thno.46568.

H. Zhao, M. Wu, L. Zhu, Y. Tian, M. Wu, Y. Li, L. Deng, W. Jiang, W. Shen,

Z. Wang, Z. Mei, P. Li, H. Ran, Z. Zhou, J. Ren, Cell-penetrating peptide-modified
targeted drug-loaded phase-transformation lipid nanoparticles combined with
low-intensity focused ultrasound for precision theranostics against hepatocellular
carcinoma, Theranostics 8 (7) (2018) 1892-1910, https://doi.org/10.7150/
thno.22386.

B. Ling, J. Lee, D. Maresca, A. Lee-Gosselin, D. Malounda, M.B. Swift, M.

G. Shapiro, Biomolecular ultrasound imaging of phagolysosomal function, ACS
Nano 14 (9) (2020) 12210-12221, https://doi.org/10.1021/acsnano.0c05912.
M. Wei, M. Lai, J. Zhang, X. Pei, F. Yan, Biosynthetic gas vesicles from
Halobacteria NRC-1: a potential ultrasound contrast agent for tumor imaging,
Pharmaceutics 14 (6) (2022), https://doi.org/10.3390/pharmaceutics14061198.
L. Bai, W. Yi, J. Chen, B. Wang, Y. Tian, P. Zhang, X. Cheng, J. Si, X. Hou, J. Hou,
Two-stage targeted bismuthene-based composite nanosystem for multimodal
imaging guided enhanced hyperthermia and inhibition of tumor recurrence, ACS
Appl. Mater. Interfaces 14 (22) (2022) 25050-25064, https://doi.org/10.1021/
acsami.2c01128.

H. Zhang, L. Li, X.L. Liu, J. Jiao, C.T. Ng, J.B. Yi, Y.E. Luo, B.H. Bay, L.Y. Zhao, M.
L. Peng, N. Gu, H.M. Fan, Ultrasmall ferrite nanoparticles synthesized via
dynamic simultaneous thermal decomposition for high-performance and
multifunctional T1 magnetic resonance imaging contrast agent, ACS Nano 11 (4)
(2017) 3614-3631, https://doi.org/10.1021/acsnano.6b07684.

L. Yang, L. Wang, G. Huang, X. Zhang, L. Chen, A. Li, J. Gao, Z. Zhou, L. Su,

H. Yang, J. Song, Improving the sensitivity of T 1 contrast-enhanced MRI and
sensitive diagnosing tumors with ultralow doses of MnO octahedrons,
Theranostics 11 (14) (2021) 6966-6982, https://doi.org/10.7150/thno.59096.
D. Li, J. Yang, S. Wen, M. Shen, L. Zheng, G. Zhang, X. Shi, Targeted CT/MR dual
mode imaging of human hepatocellular carcinoma using lactobionic acid-
modified polyethyleneimine-entrapped gold nanoparticles, J. Mater. Chem. B 5
(13) (2017) 2395-2401, https://doi.org/10.1039/c7tb00286f.

R. Wang, Y. Luo, X. Li, A. Ji, R. Guo, X. Shi, X. Wang, Heat shock protein-guided
dual-mode CT/MR imaging of orthotopic hepatocellular carcinoma tumor,

J. Mater. Chem. B 6 (9) (2018) 1342-1350, https://doi.org/10.1039/
c7tb03076b.

L. He, Y. Zhang, J. Chen, G. Liu, J. Zhu, X. Li, D. Li, Y. Yang, C.S. Lee, J. Shi,
C. Yin, P. Lai, L. Wang, C. Fang, A multifunctional targeted nanoprobe with high
NIR-II PAI/MRI performance for precise theranostics of orthotopic early-stage
hepatocellular carcinoma, J. Mater. Chem. B 9 (42) (2021) 8779-8792, https://
doi.org/10.1039/d1tb01729b.

H. Deng, W. Shang, G. Lu, P. Guo, T. Ai, C. Fang, J. Tian, Targeted and
multifunctional technology for identification between hepatocellular carcinoma

12

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Materials Today Bio 22 (2023) 100766

and liver cirrhosis, ACS Appl. Mater. Interfaces 11 (16) (2019) 14526-14537,
https://doi.org/10.1021/acsami.8b20600.

P. He, Y. Xiong, J. Ye, B. Chen, H. Cheng, H. Liu, Y. Zheng, C. Chu, J. Mao,

A. Chen, Y. Zhang, J. Li, J. Tian, G. Liu, A clinical trial of super-stable
homogeneous lipiodol-nanoICG formulation-guided precise fluorescent
laparoscopic hepatocellular carcinoma resection, J. Nanobiotechnol. 20 (1)
(2022) 250, https://doi.org/10.1186/s12951-022-01467-w.

Z. Zeng, J. Ouyang, L. Sun, C. Zeng, F. Zeng, S. Wu, Activatable nanocomposite
probe for preoperative location and intraoperative navigation for orthotopic
hepatic tumor resection via MSOT and aggregation-induced near-IR-I/II
fluorescence imaging, Anal. Chem. 92 (13) (2020) 9257-9264, https://doi.org/
10.1021/acs.analchem.0c01596.

T. Ai, W. Shang, H. Yan, C. Zeng, K. Wang, Y. Gao, T. Guan, C. Fang, J. Tian, Near
infrared-emitting persistent luminescent nanoparticles for Hepatocellular
Carcinoma imaging and luminescence-guided surgery, Biomaterials 167 (2018)
216-225, https://doi.org/10.1016/j.biomaterials.2018.01.031.

L. Wu, Y. Ishigaki, Y. Hu, K. Sugimoto, W. Zeng, T. Harimoto, Y. Sun, J. He,

T. Suzuki, X. Jiang, H.Y. Chen, D. Ye, HyS-activatable near-infrared afterglow
luminescent probes for sensitive molecular imaging in vivo, Nat. Commun. 11 (1)
(2020) 446, https://doi.org/10.1038/s41467-020-14307-y.

O. Atiq, J. Tiro, A.C. Yopp, A. Muffler, J.A. Marrero, N.D. Parikh, C. Murphy,
K. McCallister, A.G. Singal, An assessment of benefits and harms of hepatocellular
carcinoma surveillance in patients with cirrhosis, Hepatology 65 (4) (2017)
1196-1205, https://doi.org/10.1002/hep.28895.

A.B. Benson, M.I. D’Angelica, D.E. Abbott, D.A. Anaya, R. Anders, C. Are,

M. Bachini, M. Borad, D. Brown, A. Burgoyne, P. Chahal, D.T. Chang, J. Cloyd, A.
M. Covey, E.S. Glazer, L. Goyal, W.G. Hawkins, R. Iyer, R. Jacob, R.K. Kelley,
R. Kim, M. Levine, M. Palta, J.O. Park, S. Raman, S. Reddy, V. Sahai, T. Schefter,
G. Singh, S. Stein, J.N. Vauthey, A.P. Venook, A. Yopp, N.R. McMillian,

C. Hochstetler, S.D. Darlow, Hepatobiliary cancers, version 2.2021, NCCN clinical
practice guidelines in oncology, J. Natl. Compr. Cancer Netw. 19 (5) (2021)
541-565, https://doi.org/10.6004/jnccn.2021.0022.

H.A. Liebman, B.C. Furie, M.J. Tong, R.A. Blanchard, K.J. Lo, S.D. Lee, M.

S. Coleman, B. Furie, Des-gamma-carboxy (abnormal) prothrombin as a serum
marker of primary hepatocellular carcinoma, N. Engl. J. Med. 310 (22) (1984)
1427-1431, https://doi.org/10.1056/nejm198405313102204.

Y. Sato, K. Nakata, Y. Kato, M. Shima, N. Ishii, T. Koji, K. Taketa, Y. Endo,

S. Nagataki, Early recognition of hepatocellular carcinoma based on altered
profiles of alpha-fetoprotein, N. Engl. J. Med. 328 (25) (1993) 1802-1806,
https://doi.org/10.1056/nejm199306243282502.

X. Zhang, T. Wang, K.H. Zhang, S.H. Chen, Y.T. He, Y.Q. Wang, Simple clinical
metrics enhance AFP to effectively identify cirrhotic patients with complicating
hepatocellular carcinoma at various AFP levels, Front. Oncol. 9 (2019) 1478,
https://doi.org/10.3389/fonc.2019.01478.

N. Tayob, I. Christie, P. Richardson, Z. Feng, D.L. White, J. Davila, D.A. Corley,
F. Kanwal, H.B. El-Serag, Validation of the hepatocellular carcinoma early
detection screening (HES) algorithm in a cohort of veterans with cirrhosis, Clin.
Gastroenterol. Hepatol. 17 (9) (2019) 1886-1893 e5, https://doi.org/10.1016/j.
cgh.2018.12.005.

J. Best, L.P. Bechmann, J.P. Sowa, S. Sydor, A. Dechene, K. Pflanz, S. Bedreli,
C. Schotten, A. Geier, T. Berg, J. Fischer, A. Vogel, H. Bantel, A. Weinmann, J.
M. Schattenberg, Y. Huber, H. Wege, J. von Felden, K. Schulze, D. Bettinger,

R. Thimme, F. Sinner, K. Schutte, K.H. Weiss, H. Toyoda, S. Yasuda, T. Kumada,
S. Berhane, M. Wichert, D. Heider, G. Gerken, P. Johnson, A. Canbay, GALAD
score detects early hepatocellular carcinoma in an international cohort of patients
with nonalcoholic steatohepatitis, Clin. Gastroenterol. Hepatol. 18 (3) (2020)
728-735 e4, https://doi.org/10.1016/j.cgh.2019.11.012.

J.D. Yang, B.D. Addissie, K.C. Mara, W.S. Harmsen, J. Dai, N. Zhang,

N. Wongjarupong, H.M. Ali, H.A. Ali, F.A. Hassan, S. Lavu, J.L. Cvinar, N.

H. Giama, C.D. Moser, K. Miyabe, L.K. Allotey, A. Algeciras-Schimnich, J.

P. Theobald, M.M. Ward, M.H. Nguyen, A.S. Befeler, K.R. Reddy, M. Schwartz, D.
M. Harnois, H. Yamada, S. Srivastava, J.A. Rinaudo, G.J. Gores, Z. Feng, J.

A. Marrero, L.R. Roberts, GALAD score for hepatocellular carcinoma detection in
comparison with liver ultrasound and proposal of GALADUS score, Cancer
Epidemiol. Biomarkers Prev. 28 (3) (2019) 531-538, https://doi.org/10.1158/
1055-9965.EPI-18-0281.

A.G. Singal, N. Tayob, A. Mehta, J.A. Marrero, H. El-Serag, Q. Jin, C. Saenz de
Viteri, A. Fobar, N.D. Parikh, GALAD demonstrates high sensitivity for HCC
surveillance in a cohort of patients with cirrhosis, Hepatology 75 (3) (2022)
541-549, https://doi.org/10.1002/hep.32185.

P. Johnson, Q. Zhou, D.Y. Dao, Y.M.D. Lo, Circulating biomarkers in the diagnosis
and management of hepatocellular carcinoma, Nat. Rev. Gastroenterol. Hepatol.
(2022), https://doi.org/10.1038/541575-022-00620-y.

X. Li, C. Li, L. Zhang, M. Wu, K. Cao, F. Jiang, D. Chen, N. Li, W. Li, The
significance of exosomes in the development and treatment of hepatocellular
carcinoma, Mol. Cancer 19 (1) (2020) 1, https://doi.org/10.1186/512943-019-
1085-0.

C. Li, J. Yang, C. Liu, X. Wang, L. Zhang, Long non-coding RNAs in hepatocellular
carcinoma: ordering of the complicated IncRNA regulatory network and novel
strategies for HCC clinical diagnosis and treatment, Pharmacol. Res. 158 (2020),
104848, https://doi.org/10.1016/].phrs.2020.104848.

X. Wu, J. Li, A. Gassa, D. Buchner, H. Alakus, Q. Dong, N. Ren, M. Liu,

M. Odenthal, D. Stippel, C. Bruns, Y. Zhao, R. Wahba, Circulating tumor DNA as
an emerging liquid biopsy biomarker for early diagnosis and therapeutic
monitoring in hepatocellular carcinoma, Int. J. Biol. Sci. 16 (9) (2020)
1551-1562, https://doi.org/10.7150/ijbs.44024.


https://doi.org/10.1002/smtd.202300204
https://doi.org/10.1002/smtd.202300204
https://doi.org/10.1016/j.biopha.2019.108852
https://doi.org/10.1016/j.biopha.2019.108852
https://doi.org/10.1016/j.bbcan.2021.188621
https://doi.org/10.7150/thno.31683
https://doi.org/10.7150/thno.31683
https://doi.org/10.1039/c8nr02946f
https://doi.org/10.1039/c8nr02946f
https://doi.org/10.1021/acs.analchem.1c00478
https://doi.org/10.1016/j.bioelechem.2020.107696
https://doi.org/10.1016/j.bioelechem.2020.107696
https://doi.org/10.2147/IJN.S122667
https://doi.org/10.2147/IJN.S122667
https://doi.org/10.3748/wjg.v25.i24.3030
https://doi.org/10.1021/acsnano.8b02260
https://doi.org/10.7150/thno.46568
https://doi.org/10.7150/thno.46568
https://doi.org/10.7150/thno.22386
https://doi.org/10.7150/thno.22386
https://doi.org/10.1021/acsnano.0c05912
https://doi.org/10.3390/pharmaceutics14061198
https://doi.org/10.1021/acsami.2c01128
https://doi.org/10.1021/acsami.2c01128
https://doi.org/10.1021/acsnano.6b07684
https://doi.org/10.7150/thno.59096
https://doi.org/10.1039/c7tb00286f
https://doi.org/10.1039/c7tb03076b
https://doi.org/10.1039/c7tb03076b
https://doi.org/10.1039/d1tb01729b
https://doi.org/10.1039/d1tb01729b
https://doi.org/10.1021/acsami.8b20600
https://doi.org/10.1186/s12951-022-01467-w
https://doi.org/10.1021/acs.analchem.0c01596
https://doi.org/10.1021/acs.analchem.0c01596
https://doi.org/10.1016/j.biomaterials.2018.01.031
https://doi.org/10.1038/s41467-020-14307-y
https://doi.org/10.1002/hep.28895
https://doi.org/10.6004/jnccn.2021.0022
https://doi.org/10.1056/nejm198405313102204
https://doi.org/10.1056/nejm199306243282502
https://doi.org/10.3389/fonc.2019.01478
https://doi.org/10.1016/j.cgh.2018.12.005
https://doi.org/10.1016/j.cgh.2018.12.005
https://doi.org/10.1016/j.cgh.2019.11.012
https://doi.org/10.1158/1055-9965.EPI-18-0281
https://doi.org/10.1158/1055-9965.EPI-18-0281
https://doi.org/10.1002/hep.32185
https://doi.org/10.1038/s41575-022-00620-y
https://doi.org/10.1186/s12943-019-1085-0
https://doi.org/10.1186/s12943-019-1085-0
https://doi.org/10.1016/j.phrs.2020.104848
https://doi.org/10.7150/ijbs.44024

T. Liu et al.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

J.C. Ahn, P.C. Teng, P.J. Chen, E. Posadas, H.R. Tseng, S.C. Lu, J.D. Yang,
Detection of circulating tumor cells and their implications as a biomarker for
diagnosis, prognostication, and therapeutic monitoring in hepatocellular
carcinoma, Hepatology 73 (1) (2021) 422-436, https://doi.org/10.1002/
hep.31165.

H. Xu, M. Gao, X. Tang, W. Zhang, D. Luo, M. Chen, Micro/nano technology for
next-generation diagnostics, Small Methods 4 (4) (2020), https://doi.org/
10.1002/smtd.201900506.

K. Tzartzeva, J. Obi, N.E. Rich, N.D. Parikh, J.A. Marrero, A. Yopp, A.K. Waljee,
A.G. Singal, Surveillance imaging and alpha fetoprotein for early detection of
hepatocellular carcinoma in patients with cirrhosis: a meta-analysis,
Gastroenterology 154 (6) (2018) 1706-1718 el, https://doi.org/10.1053/].
gastro.2018.01.064.

M. Kudo, K. Ueshima, Y. Osaki, M. Hirooka, Y. Imai, K. Aso, K. Numata,

M. Kitano, T. Kumada, N. Izumi, Y. Sumino, C. Ogawa, K. Akazawa, B-mode
ultrasonography versus contrast-enhanced ultrasonography for surveillance of
hepatocellular carcinoma: a prospective multicenter randomized controlled trial,
Liver Cancer 8 (4) (2019) 271-280, https://doi.org/10.1159/000501082.

E. Terzi, M. lavarone, M. Pompili, L. Veronese, G. Cabibbo, M. Fraquelli,

L. Riccardi, L. De Bonis, A. Sangiovanni, S. Leoni, M.A. Zocco, S. Rossi, N. Alessi,
S.R. Wilson, F. Piscaglia, C.L.-R.Ls.g. collaborators, Contrast ultrasound LI-RADS
LR-5 identifies hepatocellular carcinoma in cirrhosis in a multicenter
restropective study of 1,006 nodules, J. Hepatol. 68 (3) (2018) 485-492, https://
doi.org/10.1016/j.jhep.2017.11.007.

C. Aubé, F. Oberti, J. Lonjon, G. Pageaux, O. Seror, G. N'’Kontchou, A. Rode,

S. Radenne, C. Cassinotto, J. Vergniol, I. Bricault, V. Leroy, M. Ronot, L. Castera,
S. Michalak, M. Esvan, V. Vilgrain, EASL and AASLD recommendations for the
diagnosis of HCC to the test of daily practice, Liver Int. 37 (10) (2017)
1515-1525, https://doi.org/10.1111/1iv.13429.

T. Nadarevic, V. Giljaca, A. Colli, M. Fraquelli, G. Casazza, D. Miletic, D. Stimac,
Computed tomography for the diagnosis of hepatocellular carcinoma in adults
with chronic liver disease, Cochrane Database Syst. Rev. 10 (10) (2021), https://
doi.org/10.1002/14651858.CD013362.pub2. CD013362.

T. Nadarevic, A. Colli, V. Giljaca, M. Fraquelli, G. Casazza, C. Manzotti, D. Stimac,
D. Miletic, Magnetic resonance imaging for the diagnosis of hepatocellular
carcinoma in adults with chronic liver disease, Cochrane Database Syst. Rev.
(2021), https://doi.org/10.1002/14651858.Cd014798.

L.R. Roberts, C.B. Sirlin, F. Zaiem, J. Almasri, L.J. Prokop, J.K. Heimbach, M.
H. Murad, K. Mohammed, Imaging for the diagnosis of hepatocellular carcinoma:
a systematic review and meta-analysis, Hepatology 67 (1) (2018) 401-421,
https://doi.org/10.1002/hep.29487.

X. Liu, H. Jiang, J. Chen, Y. Zhou, Z. Huang, B. Song, Gadoxetic acid disodium-
enhanced magnetic resonance imaging outperformed multidetector computed
tomography in diagnosing small hepatocellular carcinoma: a meta-analysis, Liver
Transplant. 23 (12) (2017) 1505-1518, https://doi.org/10.1002/1t.24867.

J.M. Llovet, J. Fuster, J. Bruix, Intention-to-treat analysis of surgical treatment for
early hepatocellular carcinoma: resection versus transplantation, Hepatology 30
(6) (1999) 1434-1440, https://doi.org/10.1002/hep.510300629.

K.K.C. Ng, K.S.H. Chok, A.C.Y. Chan, T.T. Cheung, T.C.L. Wong, J.Y.Y. Fung,

J. Yuen, R.T.P. Poon, S.T. Fan, C.M. Lo, Randomized clinical trial of hepatic
resection versus radiofrequency ablation for early-stage hepatocellular
carcinoma, Br. J. Surg. 104 (13) (2017) 1775-1784, https://doi.org/10.1002/
bjs.10677.

Z.C. Deng, W.Z. Jiang, X.D. Tang, S.H. Liu, L. Qin, H.X. Qian, Laparoscopic
hepatectomy versus open hepatectomy for hepatocellular carcinoma in 157
patients: a case controlled study with propensity score matching at two Chinese
centres, Int. J. Surg. 56 (2018) 203-207, https://doi.org/10.1016/j.
ijsu.2018.06.026.

M. Kudo, K. Hasegawa, Y. Kawaguchi, T. Takayama, N. Izumi, N. Yamanaka,
M. Shimada, M. Inomata, S. Kaneko, H. Baba, K. Koike, M. Omata, M. Makuuchi,
Y. Matsuyama, N. Kokudo, A multicenter randomized controlled trial to evaluate
the efficacy of surgery versus radiofrequency ablation for small hepatocellular
carcinoma (SURF trial): analysis of overall survival, J. Clin. Oncol. 39 (15_suppl)
(2021) 4093, https://doi.org/10.1200/JC0O.2021.39.15 suppl.4093, 4093.

S.W. Shin, K.S. Ahn, S.W. Kim, T.S. Kim, Y.H. Kim, K.J. Kang, Liver resection
versus local ablation therapies for hepatocellular carcinoma within the milan
criteria: a systematic review and meta-analysis, Ann. Surg. 273 (4) (2021)
656-666, https://doi.org/10.1097/SLA.0000000000004350.

Y. Xia, J. Li, G. Liu, K. Wang, G. Qian, Z. Lu, T. Yang, Z. Yan, Z. Lei, A. Si, X. Wan,
H. Zhang, C. Gao, Z. Cheng, T.M. Pawlik, H. Wang, W.Y. Lau, M. Wu, F. Shen,
Long-term effects of repeat hepatectomy vs percutaneous radiofrequency ablation
among patients with recurrent hepatocellular carcinoma: a randomized clinical
trial, JAMA Oncol. 6 (2) (2020) 255-263, https://doi.org/10.1001/

jamaoncol.2019.4477.

H. Imamura, Y. Matsuyama, E. Tanaka, T. Ohkubo, K. Hasegawa, S. Miyagawa,
Y. Sugawara, M. Minagawa, T. Takayama, S. Kawasaki, M. Makuuchi, Risk factors
contributing to early and late phase intrahepatic recurrence of hepatocellular
carcinoma after hepatectomy, J. Hepatol. 38 (2) (2003) 200-207, https://doi.
org/10.1016/50168-8278(02)00360-4.

A. Forner, M. Reig, J. Bruix, Hepatocellular carcinoma, Lancet 391 (10127)
(2018) 1301-1314, https://doi.org/10.1016/50140-6736(18)30010-2.

Z. Hu, C. Fang, B. Li, Z. Zhang, C. Cao, M. Cai, S. Su, X. Sun, X. Shi, C. Li, T. Zhou,
Y. Zhang, C. Chi, P. He, X. Xia, Y. Chen, S.S. Gambhir, Z. Cheng, J. Tian, First-in-
human liver-tumour surgery guided by multispectral fluorescence imaging in the
visible and near-infrared-1/II windows, Nat. Biomed. Eng. 4 (3) (2020) 259-271,
https://doi.org/10.1038/541551-019-0494-0.

13

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Materials Today Bio 22 (2023) 100766

Z. Wang, X. Fang, N. Sun, C. Deng, A rational route to hybrid aptamer-
molecularly imprinted magnetic nanoprobe for recognition of protein biomarkers
in human serum, Anal. Chim. Acta 1128 (2020) 1-10, https://doi.org/10.1016/j.
aca.2020.06.036.

P. Lei, H. Chen, C. Feng, X. Yuan, Z. Xiong, Y. Liu, W. Liao, Noninvasive
visualization of sub-5 mm orthotopic hepatic tumors by a nanoprobe-mediated
positive and reverse contrast-balanced imaging strategy, ACS Nano 16 (1) (2022)
897-909, https://doi.org/10.1021/acsnano.1c08477.

L. Qi, S. Liu, Y. Jiang, J.M. Lin, L. Yu, Q. Hu, Simultaneous detection of multiple
tumor markers in blood by functional liquid crystal sensors assisted with target-
induced dissociation of aptamer, Anal. Chem. 92 (5) (2020) 3867-3873, https://
doi.org/10.1021/acs.analchem.9b05317.

Z. Cai, F. Xin, Z. Wei, M. Wu, X. Lin, X. Du, G. Chen, D. Zhang, Z. Zhang, X. Liu,
C. Yao, Photodynamic therapy combined with antihypoxic signaling and CpG
adjuvant as an in situ tumor vaccine based on metal-organic framework
nanoparticles to boost cancer immunotherapy, Adv. Healthcare Mater. 9 (1)
(2020), €1900996, https://doi.org/10.1002/adhm.201900996.

Y. Wang, X. He, C. Zhou, Y. Bai, T. Li, J. Liu, S. Ju, C. Wang, G. Xiang, B. Xiong,
Nanoscale CaO2 materials for synergistic transarterial chemoembolization in a
VX2 orthotopic rabbit liver cancer model, Acta Biomater. (2022), https://doi.org/
10.1016/j.actbio.2022.09.074.

X. Fu, R.G. Luo, W. Qiu, L. Ouyang, G.Q. Fan, Q.R. Liang, Q. Tang, Sustained
release of arsenic trioxide benefits interventional therapy on rabbit VX2 liver
tumor, Nanomedicine 24 (2020), 102118, https://doi.org/10.1016/j.
nano.2019.102118.

J. Zhao, Y.S. Li, Z.X. Liu, M.H. Huang, Y.H. Xu, Q.R. Liang, L. Chen, R.G. Luo,
Q. Tang, Nanosized drug-eluting bead for transcatheter arterial
chemoembolization (ND-TACE), J. Mater. Chem. B 8 (37) (2020) 8684-8694,
https://doi.org/10.1039/d0tb01295e.

F. Deschamps, T. Isoardo, S. Denis, N. Tsapis, L. Tselikas, V. Nicolas, A. Paci,

E. Fattal, T. de Baere, N. Huang, L. Moine, Biodegradable Pickering emulsions of
Lipiodol for liver trans-arterial chemo-embolization, Acta Biomater. 87 (2019)
177-186, https://doi.org/10.1016/j.actbio.2019.01.054.

A. Sood, A. Dev, M.N. Sardoiwala, S.R. Choudhury, S. Chaturvedi, A.K. Mishra,
S. Karmakar, Alpha-ketoglutarate decorated iron oxide-gold core-shell
nanoparticles for active mitochondrial targeting and radiosensitization
enhancement in hepatocellular carcinoma, Mater. Sci. Eng., C 129 (2021),
112394, https://doi.org/10.1016/j.msec.2021.112394.

X. Li, J. Li, C. Li, Q. Guo, M. Wu, L. Su, Y. Dou, X. Wu, Z. Xiao, X. Zhang,
Aminopeptidase N-targeting nanomolecule-assisted delivery of VEGF siRNA to
potentiate antitumour therapy by suppressing tumour revascularization and
enhancing radiation response, J. Mater. Chem. B 9 (36) (2021) 7530-7543,
https://doi.org/10.1039/d1tb00990g.

Q. Jin, S. Yan, H. Hu, L. Jin, Y. Pan, J. Zhang, J. Huang, H. Xiao, P. Cao, Enhanced
chemodynamic therapy and chemotherapy via delivery of a dual threat ArtePt
and iodo-click reaction mediated glutathione consumption, Small Methods 5 (12)
(2021), €2101047, https://doi.org/10.1002/smtd.202101047.

S. Xu, S. Ling, Q. Shan, Q. Ye, Q. Zhan, G. Jiang, J. Zhuo, B. Pan, X. Wen, T. Feng,
H. Lu, X. Wei, H. Xie, S. Zheng, J. Xiang, Y. Shen, X. Xu, Self-activated cascade-
responsive sorafenib and USP22 shRNA Co-delivery system for synergetic
hepatocellular carcinoma therapy, Adv. Sci. 8 (5) (2021), 2003042, https://doi.
org/10.1002/advs.202003042.

M.A. Younis, I.A. Khalil, Y.H.A. Elewa, Y. Kon, H. Harashima, Ultra-small lipid
nanoparticles encapsulating sorafenib and midkine-siRNA selectively-eradicate
sorafenib-resistant hepatocellular carcinoma in vivo, J. Contr. Release 331 (2021)
335-349, https://doi.org/10.1016/j.jconrel.2021.01.021.

S. Shi, H. Li, X. Zheng, L. Lv, S. Liao, P. Lu, M. Liu, H. Zhao, Z. Mei, Visualization
system based on hierarchical targeting for diagnosis and treatment of
hepatocellular carcinoma, Mater Today Bio 16 (2022), 100398, https://doi.org/
10.1016/j.mtbio.2022.100398.

Y. Chen, J.X. Li, N. Shu, S.J. Zheng, M. Ma, Z.B. Zhao, Z.T. Cao, Q. Zhou, J.Z. Du,
J. Wang, A polymeric nanoformulation improves the bioavailability and efficacy
of sorafenib for hepatocellular carcinoma therapy, Biomater. Sci. 9 (7) (2021)
2508-2518, https://doi.org/10.1039/d0bm01881c.

W.S. Tzeng, W.L. Teng, P.H. Huang, T.C. Lin, F.L. Yen, Y.L. Shiue, Pterostilbene
nanoparticles downregulate hypoxia-inducible factors in hepatoma cells under
hypoxic conditions, Int. J. Nanomed. 16 (2021) 867-879, https://doi.org/
10.2147/1JN.S282172.

W. Shen, S. Ge, X. Liu, Q. Yu, X. Jiang, Q. Wu, Y. Tian, Y. Gao, Y. Liu, C. Wu,
Folate-functionalized SMMC-7721 liver cancer cell membrane-cloaked paclitaxel
nanocrystals for targeted chemotherapy of hepatoma, Drug Deliv. 29 (1) (2022)
31-42, https://doi.org/10.1080/10717544.2021.2015481.

Z.1i, G. Yang, L. Han, R. Wang, C. Gong, Y. Yuan, Sorafenib and triptolide loaded
cancer cell-platelet hybrid membrane-camouflaged liquid crystalline lipid
nanoparticles for the treatment of hepatocellular carcinoma, J. Nanobiotechnol.
19 (1) (2021) 360, https://doi.org/10.1186/512951-021-01095-w.

J. Xu, X. Cheng, L. Tan, C. Fu, M. Ahmed, J. Tian, J. Dou, Q. Zhou, X. Ren, Q. Wu,
S. Tang, H. Zhou, X. Meng, J. Yu, P. Liang, Microwave responsive nanoplatform
via P-selectin mediated drug delivery for treatment of hepatocellular carcinoma
with distant metastasis, Nano Lett. 19 (5) (2019) 2914-2927, https://doi.org/
10.1021/acs.nanolett.8b05202.

L. Liu, J. Zhuang, J. Tan, T. Liu, W. Fan, Y. Zhang, J. Li, Doxorubicin-loaded UiO-
66/BiyS3 nanocomposite-enhanced synergistic transarterial chemoembolization
and photothermal therapy against hepatocellular carcinoma, ACS Appl. Mater.
Interfaces 14 (6) (2022) 7579-7591, https://doi.org/10.1021/acsami.1c19121.


https://doi.org/10.1002/hep.31165
https://doi.org/10.1002/hep.31165
https://doi.org/10.1002/smtd.201900506
https://doi.org/10.1002/smtd.201900506
https://doi.org/10.1053/j.gastro.2018.01.064
https://doi.org/10.1053/j.gastro.2018.01.064
https://doi.org/10.1159/000501082
https://doi.org/10.1016/j.jhep.2017.11.007
https://doi.org/10.1016/j.jhep.2017.11.007
https://doi.org/10.1111/liv.13429
https://doi.org/10.1002/14651858.CD013362.pub2
https://doi.org/10.1002/14651858.CD013362.pub2
https://doi.org/10.1002/14651858.Cd014798
https://doi.org/10.1002/hep.29487
https://doi.org/10.1002/lt.24867
https://doi.org/10.1002/hep.510300629
https://doi.org/10.1002/bjs.10677
https://doi.org/10.1002/bjs.10677
https://doi.org/10.1016/j.ijsu.2018.06.026
https://doi.org/10.1016/j.ijsu.2018.06.026
https://doi.org/10.1200/JCO.2021.39.15_suppl.4093
https://doi.org/10.1097/SLA.0000000000004350
https://doi.org/10.1001/jamaoncol.2019.4477
https://doi.org/10.1001/jamaoncol.2019.4477
https://doi.org/10.1016/s0168-8278(02)00360-4
https://doi.org/10.1016/s0168-8278(02)00360-4
https://doi.org/10.1016/s0140-6736(18)30010-2
https://doi.org/10.1038/s41551-019-0494-0
https://doi.org/10.1016/j.aca.2020.06.036
https://doi.org/10.1016/j.aca.2020.06.036
https://doi.org/10.1021/acsnano.1c08477
https://doi.org/10.1021/acs.analchem.9b05317
https://doi.org/10.1021/acs.analchem.9b05317
https://doi.org/10.1002/adhm.201900996
https://doi.org/10.1016/j.actbio.2022.09.074
https://doi.org/10.1016/j.actbio.2022.09.074
https://doi.org/10.1016/j.nano.2019.102118
https://doi.org/10.1016/j.nano.2019.102118
https://doi.org/10.1039/d0tb01295e
https://doi.org/10.1016/j.actbio.2019.01.054
https://doi.org/10.1016/j.msec.2021.112394
https://doi.org/10.1039/d1tb00990g
https://doi.org/10.1002/smtd.202101047
https://doi.org/10.1002/advs.202003042
https://doi.org/10.1002/advs.202003042
https://doi.org/10.1016/j.jconrel.2021.01.021
https://doi.org/10.1016/j.mtbio.2022.100398
https://doi.org/10.1016/j.mtbio.2022.100398
https://doi.org/10.1039/d0bm01881c
https://doi.org/10.2147/IJN.S282172
https://doi.org/10.2147/IJN.S282172
https://doi.org/10.1080/10717544.2021.2015481
https://doi.org/10.1186/s12951-021-01095-w
https://doi.org/10.1021/acs.nanolett.8b05202
https://doi.org/10.1021/acs.nanolett.8b05202
https://doi.org/10.1021/acsami.1c19121

T. Liu et al.

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

L. Kunliang, J. Zhicheng, H. Xiaolong, Y. Dan, Z. Yu, Z. Haidong, T. Gaojun,

X. Fei, A biodegradable multifunctional porous microsphere composed of
carrageenan for promoting imageable trans-arterial chemoembolization, Int. J.
Biol. Macromol. 142 (2020) 866-878, https://doi.org/10.1016/j.
ijbiomac.2019.10.026.

K. Chen, Q. Li, X. Zhao, J. Zhang, H. Ma, X. Sun, Q. Yu, Y. Zhang, C. Fang, L. Nie,
Biocompatible melanin based theranostic agent for in vivo detection and ablation
of orthotopic micro-hepatocellular carcinoma, Biomater. Sci. 8 (15) (2020)
4322-4333, https://doi.org/10.1039/d0bm00825g.

N. Vietti Violi, R. Duran, B. Guiu, J.-P. Cercueil, C. Aubé, A. Digklia, I. Pache,
P. Deltenre, J.-F. Knebel, A. Denys, Efficacy of microwave ablation versus
radiofrequency ablation for the treatment of hepatocellular carcinoma in patients
with chronic liver disease: a randomised controlled phase 2 trial, LANCET
GASTROENTEROL 3 (5) (2018) 317-325, https://doi.org/10.1016/52468-1253
(18)30029-3.

W. Liu, Y. Zheng, W. He, R. Zou, J. Qiu, J. Shen, Z. Yang, Y. Zhang, C. Wang,
Y. Wang, D. Zuo, B. Li, Y. Yuan, Microwave vs radiofrequency ablation for
hepatocellular carcinoma within the Milan criteria: a propensity score analysis,
Aliment. Pharmacol. Ther. 48 (6) (2018) 671-681, https://doi.org/10.1111/
apt.14929.

R. Kim, T.W. Kang, D.I. Cha, K.D. Song, M.W. Lee, H. Rhim, H.K. Lim, D.H. Sinn,
Percutaneous cryoablation for perivascular hepatocellular carcinoma: therapeutic
efficacy and vascular complications, Eur. Radiol. 29 (2) (2019) 654-662, https://
doi.org/10.1007/s00330-018-5617-6.

T. Su, M. Huang, J. Liao, S. Lin, P. Yu, J. Yang, Y. Cai, S. Zhu, L. Xu, Z. Peng,
S. Peng, S. Chen, M. Kuang, Insufficient radiofrequency ablation promotes
hepatocellular carcinoma metastasis through N6-methyladenosine mRNA
methylation-dependent mechanism, Hepatology 74 (3) (2021) 1339-1356,
https://doi.org/10.1002/hep.31766.

P. Rochigneux, J.-C. Nault, F. Mallet, A.-S. Chretien, N. Barget, A.J. Garcia, L. Del
Pozo, V. Bourcier, L. Blaise, V. Grando-Lemaire, G. N'’Kontchou, P. Nahon,

O. Seror, M. Ziol, N. Ganne-Carrié, D. Olive, Dynamic of systemic immunity and
its impact on tumor recurrence after radiofrequency ablation of hepatocellular
carcinoma, Oncolmmunology 8 (8) (2019), https://doi.org/10.1080/
2162402x.2019.1615818.

K. Leuchte, E. Staib, M. Thelen, P. Godel, A. Lechner, P. Zentis, M. Garcia-
Marquez, D. Waldschmidt, R.R. Datta, R. Wahba, C. Wybranski, T. Zander,

A. Quaas, U. Drebber, D.L. Stippel, C. Bruns, M. von Bergwelt-Baildon,

K. Wennhold, H.A. Schlosser, Microwave ablation enhances tumor-specific
immune response in patients with hepatocellular carcinoma, Cancer Immunol.
Immunother. 70 (4) (2021) 893-907, https://doi.org/10.1007/s00262-020-
02734-1.

X. Qi, M. Yang, L. Ma, M. Sauer, D. Avella, J.T. Kaifi, J. Bryan, K. Cheng, K.

F. Staveley-O’Carroll, E.T. Kimchi, G. Li, Synergizing sunitinib and
radiofrequency ablation to treat hepatocellular cancer by triggering the antitumor
immune response, J Immunother Cancer 8 (2) (2020), https://doi.org/10.1136/
jitc-2020-001038.

N. Lyu, Y. Kong, X. Li, L. Mu, H. Deng, H. Chen, M. He, J. Lai, J. Li, H. Tang,
Y. Lin, M. Zhao, Ablation reboots the response in advanced hepatocellular
carcinoma with stable or atypical response during PD-1 therapy: a proof-of-
concept study, Front. Oncol. 10 (2020), 580241, https://doi.org/10.3389/
fonc.2020.580241.

H. Yang, H.S. Liu, W. Hou, J.X. Gao, Y. Duan, D. Wei, X.Q. Gong, H.J. Wang, X.
L. Wu, J. Chang, An NIR-responsive mesoporous silica nanosystem for synergetic
photothermal-immunoenhancement therapy of hepatocellular carcinoma,

J. Mater. Chem. B 8 (2) (2020) 251-259, https://doi.org/10.1039/c9tb01891c.
H. Cai, X. Dai, X. Guo, L. Zhang, K. Cao, F. Yan, B. Ji, Y. Liu, Ataxia telangiectasia
mutated inhibitor-loaded copper sulfide nanoparticles for low-temperature
photothermal therapy of hepatocellular carcinoma, Acta Biomater. 127 (2021)
276-286, https://doi.org/10.1016/j.actbio.2021.03.051.

Z. Xiao, T. Li, X. Zheng, L. Lin, X. Wang, B. Li, J. Huang, Y. Wang, X. Shuai,

K. Zhu, Nanodrug enhances post-ablation immunotherapy of hepatocellular
carcinoma via promoting dendritic cell maturation and antigen presentation,
Bioact. Mater. 21 (2023) 57-68, https://doi.org/10.1016/j.
bioactmat.2022.07.027.

J.M. Llovet, M.I. Real, X. Montana, R. Planas, S. Coll, J. Aponte, C. Ayuso, M. Sala,
J. Muchart, R. Sola, J. Rodés, J. Bruix, Arterial embolisation or
chemoembolisation versus symptomatic treatment in patients with unresectable
hepatocellular carcinoma: a randomised controlled trial, Lancet 359 (9319)
(2002) 1734-1739, https://doi.org/10.1016/50140-6736(02)08649-x.

Q.J. Li, M.K. He, H.W. Chen, W.Q. Fang, Y.M. Zhou, L. Xu, W. Wei, Y.J. Zhang,
Y. Guo, R.P. Guo, M.S. Chen, M. Shi, Hepatic arterial infusion of oxaliplatin,
fluorouracil, and leucovorin versus transarterial chemoembolization for large
hepatocellular carcinoma: a randomized phase III trial, J. Clin. Oncol. 40 (2)
(2022) 150-160, https://doi.org/10.1200/jco0.21.00608.

K. Ueshima, S. Ogasawara, M. Ikeda, Y. Yasui, T. Terashima, T. Yamashita, S. Obi,
S. Sato, H. Aikata, T. Ohmura, H. Kuroda, T. Ohki, K. Nagashima, Y. Ooka,

M. Takita, M. Kurosaki, K. Chayama, S. Kaneko, N. Izumi, N. Kato, M. Kudo,

M. Omata, Hepatic arterial infusion chemotherapy versus sorafenib in patients
with advanced hepatocellular carcinoma, Liver Cancer 9 (5) (2020) 583-595,
https://doi.org/10.1159/000508724.

J. Lammer, K. Malagari, T. Vogl, F. Pilleul, A. Denys, A. Watkinson, M. Pitton,
G. Sergent, T. Pfammatter, S. Terraz, Y. Benhamou, Y. Avajon, T. Gruenberger,
M. Pomoni, H. Langenberger, M. Schuchmann, J. Dumortier, C. Mueller,

P. Chevallier, R. Lencioni, Prospective randomized study of doxorubicin-eluting-
bead embolization in the treatment of hepatocellular carcinoma: results of the

14

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

Materials Today Bio 22 (2023) 100766

PRECISION V study, Cardiovasc. Intervent. Radiol. 33 (1) (2010) 41-52, https://
doi.org/10.1007/s00270-009-9711-7.

N.T. Moldogazieva, .M. Mokhosoev, A.A. Terentiev, Metabolic heterogeneity of
cancer cells: an interplay between HIF-1, GLUTs, and AMPK, Cancers 12 (4)
(2020), https://doi.org/10.3390/cancers12040862.

M. Chen, G. Shu, X. Lv, X. Xu, C. Ly, E. Qiao, S. Fang, L. Shen, N. Zhang, J. Wang,
C. Chen, J. Song, Z. Liu, Y. Du, J. Ji, HIF-2alpha-targeted interventional
chemoembolization multifunctional microspheres for effective elimination of
hepatocellular carcinoma, Biomaterials 284 (2022), 121512, https://doi.org/
10.1016/j.biomaterials.2022.121512.

L. Liu, X. Xu, X. Liang, X. Zhang, J. Wen, K. Chen, X. Su, Y. Ma, Z. Teng, G. Lu,
J. Xu, Periodic mesoporous organosilica-coated magnetite nanoparticles
combined with lipiodol for transcatheter arterial chemoembolization to inhibit
the progression of liver cancer, J. Colloid Interface Sci. 591 (2021) 211-220,
https://doi.org/10.1016/j.jcis.2021.02.022.

J. Zeng, L. Li, H. Zhang, J. Li, L. Liu, G. Zhou, Q. Du, C. Zheng, X. Yang,
Radiopaque and uniform alginate microspheres loaded with tantalum
nanoparticles for real-time imaging during transcatheter arterial embolization,
Theranostics 8 (17) (2018) 4591-4600, https://doi.org/10.7150/thno.27379.
K. Hara, A. Takeda, Y. Tsurugai, Y. Saigusa, N. Sanuki, T. Eriguchi, S. Maeda,
K. Tanaka, K. Numata, Radiotherapy for hepatocellular carcinoma results in
comparable survival to radiofrequency ablation: a propensity score analysis,
Hepatology 69 (6) (2019) 2533-2545, https://doi.org/10.1002/hep.30591.

N. Kim, J. Cheng, I. Jung, J. Liang, Y.L. Shih, W.Y. Huang, T. Kimura, V.H.F. Lee,
Z.C. Zeng, R. Zhenggan, C.S. Kay, S.J. Heo, J.Y. Won, J. Seong, Stereotactic body
radiation therapy vs. radiofrequency ablation in Asian patients with
hepatocellular carcinoma, J. Hepatol. 73 (1) (2020) 121-129, https://doi.org/
10.1016/j.jhep.2020.03.005.

T.C. Wong, V.H. Lee, A.L. Law, H.H. Pang, K.O. Lam, V. Lau, T.Y. Cui, A.S. Fong,
S.W. Lee, E.C. Wong, J.W. Dai, A.C. Chan, T.T. Cheung, J.Y. Fung, R.M. Yeung, M.
Y. Luk, T.W. Leung, C.M. Lo, Prospective study of stereotactic body radiation
therapy for hepatocellular carcinoma on waitlist for liver transplant, Hepatology
74 (5) (2021) 2580-2594, https://doi.org/10.1002/hep.31992.

J. Durand-Labrunie, A.S. Baumann, A. Ayav, V. Laurent, E. Boleslawski, S. Cattan,
E. Bogart, M.C. Le Deley, V. Steen, T. Lacornerie, D. Peiffert, X. Mirabel, Curative
irradiation treatment of hepatocellular carcinoma: a multicenter phase 2 trial, Int.
J. Radiat. Oncol. Biol. Phys. 107 (1) (2020) 116-125, https://doi.org/10.1016/].
ijrobp.2019.12.004.

T.H. Kim, Y.H. Koh, B.H. Kim, M.J. Kim, J.H. Lee, B. Park, J.W. Park, Proton beam
radiotherapy vs. radiofrequency ablation for recurrent hepatocellular carcinoma:
a randomized phase III trial, J. Hepatol. 74 (3) (2021) 603-612, https://doi.org/
10.1016/j.jhep.2020.09.026.

M. Garcia-Barros, F. Paris, C. Cordon-Cardo, D. Lyden, S. Rafii, A. Haimovitz-
Friedman, Z. Fuks, R. Kolesnick, Tumor response to radiotherapy regulated by
endothelial cell apoptosis, Science 300 (5622) (2003) 1155-1159, https://doi.
org/10.1126/science.1082504.

J.M. Llovet, S. Ricci, V. Mazzaferro, P. Hilgard, E. Gane, J.F. Blanc, A.C. de
Oliveira, A. Santoro, J.L. Raoul, A. Forner, M. Schwartz, C. Porta, S. Zeuzem,

L. Bolondi, T.F. Greten, P.R. Galle, J.F. Seitz, 1. Borbath, D. Haussinger,

T. Giannaris, M. Shan, M. Moscovici, D. Voliotis, J. Bruix, Sorafenib in advanced
hepatocellular carcinoma, N. Engl. J. Med. 359 (4) (2008) 378-390, https://doi.
org/10.1056/NEJMoa0708857.

A.L. Cheng, Y.K. Kang, Z. Chen, C.J. Tsao, S. Qin, J.S. Kim, R. Luo, J. Feng, S. Ye,
T.S. Yang, J. Xu, Y. Sun, H. Liang, J. Liu, J. Wang, W.Y. Tak, H. Pan, K. Burock,
J. Zou, D. Voliotis, Z. Guan, Efficacy and safety of sorafenib in patients in the
Asia-Pacific region with advanced hepatocellular carcinoma: a phase III
randomised, double-blind, placebo-controlled trial, Lancet Oncol. 10 (1) (2009)
25-34, https://doi.org/10.1016/51470-2045(08)70285-7.

M. Kudo, R.S. Finn, S. Qin, K.-H. Han, K. Ikeda, F. Piscaglia, A. Baron, J.-W. Park,
G. Han, J. Jassem, J.F. Blanc, A. Vogel, D. Komov, T.R.J. Evans, C. Lopez,

C. Dutcus, M. Guo, K. Saito, S. Kraljevic, T. Tamai, M. Ren, A.-L. Cheng,
Lenvatinib versus sorafenib in first-line treatment of patients with unresectable
hepatocellular carcinoma: a randomised phase 3 non-inferiority trial, Lancet 391
(10126) (2018) 1163-1173, https://doi.org/10.1016/50140-6736(18)30207-1.
R.S. Finn, S. Qin, M. Ikeda, P.R. Galle, M. Ducreux, T.Y. Kim, M. Kudo, V. Breder,
P. Merle, A.O. Kaseb, D. Li, W. Verret, D.Z. Xu, S. Hernandez, J. Liu, C. Huang,
S. Mulla, Y. Wang, H.Y. Lim, A.X. Zhu, A.L. Cheng, .M. Investigators,
Atezolizumab plus bevacizumab in unresectable hepatocellular carcinoma,

N. Engl. J. Med. 382 (20) (2020) 1894-1905, https://doi.org/10.1056/
NEJMoal915745.

R.S. Finn, S. Qin, M. Ikeda, P.R. Galle, M. Ducreux, T.-Y. Kim, H.Y. Lim, M. Kudo,
V.V. Breder, P. Merle, A.O. Kaseb, D. Li, W. Verret, H. Shao, J. Liu, L. Li, A.X. Zhu,
A.-L. Cheng, IMbravel50: updated overall survival (OS) data from a global,
randomized, open-label phase III study of atezolizumab (atezo) + bevacizumab
(bev) versus sorafenib (sor) in patients (pts) with unresectable hepatocellular
carcinoma (HCC), J. Clin. Oncol. 39 (3_suppl) (2021) 267, https://doi.org/
10.1200/JC0.2021.39.3_suppl.267, 267.

J. Bruix, S. Qin, P. Merle, A. Granito, Y.-H. Huang, G. Bodoky, M. Pracht,

O. Yokosuka, O. Rosmorduc, V. Breder, R. Gerolami, G. Masi, P.J. Ross, T. Song,
J.-P. Bronowicki, I. Ollivier-Hourmand, M. Kudo, A.-L. Cheng, J.M. Llovet, R.

S. Finn, M.-A. LeBerre, A. Baumhauer, G. Meinhardt, G. Han, Regorafenib for
patients with hepatocellular carcinoma who progressed on sorafenib treatment
(RESORCE): a randomised, double-blind, placebo-controlled, phase 3 trial, Lancet
389 (10064) (2017) 56-66, https://doi.org/10.1016/s0140-6736(16)32453-9.
G.K. Abou-Alfa, T. Meyer, A.-L. Cheng, A.B. El-Khoueiry, L. Rimassa, B.-Y. Ryoo,
1. Cicin, P. Merle, Y. Chen, J.-W. Park, J.-F. Blanc, L. Bolondi, H.-J. Kliimpen, S.


https://doi.org/10.1016/j.ijbiomac.2019.10.026
https://doi.org/10.1016/j.ijbiomac.2019.10.026
https://doi.org/10.1039/d0bm00825g
https://doi.org/10.1016/s2468-1253(18)30029-3
https://doi.org/10.1016/s2468-1253(18)30029-3
https://doi.org/10.1111/apt.14929
https://doi.org/10.1111/apt.14929
https://doi.org/10.1007/s00330-018-5617-6
https://doi.org/10.1007/s00330-018-5617-6
https://doi.org/10.1002/hep.31766
https://doi.org/10.1080/2162402x.2019.1615818
https://doi.org/10.1080/2162402x.2019.1615818
https://doi.org/10.1007/s00262-020-02734-1
https://doi.org/10.1007/s00262-020-02734-1
https://doi.org/10.1136/jitc-2020-001038
https://doi.org/10.1136/jitc-2020-001038
https://doi.org/10.3389/fonc.2020.580241
https://doi.org/10.3389/fonc.2020.580241
https://doi.org/10.1039/c9tb01891c
https://doi.org/10.1016/j.actbio.2021.03.051
https://doi.org/10.1016/j.bioactmat.2022.07.027
https://doi.org/10.1016/j.bioactmat.2022.07.027
https://doi.org/10.1016/s0140-6736(02)08649-x
https://doi.org/10.1200/jco.21.00608
https://doi.org/10.1159/000508724
https://doi.org/10.1007/s00270-009-9711-7
https://doi.org/10.1007/s00270-009-9711-7
https://doi.org/10.3390/cancers12040862
https://doi.org/10.1016/j.biomaterials.2022.121512
https://doi.org/10.1016/j.biomaterials.2022.121512
https://doi.org/10.1016/j.jcis.2021.02.022
https://doi.org/10.7150/thno.27379
https://doi.org/10.1002/hep.30591
https://doi.org/10.1016/j.jhep.2020.03.005
https://doi.org/10.1016/j.jhep.2020.03.005
https://doi.org/10.1002/hep.31992
https://doi.org/10.1016/j.ijrobp.2019.12.004
https://doi.org/10.1016/j.ijrobp.2019.12.004
https://doi.org/10.1016/j.jhep.2020.09.026
https://doi.org/10.1016/j.jhep.2020.09.026
https://doi.org/10.1126/science.1082504
https://doi.org/10.1126/science.1082504
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1016/s1470-2045(08)70285-7
https://doi.org/10.1016/s0140-6736(18)30207-1
https://doi.org/10.1056/NEJMoa1915745
https://doi.org/10.1056/NEJMoa1915745
https://doi.org/10.1200/JCO.2021.39.3_suppl.267
https://doi.org/10.1200/JCO.2021.39.3_suppl.267
https://doi.org/10.1016/s0140-6736(16)32453-9

T. Liu et al.

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

L. Chan, V. Zagonel, T. Pressiani, M.-H. Ryu, A.P. Venook, C. Hessel, A.

E. Borgman-Hagey, G. Schwab, R.K. Kelley, Cabozantinib in patients with
advanced and progressing hepatocellular carcinoma, N. Engl. J. Med. 379 (1)
(2018) 54-63, https://doi.org/10.1056/NEJMoal717002.

AX. Zhu, Y.-K. Kang, C.-J. Yen, R.S. Finn, P.R. Galle, J.M. Llovet, E. Assenat,

G. Brandi, M. Pracht, H.Y. Lim, K.-M. Rau, K. Motomura, 1. Ohno, P. Merle,

B. Daniele, D.B. Shin, G. Gerken, C. Borg, J.-B. Hiriart, T. Okusaka, M. Morimoto,
Y. Hsu, P.B. Abada, M. Kudo, Ramucirumab after sorafenib in patients with
advanced hepatocellular carcinoma and increased a-fetoprotein concentrations
(REACH-2): a randomised, double-blind, placebo-controlled, phase 3 trial, Lancet
Oncol. 20 (2) (2019) 282-296, https://doi.org/10.1016/s1470-2045(18)30937-
9.

W. Tang, Z. Chen, W. Zhang, Y. Cheng, B. Zhang, F. Wu, Q. Wang, S. Wang,

D. Rong, F.P. Reiter, E.N. De Toni, X. Wang, The mechanisms of sorafenib
resistance in hepatocellular carcinoma: theoretical basis and therapeutic aspects,
Signal Transduct. Targeted Ther. 5 (1) (2020) 87, https://doi.org/10.1038/
541392-020-0187-x.

M.A. Younis, I.A. Khalil, M.M. Abd Elwakil, H. Harashima, A multifunctional
lipid-based nanodevice for the highly specific codelivery of sorafenib and midkine
siRNA to hepatic cancer cells, Mol. Pharm. 16 (9) (2019) 4031-4044, https://doi.
org/10.1021/acs.molpharmaceut.9b00738.

D. Sarker, R. Plummer, T. Meyer, M.H. Sodergren, B. Basu, C.E. Chee, K.-

W. Huang, D.H. Palmer, Y.T. Ma, T.R.J. Evans, D.R.C. Spalding, M. Pai,

R. Sharma, D.J. Pinato, J. Spicer, S. Hunter, V. Kwatra, J.P. Nicholls, D. Collin,
R. Nutbrown, H. Glenny, S. Fairbairn, V. Reebye, J. Voutila, S. Dorman,

P. Andrikakou, P. Lloyd, S. Felstead, J. Vasara, R. Habib, C. Wood, P. Saetrom, H.
E. Huber, D.C. Blakey, J.J. Rossi, N. Habib, MTL-CEBPA, a small activating RNA
therapeutic upregulating C/EBP-u, in patients with advanced liver cancer: a first-
in-human, multicenter, open-label, phase I trial, Clin. Cancer Res. 26 (15) (2020)
3936-3946, https://doi.org/10.1158/1078-0432.Ccr-20-0414.

W. Ma, D. Zhu, J. Li, X. Chen, W. Xie, X. Jiang, L. Wu, G. Wang, Y. Xiao, Z. Liu,
F. Wang, A. Li, D. Shao, W. Dong, W. Liu, Y. Yuan, Coating biomimetic
nanoparticles with chimeric antigen receptor T cell-membrane provides high
specificity for hepatocellular carcinoma photothermal therapy treatment,
Theranostics 10 (3) (2020) 1281-1295, https://doi.org/10.7150/thno.40291.
M. Cai, B. Li, L. Lin, J. Huang, Y. An, W. Huang, Z. Zhou, Y. Wang, X. Shuai,

K. Zhu, A reduction and pH dual-sensitive nanodrug for targeted theranostics in
hepatocellular carcinoma, Biomater. Sci. 8 (12) (2020) 3485-3499, https://doi.
org/10.1039/d0bm00295;j.

H. Wang, S. Sun, Y. Zhang, J. Wang, S. Zhang, X. Yao, L. Chen, Z. Gao, B. Xie,
Improved drug targeting to liver tumor by sorafenib-loaded folate-decorated
bovine serum albumin nanoparticles, Drug Deliv. 26 (1) (2019) 89-97, https://
doi.org/10.1080/10717544.2018.1561766.

Z. Wang, D. Shao, Z. Chang, M. Lu, Y. Wang, J. Yue, D. Yang, M. Li, Q. Xu, W.
F. Dong, Janus gold nanoplatform for synergetic chemoradiotherapy and
computed tomography imaging of hepatocellular carcinoma, ACS Nano 11 (12)
(2017) 12732-12741, https://doi.org/10.1021/acsnano.7b07486.

J.M. Zhang, Y.Y. Jiang, Q.F. Huang, X.X. Lu, G.H. Wang, C.L. Shao, M. Liu,
Brefeldin A delivery nanomicelles in hepatocellular carcinoma therapy:
characterization, cytotoxic evaluation in vitro, and antitumor efficiency in vivo,
Pharmacol. Res. 172 (2021), 105800, https://doi.org/10.1016/j.
phrs.2021.105800.

15

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Materials Today Bio 22 (2023) 100766

J. Wang, J. Meng, W. Ran, R.J. Lee, L. Teng, P. Zhang, Y. Li, Hepatocellular
carcinoma growth retardation and PD-1 blockade therapy potentiation with
synthetic high-density lipoprotein, Nano Lett. 19 (8) (2019) 5266-5276, https://
doi.org/10.1021/acs.nanolett.9b01717.

T. Zhou, X. Liang, P. Wang, Y. Hu, Y. Qi, Y. Jin, Y. Du, C. Fang, J. Tian,

A hepatocellular carcinoma targeting nanostrategy with hypoxia-ameliorating
and photothermal abilities that, combined with immunotherapy, inhibits
metastasis and recurrence, ACS Nano 14 (10) (2020) 12679-12696, https://doi.
org/10.1021/acsnano.0c01453.

B. Ji, H. Cai, Y. Yang, F. Peng, M. Song, K. Sun, F. Yan, Y. Liu, Hybrid membrane
camouflaged copper sulfide nanoparticles for photothermal-chemotherapy of
hepatocellular carcinoma, Acta Biomater. 111 (2020) 363-372, https://doi.org/
10.1016/j.actbio.2020.04.046.

S. Wy, D. Zhang, J. Yu, J. Dou, X. Li, M. Mu, P. Liang, Chemotherapeutic
nanoparticle-based liposomes enhance the efficiency of mild microwave ablation
in hepatocellular carcinoma therapy, Front. Pharmacol. 11 (2020) 85, https://
doi.org/10.3389/fphar.2020.00085.

N. Lewinski, V. Colvin, R. Drezek, Cytotoxicity of nanoparticles, Small 4 (1)
(2008) 26-49, https://doi.org/10.1002/smll.200700595.

E. Lee, M. Lee, S. Kwon, J. Kim, Y. Kwon, Systematic and mechanistic analysis of
AuNP-induced nanotoxicity for risk assessment of nanomedicine, Nano Converg 9
(1) (2022) 27, https://doi.org/10.1186/540580-022-00320-y.

A. Azarnezhad, H. Samadian, M. Jaymand, M. Sobhani, A. Ahmadi, Toxicological
profile of lipid-based nanostructures: are they considered as completely safe
nanocarriers? Crit. Rev. Toxicol. 50 (2) (2020) 148-176, https://doi.org/
10.1080/10408444.2020.1719974.

T.M. Cheng, H.Y. Chu, H.M. Huang, Z.L. Li, C.Y. Chen, Y.J. Shih, J. Whang-Peng,
R.H. Cheng, J.K. Mo, H.Y. Lin, K. Wang, Toxicologic concerns with current
medical nanoparticles, Int. J. Mol. Sci. 23 (14) (2022), https://doi.org/10.3390/
ijms23147597.

A. Kermanizadeh, D. Balharry, H. Wallin, S. Loft, P. Moller, Nanomaterial
translocation—the biokinetics, tissue accumulation, toxicity and fate of materials
in secondary organs-a review, Crit. Rev. Toxicol. 45 (10) (2015) 837-872,
https://doi.org/10.3109/10408444.2015.1058747.

Y.N. Zhang, W. Poon, A.J. Tavares, I.D. McGilvray, W.C.W. Chan, Nanoparticle-
liver interactions: cellular uptake and hepatobiliary elimination, J. Contr. Release
240 (2016) 332-348, https://doi.org/10.1016/j.jconrel.2016.01.020.

J. Li, C. Chen, T. Xia, Understanding nanomaterial-liver interactions to facilitate
the development of safer nanoapplications, Adv. Mater. 34 (11) (2022),
2106456, https://doi.org/10.1002/adma.202106456.

H.Y. Zhang, R.L. Chen, Y. Shao, H.L. Wang, Z.G. Liu, Effects of exposure of adult
mice to multi-walled carbon nanotubes on the liver lipid metabolism of their
offspring, Toxicol. Res. 7 (5) (2018) 809-816, https://doi.org/10.1039/
c8tx00032h.

T. Albrahim, M.A. Alonazi, Role of beetroot (beta vulgaris) juice on chronic
nanotoxicity of silver nanoparticle-induced hepatotoxicity in male rats, Int. J.
Nanomed. 15 (2020) 3471-3482, https://doi.org/10.2147/1JN.5248078.

Y. Yu, J. Duan, Y. Li, Y. Li, L. Jing, M. Yang, J. Wang, Z. Sun, Silica nanoparticles
induce liver fibrosis via TGF-f;/Smad3 pathway in ICR mice, Int. J. Nanomed. 12
(2017) 6045-6057, https://doi.org/10.2147/1JN.5132304.


https://doi.org/10.1056/NEJMoa1717002
https://doi.org/10.1016/s1470-2045(18)30937-9
https://doi.org/10.1016/s1470-2045(18)30937-9
https://doi.org/10.1038/s41392-020-0187-x
https://doi.org/10.1038/s41392-020-0187-x
https://doi.org/10.1021/acs.molpharmaceut.9b00738
https://doi.org/10.1021/acs.molpharmaceut.9b00738
https://doi.org/10.1158/1078-0432.Ccr-20-0414
https://doi.org/10.7150/thno.40291
https://doi.org/10.1039/d0bm00295j
https://doi.org/10.1039/d0bm00295j
https://doi.org/10.1080/10717544.2018.1561766
https://doi.org/10.1080/10717544.2018.1561766
https://doi.org/10.1021/acsnano.7b07486
https://doi.org/10.1016/j.phrs.2021.105800
https://doi.org/10.1016/j.phrs.2021.105800
https://doi.org/10.1021/acs.nanolett.9b01717
https://doi.org/10.1021/acs.nanolett.9b01717
https://doi.org/10.1021/acsnano.0c01453
https://doi.org/10.1021/acsnano.0c01453
https://doi.org/10.1016/j.actbio.2020.04.046
https://doi.org/10.1016/j.actbio.2020.04.046
https://doi.org/10.3389/fphar.2020.00085
https://doi.org/10.3389/fphar.2020.00085
https://doi.org/10.1002/smll.200700595
https://doi.org/10.1186/s40580-022-00320-y
https://doi.org/10.1080/10408444.2020.1719974
https://doi.org/10.1080/10408444.2020.1719974
https://doi.org/10.3390/ijms23147597
https://doi.org/10.3390/ijms23147597
https://doi.org/10.3109/10408444.2015.1058747
https://doi.org/10.1016/j.jconrel.2016.01.020
https://doi.org/10.1002/adma.202106456
https://doi.org/10.1039/c8tx00032h
https://doi.org/10.1039/c8tx00032h
https://doi.org/10.2147/IJN.S248078
https://doi.org/10.2147/IJN.S132304

	Exploiting targeted nanomedicine for surveillance, diagnosis, and treatment of hepatocellular carcinoma
	1 Introduction
	2 Progress in surveillance and diagnosis of HCC and application of nanotechnology
	2.1 In vitro diagnosis
	2.2 In vivo diagnosis
	2.2.1 Ultrasound
	2.2.2 Diagnostic imaging
	2.2.3 Intraoperative imaging

	2.3 All kinds of surveillant and diagnostic methods

	3 Progress in treatment of HCC and application of nanotechnology
	3.1 Ablation
	3.2 Transarterial therapy
	3.3 Radiotherapy (RT)
	3.4 Systemic therapy
	3.5 All kinds of therapies

	4 The safety of nanotechnology in HCC
	5 Conclusions and prospects
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


