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Hepatocellular carcinoma (HCC) is a common malignancy threatening human health, and existing
diagnostic and therapeutic techniques are facing great challenges. In the last decade or so,
nanotechnology has been developed and improved for tumor diagnosis and treatment. For example,
nano-intravenous injections have been approved for malignant perivascular epithelioid cell tumors. This
article provides a comprehensive review of the applications of nanotechnology in HCC in recent years:
(I) in radiological imaging, magnetic resonance imaging (MRI), fluorescence imaging (FMI) and
multimodality imaging. (ll) For diagnostic applications in HCC serum markers. (lll) As embolic agents in
transarterial chemoembolization (TACE) or directly as therapeutic drugs. (IV) For application in
photothermal therapy and photodynamic therapy. (V) As carriers of chemotherapeutic drugs, targeted

drugs, and natural plant drugs. (VI) For application in gene and immunotherapy. Compared with the
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Accepted 20th October 2022 traditional methods for diagnosis and treatment of HCC, nanoparticles have high sensitivity, reduce drug
toxicity and have a long duration of action, and can also be combined with photothermal and

DOI: 10.1039/d2ra05127¢ photodynamic multimodal combination therapy. These summaries provide insights for the further
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1 Introduction

Among cancers worldwide, liver cancer ranks seventh in inci-
dence and second in mortality. The incidence rate is increasing
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development of nanotechnology applications in HCC.

year by year." Hepatocellular carcinoma (HCC) is the predomi-
nant form of liver cancer, accounting for about 90% of cases.>*
Some projections indicate that by 2025 there will be one million
liver cancer patients per year worldwide.* Prevalence is generally
higher in men than in women, and the risk is significantly
increased in middle-aged and older (>40) people.® The most
significant risk factor for the development of HCC is cirrhosis,
of which hepatitis viruses (including hepatitis B and C) cause
about 50% or more. Although, with the emphasis on antiviral
therapy, the risk of infection has been reduced compared to
before, patients with cirrhosis after viral clearance are still
a high-risk group.®® In addition, HCC due to alcoholic and non-
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alcoholic chronic liver disease (e.g. fatty liver, steatohepatitis) is
increasing.”™ The early stage of limited HCC lacks obvious
symptoms, while the clinical manifestations of advanced HCC
include medium-sized liver and spleen, ascites, jaundice,
anorexia, accompanied by weight loss, and upper abdominal
discomfort and pain. HCC is highly aggressive and often
metastasizes in distant organs such as lung and stomach."”**
Most cases are found to be advanced, and the prognosis and
survival rate are extremely poor.”® Despite our improved
understanding of the pathogenesis and molecular level of HCC,
the differences in its etiology and genetic mutations have led to
poorer treatment outcomes.'*®* Nowadays, the rise of nano-
technology can provide new ideas and methods for the early
diagnosis and treatment of HCC.

Nanotechnology, mainly the modification of different
nanoparticles (NPs), has been widely used in biomedical
research, especially in oncology diagnostics.” NPs have many
irreplaceable advantages; its small diameter makes it easy for
the human body to metabolize; its large surface area allows it to
load therapeutic drugs, increase the duration of drug action,
improve the effect while reducing drug concentration and
mitigate drug side effects.”*>* Specific enrichment of NPs in
tumor tissues is a prerequisite for nondestructive in vivo tumor
diagnosis and targeted therapy. This is achieved by two main
mechanisms, passive targeting, which exploits the enhanced
penetration and retention (EPR) effect, and active targeting,
which involves loading nanomaterials with recognition ligands
for tumor marker molecules.>*?* Low toxicity and biocompat-
ible nanocarriers have also been the focus of research. For
example, a biodegradable copolymer polylactic acid-ethanolic
acid (PLGA), has been approved by FDA (Food and Drug
Administration, USA)/EMA (European Medicines Agency).> It
produces the same byproducts (H,O and CO,) as normal human
metabolism through ester bond hydrolysis of lactic and glycolic
acids.”” In addition, there are ultra-small size NPs with nano-
enzyme functions that have anti-inflammatory, antioxidant and
anti-tumor effects.”®

Although NPs-loaded drug therapy can increase its efficacy,
the effect of single treatment remains mediocre. Multimodal
diagnostics (using light, sound, heat, etc.) greatly improves the
diagnosis rate and treatment of tumors.**** Herein, this paper
reviews the progress of nanotechnology application for HCC in
recent years, which opens up new areas for early diagnosis,
improved efficacy and prolonged survival of HCC (Fig. 1).

2 Diagnosis

2.1 Imaging

2.1.1 Computed tomography (CT) and positron emission
tomography (PET). CT is a common imaging test for hepato-
cellular carcinoma.?***” Since the main source of blood supply
for hepatocellular carcinoma differs from that of normal liver
tissue, with the former being the hepatic artery and the latter
being mainly the portal vein, enhancement of the arterial phase
and fading of the delayed phase will occur in contrast imaging.
It has a sensitivity of about 80% and a specificity of over 90% for
the diagnosis of HCC.*®* Iodine compounds have a high X-ray
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Fig.1 Nanotechnology strategies for hepatocellular carcinoma.

absorption coefficient and are currently commonly used
contrast agents for CT. However, hypertonic iodine contrast
agents increase the burden on the kidneys when metabolized,
and a small number of patients are allergic to iodine contrast
agents.” It has been shown that the sensitivity and resolving
power of CT for HCC are related to the contrast concentration.*

In recent years, the advent of nano-CT contrast agent over-
comes the shortcomings of conventional contrast agents. Nano-
contrast agents are modified to make them persistent and
specific in imaging HCC. Kim et al. reported a polyethylene
glycol (PEG)-coated gold-based NPs (GNPs) with a diameter of
approximately 30 nm that had a long retention time in the
blood compared to iodine contrast agents. Moreover, because
gold has a higher absorption coefficient than iodine, the CT
contrast between normal liver tissue and tumor was improved 2-
fold after injection of GNPs in the tail vein of tumor-bearing

Fig. 2 CT images of rat HCC model after injection of GNPs Images
were obtained at (A) O h (before injection) and (B) 5 min, (C) 1 h, (D) 2 h,
(E) 4 h, and (F) 12 h after injection. Numbers in brackets are the HU
values of the hepatoma regions (left) and the surrounding normal liver
parenchyma (right). Reproduced with permission from ref. 38. Copy-
right American Chemical Society, 2007.
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rats** (Fig. 2). Based on the above study, Rand et al. used a layer-
by-layer coating method of polyelectrolytes to coat anionic
polyacrylic acid and cationic polypropylene amine hydrochlo-
ride on GNPs layer by layer to increase the affinity of GNPs with
cells and reduce their concentration at the time of use.*
Meanwhile, the application of spatial harmonic imaging (SHI)
to the images formed by X-ray scattering improved the accuracy
of detecting HCC cells down to several millimeters in diam-
eter.** For now, the cost of gold-based nanoparticles may be
higher than that of iodine-based contrast media, especially in
developing countries, which is difficult to apply. It is believed
that a balance between efficacy and price will be found in the
near future.

Micro-CT is a non-invasive imaging tool commonly used in
rodents. It helps us to perform preclinical experiments on
animal models.** A team of researchers used micro-CT on liver
cancer model mice to compare the effects of two alkaline earth
metal nanocontrast agents, Exitron nano 6000/12 000. These
two contrast agents target hepatic Kupffer cells and have the
advantage of high contrast and long duration (>4 h). In partic-
ular, the extended contrast of Exitron nano 12000 on the hepatic
vascular system enables semi-automatic segmentation of the
liver and tumor, providing a dynamic monitoring method for
quantitative estimation of HCC load.*® Encouragingly, Anton
et al. developed a completely non-toxic 2-3-5-triiodo-a-tocoph-
erol (a-tocopherol is vitamin E) contrast emulsion to achieve

Fig. 3 Micro-CT imaging of tumor-bearing mice after intrahepatic
injection of a-tocopherol nanoemulsion and the pictures report
maximum intensity projection of transverse section, sagittal and
coronal section of the liver, for 0, 3, 7, 10, 15, 17, 21 and 24 days after
injection of the cells and iodinated nano-emulsions as contrast agent.
At DO, are indicated in the figure the localizations of the stomach (st),
liver (li), lung (lu) and kidney (k). Insets show details with colored filters
that guide the eye to differentiate the vascularization (in red), cell
injection cavity (in blue),and tumor (in green), completed by arrows in
the other views. Yellow arrows point out the hyper-contrast zones that
appear during the tumor growth. The bottom part, at D24, shows
transverse sections of tumor for different depths, emphasizing the
different tumor nodules with green arrows.
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quantification of micro HCC detection and volume and to stay
in the liver for 3 months.*® (Fig. 3) In addition, a labeled human
serum albumin microspheres (HSAM) was used for imaging and
became effective after 2 h and remained stable in the liver after
72 hY

PET uses positron nuclide labeling of body metabolites such
as glucose as the imaging agent and reflects metabolic changes
through the uptake of the imaging agent by the lesion, thereby
detecting microscopic tumors and invasive metastases of
tumors and providing a high spatial resolution.”® PET is
a second-line option for HCC diagnosis.***® Some research
teams have modified liposomes (LPs) and radionuclides at the
nanoscale to target imaging ligands to diseased tissues or
organs using their specific targeting effects, thereby increasing
the image signal/contrast of the target tissue at lower concen-
trations.” Unfortunately, there are few reports on the direct
application of these nanoscale modifications in the diagnosis of
HCC. The possible reason is that PET can play a greater
advantage in the diagnosis of distant metastasis of tumor.
Usually, it is difficult to recommend animal models of tumor
metastasis, which may be a direction for future research and
development.

2.1.2 Magnetic resonance imaging (MRI). MRI is not only
non-radioactive, but also more specific than CT in the diagnosis
of HCC."** However, the sensitivity and specificity of conven-
tional MRI diagnosis are still unsatisfactory. Gadolinium
diethylenetriamine pentaacetic acid (Gd DTPA) is a commonly
used contrast agent in clinical practice, but it has a short half-
life in the blood and lacks specificity for the target tissue. In

Lesion 1 Aol

Fig.4 Histological validation of MRl lesion detection. T1-weighted MR
images (liver region), of HBV-Tg transgenic mice 20 min after the
injection of Mn-Apo (A) and Gd-BOPTA (B), respectively. Lesions 1 and
2 were easily detectable only after Mn-Apo administration. However,
lesions 3 and 4 were detectable only after Gd-BOPTA injection. (C and
D) Expression pattern of SCARA5 in HBV-Tg. (C) Immunohistochem-
ical staining of lesion 1 showing low Mn-Apo uptake. SCARA5 was
observed only in some HCC cells. (D) Immunohistochemical staining
of lesion 3 showing higher Mn-Apo uptake. SCARA5 was present in
almost all cancer cells. Reproduced with permission from ref. 50.
Copyright John Wiley & Sons, Ltd, 2012.
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this regard, Chen et al. achieved longer retention and better
results in HCC imaging by assembling the contrast agent with
polylactic acid (PLA)-PEG in a nanocomplex.>

In addition to Gd-based contrast agents, Manganese may be
a potential metal to replace Gd. Researchers have developed an
Mn-based contrast agent encapsulated in apoferritin (Mn-Apo),
which exhibits different high and low T1 weighting signal
intensities due to its different proportions in hepatocytes and
HCC cells. In addition, further studies have shown that Mn-Apo
cellular uptake correlates with SCARA5 (an oncogenic molecule)
receptor expression, and using SCARA5 as a molecular marker
for HCC, other invisible lesions can be detected by Mn-Apo®*
(Fig. 4).

Moreover, manganese conjugated nanodiamond complexes
improve the interaction between paramagnetic ions and water
molecules, thus improving MRI vertical (T1) and horizontal
relaxation (T2).** 3,4-Dihydroxycinnamic acid-functionalized
superparamagnetic iron oxide nanoparticles (IONPs) are
biocompatible and can produce significant contrast enhance-
ment in T2 weighting.®® Nano bullets (Mn-DTPA-F-MSNs)
coupled with mesoporous silica nanoparticle (MSN) were able
to detect glutathione (GSH) along with the enhancement of
MRI.>

2.1.3 Fluorescence molecular imaging (FMI). More than
two-thirds of patients who have undergone hepatectomy for
HCC develop tumor recurrence after 5 years, and the possible
cause is often explained by complete resection of the tumor
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Fig. 5 REF image-guided cancer surgery of the orthotopic HCC
tumor-bearing mice. (A) Representative REFI of the mouse after the
laparotomy (left). After the REF image-guided cancer surgery, the
mouse and the resected tumor were also imaged for REFI (right). (B)
Representative fluorescent images of the mouse before and after the
tumor resection. (C) Comparison of SNR of REFI and FMI. (D) and (E)
REFI and FMI of all the organs and the orthotopic HCC. (F) and (G)
Representative REF and FM image of the mouse liver, respectively. (H)
Comparison of quantification of SNR of REFI and FMI of the mouse
liver. (1) Photograph and REF image of the mouse liver after the tumor
second resection, respectively. (J) and (K) H&GE of the orthotopic HCC
and surgical margin, respectively. Reproduced with permission from
ref. 61. Copyright Elsevier Inc, 2017.
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Fig. 6 Fluorescence images of HepG2 cells after incubating with
appropriate medium containing Cdots for different time ((A) 3 min, (B)
10 min, (C) 15 min, (D) 1 h, (E) 24 h). (F) Relative pixel intensity of the
corresponding fluorescence images (the pixel intensity from HepG2
cells incubated with Cdots for 24 h was defined as 1.0).

lesion.”® The FMI-guided surgery helped the surgeon preserve
a greater degree of normal liver tissue and remove the tumor
lesion intact.>**® A commonly used fluorescent probe in clinical
practice is indocyanine green (ICG), which aggregates in HCC
tissue and emits near-infrared light upon activation.®
Currently, the two main limitations of ICG fluorescence
imaging in HCC surgery are the limited depth of tissue pene-
tration (<10 mm) and the false positive rate (45%).°** To over-
come these shortcomings, the nano-flower particles formed by
the combination of SiO, coated Au and antibody have stronger
tissue penetration and luminescence properties.”® A novel
europium oxide nanoparticle mediate fluorescent images from
emissive drugs and detect even ultra-small tumors below 1
mm.* (Fig. 5) Cdots developer rapidly penetrate the membrane
of HCC cells and maintain its position for 24 h, emitting
a bright green fluorescence different from that of normal
hepatocytes® (Fig. 6).

Recent studies have found that viscosity maintains one of
the parameters of microenvironmental homeostasis in organ-
isms, and its abnormal changes can lead to the development of
many diseases, such as tumors and diabetes.®” In response to
the significantly higher viscosity in hepatocellular carcinoma
cells, Li et al. developed a fluorescent probe specific for hepa-
tocytes (HT-V) that not only allows bioimaging but also sensi-
tively detects differences in viscosity for in vivo diagnosis of
HCC.*®

Furthermore, Surface-Enhanced Raman scattering (SERS)
has been reported to be more sensitive and photostable than
fluorescence imaging. The ability of Raman imaging of SERS
NPs to detect HCC is more accurate and stable than that of
ICG.*”

2.1.4 Multimodal imaging. Both CT and MRI have limita-
tions in diagnosing swelling, such as penetration depth and
specificity.” Nanotechnology-based multimodal imaging
combines the advantages of two or more imaging modalities to
compensate for the shortcomings of a single imaging modality,
providing a more accurate method for the diagnosis of HCC.”»”*
Folic acid (FA) combined with Gd functionalization to form
nanodroplets (Gd-NDs-FA) accumulate within the tumor area

RSC Adv, 2022, 12, 31068-31082 | 31071
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and exhibit intense ultrasound (US) and MRI signal enhance-
ment.” A novel nanoprobe formed by HCC-targeting peptide,
NIR dye and Gd chelation with enhanced fluorescence and MRI
dual-mode imaging for intraoperative detection of lesions
smaller than 1 mm.” Similarly, a rare-earth-doped NPs (dRE-
s@Lips) has the same function.” Cationic straight-chain starch
(CA) and superparamagnetic iron oxide (SPIO) NPs modified to
form nanospheres and loaded with small interfering RNA
(siRNA) exhibited both good fluorescence and magnetic reso-
nance imaging properties as well as inhibition of HCC growth.”®
In addition, a multifunctional PEG-Ta,Os@CusS nanoprobe was
designed to enhance gemstone spectral computer tomography
(GSCT) and photoacoustic (PA) imaging while allowing ablation
of HCC.”

Ultrasonography is a routine tool for HCC screening, and
unfortunately, the use of NPs in HCC ultrasonography has not
been reported compared to other imaging examinations.

2.2 Serum biomarkers

2.2.1 Alpha-fetoprotein (AFP). AFP is one of the most
commonly used markers for the diagnosis of HCC. Although
some studies have shown that less than 20% of HCC patients
have an AFP level of 400 ng mL ™", the combination of AFP
testing and imaging greatly improves the accuracy of diag-
nosis.”® In addition, AFP testing can help in managing the
treatment process and predict the prognosis of patients with
HCC.”* Traditional methods (e.g. enzyme-linked immunosor-
bent assay, ELISA) for the detection of AFP have disadvantages

Table 1 Different NPs in detecting AFP¢
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such as low sensitivity, complex and time-consuming operation,
and expensive equipment and consumables.®"*>

Over the past decade, a number of low cost, efficient and
rapid AFP assays based on nano-strategies have been
developed.®*** They usually use electrochemiluminescence
(ECL) and electrochemiluminescence immunoassays for the
detection and quantification of markers.**®” Metal nano-
particles, especially gold-based nanoparticles, are usually
hybridized with other nanomaterials to make biosensors for
detecting AFP. NPs assembled in nano-hydroxyapatite prepared
piezoelectric immunosensor for highly sensitive detection by
immunoreactivity.®® The combination of Fe;0,-Au and CdS-Au
NPs into a sandwich core ECL immunosensor has the advan-
tages of magnetic separation and the stability and biocompat-
ibility of Au, with a detection range of 0.0005 ~ 5.0 ng mL~".*
Organic NPs, such as carbon nanotubes, quantum dots, and
graphene, have applications in this area as well.***° Similarly,
other non-metallic nanoparticles (e.g. silica NPS) are also widely
used in the fabrication of biosensors.®* Herein, we have selected
some representative NPs to summarize (Table 1).

2.2.2 Glypican-3 (GPC3). GPC3 is a polysaccharide mole-
cule that is highly expressed in HCC.'” It can be released into
the serum and is an emerging serum marker for HCC diag-
nosis."**"* To improve its accuracy, the researchers developed
nano-luciferase with dual functionality to detect trace amounts
of GPC3 in serum."” In addition, attaching specific peptides to
gold nanoparticles can be used as a probe to detect GPC3
specificity."*®

Category Types of nanoprobe Detection method Ref.
Metal-based Ru-silica@Au CV and ECL 91
Ferrocenemonocarboxylic-HRP@Pt Multiple amplification immunoassay 92
Fe;0,-Au/Ab1/AFP/Ab2/CdS-Au ECL 89
Au Pt NPs\HRPNPs\NiHCF NPs ECL 84
GNMA LSPR/ilmmunoassay 93
Pd/APTES-M-CeO,-GS ECL 94
Multi-HAT-AuNP-Ab2 ELISA 95
Met-Au NCs ECL 96
GNTC LSPR/enzymatic precipitation 97
GNA LSPR/enzymatic precipitation 98
MIL-101(Cr) & CdSe QDs PEC 99
MoS2/Au NPs Love-mode SAW 100
GCE/3D-Cu-Flo.@AuNPs-Cys 3D-ECL 101
SnO, Nanotubes PEC 102
Organic GO-HRP Immunoassay 90
MWCNT Colorimetric and chemiluminescent assays 103
Multicolor QDs Immunoassay 104
Nanocomplexes Si NPs/SiC@Ag SERS 105
g-CsN,@TiO, NTs PEC 106
GCE/CNTs-gC3N, (Cu) ECL 107
ZIS 3D-AIO/PEC 108

“ CV: cyclic voltammetry; HRP: horseradish peroxidase; NiHCF: nickel hexacyanoferrate; LSPR: localized surface plasmon resonance; GNMA: gold
nano-m arrays; Pd/APTES-M-CeO,-GS: 3-aminopropyltriethoxysilane supported Pd octahedral nanoparticles; HAT: human alpha-thrombin; Met-Au
NCs: methionine-stabilized Au nanoclusters; GNTC: gold nano-truncated cone; GNA: gold nanodot array; PEC: photoelectrochemical; CNT: carbon
nanotube SAW: surface acoustic wave; Cu-Flo. NMs: copper-based nanosheet micromaterial; Cys: cysteine; GCE: glassy carbon electrode; ZIS:

ZnIn,S,; 3D-AIO: 3D printing all-in-one dual-modal immunoassay.
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2.2.3 Circulating tumor cells (CTCs). Metastatic spread of
tumors is usually reported from CTCs, which are shed from the
primary tumor through the hematologic route and colonize
distant tissues.”™ A large amount of predictive, disease
progression information for HCC can be obtained by detecting
CTCs in peripheral blood, providing reliable evidence for clin-
ical diagnosis and individualized treatment evaluation.'*®
Because CTCs are extremely rare in blood, the specificity and
accuracy of epithelial cell adhesion (EpCAM)-coated magnetic
bead isolation assays are often inadequate for clinical applica-
tions.'® Xia et al. modified Fe;O, nanobeads with small mole-
cule NIR fluorophore MLP and EpCAM antibody with dual-
mode selection and separation, which greatly improved the
capture efficiency and detection purity of CTCs"” (Fig. 7).
Similarly, a composite nanoparticle with Fe;O, magnetic cores
encapsulated in an anti-EpCAM-modified MIL-100 shell layer
can be automatically degraded by MIL in an acidic environ-
ment, resulting in high activity of the captured CTCs."'® Reas-
suringly, a dual-targeted functionalized reduced graphene oxide
membrane (DTFGF) detects as low as 5 HCC-CTCs in 1 mL of
blood sample.’™ It is foreseen that the application of nano-
technology in HCC-CTCs has this great potential.

3 Treatment

In patients with HCC, different tumor stages and patients' own
nutritional status require individualized treatment plans.
Clinically, the most commonly used staging system is the

MB-MLP-EpCAM

100 um BT 1,325095s

Fig. 7
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Barcelona Clinic Liver Cancer (BCLC) staging system, which
guides the selection of different treatment options based not
only on tumor growth and invasion, but also on liver function
and overall physiological status.***** In the early stages of HCC,
surgical resection, liver transplantation and ablation can be
used. In the intermediate stage, local treatments, such as
transarterial chemoembolization (TACE), are mainly used. In
the late stage, systemic systemic therapy such as targeted
therapy and immunotherapy are used. These treatments
improved the course of each stage of the disease and increased
the 5 year survival rate.*”'** Unfortunately, HCC is usually
diagnosed at an advanced stage and treatment outcomes
remain unsatisfactory. The treatment modalities and new drugs
are constantly being explored and improved, and the applica-
tion of nanotechnology has opened up a promising solution in
which nanoparticles are designed into targeted, highly efficient
regimens that provide personalized, precise treatment
modalities.

3.1 Thermal ablation and photothermal therapy (PTT)

Ablation technique is the preferred method to treat early stage
small HCC (especially <2 cm, single tumor), which is tumor
necrosis by thermal and chemical methods."* At present, two
thermal ablation techniques, radiofrequency ablation (RFA)
and microwave ablation (MWA), are more commonly used in
clinical practice.” The researchers focused on the improve-
ment of the thermal ablation probe to achieve better treatment
results. Shao et al. compared three nanoparticles CNT, Au and

CK19-FITC

T 1.519011s

(A) Fluorescent images of the CTC captured by MB-MLP-EpCAM from clinical blood samples of HCC patients. The red fluorescence

represents MB-MLP-EpCAM, and the green fluorescence represents CTC (CK19+) (B) the mouse fixation and imaging diagram. (C) Recognition
of MB-MLP-EpCAM for GFP transfected HepG2 cells in vivo at different time points. Reproduced with permission from ref. 3. Copyright

American Chemical Society, 2020.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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10 min after injection 18 hrs after injection

‘A) T2W

Fig. 8 Dual T1-T2 contrast variation after intra-tumoral injection. (A
and B) T2 weighted and (C and D) T1 weighted MR image (coronal
section) of subcutaneous tumor after intratumoral nCP: Fe injection.
(E) T2 weighted and (F) T1 weighted MRI of subcutaneous tumor (axial
sections) 10 min after intratumoral injection of nCP: Fe. (G) T2
weighted and (H) T1 weighted MRI of subcutaneous tumor (axial
sections) 18 hours after intratumoral injection of nCP: Fe. Sample
injected regions are shown in white dotted boxes.

Fe;0, as therapeutic probes for RFA. These probes have higher
heat transfer efficiency and lower maximum temperatures, with
a more uniform temperature distribution in the CNT."* A
single-phase calcium phosphate biomineral NPs for contrast
imaging under MRI to guide RFA.** (Fig. 8) In addition, in vivo
excitation of nano-hydroxyapatite solutions with high-intensity
ultrasound enhances thermal ablation and has a higher
biosafety profile."”® Recurrence after ablation therapy is also
a rather difficult problem."” Mannose-derived carbon dots
(Man-CDs) can effectively capture tumor-associated antigens
and other risk factors after MWA treatment, induce body-
specific immune responses, and maintain long-term immune
effects to inhibit HCC recurrence.™’

PTT is a recent technique to thermally ablate local tumors by
converting light energy into heat through photothermal
converters.”" For PTT treatment of HCC, selective uptake of
photothermal agents in liver tumor cells, photothermal
conversion efficiency and biosafety have been hot topics of
research. Metals and metal sulfides NPs are highly efficient
photothermal agents. Their biotoxicity is reduced by their

Fig. 9 All-in-one multimodal nanotherapy platform.
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encapsulation or modification. Graphene oxide (MGO) has
become a hot research topic due to its low biotoxicity, large
specific surface area and efficient photothermal conversion
efficiency. For example, encapsulation of gold nanorods
(AuNRs) inside graphene oxide NPs (NGO) or mesoporous silica
shells to form nanocapsules for improved safety and photo-
thermal conversion efficiency.”*>*** Similarly, Wen et al
successfully constructed an organic-inorganic hybrid nano-
material (MGO®@CD-CA-HA) by encapsulating B-cyclodextrin-
cholic acid-hyaluronic acid polymer (CD-CA-HA) on FeO-
MGO. It has high efficiency in photothermal conversion effi-
ciency along with multi-targeting for HCC."** Copper sulfide
wraps hollow spheres with membrane proteins from tumors
and macrophages, which can also be loaded with chemothera-
peutic agents inside, creating a multimodal treatment for
HCC.** There are also some metal oxides, etc. that have been
processed by bionic means and have shown the powerful ther-
apeutic potential of PTT. We have summarized the commonly
used photothermal agents and modifications.

3.2 Photodynamic therapy (PDT)

PDT is also a form of ablative treatment for HCC, which has the
advantages of less trauma, shorter treatment time, lower side
effects and higher repeatability.® PDT kills tumor cells,
destroys tumor blood vessels and stimulates activation of the
immune system through reactive oxygen species (ROS),
including superoxide anions and free radicals, produced by
light-activated photosensitizers (PSs).***'** Some conventional
PSs have many problems such as low ROS generation efficiency
and lack of targeting."’ The class of PSs includes organic PSs
(e.g. porphyrins), natural products, metal complexes, metal-
organic backbones (MOFs), and metal-based nanostructures.***
In addition, some researchers have modified PSs by FA or HA to
make tumor-targeting probes, thus further improving their
tumor specificity and water solubility.'** The nano-strategy
overcome the above disadvantages, and NPs target PSs
delivery to HCC cells through EPR effect, which also enhance
the effect of PDT."* Photo-sensitive sulfated zinc phthalocya-
nine loaded on nanoliposomes significantly enhances the

ICD induced by chemo-PDT

(A Antigen AN

*.|8!

MDSCs Tregs

DC mature
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accumulation in HCC cells.*** Similarly, Xu et al. developed
a light-triggered nanomicellular beam delivery platform loaded
with PSs and paclitaxel (PTX), which not only has the effect of
PDT with chemotherapy, but also synergizes with anti-PD-L1
antibody for immunotherapy.*** (Fig. 9) In addition, novel PSs
(PS-GNPs) formed by the combination of Pu-18-N-butylimide-
NMGA and chloroauric acid in a mouse model of hepatocel-
lular carcinoma showed upregulation of ROS-associated
apoptosis proteins and increased DNA fragmentation.*® From
polygalactose-co-cinnamaldehyde polyexcipients (PGCA) and
the photosensitizer pheophorbide A self-assembled into
PGCA®@PA NPs, the uptake of NPs by tumor cells was facilitated
by the expression of galactose receptors, while the combination
of the two enhanced the PDT.**”

3.3 TACE

TACE is a minimally invasive approach to treat unresectable
HCC. Chemotherapeutic agents and embolic agents are injec-
ted into the hepatic artery to reduce the blood supply to HCC
and induce necrosis. However, the efficacy of TACE is unsatis-
factory, and although drug-eluting beads (DEBs) are used, there
are still problems with its low response rate, as well as
chemotherapeutic drug escape and tumor drug resistance.****°
In response, Kong and his colleagues used Arsenic trioxide
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RSC Advances

(ATO) encapsulated in biocompatible PLGA for TACE with
strong tumor suppressive effects.* A novel binary progressive
micro- and nanostructured embolic microspheres were devel-
oped for application in TACE, which have good swelling prop-
erties and both tumor embolization and inhibition of tumor
angiogenesis."”> MnO,/vitraphen (BPD) nanocomposites as
embolic agents to promote tumor vascular endothelial cell
apoptosis and predict treatment efficacy by showing tumor
vascular density through multimodal imaging"*® (Fig. 10).
Furthermore, nanosized modifications of chemotherapeutic
or targeted drugs are also used directly for TACE treatment.
Nanosized PTX or sorafenib (SRF) not only improves the
chemotherapeutic effect, but also increases the safety without
introducing additional carriers."**'*> Wang et al. developed
magnetic liquid metal NPs (Fe@EGaln) loaded with calcium
alginate (CA) microspheres with CT/MR dual-mode imaging in
addition to embolization and drug coating functions.'® The
flexibility and multiple functionalization of this microsphere
provides a template for future development strategies.

3.4 Direct anti-HCC effect of NPs

From the current literature, some NPs act directly on tumor
cells to induce apoptosis. For example, direct treatment of HCC
with selenium NPs may act by regulating DNA methylation,
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Fig. 10 Vessel density imaging predicts embolization effect. (A) Experimental design. (B) Example of MR, PA, and FL images of hep-G2 tumors
presenting low and high vessel intensity. (C) Whole slice imaging of immunofluorescence. (D) Linear regression between vessel density and MR
signal enhancement. (E) Linear regression between vessel density and PA intensity enhancement. (F) Linear regression between vessel density
and FL intensity enhancement. Reproduced with permission from ref. **¢. Copyright American Chemical Society, 2020.
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where the molecular mechanisms include: (a) reduced the ratio
of 8-OHdG/2-dG production to avoid DNA damage caused by
oxidative stress, (b) upregulated the expression of two onco-
genes, Akr1b10 and ING3, and (c) significantly reduced the
expression of Foxpl gene.'” AgNPs promotes caspase-3
(signaling pathway is p53, AKT and MAPKs) to participate in
cell apoptosis through ROS generation.**®* Moreover, AgNPs also
reduce the protective effect of liver related biochemical indexes,
such as aspartate transaminase (AST) and gamma glutamyl-
transpeptidase (GGT).*® Nano PB-TCP not only induced
apoptosis through ROS, but also blocked the G0/G1 cell cycle of
HCC cells and interfered with the expression of cyclin.'*® Niu
et al., through bioinformatics analysis, found that nano-sio, can
up-regulate tumor cell-related death gene ZBP-1, which has
a killing effect on HCC cells.*** Other research teams have also
found that NPs such as AgO,, CeO, and CuO, have HCC-killing
effects, but their molecular mechanisms are not yet clear.'®

3.5 NPs for delivery of drugs

3.5.1 NPs for delivery of chemotherapeutic drugs. Different
chemotherapeutic drugs were modified with nanotechnology to
form functionalized NPs with stronger targeting and efficacy.
Doxorubicin (DOX) encapsulated in biological metal organic
frameworks (MOFs) is biologically low in toxicity and can be
precisely administered.’® In addition, nigella sativa oil and
DOX formed nanoemulsifiers with lower tumor-inhibiting
concentrations, mitigating DOX toxicities and providing
a reference for further oral administration.”* A polymeric
micelle capable of rapid mucus penetration and villi absorption

Table 2 Different NPs for delivery of chemotherapeutic drugs®

Chemotherapy drugs Types of NPs Ref.
DOX ZFH-DGR/DOX 163
CAP/GA-sHA-DOX 168
DOX/AL-azo/CH 169
TLS11a-LB@TATp-MSN/DOX 170
CAAP5G 171
DOX@Fe;0,-ZIF-8 172
PTX OPDEA-PCL 165
Poly(allylamine)-based amphiphile 173
5-FU Thiolated polymer-based nanocomposite 166
NEM-5-FULPs 174
CDDP Algal-mediated CuO 175
CDDP/OA-LCC 176
ATO ZrO, 177
Ceramide NGO-PEG-PEI 167

4 ZFH-DGR: Zn*'-coordinated Fmoc His-Asp-Gly-Arg peptide; CAP:
capsaicin; GA: glycyrrhetinic acid; HA: hyaluronic acid; AL-azo:
alginate-azo; CH: chitosan; TLS11a: HCC-specific aptamer; TATp: TAT
peptide; CAAP5: cystamine dihydrochloride (CA)-capped pillar[5]arene;
G: galactose derivative; OPDEA: poly[2-(N-oxide-N,N-diethylamino)ethyl
methacrylate]; PCL: poly(e-caprolactone); NEMs: nanoerythrocyte
membranes; OA: oleanolic acid; LCC: lipid-coated calcium carbonate;
PEL: polyethylenimine; Bcl-2, PI3K, Akt/PKB, and Stat-3 signaling
pathways to inhibit HCC progression."®® In addition, silver
nanocolloid delivery of betulinic acid (BA) and polymeric micelles
delivery of ursolic acid (UA) both increased the bioavailability of
natural drugs.'®'%
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allows effective delivery of PTX into HCC by oral administra-
tion."** A novel sulthydryl polymer-based nanocomposite loaded
with 5-fluorouracil (5-FU) reduces serum levels of liver enzymes
in addition to targeting of HCC.'*® Moreover, chemotherapeutic
drugs such as cisplatin (CDDP) and ceramide have been nano-
engineered.'®” Herein, our team summarize the commonly used
chemotherapeutic drug nanoparticles in recent years (Table 2).

3.5.2 NPs for delivery of molecularly targeted drugs.
Chemotherapeutic drugs are less effective and have more
pronounced toxic side effects in HCC, especially in mid-to late-
stage progressive HCC."”® Molecularly targeted drug therapy,
which is the first and second line of treatment, is commonly
used in clinical practice today. First-line drugs such as sorafenib
(SRF) and lenvatinib (LEN) are multiple receptor tyrosine kinase
inhibitors (TKIs) that can improve overall survival.'”®

However, their effects are limited by their side effects and
low bioavailability."® Peptide nanogels with stimulatory
response were developed for LEN delivery with good tumor
suppression effect and few side effects."®* LPs carrying SRF and
ganoderic acid are used as anti-HCC agents. They significantly
inhibit tumor growth and inflammatory factors, as well as
reduce liver enzyme levels."® Mn-doped silica NPs loaded with
SRF double deplete intracellular glutathione (GSH) and thus
disrupt redox homeostasis in HCC cells."® In addition, PEG
galactose-coupled nanosolid lipid-loaded SRF has better phar-
macokinetics and hepatic targeting.'®*

3.5.3 NPs for delivery of natural plant medicine. Natural
plant drugs are used for anti-HCC treatment because of their
low toxicity, but most of them have poor water solubility that
limits their wide application.”®® Curcumin (CU) is an anti-
inflammatory and anti-cancer natural polyphenolic plant
component with enhanced solubility and anti-cancer effects,
which was modified into nano vesicles by Abbas et al.**® Simi-
larly, CU mitochondrial delivery system based on polyamide
dendrimer molecules increase mitochondrial ROS levels and
induce apoptosis at lower doses.*® GA LPs interfere with various
signaling proteins involved in HCC pathogenesis, altering.

3.6 NPs for delivery of gene therapy

Gene therapy is a promising treatment for HCC, introducing
exogenous genes to correct or improve tumor symptoms. It
needs to be efficient, safe and specific.*** RNAI is a promising
gene silencing technology in HCC. The selective interaction
between NPs and cellular molecules is a promising pathway for
RNAi."> Extracellular vesicle (TDEV) membranes isolated from
hepatocellular carcinoma cells were mixed into lipid nano-
vacuoles (LEVs) as small interfering RNA (siRNA) vectors, which
have homing (into parental HCC cells) targeting ability and
exponential transfection efficiency to enhance their anti-tumor
ability by gene silencing at tumor loci.®® The PEG- and GA-
modified NGO adducts transporting siRNA have an effective
VEGFa gene silencing effect.’** Similarly, Wang et al. developed
a novel biodegradable cationic polymer based on disulfide
linkages loaded with small interfering VEGF RNA (siVEGF) with
anti-HCC angiogenic effects.'® Exosomes exogenously modified
as microRNA (miRNA) carriers regulate the expression of their
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downstream target genes to inhibit HCC cell proliferation and
migration.”® Furthermore, there are AuNPs, functionalized
SeNPs, dipeptide NPs, etc. transporting different miRNAs to
inhibit the corresponding downstream targets for HCC
inhibition."”*%°

3.7 NPs for immunotherapy

The use of immunotherapy in HCC has been a research point in
recent years, where several immune checkpoint inhibitors such
as Atezolizumab, Durvalumab and Nivolumab have been
approved for use by the FDA, which activates the autoimmune
system and allows immune cells to regain their killing power
against tumor cells.”**** Qiang et al. formed chimeras by CNT/
PEI and Durvalumab, which inhibited the expression of trigger
receptor-2 on myeloid cells (Trem2), prolonged Durvalumab
release, increased the proportion of T cells and CD8+ T cells,
and promoted apoptosis in HCC cells compared to Durvalumab
alone.” A novel nano-biomechanical probe was developed with
which researchers tested the dissociation kinetics of three
clinically approved PD-1 blocking monoclonal antibodies
(Nivolumab, Pembrolizumab and Camrelizumab) and found
a strong correlation between the three monoclonal antibodies
and objective remission rates for HCC treatment, which could
guide the screening, optimization and selection of therapeutic
antibodies.>**

Although the molecular mechanisms underlying chronic
liver disease associated with HCC are unclear, factors associ-
ated with it, including a tumor-associated macrophage (TAM)
and tumor microenvironment (TME), which are major factors
as well as potential therapeutic targets.””® A transferrin cell
membrane encapsulated with IR820-dihy-
droartemisinin can activate oxidative stress to promote PD-L1-
mediated immune checkpoint blockage (ICB), reshape the
tumor immune microenvironment, and achieve dual T cell
(CD4+ T and CD8+ T) activation, and IR820 molecules can also
generate ROS under ultrasound activation to achieve multiple,
precise anti-HCC effects.”*® In addition, a bicellular core-shell
nanoparticle (TCN), TAM-based immunotherapy in conjunction
with SRF, enhances m2-type TAM polarization for better
synergistic anti-tumor effects.>*”

Moreover, an encapsulated ngc gel vaccine with tumor-
specific neoantigens is used for the treatment and prevention
of HCC. It activates an increase in 41BB+ CD8+ T cells,
decreases the proportion of Foxp3+ CD25+ T cells, improves the
intrahepatic immune microenvironment, and enhances the
antitumor immune effect.”*®

nanovesicle

4 Summary and outlook

HCC is a serious threat to human health as a malignant tumor
of the digestive tract. Early diagnosis and effective treatment
have been the focus of research. The advent of nanotechnology
has brought promising modalities for the diagnosis and treat-
ment of HCC. This paper summarizes the application of
nanotechnology in these two aspects in recent years to provide
further directions for future development. NPs have been

© 2022 The Author(s). Published by the Royal Society of Chemistry
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extensively studied for HCC imaging applications. NPs-based
contrast imaging agents can be used at low concentrations to
enhance the contrast and resolution in CT/PET and MRI
imaging. In FMI imaging, especially intraoperative imaging, the
results of the study showed more accurate and stable results
than ICG, which is currently commonly used in clinical practice.
In addition, NPs have shown significant results in multimodal
imaging of HCC. NPs can sensitively detect AFP, GPC3 and
CTCs at low limits in serological marker tests, which can be
extremely helpful in the early diagnosis of HCC. In the treat-
ment of HCC, NPs can not only kill HCC cells directly, but also
act as chemotherapeutic agents, targeted drugs, gene therapy
and immune carriers for targeted delivery to HCC cells. In
addition, the improvement of embolic agents in TACE by
nanotechnology can improve their efficacy. Not only that, NPs
also treat HCC by PTT and PDT.

Although several NPs have been approved by the FDA for
clinical use, the safety of NPs has always been an inevitable
issue during their application in humans. The magnitude of
their toxicity during retention in the body, the process of
metabolism, and the rate of excretion need to be further studied
and demonstrated. In most of the references, the effectiveness
or activity of these materials is usually only studied, while the
toxicological properties have not been fully studied and inves-
tigated, and only short-term animal experiments have proved to
be relatively safe. While the toxicity of organic composite NPs is
generally considered negligible, the long-term toxicity of these
nanomaterials has never really been considered. In addition,
based on the existing literature, nanomaterials are stored at
room temperature for one week to one month, during which
there will be no precipitation, dissolution or precipitation, etc.,
so the formed NPs are considered to be relatively stable. In the
literature, the efficacy of NPs after a period of time is not
compromised. This is one of the reasons NPs have not entered
clinical trials.

In conclusion, nanotechnology has a promising future in the
diagnosis and treatment of HCC with great potential for
improvement. For the early diagnosis of HCC, a combination of
various methods (including imaging and serology, etc.) is
needed to improve the diagnostic accuracy and lay the foun-
dation for early treatment. In terms of treatment, multiple
treatment modalities can be combined to reduce toxicity to
normal hepatocytes, reduce drug resistance, and improve
survival. Recently, the development of efficient diagnosis and
treatment of integrated NPs is the direction of our efforts. The
study of molecular mechanisms of NPs in HCC treatment may
be the next step of effort.
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