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The incidence and mortality rates of liver cancer in China remain elevated.
Although early-stage liver cancer is amenable to surgical resection, a
significant proportion of patients are diagnosed at advanced stages. Currently,
in addition to surgical resection for hepatocellular carcinoma, the primary
treatment modalities predominantly include chemotherapy. The widespread
use of chemotherapy, which non-selectively targets both malignant and
healthy cells, often results in substantial immunosuppression. Simultaneously,
the accumulation of chemotherapeutic agents can readily induce drug
resistance upon reaching the physiological threshold, thereby diminishing the
efficacy of these treatments. Besides chemotherapy, there exist targeted therapy,
immunotherapy and other therapeutic approaches. Nevertheless, the
development of drug resistance remains an inevitable challenge. To address
these challenges, we turn to nanomedicine, an emerging and widely utilized
discipline that significantly influences medical imaging, antimicrobial strategies,
drug delivery systems, and other related areas. Stable and safe nanomaterials
serve as effective carriers for delivering anticancer drugs. They enhance the
precision of drug targeting, improve bioavailability, and minimize damage to
healthy cells. This review focuses on common nanomaterial carriers used in
hepatocellular carcinoma (HCC) treatment over the past five years. The following
is a summary of the three drugs: Sorafenib, Gefitinib, and lenvatinib. Each drug
employs distinct nanomaterial delivery systems, which result in varying levels of
biocavailability, drug release rates, and therapeutic efficacy.

nanomaterials, sorafenib, liver cancer, lenvatinib, gefitinib, targeted therapy

1 Introduction

Primary liver cancer ranks among the top five diseases in terms of mortality and the top
ten in terms of morbidity worldwide, with its incidence increasing annually (1). This type of
cancer primarily includes three pathological types: hepatocellular carcinoma (HCC),
intrahepatic cholangiocarcinoma (ICC), and mixed hepatocellular cholangiocarcinoma
(CHCC-CCA) (2). Notably, HCC constitutes approximately 90% of primary liver cancer
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cases (3) and is a leading cause of cancer-related deaths in China.
The etiology of hepatocellular carcinoma (HCC) is frequently
associated with infections caused by the hepatitis B virus (HBV)
and/or the hepatitis C virus (HCV), exposure to aflatoxins, and
alcoholic cirrhosis. (4-6). Furthermore, HCC may also arise in
individuals with non-alcoholic fatty liver disease (NAFLD), even in
the absence of cirrhosis (7).

Early screening for HCC poses several challenges. Currently,
abdominal ultrasound and serum alpha-fetoprotein (AFP) tests are
more commonly employed than magnetic resonance imaging
(MRI) and computed tomography (CT) due to their lower cost,
despite being less sensitive to lesions. Additionally, various
biomarkers such as AFP-L3, glypican-3 (GPC3), and midkine
(MDK) have proven valuable in the diagnosis of HCC (8).
Although the necessity of targeted therapy exists, the treatment of
liver cell carcinoma remains a continuous challenge. Most of the
clinical treatments in the first and second lines combine surgical
resection, immunotherapy (9) and targeted therapy. Furthermore,
there are additional treatment modalities available, including liver
transplantation (10), interventional therapy (2), such as
transarterial chemoembolization (TACE) (11), among others.
Regarding immunotherapy, vascular generating factors such as
vascular endothelial growth factor (VEGF) can inhibit the
adhesion of endothelial cells induced by cytokine and the induced
endometrial cells that cause endometriosis. Tumors utilize this state
to evade immunization. Thus, countering vascular generation is an
important part of immunotherapy (12). Commonly used immune
checkpoint inhibitors (ICI) include anti-programmed death
receptor -1 (PD-1) and anti-programmed death ligand 1 (PD-L1).
Immunotherapy frequently combines ICIs with targeted therapies,
such as tyrosine kinase inhibitors (TKIs) and VEGFR antagonists,
to effectively combat hepatocellular carcinoma (HCC).
Additionally, the integration of immunotherapy with
phototherapy has demonstrated promising outcomes (13). Not
everyone is suitable for immunotherapy, and the presence of
resistance to such treatments significantly limits their widespread
application. In the context of liver transplantation, challenges
including recipient availability and a shortage of donor livers have
hindered its large-scale implementation. However, it is anticipated
that advancements in 3D printing technology for liver tissue may be
achieved in the coming years. Perhaps in the next few years, certain
progress will be made in 3D printing of the liver. TACE therapy
involves inserting catheters into the blood supply arteries of the
tumor and injecting an appropriate amount of emboli at an
appropriate speed, resulting in the occlusion of arteries and
causing ischemia and necrosis of tumor tissue. Most embolic
agents and drugs are combined, simultaneously cutting oft the
tumor blood supply and enabling the carried drugs to function.
The traditional transarterial chemoembolization (cTACE) involves
the administration of a mixture of chemotherapeutic agents and
liquid lipiodol for embolization. The particle size of sigmal
oxidation may cause certain adverse reactions (embolism to
normal liver tissue, entering non-target organs, etc.). At the same
time, it will also mask the detection of arterial enhancement in
tumors and restrict the detection of residual tumors (14). Currently,
research has combined intelligent nanomaterials with TACE-
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related drugs, enabling local tumors to reach higher blood
concentrations while significantly reducing drug-related toxicity
and hepatic toxicity (14). In summary, the treatment of HCC is
still evolving, largely benefiting from advancements in
targeted therapies.

Currently, the principle of most targeted drugs used in clinical
settings involves inhibiting tumour cell proliferation by targeting
specific pathways and angiogenesis. Tumour cell proliferation is
intricately linked to metabolism, including nutrient transport and
oxygen supply (15), immune recognition factors such as tumour
mutation load (16), and the mitotic activity of endothelial cells in
capillaries. Tumour cells can promote endothelial cell proliferation,
which indirectly affects tumour growth rates. Therefore, tumour cell
growth largely depends on the activity of angiogenesis (17). Many of
the drugs currently used in clinical applications for liver cancer are
multi-targeted. Some of these drugs interfere with the growth cycle
of tumor cells. Others act on proteins produced by specific
mutations in liver cells.

For instance, sorafenib, a commonly used targeted agent, is
well-known for its dual mechanisms of action. Firstly, it inhibits
tumour cell proliferation by targeting Raf-1, B-Raf, and kinase
activity within the Ras/Raf/MEK/ERK signalling pathway.
Secondly, sorafenib impedes tumour angiogenesis by targeting
platelet-derived growth factor receptor (PDGFR-f) and vascular
endothelial growth factor receptor (VEGFR)2, among other
proteins. This dual mechanism is not unique to sorafenib;
lenvatinib and gefitinib also operate on similar principles (Figure 1).

However, targeted drugs are not a panacea. The most common
issues are acquired antiangiogenic drug (AAD) resistance and
multi-drug resistance (MDR). AAD resistance is variable, as the
same tumor may exhibit different microenvironments in distinct
locations. MDR refers to the capacity of cancer cells to withstand
anticancer agents and can be classified as either primary or
acquired. Primary MDR occurs when cancer cells are inherently
resistant to a drug. Tumor tissues may contain hundreds or
thousands of mutations, and multi-targeting drugs only affect a
subset of tumor cells. Consequently, the remaining tumor cells,
which lack the target of the drug, proliferate and develop resistance.
As the volume of the tumor increases, so does the proportion of
drug-resistant cancer cells. Consequently, administering the target
drug earlier reduces the likelihood of resistance and enhances
therapeutic efficacy. However, most liver cancers are diagnosed at
middle to late stages, complicating early intervention. Acquired
resistance occurs when cancer cells initially respond to the drug but
gradually develop resistance over time and with increased
dosage (18).

Multiple factors influence the development of acquired
resistance mechanisms. These include the expression of
proto-oncogenes and oncogenes, alterations in the tumor
microenvironment, drug malabsorption, rapid metabolism leading
to lower serum concentrations, changes in T-cell counts, and
interactions among cancer cells and between cancer cells and host
mesenchymal stromal cells (19, 20). The larger the volume of the
tumor, the greater the proportion of drug-resistant cancer cells.
Consequently, administering the target drug at an earlier stage
reduces the likelihood of resistance and improves therapeutic
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Schematic diagram of the mechanism of action of targeted agents: sorafenib, lenvatinib, gefitinib.

outcomes. However, most liver cancers are diagnosed at advanced
stages, complicating treatment efficacy. Recent advances in
multidrug resistance (MDR) research offer promising insights.
For instance, N6-methyladenosine (m6A) RNA modification, a
reversible process, can regulate the expression of tumor proteins
by modulating transporters, metabolic enzymes, and drug targets.
This regulation enhances tumor proliferation, growth, and
metastasis (21). Additionally, adipose tissue influences drug
resistance. Studies have shown that hepatocellular carcinoma
(HCC) in fatty livers exhibits more resistance to AAD-sensitive
treatments and increased hypoxia during anti-VEGF therapy
compared to non-fatty livers (22). To mitigate the emergence of
drug resistance and to enhance the efficacy of treatments eftectively,
many contemporary studies focus on the combination of targeted
drugs with various classes of nanomaterials. This approach
leverages the targeting capabilities of nanoparticles to deliver
therapeutic agents directly to the intended site, thereby
minimizing unnecessary loss of efficacy and extending the
duration of slow drug release. Additionally, this strategy enhances
both the stability and bioavailability of the drug while
simultaneously reducing side effects.

2 Current status of targeted agents in
hepatocellular carcinoma

Historically, sorafenib was the cornerstone of hepatocellular
carcinoma (HCC) treatment. However, in recent years, drugs such
as lenvatinib and regorafenib have achieved considerable clinical
success. More recently, the advent of immune checkpoint inhibitors

Frontiers in Immunology

(ICIs) has revolutionized HCC treatment. The combination of ICIs
with other ICIs, anti-angiogenic drugs, targeted therapies, and local-
regional treatments has significantly improved the survival rates of
HCC patients (3). A common clinical strategy involves the use of
anti-angiogenic drugs, targeted agents, and ICIs either alone or in
combination to combat HCC. Among the more frequently used
targeted agents are multi-targeted tyrosine kinase inhibitors (TKIs)
such as sorafenib, lenvatinib, regorafenib, and cabozantinib, as well as
the vascular endothelial growth factor receptor 2 (VEGFR2) inhibitor
ramucirumab. Commonly used ICIs include atezolizumab,
bevacizumab, ipilimumab, nivolumab, and pembrolizumab (Table 1).

The clinical selection of drugs for hepatocellular carcinoma
(HCC) is generally based on liver function grading and liver
staging. The combination of various drugs can lead to a range of
adverse effects. For instance, tyrosine kinase inhibitors (TKIs) are
frequently associated with hypertension, hand-foot skin reactions,
and diarrhea. In contrast, anti-angiogenic monoclonal antibodies
often result in hyperproteinuria, hypertension, and hemorrhage.
Immune checkpoint inhibitors (ICIs) often lead to immune-related
adverse effects, predominantly characterized by elevated transaminase
levels (39-41). For patients with advanced HCC, regorafenib
may be the preferred option for those with refractory disease.
Sorafenib and lenvatinib are recommended when immunotherapy
is contraindicated or poses a higher risk of toxic effects. Additionally,
regorafenib, cabozantinib, and ramucirumab have shown better
efficacy in populations with an alpha-fetoprotein (AFP) level of 400
or higher (42). The use of these targeted agents has proven effective in
improving both overall survival and relapse-free survival in patients.

The development of drug resistance remains a significant
challenge in the treatment of hepatocellular carcinoma (HCC),
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TABLE 1 Clinical trials of some common targeted agents.

10.3389/fimmu.2025.1496498

Applied drug principles Applied drug name Clinical Data Number (CDN) Reference

Sorafenib: Inhibitors of various protein kinases (serine- Sorafenib/lenvatenib Phaselll NCT01761266 (23)

threonine kinase Raf-1, tyrosine kinases, VEGFR and PDGFR)

Lenvatinib: Antiangiogenic, oral multikinase inhibitors

(targeting VEGFR1-3, FGFR1-4, PDGFR-0, RET, KIT)

Inhibitors of protein kinases (serine-threonine kinase Raf-1, Sorafenib/Atezolizumab IMbravel50 NCT03434379 (24)

tyrosine kinases, VEGFR and PDGFR)/PD-L1 plus bevacizumab

Inhibitors of protein kinases (serine-threonine kinase Raf-1, Sorafenib+ Nivolumab+ Ipilimumab CheckMate040 NCT01658878. (25)

tyrosine kinases, VEGFR and PDGFR) + PD-1 + CTLA-

4 inhibitors

Inhibitors of protein kinases (serine-threonine kinase Raf-1, Sorafenib+ Nivolumab Phaselll NCT02576509 (26)

tyrosine kinases, VEGFR and PDGFR) + PD-1

Inhibition of tumour cell production as well as apoptosis Sorafenib Phaselll NCT00692770 (27)

Tyrosine kinase inhibitors (VEGFR, MET, RET) Atezolizumab+ Phaselll NCT04338269 (28)
cabozantinib/cabozantinib

Tyrosine kinase inhibitor (VEGFR, MET, AXL) Cabozantinib Phaselll NCT01908426 (29)

Tyrosine kinase inhibitor (VEGFR, FGFR, RET) lenvatinib Phaselll NCT03905967 (30)

Tyrosine kinase inhibitor (VEGFR, FGFR, RET) +PD-1 lenvatinib+ toripalimab gemcitabine + Phasell NCT03951597 (31)
oxaliplatin (GEMOX)

Tyrosine kinase inhibitor (VEGFR, FGFR, RET) +PD-1 Lenvatinib+pembrolizumab/Lenvatinib Phaselll NCT03713593 (32)

Tyrosine kinase inhibitor (VEGFR, FGFR, RET) +PD-1 lenvatinib+ sintilimab/pembrolizumab/ Phasell ChiCTR1900023914 (33)
toripalimab/tislelizumab

Regorafenib: multikinase inhibitor (VEGFR, EGFR, FLT3) Regorafenib+ Sorafenib Phaselll NCT01774344 (34)

Sorafenib: Inhibitors of protein kinases (serine-threonine

kinase Raf-1, tyrosine kinases, VEGFR and PDGFR)

Regorafenib: multikinase inhibitor (VEGFR, EGFR, FLT3) Regorafenib+ Sorafenib Phasell NCT01774344 (35)

Sorafenib: Inhibitors of protein kinases (serine-threonine

kinase Raf-1, tyrosine kinases, VEGFR and PDGFR)

Regorafenib: multikinase inhibitor (VEGFR, EGFR, FLT3) Regorafenib+ Nivolumab REGONIVO Phasel NCT 03406871+ (36)

Lenvatinib: Tyrosine kinase inhibitor (VEGFR, FGFR, RET) (REGONIVO)/Lenvatinib+ RENPEM Phasell NCT 03609359
Pembrolizumab (LENPEM)

Regorafenib multikinase inhibitor (VEGFR, EGFR, FLT3) Regorafenib Phaselll NCT01774344 (37)

Tyrosine kinase inhibitor (EGFR, PDGFR-f, FGFR,KIT, Gefitinib+ cisplatin+ Docetaxel Phaselll UMIN000000539 (38)

RET, RAF)

Tyrosine kinase inhibitor (EGFR, PDGFR-f, FGFR,KIT, Gefitinib+ Dacomitinib Phaselll NCT01774721 (39)

RET, RAF)

necessitating the use of two- or three-drug combinations to enhance
therapeutic efficacy and improve patient survival. A major
contributing factor to drug resistance in HCC is hypoxia, which
influences the effectiveness of drugs like sorafenib by modulating
hypoxia-inducible factors (HIFs) and glucose transporters (GLUTs)
within metabolic pathways such as glycolysis (43). Despite these
strategies, there is currently no effective solution to completely
counteract the resistance associated with any single targeted drug.
In recent years, nanomaterials have garnered significant attention
due to their diverse applications and unique properties.
Notably, their excellent physical and chemical characteristics,
biocompatibility, and ease of preparation and functionalization
make them highly suitable for various biomedical applications.
One promising area of research involves using nanoparticles as
carriers to deliver drugs, aiming to overcome drug resistance. This

Frontiers in Immunology

approach has shown considerable progress in recent studies.
Additionally, surface modification and functionalization of
nanomaterials can mitigate potential toxic effects, enhance the
stability of nanoparticles in vivo, and improve their cell-labeling
capabilities (44).

3 Several common nanomaterials
for HCC

The liver functions as the metabolic hub of the organism,
significantly influencing the pharmacokinetics of many orally
administered drugs and intravenously delivered nanomedicines
through processes such as de novo lipogenesis (DNL) (45) and
metabolism (46). These processes are intrinsically linked to the
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livers diverse activities. The livers capacity to catalyze drugs and
facilitate oxidation, reduction, hydrolysis, and conjugation reactions
enables it to intercept and detoxify harmful chemicals, resulting in
the accumulation and eventual metabolism of drugs within the liver
(47). However, this can hinder some drugs from reaching their
optimal sites of action, thereby reducing bioavailability, therapeutic
efficacy, and potentially causing hepatotoxicity.

Nanoparticles offer a promising alternative, as they can be more
effectively concentrated in tumor areas compared to conventional
materials. The liver can uptake nanoparticles through the
reticuloendothelial phagocytosis system, which involves Kupffer
cells and the deposition of nanoparticles facilitated by the
heterogeneity of plasma proteins (2). Different nanomaterials,
characterized by their unique structures and compositions
(Figure 2), play varied roles and have been extensively utilized as
carriers in drug delivery systems (DDS). Notably, liposomal
nanomaterials (48, 49), silica nanomaterials (50, 51), and
graphene nanomaterials (52, 53) are among the most commonly
used in applications targeting the liver and hepatocellular
carcinoma (HCC).

FIGURE 2
Sketch of several commonly used nanomaterials.
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Despite their potential, nanomaterials are not without limitations.
Key challenges in their application include toxicity, target specificity,
local drug concentration, unstable drug release rates, and low
bioavailability. For instance, some nanoparticles may disintegrate
during transport to the target site, resulting in drug loss and
diminished efficacy. A summary of common nanomaterials and their
characteristics is provided in Table 2. Currently, the majority of research
on nanomaterials is concentrated on PEG-based nanomaterials and
lipid nanoparticle (LNP) formulations. Different types of nanomaterials
exhibit a wide range of applications. However, at present, the majority of
experiments are concentrated on animal studies, resulting in a
deficiency of pertinent data from human trials. Nevertheless, it is
undeniable that the potential applications of nanomaterials remain
extensive, particularly in the context of targeted therapy for liver cancer.

3.1 Liposomal nanoparticles

Liposomes, which are nanoscale hollow structures composed of
lipid bilayers, can exist as either monolayers or multilayers. These
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TABLE 2 Comparison of the characteristics and properties of several common nanomaterials.

10.3389/fimmu.2025.1496498

Nanomaterials Advantages Properties/encapsulated Reference
drugs
Copolymer It accumulates in the liver, enhances drug loading, improves the stability Hydrophobic, suitable for encapsulating | (54, 55)
nanoparticles (PNP) of volatile drugs, and facilitates the slow release of free drugs. It also has lipophilic drugs
FDA approval.
Polyethylene glycol Inhibiting serum protein adsorption on nanoparticle surfaces effectively Can be loaded with lipophilic and (55-57)
(PEG) nanoparticles increased drug accumulation at the target site. hydrophilic drugs
Liposome (LNP) nanoparticles It primarily resides in tissues and organs like the liver, kidneys, and Hydrophilic drugs can be encapsulated (55, 57, 58)
bones, prolonging drug action by inhibiting surface interactions. This within and lipophilic drugs can be
enhances the efficiency of oncology drug therapy, offering good stability, encapsulated in lipid bilayers.
biocompatibility, high drug loading, and ease of preparation, while
reducing side effects.
Magnetic nanomaterials It has immunomodulatory effects and can be manipulated in vitro, Its large surface area and high surface- (59, 60)
making it highly suitable for MRI. to-body ratio make it suitable for
separation in an applied magnetic field
and ideal for catalytic systems.
Carbon nanomaterials (CND) Excellent optical properties, effective water dispersion, low toxicity, and The small size and short residence time | (61)
high biocompatibility. in tumor tissue
Graphene/graphene oxide (GO) | High thermal conductivity, excellent chemical stability, and minimal Possess unique electronic and optical (62, 63)
nanoparticles scattering of massless charge carriers under ambient conditions. properties, exceptional charge carrier
mobility, and remarkable mechanical
strength, thermal stability, and
chemical stability.
Metal nanoparticles Good surface activity, high energy, low toxicity, can be excreted from Unique magnetic, optical, thermal, (64, 65)
the body catalytic and electrical properties

structures have gained significant attention for their applications in
intravenous drug delivery and cancer therapy, with several
formulations already approved by the FDA. Liposomal
nanoparticles can be categorized based on their diameter and
other characteristics into various types, including lipid nanodiscs,
small unilamellar vesicles (SUVs), large unilamellar vesicles
(LUVs), giant unilamellar vesicles (GUVs), multilayered vesicles
(MLVs), multivesicular vesicles (MVs), counter-ionic composite
lipid composites, and lipid nanoparticles. One of the key advantages
of liposomes is their low toxicity and antigenicity in humans.
Additionally, they can encapsulate both hydrophilic and
hydrophobic drugs within their lipid bilayers, thereby protecting
the drugs from antigenic degradation and enhancing drug
utilization (66).

Liposomes can be classified into different types, each with
distinct applications and encapsulation capabilities. For instance,
large unilamellar vesicles (LUVs) are often utilized in liposomal
formulations, while multilamellar vesicles (MLVs) offer enhanced
protection for their contents (67). Additionally, various classes of
liposomes are designed to encapsulate different types of drugs. Lipid
nanoparticles (LNPs), for example, can carry small molecule
chemotherapeutic drugs as well as mRNAs. When mRNAs are
loaded into LNPs, they are ideally protected during transport to the
target organ. Upon reaching the target site, the mRNAs are
delivered into the cytoplasm through endocytosis, where they are
subsequently translated into functional proteins (68). Zeng et al.
Blended cancer cell membranes with thermosensitive liposomes for
oxygen carriage and incorporated photosensitizers, near-infrared
light fuel, and common fluoride. Through surveillance, in
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combination with the enhanced permeability and retention (EPR)
effect on cancer and the active targeting of cancer cell membranes
towards cancer epithelial cells, they exploited the photothermal
effect and photodynamic effect to alleviate local hypoxia in HCC
while attaining optical imaging (69). The drawback of this prepared
complex is that its stability can merely be maintained for
approximately 3 days. This article primarily focuses on the
There
are also articles concentrating on enabling the synthetic nano-

efficacy of the nano complex “internally and externally”.

complex “self-reliance” to achieve the target effect. For instance,
SU et al,, encapsulated Sorafeni and ferrite-loose diseases Hemin
into a PH-sensitive liposomal liposome. When it reaches the acidic
tumor microenvironment (TME), the encapsulated Sorafini,
hemoglobin, and hemin are released, increasing the intracellular
FE2+ and - OH content, thereby enhancing the apoptotic capacity
(70). Researchers prepare composite nanoparticles for the treatment
of advanced HCC, but they cannot eliminate metastasis and other
similar tumor microenvironments, nor can they determine whether
the nano-complexes precisely target the TME of HCC. In terms of
drugs, most of the current LNPs are combined with paclitaxel and
other targeted drugs. Meanwhile, the efficacy of the drugs is utilized
to further generate antibody production (reduce the number of
blood vessels and inhibit endothelial cell proliferation) to suppress
the growth and metastasis of tumors (71).

The drug loading of liposomal contents primarily relies on the
transmembrane PH gradient, which is generated by an internal
acidic buffer or a dissociable salt that produces protons.
Consequently, the contents are predominantly weakly basic drugs.
Research has demonstrated that the incorporation of cholesterol or
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sphingolipids into liposomes can significantly influence the leakage
of their contents. Additionally, the permeability of liposomes is
more favorable for hydrophobic drugs while being less permeable to
hydrophilic drugs. One notable advantage of liposomes is that the
loading of their contents can be conducted independently of the
liposome manufacturing process. Furthermore, the drug properties
of the contents are dependent on drug concentration. This
dependency can be exploited by increasing the concentration of
the drug within the liposome beyond its solubility threshold,
thereby enhancing precipitation (72).

The delivery of liposomes to cancer cells typically relies on
passive targeting, which is based on the enhanced permeability and
retention (EPR) effect. This effect necessitates the presence of leaky
tumor vasculature. Paclitaxel, a chemotherapeutic agent, is
frequently combined with liposomes to enhance its therapeutic
efficacy. By leveraging the EPR effect, paclitaxel-loaded liposomes
can accumulate more effectively in tumor tissues. This combination
has been shown to prolong the survival of animal models by
exerting anti-angiogenic effects, such as reducing the number of
blood vessels and inhibiting endothelial cell proliferation, thereby
inhibiting tumor growth and metastasis (71).

3.2 Polymer nanoparticles

Most of PNP are colloidal molecules, which have been approved
by two FDAs: polylactide (PLA), poly(lactic acid-glycolic acid)
(PLGA), and natural polymers include combinations such as
chitosan, gel, and albumin. By altering the ratio of polylactic acid
(PLA) to polyglycolic acid (PGA) during the ring-opening
polymerization process, PLGA can be obtained in different forms
(73). PLGA is utilized as a carrier to prevent the loss of drugs and
antigens, and can control the delivery of drugs and antigens to
antigen-presenting cells to increase antigen uptake and enhance the
immune response (74). The hydrophobic semi-crystalline polyester
can be synthesized through ring-opening polymerization or direct
polymerization of the lactic acid monomer of biocompatible
materials. Its advantages are low toxicity and high biocompatibility
(75, 76). PNP can not only enhance the stability of volatile drugs but
also improve the sustained-release capacity of free drugs. PNP can act
stably as a carrier to carry hydrophobic drugs and continuously
release the drug at the target site. Most of the PNP applied in the
experiments can incorporate PEG to refine it and increase the
circulation time (55, 77).

Studies have designed polymer nanoparticles based on
nanometer-loading principle for nanomaterials. PLGA has
developed a new lactose-based shell, glycogen (GC) modified
nanoparticles (GC@NPs) to enhance the anti-tumor effect of
luminin (78). Tong et al. designed a PH-sensitive super-scorcin
nanoparticle based on a co-grafting channel for loading sorafini and
nuclear factor erythroid 2-related factor 2 (NRF2). The
combination of these two drugs induces reactive oxygen species
(ROS), iron overload, glutathione (GSH) consumption and
promotion of lipid peroxidation, etc., effectively overcoming drug
resistance and improving the anti-tumor effect (79). Reversible
drugs combined with resistance and targeting drugs are highly
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promising. Nano-materials can enhance synergy at targeted sites. In
recent years, research on polymer nanomaterials has focused more
on surface materials, such as LE et al. applying cell-penetrating
peptide and Aptamer dual-modified nanomagnetic materials (USila
NPs) (UA) and pyromine green (ICG) concentrated nano-drug
(USI NPs) on the surface, which can accumulate at the targeted site
for fluorescence detection; compared with drugs alone, it can
effectively delay tumor cell growth and achieve coordinated
treatment of HCC (80).

3.3 Silicon dioxide nanoparticles

The advantages of SINPs are evident, and there are numerous
applications in medicine. Firstly, although SiO, can cause silicosis,
lung fibrosis, and other diseases in peoples lives, SINPs can enter the
human body through various means such as inhalation, ingestion,
skin contact, and injection. The biocompatibility is high; however,
the disadvantage of SINPs is also conspicuous. It depends on the
molecular size and dose, and this nanomaterial is highly toxic.
Studies have indicated that SINPs can induce lung and liver
inflammation, endothelial cell necrosis, the proliferation of
alveolar epithelial cells, and are likely to cause pulmonary fibrosis,
liver fibrosis, or liver failure. Additionally, other toxic mechanisms
of SINPs remain unclear, but it is likely related to NP characteristics
(such as size and surface charge). Currently, a silicon-based
antioxidant nanoparticle (SIRNP) has been developed. As an ideal
oral drug delivery system (DDS), SIRNP not only possesses stable
nitrogen oxide free radicals but can also scavenge reactive oxygen
species (ROS), and can stabilize under acidic PH and enhance the
capacity of loading drugs (81-84).

Based on the characteristics of silicon nanoparticles, Li et al.
designed a solution to address the issue of clinical drug resistance
and proposed a drug delivery system composed of cisplatin, a
silicon dioxide shell, and a PEG-coated surface. Cells combine
with nuclear DNA to induce the fundamental principle of
apoptosis and utilize the action of “internalization and
externalization” to reduce the excretion of cisplatin in the cell,
thereby overcoming the role of acquired cisplatin resistance.
Additionally, the nanomaterial can also be used as a carrier for
loading drugs. When carrying HCC stem cell inhibitors, it reverses
internal resistance by inhibiting HCC stem cells (85). The article has
an extremely rigorous design of nanoparticles, focusing on
reversing drug resistance. Some silicon nanoparticles focus on
targeted cancer cells to carry drugs and inhibit HCC growth. The
chitosan-coated silicon nanoparticles are loaded into nano-
complexes therein. This nano-complex has excellent anti-cancer
ability, but compared to other nanoparticles, its cytotoxicity is
stronger (86).

3.4 Carbon nanotubes
CNT is a molecular graphite carbon tube that is currently

widely utilized in drug transportation. Most CNT will be
metabolized and eliminated within 24 hours after intravenous
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injection. CNT can be further refined into multi-wall nanotubes
(MWNTs) and single-wall nanotubes (SWNTs). Among them,
MWNTs are an attractive type of nano-material. Due to its high
stability, good flexibility, large surface area, high biocompatibility,
and the ability to improve the capacity of drugs. Compared with
other nanomaterials, SWNTs have the advantages of good cell
membrane penetration, strong drug-loading ability, long cycle
time, etc., which can enhance the efficiency of drug treatment
while not accumulating in the liver sinusoidal endothelial cells,
thereby helping to reduce toxicity. In addition, CNT co-pyrimidine-
based cytidine (CPG) agent has been reported as an effective CPG
carrier in neuroplastic tumors. CNT-CPG can combine with
glioma, trigger an immune response to inhibit the immune
response and inhibit the progression of the tumor (87-89).
Carbon nanotubes have been proven to have high apparent
diftusion coefficients and can rapidly and deeply penetrate into
the tissue, which is difficult for anti-cancer drugs to achieve (90).
CHEN et al. designed nanoparticles composed of a gold nanorod
core and a silicon dioxide shell, loading sorafeni nibini and the
antibiotic gene P53. When the nanoparticles reach the HCC tumor
area, the photothermal effect near infrared triggers the release of
Sorafenib, which plays a role in coordinating the tumor (91). The
article utilizes the rough surface of carbon nanoplastes to carry
drugs, resulting in a generally larger particle size of nanomaterials
(greater than 200nm). In addition, there are studies that employ the
sensitivity of Brucel, using the biosensor to detect liver cell
carcinoma (92).

3.5 Graphene nanoparticles

Graphene-based Materials (GBM), encompassing graphene
oxide (GO), reduced graphene oxides (RGO), and graphene
quantum dots (GQD), have emerged as ideal candidates for bone
tissue engineering due to their outstanding biocompatibility, which
facilitates cell adhesion and proliferation. The remarkable properties
of GQD, such as high water solubility, excellent light/PH stability,
and elevated reactive oxygen species (ROS) generation, are highly
favorable for its application in photodynamic therapy (PDT). The
delivery approaches of Graphene-Family Nanomaterials (GFN)
encompass oral administration, intravenous injection, and intra-
abdominal injection. GFN can accumulate and induce impairments
in tissues like the lung, liver, and spleen by traversing multiple
barriers, including the blood-brain barrier. Prolonged utilization of
GNF can give rise to adverse reactions, such as inflammatory
responses, cell necrosis, and DNA damage. Analogously,
the adverse effects of GFN are also associated with particle
concentration, size, and configuration (93-95). Based on the
fundamental characteristics of graphene nanomaterials, Wu et al.
devised a dual-targeted oxidized and reduced graphene membrane
capable of detecting HCC and its circulating tumor cells (CTCs)
that can detect HCC and its spread to the bloodstream. The
asialoglycoprotein receptor (ASGPR) can also target the epithelial
cell adhesion molecule (EPCAM), and the quenching agent and
polymer nanoparticles are modified on its surface. Compared with
traditional testing methods, the composite is more targeted and
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accurate, and is more suitable for the early diagnosis and treatment
of HCC (96).

3.6 Magnetic nanoparticles

Magnetic nanoparticles (MNPs) are composed of mixtures or
pure metals of metals and polymers. They are commonly utilized in
PTT, PDT, MRI, magnetic hyperthermia therapy (MHT), or
magnetic particle imaging (MPI). It is worthy of mention that
compared with MRI, MNPs can be targeted to the tissue site to
enhance the image contrast of the targeted tissue. In addition, the
nanoparticles that constitute MNP can be further functionalized,
and there will be numerous diverse applications. Another advantage
of MNPs is that the particles are ferromagnetic/ultra-paramagnetic,
which can perform magnetic manipulation in the external magnetic
field, thereby enabling them to act on the target site and improve
patient compliance. By using magnetic nanoparticles in the
drug delivery system, the therapeutic agent can be attached to
magnetic particles or nanoparticles, or it can be encapsulated
in magnetic particles or nanoparticles. Through the treatment of
the magnetic core and polymer or metal coating in the particles, it
acquires specific functions. Similar to other nanomaterials, the
chemical composition, size, shape, and magnetic behavior of
MNPs are also important criteria for determining its biomedical
application (55, 97, 98). In addition to removal of magnetic
nanoparticles, some studies are also used for magnetic therapy.
For example, NASRIN and others covered the radiation gold
(198au) on the surface of the nanometer particles of the
supercultivated iron (magnetite) nanometer to obtain the core
shell nanoparticles (SPION@AU). HCC tumor cells were killed
(99). But this method is large and inconvenient to control. GUO
and others developed a magnetic metal organic framework (MOF)
with homologous tumor cell coating, which can make the tumor
blood vessels normally and reduce immunosupply. IV (AS) to
regulate the abundance and activity of tumor infiltrating the
lymphocytes (TIL), and the coordinating PD-1 inhibitor will
provide an immunotherapy for HCC tumors (100).

3.7 Gold nanoparticles

Compared with other nanoparticles, metal nanoparticles
possess unique physicochemical characteristics such as magnetic,
optical, thermal, catalytic, and electrical properties. Metal
nanoparticles can not only activate the immune response or
improve targeted immune drugs to enhance the autoimmune
confrontation against tumors but also directly intoxicate the
tumor cells by mediating the reorganization of the extracellular
matrix. In addition, metal nanoparticles can also enhance the anti-
tumor effect by altering the tumor microenvironment (TME), such
as interacting with Toll-like receptors to initiate the inflammatory
polarization of macrophages. Subsequently, T cells can be activated
by macrophages or metal nanoparticles to achieve anti-tumor
cytotoxicity. Metal nanoparticles are often combined with
chemodynamic therapy (CDT), photodynamic therapy (PDT),
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photothermal therapy (PTT), and other applications to enhance the
anti-tumor effect.

As a precious metal, gold nanoparticles possess controllable
shapes and characteristics. Currently, GNP is fabricated as a
biosensor. The application of GNP in cancer treatment largely
depends on its ability to penetrate tumor tissue. A more
significant application is the combined use of GNP and PTT. In
tumor cells within the body, GNP can be converted into thermal
energy after near-infrared (NIR) laser exposure (700-1000
nanometers) in the biocontrol process, killing cancer cells and
reducing the number of tumors. Studies have confirmed that
smaller GNP (below 6nm) can be filtered through glomerular
filtration, thereby being excreted from the body, and ultra-small
gold nanoparticles can be completely cleared through the liver and
kidneys (65, 101, 102).

The clinical application of gold nanoparticles is not only in anti-
tumor therapy but also as a contrast agent. Sood et al. have designed
a nanometer oxide-gold core-shell structure, which can actively
target mitochondria through o-ketoglutarate. Under gamma rays,
reactive oxygen species (ROS) and cell debris can be increased,
significantly reducing the cell viability of liver cancer cells; it can
also be used as a contrast agent for magnetic resonance imaging
(MRI)/computed tomography (CT) (103). Wang et al. believe that
the radiation absorption efficiency of gold nanoparticles is reduced
and the surface area is limited, which has limited their application in
radiation chemotherapy. They used the gold-mesoporous silica
nanoparticles of the Janus structure prepared by the sol-gel
method to form the Janus structure of silica nanoparticles,
enabling its loading of doxorubicin and being PH-sensitive, and
modified with folic acid. This nano-complex not only shows the
effect of inhibiting the growth of HCC tumors but can also be used
for targeted computed tomography (CT) imaging in the diagnosis
of HCC (104).

4 Nanomaterials in several common
clinical drugs

Nanomaterials are increasingly recognized not only as
nanocarriers for drug delivery but also for their applications in
immunotherapy, chemodynamic therapy (CDT), photothermal
therapy (PTT), and photochemical therapy (PDT). These therapies
offer significant advantages over the use of nanomaterials solely as
carriers. Specifically, CDT, PTT, and PDT are selective in targeting
cancer cells, thereby minimizing damage to normal cells. The
principles and benefits of these therapies are detailed in the
following table (Table 3). For the purpose of drug selection, we
identified three agents that are frequently utilized in clinical
practice: sorafenib, lenvatinib, and gefitinib. According to the
guidelines for the diagnosis and treatment of primary liver
cancer, sorafenib is recognized as the earliest adopted first-line
therapeutic agent for hepatocellular carcinoma, Lenvatinib serves as
the first-line therapeutic option for patients with unresectable
dvanced hepatocellular carcinoma, primarily applies to
individuals with unresectable hepatocellular carcinoma who have

Frontiers in Immunology

10.3389/fimmu.2025.1496498

not previously undergone systemic therapy (122). Gefitinib, a
targeted therapy primarily utilized for non-small cell lung cancer,
functions as an epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitor. In the context of hepatocellular carcinoma, clinical
trials investigating the combination of gefitinib and lenvatinib have
demonstrated promising efficacy (123, 124). Consequently, we posit
that the application of gefitinib in hepatocellular carcinoma
warrants further investigation.

4.1 Sorafenib

Sorafenib, a multikinase inhibitor approved by the FDA for the
treatment of hepatocellular carcinoma (HCC), exerts its therapeutic
effects through multiple mechanisms. It inhibits the ERK-MEK-
ERK signaling pathway, thereby reducing tumor cell proliferation,
inducing apoptosis, and inhibiting angiogenesis by disrupting the
growth cycle of tumor cells. However, the extensive application of
Sorafenib can lead to significant challenges, including the
development of drug resistance and a range of adverse side
effects. Common side effects associated with Sorafenib include
fatigue, anorexia, diarrhea, skin reactions, and hypertension (125).

Based on the fundamental principles of Sorafenib inhibiting the
RAF/MAPK pathway, nanomaterials loaded with Sorafenib can
reach the HCC tumor site to enhance their drug efficacy, enhance
the targeting of tumor cells, and reduce cytotoxicity. Regarding the
tumor microenvironment, reverse resistance, etc. (Table 4),
currently, there is the first autonomous lipid-based nanocarrier
with autonomous therapy. Lipid nanoparticles (LNPs), such as
DPPA, can improve the tumor targeting ability with a strong
enhanced permeability and retention (EPR) effect, accumulate at
high concentrations in the tumor, exert the strong anti-angiogenesis
and anti-tumor formation effects of DPPA, reduce toxicity, and
increase biological utilization (133).

However, research has proved that Sorafenib does not merely
rely on inhibiting the RAF/MAPK pathway. For example, Tang
et al. analyzed the basic principles of Sorafenib and found that
although Sorafenib suppresses the RAF/MAPK signaling pathway,
it can activate the PI3K/AKT pathway. This indicates that there is
an interaction between the Mapk/ERK pathway and the PI3K/AKT
pathway. The potential compensation mechanism presented by the
PI3K/AKT pathway can cause Sorafenib resistance in HCC patients.
Secondly, the expression of the small nucleolar RNA host gene 3
(SNHG3) is related to the metastasis of HCC and induces the
epithelial-mesenchymal transition (EMT) through the miR-128/
CD151 level. In addition, knockout of SNHG16 can increase the
sensitivity of in vitro and HepG2 SR cells in vivo (134). Apart from
the above signal channel axes, Xu et al. discovered a circular RNA,
CircRNA-SORE. They raised HCC cells that had been resistant to
Sorafenib, silenced this RNA, and found that Sorafenib-induced
apoptosis increased. CircRNA-SORE can act as a microRNA
sponge to sequester miR-103A-2-5P and miR-660-3P,
competitively activating the Wnt/B-Catenin pathway to induce
drug resistance. CircRNA-SORE can be regulated by modulating
the N6-methyl adenosine (M6A) level in adenosine. When the M6A
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TABLE 3 Several novel therapies are common in clinical practice, many of which are now used in combination with nanomaterials.

Common Abbreviations Principles Advantages Reference
therapies
chemodynamic CDT The activation of the Fenton or Fenton-like It is highly selective and safe, unaffected by light (105-107)
therapy reaction within the tumor microenvironment or oxygen, advantageous in hypoxic tumor deep

facilitates the decomposition of endogenous H202,  tissues, and shows potential as a novel green

leading to the production of toxic hydroxyl treatment with significant clinical applications.

radicals (-OH). These hydroxyl radicals can

initiate chain reactions with surrounding organic

molecules, causing irreversible damage to DNA,

lipids, and proteins. This mechanism is

particularly useful for inducing cell death in cancer

cells, thereby contributing to effective

tumor ablation.
photothermal PTT Photothermal therapy (PTT) is an innovative PTT is advantageous for enhancing the efficiency (108-111)
therapy method for targeting and eliminating cancer cells of local light-based heating and tumor ablation,

through the use of photothermal agents (PTAs). potentially addressing the sterilization

These agents, which include carbon nanomaterials | shortcomings of other combined treatments. It is

and gold nanomaterials, are injected into the body | non-invasive, temporally controlled, and has

and directed towards the tumor site. Upon minimal side effects.

reaching the tumor, the PTAs are irradiated with

an external light source, typically near-infrared

light. This irradiation causes the PTAs to convert

light energy into heat energy, effectively destroying

the cancer cells in the targeted area.
photochemotherapy =~ PDT The use of a non-cytotoxic photosensitiser (PS) or = Photodynamic therapy (PDT) is a less invasive (108, 112-114)

its precursor, when irradiated at a specific treatment option that has been approved by the

wavelength, activates the photosensitising drug at FDA for various cancers, including obstructive

the lesion site. This activation triggers a oesophageal cancer, obstructive lung cancer, and

photochemical reaction that generates singlet gastric cancer. Unlike chemotherapy or

oxygen (102). The singlet oxygen initiates a chain | radiotherapy, PDT is associated with fewer side

reaction with surrounding organic molecules, effects and does not cause significant DNA

leading to irreversible damage to DNA, lipids, and = damage, thereby effectively reducing long-term

proteins. This mechanism can effectively target morbidity. Additionally, PDT does not interfere

cancer cells, although its efficacy is significantly with future treatment choices for residual or

limited and often ineffective in treating metastatic recurrent disease, making it a versatile option in

lesions. Furthermore, the overall efficiency of this cancer management.

approach is also influenced by the systemic anti-

cancer immune response of the body.”
immunotherapy Cancer immunotherapy has emerged from The FDA has approved it for hairy cell leukemia, (115-118)

extensive research into the mechanisms by which metastatic melanoma, and metastatic renal cancer,

tumors evade the immune system. By among other conditions. A more advanced system

manipulating these mechanisms, immunotherapy has been implemented for the first-line clinical

seeks to reactivate the anti-tumor immune treatment of cancer.

response and counteract the pathways that

facilitate tumor escape. The primary objective of

immunotherapy is to bolster the bodys natural

defenses to eradicate malignant cells. Various types

of immunotherapies have been developed,

including checkpoint inhibitors, lymphocyte-

activated cytokines, CAR T-cells and other cellular

therapies, agonistic antibodies targeting co-

stimulatory receptors, cancer vaccines, oncolytic

viruses, and bispecific antibodies.
sonodynamic SDT A therapy combining low-intensity ultrasound An excellent prospective therapeutic strategy (119-121)
therapy (US) with an acoustic sensitizer to target tumor offers good tissue penetration and precise

tissue and generate reactive oxygen species (ROS)
has emerged as a promising cancer treatment.

temporal and spatial control. SDT therapy, as a
minimally invasive tool, can replace antibiotic
therapy, reduce systemic toxicity, and decrease
bacterial resistance.

level rises, the stability of RNA increases, the level of CircRNA-
SORE rises, and the Sorafenib resistance is enhanced (135).
Experiments have demonstrated that nanomaterials can also
enhance fluorescent agents while reducing side effects such as
Sorafenib resistance. Zhou et al. designed a Prussian blue (PB)
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nanoparticle (NP). Prussian Blue has been approved by the US Food
and Drug Administration. It was combined with a 5.5-long and
short metal framework to form SP94-PB-SE-CY5.5 NP. This NP
can conduct dynamic monitoring to detect the targeting effect of
tumors, exhibit an excellent optical and thermal effect, and alleviate
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TABLE 4 Existing studies of nanomaterials used as carriers to deliver sorafenib.
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Compound Nanoparticle Modes of action Cellular experiment Animal experiment Reference
CNTs-SFN-MCs Carbon nanotubes | To address poor gastrointestinal The combination of CNTs-SFN Experiments with N-nitrosamine | (126)
(CNTs) absorption and low demonstrated enhanced cellular (DENA) -induced Wistar rats
bioavailability, CNTs-SFN-MCs uptake, bioavailability, and demonstrated that treatment
complexes were developed to anticancer activity compared to with the CNTs-SFN-MCs
enhance drug loading efficiency, sorafenib alone. However, cell complex led to greater AFP
thereby increasing the amount of | flow analyses (MTT) revealed reduction, preservation of
drug that reaches the target site that CNTs-SEN exhibited higher ~ normal liver histology, and
and counteracting toxicity than sorafenib alone. prevention of rare nodule
drug resistance. formation compared to
sorafenib alone.
Liposome- liposome Increased drug accumulation at The in vitro cytotoxicity of the Nanoparticle treatment in the (127)
containing the tumour site. complex against HepG2 and Bel- = H22 tumour-carrying mouse
nanoparticle 7402 cells was greater than that model resulted in a reduction in
complexes of sorafenib tumour volume compared to
sorafenib-only treatment.
PFH@LSLP Oxygen-saturated Sorafenib treatment activates the | PFH@LSLP showed sorafenib Fluorescent staining of tumour (128)
perfluorohexane CXCR4/SDF-1o. axis, concentration-dependent toxicity  sections for hypoxia and
(PFH) exacerbating hypoxia in HCC. to HepG2 cells in both hypoxic validated markers in the H22
This activation promotes tumor and normoxic conditions. tumour-carrying mouse model
progression, invasion, metastasis, showed that PFH@LSLP
and immunosuppression, enhances anti-tumour effects by
ultimately increasing resistance reducing hypoxic zones and
to sorafenib. increasing HIF-10. and CXCR4
expression in PDX
HCC tumours.
(Meo-PEG-S-S- PLGA A key regulator of sorafenib Enhanced induction of apoptosis ~ Healthy BALB/c mice and NSG (129)
PLGA-GO0-C14) sensitivity, CFL1, was identified, and inhibition of MHCC-97L (NOD/SCID/IL2RY null) mice
(siCFL1/Sor) primarily in relation to the hepatocellular carcinoma cell were tested, revealing that the
remodeling of the cytoskeleton line formation. complex most effectively
and cell motility. High CFL1 inhibited CFL1 expression and
expression enhances serine suppressed PDX tumor growth.
synthesis and metabolism, as well Additionally, in vivo serum
as the scavenging of sorafenib- assays detected only a small
induced excess reactive oxygen amount of toxic residue.
species (ROS). Consequently, this
leads to a diminished sensitivity
of hepatocellular carcinoma
(HCC) cells to sorafenib.
Ultrasmall lipid usLNPs MK-siRNA enhanced the By cellular experiments, it was The experiment was conducted (130)
nanoparticles sensitivity of HCC cells to SOR found that the fabricated usLNPs  using BALB/c nude mice as the
(usLNPs) in vitro, while SP94 served as an had no effect on major organs model organism. The
encapsulating SOR HCC-targeting peptide. usLNP after long-term treatment. implantation of the target
+ MK-siRNAs facilitated the delivery of MK- complex into these mice led to a
siRNA, SP94, and SOR to the significant downregulation of
target site, effectively eradicating alpha-fetoprotein (AFP) and
HCC at a low SOR dose through osteoblast-specific protein (OSP)
potent gene silencing and VEGF-1 expression within the
overcoming SOR resistance. tumor tissues. This
downregulation was instrumental
in reversing resistance to
sorafenib (SOR), thereby
effectively eradicating established
SOR-resistant hepatocellular
carcinoma (HCC) in the mice.
LFC-Sora/ PLGA-PEG Methadone, a metabolite of The combination of sorafenib Female BALB/c nude mice were (131)
Meta-NPs RU486 and a cancer metastasis and methadone exhibited used in this experiment, in which
preventive agent, targets the significant synergistic cytotoxicity =~ LFC-Sora/Meta-NPs had the
SDF-1/CXCR4 axis. When compared to monotherapy, with strongest inhibitory effect on
combined with sorafenib, it LFC-Sora/Meta-NPs treatment tumour growth.
enhances the delivery of both almost completely inhibiting
drugs to hepatocellular colony formation in HCC cell
carcinoma (HCC) cells by lines (HepG2, Huh7, and
specifically recognizing and SMMC-7721 cells).
binding to CXCR4. This
(Continued)
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TABLE 4 Continued

Compound Nanoparticle Modes of action

combination not only increases
cytotoxicity but also modulates
the Akt/ERK/p38 MAPK/caspase
signaling pathway. Consequently,
it inhibits cell proliferation and
suppresses potential resistance
to sorafenib.

PLGA

Curcumin polymer Curcumin has demonstrated the

nanoparticle ability to reverse multidrug
formulations resistance in cancer cells.
(NFC) However, its poor water

solubility poses a significant
challenge for its therapeutic

Cellular experiment

Experiments were performed
using Huh7 and MHCCLM3,
and MTT results showed that
nanocurcumin and/or sorafenib
led to increased apoptosis and
necrosis, with more necrosis
detected after the combination

10.3389/fimmu.2025.1496498

Animal experiment

Experiments with male thymus-
free BALB/c mice revealed that
tumours formed mainly in

the lungs

Reference

(132)

application. To address this issue,
the article explores the use of
nanofiber composites (NFC) to
enhance the solubility of
curcumin. Additionally, the
study investigates the combined
effect of curcumin and sorafenib
on hepatocellular carcinoma
(HCC) cells. This combination
not only induces apoptosis and
cell cycle arrest but also
synergistically down-regulates the
expression of matrix
metalloproteinase-9 (MMP9).
The down-regulation of MMP9
is mediated through the NF-xB/
p65 signaling pathway, which
contributes to the amelioration
of drug resistance in HCC cells.

the side effects of Sorafenib. Zhou carried out cell and mouse
experiments to confirm that this NP is safe in the body and has a
staining effect (136).

4.2 Lenvatinib

Lenvatinib is a third-generation anti-tumor angiogenesis
targeted drug, specifically a tyrosine kinase (RTK) inhibitor,
primarily used in patients with unresectable hepatocellular
carcinoma who have not received previous systemic therapy. This
drug not only inhibits the kinase activities of vascular endothelial
growth factor (VEGF) receptors VEGFRI1 (FLT1), VEGFR2 (KDR),
and VEGFR3 (FLT4), but also impedes pathological angiogenesis in
tumors, thereby aiding in the normalization of blood vessels and
inhibiting tumor growth and disease progression (137-139).
Notably, lenvatinib can inhibit hepatocellular carcinoma (HCC)
cancer stem-like cells through FGFR1-3 signaling pathways,
although it does not affect FGFR4 signaling (140). Over the past
decade, lenvatinib has supplanted sorafenib as the preferred
treatment. Furthermore, combination therapy with immune
checkpoint inhibitors (PD-1/PDL-1) is now the first-line
treatment for hepatocellular carcinoma, offering improved patient
survival and recurrence-free survival compared to sorafenib (141).
Lenvatinib is currently widely utilized in clinical settings; however,
its low drug utilization and limited efficacy as a monotherapy
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present challenges. Additionally, the administration of Lenvatinib
is associated with a range of adverse reactions, which further
complicate its clinical application. These adverse reactions include
hypertension, proteinuria, renal failure, and renal insufficiency.
Cardiac dysfunctions such as congestive heart failure, cardiogenic
shock, and cardiopulmonary failure have also been reported.
Hepatotoxicity is another concern, manifesting as increased blood
bilirubin, elevated levels of aspartate aminotransferase and alanine
aminotransferase, hypoalbuminemia, hepatic encephalopathy,
increased y-glutamyltransferase, and elevated blood alkaline
phosphatase. Furthermore, patients may experience arterial
thromboembolism, diarrhoea, and hypocalcaemia. These
complications underscore the need for improved therapeutic
strategies to enhance the efficacy and safety profile of Lenvatinib
in clinical practice (137, 142, 143).

Lenvatinib has been extensively studied for its role in modulating
signal transduction pathways, thereby directly or indirectly
influencing lenvatinib resistance. Wang et al. discovered that
elevated FZD10 expression promotes hepatic hematopoietic stem
cell expansion and lenvatinib resistance. This process is mediated by
METTL3-dependent N6-methyladenosine methylation of FZD10
messenger RNA, which enhances hepatic hematopoietic stem cell
self-renewal and metastasis through the activation of B-catenin and
YAP1. The activation of the FZD10-B-catenin/YAP1 axis in hepatic
stem cells is associated with poor prognosis, as it promotes self-
renewal, tumorigenicity, and metastasis. Additionally, the FZD10-3-
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catenin/c-Jun axis transcriptionally activates METTL3 expression,
establishing a positive feedback loop. Crucially, the FZD10/B-catenin/
c-Jun/MEK/ERK axis determines the response of hepatocellular
carcinoma (HCC) cells to lenvatinib treatment. Notably, treatment
of lenvatinib-resistant HCC with adenoviral or B-catenin inhibitors
targeting FZD10 has been shown to restore the lenvatinib response
(141). Numerous researchers have explored the conjugation of
lenvatinib with metal nanomaterials to enhance its drug utilization,
minimize toxic side effects, and increase its overall efficacy. Among
these, gold nanomaterials have shown significant promise. When
conjugated with lenvatinib, gold nanomaterials can serve dual
functions: they facilitate bioimaging and enable photothermal
therapy (PPT). This dual functionality is particularly advantageous
in cancer treatment, where it can be applied in various therapeutic
modalities such as immunotherapy, chemodynamic therapy,
photothermal therapy, and photochemotherapy.

The loading of nanomaterials is intended to enhance the
accumulation of drugs in targets and augment the utilization of
drugs; the drugs co-loaded simultaneously can also reverse drug
resistance. For instance, Qi et al. proposed a novel drug delivery
nanoparticle (CAL@PG) designed to enhance drug accumulation at
the target site and improve drug utilization, thereby counteracting
potential drug resistance. This nanoparticle encapsulates ultrasmall
copper sulfide nanocrystals (Cu2-xS NCs) and ultrasmall gold
nanoparticles (AuNPs) within galactosamine-conjugated poly
(lactic-co-glycolide) (PLGA). The unique properties of CAL@PG
allow it to exploit the tumor microenvironment (TME) and
facilitate the rapid release of lenvatinib at elevated temperatures
induced by the near-infrared II (NIR-II) photothermal effect of
Cu2-xS NCs. Furthermore, the elevated temperature, regenerated
hydrogen peroxide (H202), and lower PH characteristic of the
TME drive the reaction towards the production of toxic hydroxyl
radicals (-OH). This combination therapy not only significantly
enhances the efficacy of lenvatinib but also provides a versatile
delivery system for the drug, thereby enriching the nanoparticle-
enhanced multimodal synergistic treatment paradigm for
hepatocellular carcinoma (HCC) (144).

Lenvatinib, in addition to its application in hepatocellular
carcinoma (HCC), is also utilized for targeting cholangiocarcinoma
(CCA). Zhou et al. developed a novel delivery system by combining
polyethylene glycol (PEG) and the target molecule folic acid (FA)
with mesoporous silica nanoparticles (mSiO2) to load Lenvatinib and
bufalin (Le/Bu@mSiO2-FA). This innovative approach aims to
enhance the targeting of cholangiocarcinomas and offers a potential
strategy for reversing multidrug resistance. To validate their
hypothesis, Zhou et al. conducted experiments using a human
CCA cell line (9810 cells) and a CCA tumour-carrying mouse
model. The results demonstrated that Le/Bu@mSiO2-FA
significantly impaired CCA cell viability, migration, and invasion in
vitro, and inhibited tumour growth in vivo. Furthermore, biosafety
assessments revealed no obvious pathological changes in the heart,
liver, kidney, and other organs of the treated mice, indicating
minimal toxic side effects. These findings suggest that Le/Bu@
mSiO2-FA could be a promising therapeutic approach for CCA
with a favorable safety profile (145).
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4.3 Gefitinib

Geffitinib is a selective epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitor, and its target is EGFR. It can
not only compete for the EGFR-TK catalytic region MG-ATP
binding site to block its signal transmission, but also inhibit the
activation of filamented primary activated protein kinase, promote
apoptosis, and simultaneously inhibit the formation of tumor blood
vessels (146). Gefitinib is a third-line therapy drug for non-small
cell lung cancer (NSCLC) approved by the FDA. At the same time,
Gefitinib can also improve lung fibrosis (147). For patients with
non-small cell lung cancer who have failed chemotherapy with
platinum-containing regimens and DOCETAXEL, Gefitinib is often
used for the treatment of advanced liver cancer. Although gefitinib
is primarily utilized in the treatment of non-small cell lung cancer
(NSCLC) and cervical cancer, we posit that lenvatinib also holds
significant potential for application in liver cancer. The mechanisms
of action of targeted therapies exhibit considerable similarity
between NSCLC and hepatocellular carcinoma (HCC).
Furthermore, the nanomaterials employed for encapsulating these
targeted agents are largely analogous, predominantly consisting of
liposomal nanoparticles. Consequently, we contend that
experiments involving nanomaterial-mediated delivery of gefitinib
in NSCLC may also be applicable to HCC. Geffitinib is usually white
powder, which is slightly soluble under PH 1; its solubility drops
rapidly in the upper part of the stomach, especially at PH 4-6, and is
almost insoluble above PH 7. The degree of dissolution in gastric
juice weakens the onset, biological utilization and therapeutic
activity. The complications of Gefitinib are mainly adverse
reactions such as rash and liver damage (148). Currently,
Geffitinib faces significant clinical challenges in its application. If
patients use it for a long time, drug resistance will form, hindering
the efficacy of the drug. To overcome these difficulties and reduce
the drug toxicity of cancer-targeted drugs, researchers have made
good progress by combining Gefitinib with nanomaterials instead of
using Gefitinib alone.

To combat the resistance of Gefitinib, namely the activation of
the EGFR pathway axis, epithelial-interstitial mesenchymal cells,
and related influencing factors such as cytotetic cells are mostly
involved. Drugs or combined drugs are loaded in nanomaterials.
Compared with Gefitinib alone, this drug modality has a better
killing effect on tumor cells. At present, most of the research on
Gefitinib nanomaterials is focused on non-small cell lung cancer. It
cannot be denied that Gefitinib is also frequently used in the
treatment of advanced hepatocellular carcinoma. For instance, Liu
et al. enhanced cell autophagy-induced cells through the cell
autoclave to combat drug resistance. The downstream of the
EGFR signaling pathway can be used as a negative regulator in
the EGFR signaling pathway. Rapamycin and Gefitinib were
combined in shell polytanan nanoparticles (NPs), and anti-EGFR
chip doses were applied to design NPs and EGFR NP (NP-APT).
They fought together. And experiments were conducted in the
H1975 of the NSCLC cell line of Gefitinib-resistant drugs and
related mouse lung cancer models. It was found that Gefitinib and
Rapamycin were synergistic. The combination therapy significantly
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weakened the cell activity of H1975 and inhibited tumor growth.
Rapamycin has the therapeutic effect of Gefitinib in H1975 cells by
inducing autophagy (149). Exosome inhibitor, chloroquine, as an
inhibitor that can inhibit the formation of lysosomes, can overcome
the self-addiction of anti-drug cells. In recent years, it has also been
widely loaded in nanomaterials to combat drug resistance. Zhao
et al. believe that Gefitinib can promote the expression of autophagy
cell LC3, which is related to its acquisition of drug tolerance. They
have prepared chitosan nanoparticles (CS NPs) that can capture
Gefitinib and chloroquine to determine whether they have the
ability to enhance anti-tumor and overcome drug resistance. And
experiments were conducted in the HCC cell QGY cells and QGY/
Gefitinib cells (with established drug resistance), and the results
show that CSNPs greatly promote the absorption of Gefitinib and
enhance the toxicity of QGY/Gefitinib cells. Compared with the
control Gefitinib/CQ-NPs, it shows higher suppression rates and
apoptosis enhancement. If Gefitinib/CQ-NPs is successful, this
model is likely to apply to more drugs that can easily lead to the
acquisition of drug resistance, but whether it is applicable to other
experiments (150). In the same case, researchers such as Yu
combine the anticancer drug Gefitinib and SHRNA to express the
chitosan (CS) NP of the plasmid DNA. SHMDRI, as a gene
intervention technology, is a genetic intervention technology to
enhance the ability of SHRNA to resist DNA enzyme degradation
and effectively suppress MDR1 gene expression. The NPS
(SHMDRI1/GEFITINIB NPS) loaded with SHMDRI1 and Gefitinib
is prepared to achieve effective co-transportation of genes and
antitumor drugs to overcome the multi-drug resistance effect.
Gefitinib-resistant Hela cells (with established Gefitinib
resistance) were used to conduct MTT and Western blot
experiments for verification. The results indicated that NP
increased the intracellular accumulation of drugs and restored the
sensitivity of cells to the drug, thereby reversing MDR (151).
Currently, there is considerable controversy regarding Hela cells,
but this should not affect the experimental conclusion.

What interests me more is the research by Cecilia and others.
To break the kinase-targeted approach, researchers such as Cecilia
and others verify the effective targets of tumors that can be driven
by glycoprotein signals. Breaking the targeted target that acts on N-
connected sugars can affect all the “curses” of all glycoproteins.
Through the directional delivery of nanomaterials, they use small
molecular oligosaccharides to partially destroy N-connected
glycosylation to transfer Enzyme (OST) inhibitors - NGL-1.
Screening 94 cell lines confirmed that there is a significant
correlation between OST and epidermal growth factor receptor
inhibitors. In non-small cell lung cancer (including HCC827-GR)
that is resistant to dystonin inhibitors (TKI), the OST inhibitors
maintain the ability to induce cell cycle arrest and proliferation
blockade in HCC827-GR. However, after adding NGI-1 in the TKI
treatment of epidermal growth factor receptor TKI, the cells of
Gefitinib, Erlotinib, or Osimertinib are synthesized. OST inhibition
not only destroys the N-connected glycosylation of all epidermal
growth factor receptors but also can separate the epidermal growth
factor receptor signal from other co-expressed receptors (such as
MET) by changing the receptor partitioning. In this way, the tumor
growth of HCC827 and H1975, which proves TKI-resistant
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HCC827 and H1975 heterogeneous transplants through the
synthesis and transmission of NGI-1 nanoparticles, is significantly
delayed by molecular imaging (152).

4.4 Other drugs

In addition to the several anticancer drugs mentioned above
and the nanomaterial mechanisms they are applied to, there are
many other applications of nanomaterials against drug
resistance (Table 5).

5 Discussion

As the incidence of liver cancer continues to rise, the
development of new drugs has accelerated, with targeted therapies
such as Sorafenib and Lenvatinib undergoing extensive phase I, II,
and III clinical trials. In 2021, Donafinil emerged as a more suitable
targeted drug for Chinese patients with liver cancer caused by
hepatitis, compared to those developed for alcoholic liver cancer
prevalent in foreign populations. Concurrently, immunotherapy
has gained significant attention and is considered one of the most
promising treatments for liver cancer. Its wider application
effectively addresses issues such as hypoxia, T-lymphocyte
infiltration, fibroblast proliferation, and angiogenesis caused by
the tumor microenvironment (TME), while also preventing
tumor recurrence and metastasis (159).

The immune receptor inhibitor PD-1/PD-L1 has shown
considerable progress in liver cancer treatment. However, despite
the gradual improvement in postoperative survival rates for
hepatocellular carcinoma, multi-drug resistance remains a
significant challenge. Currently, most targeted therapies are
administered in combination with other targeted drugs or with
immune receptor inhibitors like PD-1/PD-L1 to combat multi-drug
resistance. These combination therapies have shown promising
results, with preliminary phase III clinical trials indicating
improvements in overall survival rates, relapse-free survival rates,
and drug efficacy. Nevertheless, effective strategies to manage
recurrent drug resistance are still lacking (160).

In addition to these advancements, hybrid nanomaterials have
been developed for various applications, including drug delivery,
magnetic resonance imaging, enhancement of reactive oxygen
species generation in photodynamic therapy (PDT) and
chemodynamic therapy (CDT), and the induction of anti-tumor
effects and immune responses. Furthermore, 2D materials exhibit
great potential in neural repair and regeneration due to their
excellent biocompatibility and drug-carrying capacity. For
instance, graphene substrates, when used as cellular scaffolds with
appropriate electrical stimulation, can significantly enhance cell
adhesion and proliferation. Graphene-based nanomaterials (GBNs)
can also promote nerve regeneration by delivering drugs to
neuronal cells as nanocomposite carriers (161).

Nanomaterials have been extensively developed in the field of
medicine due to their unique properties. These materials not only
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TABLE 5 The rest of the nanomaterials in liver cancer.
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Compound Nanomaterials Experimental principle Reference
FA-SeNPs Selenium In the article, folic acid-selenium nanoparticles (FA-SeNPs) were designed as a cancer-targeted nanodrug (153)
nanoparticles delivery system for ruthenium polypyridine (RuPOP). These nanoparticles can enter the cytoplasm in a

time-dependent manner, facilitating long-term drug release under acidic conditions. The high expression of

folate receptors (FAR) in cancer cells significantly enhances the uptake of FA-SeNPs, thereby inhibiting the

expression of ABC family proteins and overcoming multidrug resistance in hepatocellular

carcinoma (HCC).
NPSC Platinum Bmi-1 is an oncogene that promotes malignancy in various cancers, including hepatocellular carcinoma (154)

nanoparticles (HCC). Chemotherapeutic agents, such as cisplatin (CDDP), can treat malignant tumors by targeting Bmi-
1. However, CDDP treatment can paradoxically lead to elevated Bmi-1 levels, contributing to the
development of HCC resistance. To address this issue, the authors of this paper synthesized a nanocarrier
complex, termed NPSC, which comprises siRNA, a platinum nanocore, and calcium phosphate (CaP). This
NPSC complex is designed to transport both CDDP and siRNA, thereby enhancing the therapeutic efficacy

against HCC.

The siRNA component of the NPSC complex increases the sensitivity of cancer cells to CDDP by silencing
the Bmi-1 gene, while the platinum nanocore facilitates the delivery of CDDP. The NPSC complex was
found to inhibit cancer cell proliferation and improve drug utilization compared to the administration of
free CDDP. Additionally, the authors proposed two strategies to combat drug resistance: silencing the Bmi-
1 gene and using lipid-calcium-phosphate (LCP) nanocarriers for drug delivery. These findings suggest that
the NPSC complex could be a promising approach to overcoming chemoresistance in HCC by targeting

Bmi-1.

NO-DOX@PDA- = Unique binding of The nucleoshell structure of the nanoparticle consists of D-o.-tocopherol polyethylene glycol 1000 succinate | (155)

TPGS-Gal galactose (Gal) to (TPGS) conjugated with galactose (Gal) and polydopamine (PDA). The nanoparticle is loaded with
salivary acid adriamycin (DOX) and a nitric oxide (NO) donor, N,N’-diene-butyl-N,N’-dinitroso-1,4-phenylenediamine
glycoprotein (BNN). The authors propose that TPGS and NO function as multidrug resistance (MDR) reversers,
receptor inhibiting P-glycoprotein (P-gp)-mediated DOX efflux from HepG2/ADR cells. This results in the
(ASGPR) NP formation of a complex, NO-DOX@PDA-TPGS-Gal, which specifically targets hepatocytes through Gal-

ASGPR-mediated recognition. Additionally, the complex is designed to respond to a low-PH
microenvironment and photothermal conversion of near-infrared light, thereby accelerating DOX release
in hepatocellular carcinoma (HCC) cells. This approach is equally effective in HepG2/ADR cells, offering a
promising strategy for the treatment of drug-resistant HCC.

AuNPs-PEG- Gold Many tumors overexpress folic acid (FA) receptors, making FA-coupled gold nanoparticles (AuNPs) an (156)
5FU-FA nanoparticles effective targeting mechanism for chemotherapeutic delivery. The presence of FA on AuNPs-PEG-5FU-FA
(AuNPs) nanoparticles significantly enhances the cellular uptake of these drugs. This increased uptake activates the

release of mitochondrial cytochrome C, which subsequently induces apoptosis in cancer cells.
Consequently, the incorporation of FA not only targets the nanoparticles to the tumor cells but also
enhances the sensitivity of these cells to the chemotherapeutic agents.

PTXeNBs/siRNA: = PTXeNBs, air-core Combining chemotherapeutic drugs, such as paclitaxel (PTX), with siRNA targeting anti-apoptotic genes (157)

PTXeNBs/BCL-2 | liposomes loaded like BCL-2, can effectively overcome both efflux pump resistance and apoptosis-related resistance.
or with PTXs However, the size of the delivery system poses a significant challenge. To address this, the authors
PTXeNBs/SCR developed multifunctional ultrasound-sensitive bubble-like nanocarriers for the co-delivery of drugs and

siRNA. These nanocarriers were created through the heterogeneous assembly of polymeric micelles
containing PTX-loaded nanobubbles (NBs) and BCL-2 siRNA complexes. Low-frequency ultrasound forces
can enhance the permeability of tumor tissues and disintegrate these complexes (PTXeNBs/BCL-2) into
smaller, more diffusible nanoparticles. These smaller nanoparticles serve as potent enhancers for the intra-
tumor co-delivery of anti-cancer drugs and siRNA, reaching deeper locations away from the vascular
system. Additionally, the co-delivery of the anti-cancer drug adriamycin (doxorubicin, DOX) and BCL-2
siRNA has been shown to improve the chemotherapeutic efficacy against hepatocellular carcinoma (HCC)

and overcome drug resistance in HCC.

Dox/LPL NPs PEG Lithocholic acid (LCA) has demonstrated the ability to induce apoptosis in cancer cells through the (158)

activation of Casp-3 and Casp-8. However, its clinical application is hindered by its low solubility and
short half-life, as well as additional obstacles encountered during in vivo use. To address these challenges,
the authors propose the use of spherical nanomaterials that mimic red blood cells, which they argue are
more advantageous than other shapes. Specifically, they designed Dox/LPL nanoparticles (NPs) that not
only counteract angiogenesis to reduce cell proliferation but also decrease the expression of cell cycle-
related proteins, such as CDK2 and CDK4, thereby blocking the cell cycle of tumor growth. This dual
approach aims to enhance the non-specific targeting of nanoparticle drugs and improve the resistance of

anticancer treatments.

reduce the depletion of drugs during the transport pathway but also
increase the accumulation and efficiency of drugs at the tumor site.
Consequently, the concentration of drugs in other parts of the body
is reduced, thereby minimizing the damage to non-cancerous cells.
This selective targeting ensures that other cells in the body remain
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intact, allowing the immune system to function normally. As a
result, the recurrence-free survival rate and overall survival rate are
significantly improved. In the context of liver cancer research, the
application of nanomaterials extends beyond merely transporting
targeted drugs to the tumor site. Studies have also explored the
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delivery of biomolecules such as mRNA and siRNA, as well as other
therapeutic agents like photothermal therapy (PTT) and
photodynamic therapy (PDT), achieving varying degrees of success.

To address multi-drug resistance, researchers have increasingly
focused on the use of nanomaterials as carriers for targeted drug
delivery and immunoreceptor inhibitors. These nanocarriers not only
enhance the precision of drug targeting but also reduce drug
depletion and potentially amplify drug efficacy indirectly. Various
nanomaterials have been employed in numerous applications,
including lipid nanoparticles (LNPs) and superparamagnetic iron
oxide. For instance, LNPs are utilized to transport siRNA for
silencing specific liver gene targets (162), while lipid-solid lipid
nanoparticles (LSLNs) carry curcumin derivatives (CUL) to
enhance pharmacokinetic effects against hepatocellular carcinoma
(HCC) (163). Superparamagnetic iron oxide is commonly used as a
contrast agent in magnetic resonance imaging (MRI) and has
undergone cytotoxicity testing (164, 165). Additionally,
nanocarriers transporting adriamycin are used in conjunction with
sorafenib follow-up treatments. Nanoparticle albumin-bound
paclitaxel (NAB-PTX) has been employed to deliver trastuzumab
(T-mab) and pertuzumab (P-mab) for the treatment of HER2-
positive primary breast cancer (PerSeUS-BC04) (166). Furthermore,
the homogeneous distribution of carrier-free indocyanine green
nanoparticles (nanoICG) into iodine lipids shows significant
promise for the precise identification of lesions and the integration
of diagnosis and treatment, indicating substantial potential for
clinical applications (167).

The application of nanomaterials as carriers for drug delivery
has significantly enhanced drug utilization and biocompatibility,
reduced drug depletion, and enabled precise targeting, thereby
effectively mitigating the occurrence of multidrug resistance. The
integration of nanomaterials with therapeutic modalities such as
photodynamic therapy (PDT), chemodynamic therapy (CDT), and
photothermal therapy (PTT) presents a promising strategy for
clinical treatment. This combined approach offers notable
advantages, including minimal incision, ease of operation, and
reduced side effects, which collectively enhance its clinical utility.
For instance, the use of pressurized intraperitoneal aerosol
chemotherapy (PIPAC) in conjunction with nanoparticle
albumin-bound paclitaxel (NAB-PTX) for the treatment of
peritoneal metastases (PM) has demonstrated increased
anticancer activity, as evidenced by a phase I clinical trial (168).

Despite the promising potential of nanomaterials, several
significant disadvantages remain, particularly as this is an emerging
field. Although various materials, such as supramolecular

References

1. Singal AG, Kanwal F, Llovet JM. Global trends in hepatocellular carcinoma
epidemiology: implications for screening, prevention and therapy. Nat Rev Clin Oncol.
(2023) 20:864-84. doi: 10.1038/s41571-023-00825-3

2. Xu M. Emerging nanobiotechnology for precise theranostics of hepatocellular
carcinoma. J Nanobiotechnology. (2022) 20:427. doi: 10.1186/s12951-022-01615-2

3. Huang A, Yang XR, Chung WY, Dennison AR, Zhou J. Targeted therapy for
hepatocellular carcinoma. Signal Transduct Target Ther. (2020) 5:146. doi: 10.1038/
§41392-020-00264-x

Frontiers in Immunology

10.3389/fimmu.2025.1496498

carotenoids, have been developed to enhance the stability of
nanomaterials, and preliminary conclusions have been drawn from
cell and mice experiments regarding their stability, toxicity, and
potential for organ damage, their stability within the human body
and their ability to consistently reach target sites remain uncertain.
Issues such as the inability to accurately target specific points, the
challenges of being phagocytosed by immune cells, or being
obstructed by blood vessel and lymphatic walls during transit, and
the potential long-term effects on organs like the liver and kidneys,
have yet to be effectively addressed. Moreover, there is a scarcity of
clinically relevant phase III trials. Therefore, while nanomaterials
hold considerable promise and merit further clinical investigation,
these unresolved issues necessitate cautious optimism and
rigorous research.

Author contributions

JX: Writing - original draft. YL: Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research is supported by “the Liaoning Provincial Key Laboratory
of Precision Medicine for Malignant Tumours” (No.: 2021JH13/
10200041) and “the Fundamental Research Funds for the Central
Universities” (No. LD202301).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

4. Li L, Wang H. Heterogeneity of liver cancer and personalized therapy. Cancer
Lett. (2016) 379:191-7. doi: 10.1016/j.canlet.2015.07.018

5. Villanueva A. Hepatocellular carcinoma. N Engl ] Med. (2019) 380:1450-62.
doi: 10.1056/NEJMral713263

6. Huang DQ, Mathurin P, Cortez-Pinto H, Loomba R. Global epidemiology
of alcohol-associated cirrhosis and HCC: trends, projections and risk factors.
Nat Rev Gastroenterol Hepatol. (2023) 20:37-49. doi: 10.1038/s41575-022-
00688-6

frontiersin.org


https://doi.org/10.1038/s41571-023-00825-3
https://doi.org/10.1186/s12951-022-01615-2
https://doi.org/10.1038/s41392-020-00264-x
https://doi.org/10.1038/s41392-020-00264-x
https://doi.org/10.1016/j.canlet.2015.07.018
https://doi.org/10.1056/NEJMra1713263
https://doi.org/10.1038/s41575-022-00688-6
https://doi.org/10.1038/s41575-022-00688-6
https://doi.org/10.3389/fimmu.2025.1496498
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu and Liu

7. Marengo A, Rosso C, Bugianesi E. Liver cancer: connections with obesity, fatty
liver, and cirrhosis. Annu Rev Med. (2016) 67:103-17. doi: 10.1146/annurev-med-
090514-013832

8. Fujiwara N, Friedman SL, Goossens N, Hoshida Y. Risk factors and prevention of
hepatocellular carcinoma in the era of precision medicine. ] Hepatol. (2018) 68:526-49.
doi: 10.1016/j.,jhep.2017.09.016

9. Greten TF, Mauda-Havakuk M, Heinrich B, Korangy F, Wood BJ. Combined
locoregional-immunotherapy for liver cancer. J Hepatol. (2019) 70:999-1007.
doi: 10.1016/,jhep.2019.01.027

10. Terrault NA, Francoz C, Berenguer M, Charlton M, Heimbach J. Liver
transplantation 2023: status report, current and future challenges. Clin Gastroenterol
Hepatol. (2023) 21:2150-66. doi: 10.1016/j.cgh.2023.04.005

11. Liu L, Liang X, Xu X, Zhang X, Wen J, Chen K, et al. Magnetic mesoporous
embolic microspheres in transcatheter arterial chemoembolization for liver cancer.
Acta Biomater. (2021) 130:374-84. doi: 10.1016/j.actbio.2021.05.031

12. Sangro B, Sarobe P, Hervas-Stubbs S, Melero I. Advances in immunotherapy for
hepatocellular carcinoma. Nat Rev Gastroenterol Hepatol. (2021) 18:525-43.
doi: 10.1038/s41575-021-00438-0

13. QiuY, Wu Z, Chen Y, Liao J, Zhang Q, Wang Q, et al. Nano ultrasound contrast
agent for synergistic chemo-photothermal therapy and enhanced immunotherapy
against liver cancer and metastasis. Adv Sci (Weinh). (2023) 10:¢2300878.
doi: 10.1002/advs.202300878

14. Wu S, Fan K, Yang Q, Chen Z, Hou Y, Zou Y, et al. Smart nanoparticles and
microbeads for interventional embolization therapy of liver cancer: state of the art. J
Nanobiotechnology. (2023) 21:42. doi: 10.1186/s12951-023-01804-7

15. Zhu J, Thompson CB. Metabolic regulation of cell growth and proliferation. Nat
Rev Mol Cell Biol. (2019) 20:436-50. doi: 10.1038/s41580-019-0123-5

16. Salmon H, Remark R, Gnjatic S, Merad M. Host tissue determinants of tumour
immunity. Nat Rev Cancer. (2019) 19:215-27. doi: 10.1038/s41568-019-0125-9

17. Folkman J. Tumor angiogenesis: therapeutic implications. N Engl ] Med. (1971)
285:1182-6. doi: 10.1056/NEJM197111182852108

18. Namee NM, ODriscoll L. Extracellular vesicles and anti-cancer drug resistance.
Biochim Biophys Acta Rev Cancer. (2018) 1870:123-36. doi: 10.1016/
j.bbcan.2018.07.003

19. ODonnell JS, Teng MWL, Smyth MJ. Cancer immunoediting and resistance to T
cell-based immunotherapy. Nat Rev Clin Oncol. (2019) 16:151-67. doi: 10.1038/
s41571-018-0142-8

20. Gottesman MM. Mechanisms of cancer drug resistance. Annu Rev Med. (2002)
53:615-27. doi: 10.1146/annurev.med.53.082901.103929

21. Liu Z, Zou H, Dang Q, Xu H, Liu L, Zhang Y, et al. Biological and
pharmacological roles of m(6)A modifications in cancer drug resistance. Mol Cancer.
(2022) 21:220. doi: 10.1186/s12943-022-01680-z

22. Cao Y. Adipocyte and lipid metabolism in cancer drug resistance. J Clin Invest.
(2019) 129:3006-17. doi: 10.1172/JCI127201

23. Yamashita T, Kudo M, Ikeda K, Izumi N, Tateishi R, Ikeda M, et al. REFLECT-a
phase 3 trial comparing efficacy and safety of lenvatinib to sorafenib for the treatment
of unresectable hepatocellular carcinoma: an analysis of Japanese subset. J
Gastroenterol. (2020) 55:113-22. doi: 10.1007/s00535-019-01642-1

24. Cheng AL, Qin S, Ikeda M, Galle PR, Ducreux M, Kim TY, et al. Updated efficacy
and safety data from IMbravel50: Atezolizumab plus bevacizumab vs. sorafenib for
unresectable hepatocellular carcinoma. J Hepatol. (2022) 76:862-73. doi: 10.1016/
jjhep.2021.11.030

25. Yau T, Kang YK, Kim TY, El-Khoueiry AB, Santoro A, Sangro B, et al. Efficacy
and safety of nivolumab plus ipilimumab in patients with advanced hepatocellular
carcinoma previously treated with sorafenib: the checkMate 040 randomized clinical
trial. JAMA Oncol. (2020) 6:€204564. doi: 10.1001/jamaoncol.2020.4564

26. Yau T, Park JW, Finn RS, Cheng AL, Mathurin P, Edeline J, et al. Nivolumab
versus sorafenib in advanced hepatocellular carcinoma (CheckMate 459): a
randomised, multicentre, open-label, phase 3 trial. Lancet Oncol. (2022) 23:77-90.
doi: 10.1016/S1470-2045(21)00604-5

27. Bruix J, Takayama T, Mazzaferro V, Chau GY, Yang J, Kudo M, et al. Adjuvant
sorafenib for hepatocellular carcinoma after resection or ablation (STORM): a phase 3,
randomised, double-blind, placebo-controlled trial. Lancet Oncol. (2015) 16:1344-54.
doi: 10.1016/S1470-2045(15)00198-9

28. Pal SK, Albiges L, Tomczak P, Suarez C, Voss MH, de Velasco G, et al.
Atezolizumab plus cabozantinib versus cabozantinib monotherapy for patients with
renal cell carcinoma after progression with previous immune checkpoint inhibitor
treatment (CONTACT-03): a multicentre, randomised, open-label, phase 3 trial.
Lancet. (2023) 402:185-95. doi: 10.1016/S0140-6736(23)00922-4

29. Abou-Alfa GK, Meyer T, Cheng AL, El-Khoueiry AB, Rimassa L, Ryoo BY, et al.
Cabozantinib in patients with advanced and progressing hepatocellular carcinoma. N
Engl ] Med. (2018) 379:54-63. doi: 10.1056/NEJMoal717002

30. Peng Z, Wenzhe F. Lenvatinib combined with transarterial chemoembolization
as first-line treatment for advanced hepatocellular carcinoma: A phase III, randomized
clinical trial (LAUNCH). J Clin Oncol. (2023) 41:117-27. doi: 10.1200/JC0O.22.00392

31. Shi G-M, Huang X-Y. Toripalimab combined with lenvatinib and GEMOX is a
promising regimen as first-line treatment for advanced intrahepatic

Frontiers in Immunology

17

10.3389/fimmu.2025.1496498

cholangiocarcinoma: a single-center, single-arm, phase 2 study. Signal Transduct
Target Ther. (2023) 8:106. doi: 10.1038/s41392-023-01317-7

32. Llovet JM, Masatoshi K. Lenvatinib plus pembrolizumab versus lenvatinib plus
placebo for advanced hepatocellular carcinoma (LEAP-002): a randomised, double-
blind, phase 3 trial. Lancet Oncol. (2023) 25(4):e137. doi: 10.1016/S1470-2045(24)
00078-0

33. Zhang W, Tong S, Hu B, Wan T, Tang H, Zhao F, et al. Lenvatinib plus anti-PD-
1 antibodies as conversion therapy for patients with unresectable intermediate-
advanced hepatocellular carcinoma: a single-arm, phase II trial. J Immunother
Cancer. (2023) 11(9):e007366. doi: 10.1136/jitc-2023-007366

34. Bruix ], Qin S, Merle P, Granito A, Huang YH, Bodoky G, et al. Regorafenib for
patients with hepatocellular carcinoma who progressed on sorafenib treatment
(RESORCE): a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet.
(2017) 389:56-66. doi: 10.1016/S0140-6736(16)32453-9

35. Finn RS, Merle P, Granito A, Huang YH, Bodoky G, Pracht M, et al. Outcomes of
sequential treatment with sorafenib followed by regorafenib for HCC: Additional
analyses from the phase III RESORCE trial. ] Hepatol. (2018) 69:353-58. doi: 10.1016/
jjhep.2018.04.010

36. Yukami H, Kawazoe A, Lin YT, Koyama S, Fukuoka S, Hara H, et al. Updated
Efficacy Outcomes of Anti-PD-1 Antibodies plus Multikinase Inhibitors for Patients
with Advanced Gastric Cancer with or without Liver Metastases in Clinical Trials. Clin
Cancer Res. (2022) 28:3480-88. doi: 10.1158/1078-0432.CCR-22-0630

37. Teufel M, Seidel H, Kochert K, Meinhardt G, Finn RS, Llovet JM, et al.
Biomarkers associated with response to regorafenib in patients with hepatocellular
carcinoma. Gastroenterology. (2019) 156:1731-41. doi: 10.1053/j.gastro.2019.
01.261

38. Mitsudomi T, Morita S, Yatabe Y, Negoro S, Okamoto I, Tsurutani J, et al.
Gefitinib versus cisplatin plus docetaxel in patients with non-small-cell lung cancer
harbouring mutations of the epidermal growth factor receptor (WJTOG3405): an open
label, randomised phase 3 trial. Lancet Oncol. (2010) 11:121-8. doi: 10.1016/S1470-
2045(09)70364-X

39. Wu Y-L, Cheng Y. Dacomitinib versus gefitinib as first-line treatment for
patients with EGFR-mutation-positive non-small-cell lung cancer (ARCHER 1050):
a randomised, open-label, phase 3 trial. Lancet Oncol. (2017) 18(11):1454-66.
doi: 10.1016/S1470-2045(17)30608-3

40. Greten TF, Lai CW, Li G, Staveley-OCarroll KF. Targeted and immune-based
therapies for hepatocellular carcinoma. Gastroenterology. (2019) 156:510-24.
doi: 10.1053/j.gastro.2018.09.051

41. Bruix J, Chan SL, Galle PR, Rimassa L, Sangro B. Systemic treatment of
hepatocellular carcinoma: An EASL position paper. J Hepatol. (2021) 75:960-74.
doi: 10.1016/}.jhep.2021.07.004

42. Sonbol MB, Riaz IB, Naqvi SAA, Almquist DR, Mina S, Almasri J, et al. Systemic
therapy and sequencing options in advanced hepatocellular carcinoma: A systematic
review and network meta-analysis. JAMA Oncol. (2020) 6:¢204930. doi: 10.1001/
jamaoncol.2020.4930

43. Bao MH, Wong CC. Hypoxia, metabolic reprogramming, and drug resistance in
liver cancer. Cells. (2021) 10(7):1-18. doi: 10.3390/cells10071715

44. Lin H, Fan T, Sui J, Wang G, Chen ], Zhuo S, et al. Recent advances in
multiphoton microscopy combined with nanomaterials in the field of disease evolution
and clinical applications to liver cancer. Nanoscale. (2019) 11:19619-35. doi: 10.1039/
CINR04902A

45. Ameer F, Scandiuzzi L, Hasnain S, Kalbacher H, Zaidi N. De novo lipogenesis in
health and disease. Metabolism. (2014) 63:895-902. doi: 10.1016/j.metabol.2014.04.003

46. Moscovitz JE, Aleksunes LM. Establishment of metabolism and transport
pathways in the rodent and human fetal liver. Int J Mol Sci. (2013) 14:23801-27.
doi: 10.3390/ijms141223801

47. Grant DM. Detoxification pathways in the liver. J Inherit Metab Dis. (1991)
14:421-30. doi: 10.1007/BF01797915

48. Guo J, Huang L. Formulation of two lipid-based membrane-core nanoparticles
for FOLFOX combination therapy. Nat Protoc. (2022) 17:1818-31. doi: 10.1038/
$41596-022-00698-3

49. Li Y, Miao Y, Chen M, Chen X, Li F, Zhang X, et al. Stepwise targeting and
responsive lipid-coated nanoparticles for enhanced tumor cell sensitivity and
hepatocellular carcinoma therapy. Theranostics. (2020) 10:3722-36. doi: 10.7150/
thno.42008

50. Wang M, Ma X, Wang G, Song Y, Zhang M, Mai Z, et al. Targeting UBR5 in
hepatocellular carcinoma cells and precise treatment via eChinacoside nanodelivery.
Cell Mol Biol Lett. (2022) 27:92. doi: 10.1186/s11658-022-00394-w

51. Kong ZL, Kuo HP, Johnson A, Wu LC, Chang KLB. Curcumin-
loaded mesoporous silica nanoparticles markedly enhanced cytotoxicity in
hepatocellular carcinoma cells. Int | Mol Sci. (2019) 20(12):2918. doi: 10.3390/
{jms20122918

52. Wu D, Yu Y, Jin D, Xiao MM, Zhang ZY, Zhang GJ. Dual-aptamer modified
graphene field-effect transistor nanosensor for label-free and specific detection of
hepatocellular carcinoma-derived microvesicles. Anal Chem. (2020) 92:4006-15.
doi: 10.1021/acs.analchem.9b05531

53. Buskaran K, Hussein MZ, Moklas MAM, Masarudin MJ, Fakurazi S. Graphene
oxide loaded with protocatechuic acid and chlorogenic acid dual drug nanodelivery

frontiersin.org


https://doi.org/10.1146/annurev-med-090514-013832
https://doi.org/10.1146/annurev-med-090514-013832
https://doi.org/10.1016/j.jhep.2017.09.016
https://doi.org/10.1016/j.jhep.2019.01.027
https://doi.org/10.1016/j.cgh.2023.04.005
https://doi.org/10.1016/j.actbio.2021.05.031
https://doi.org/10.1038/s41575-021-00438-0
https://doi.org/10.1002/advs.202300878
https://doi.org/10.1186/s12951-023-01804-7
https://doi.org/10.1038/s41580-019-0123-5
https://doi.org/10.1038/s41568-019-0125-9
https://doi.org/10.1056/NEJM197111182852108
https://doi.org/10.1016/j.bbcan.2018.07.003
https://doi.org/10.1016/j.bbcan.2018.07.003
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1146/annurev.med.53.082901.103929
https://doi.org/10.1186/s12943-022-01680-z
https://doi.org/10.1172/JCI127201
https://doi.org/10.1007/s00535-019-01642-1
https://doi.org/10.1016/j.jhep.2021.11.030
https://doi.org/10.1016/j.jhep.2021.11.030
https://doi.org/10.1001/jamaoncol.2020.4564
https://doi.org/10.1016/S1470-2045(21)00604-5
https://doi.org/10.1016/S1470-2045(15)00198-9
https://doi.org/10.1016/S0140-6736(23)00922-4
https://doi.org/10.1056/NEJMoa1717002
https://doi.org/10.1200/JCO.22.00392
https://doi.org/10.1038/s41392-023-01317-7
https://doi.org/10.1016/S1470-2045(24)00078-0
https://doi.org/10.1016/S1470-2045(24)00078-0
https://doi.org/10.1136/jitc-2023-007366
https://doi.org/10.1016/S0140-6736(16)32453-9
https://doi.org/10.1016/j.jhep.2018.04.010
https://doi.org/10.1016/j.jhep.2018.04.010
https://doi.org/10.1158/1078-0432.CCR-22-0630
https://doi.org/10.1053/j.gastro.2019.01.261
https://doi.org/10.1053/j.gastro.2019.01.261
https://doi.org/10.1016/S1470-2045(09)70364-X
https://doi.org/10.1016/S1470-2045(09)70364-X
https://doi.org/10.1016/S1470-2045(17)30608-3
https://doi.org/10.1053/j.gastro.2018.09.051
https://doi.org/10.1016/j.jhep.2021.07.004
https://doi.org/10.1001/jamaoncol.2020.4930
https://doi.org/10.1001/jamaoncol.2020.4930
https://doi.org/10.3390/cells10071715
https://doi.org/10.1039/C9NR04902A
https://doi.org/10.1039/C9NR04902A
https://doi.org/10.1016/j.metabol.2014.04.003
https://doi.org/10.3390/ijms141223801
https://doi.org/10.1007/BF01797915
https://doi.org/10.1038/s41596-022-00698-3
https://doi.org/10.1038/s41596-022-00698-3
https://doi.org/10.7150/thno.42008
https://doi.org/10.7150/thno.42008
https://doi.org/10.1186/s11658-022-00394-w
https://doi.org/10.3390/ijms20122918
https://doi.org/10.3390/ijms20122918
https://doi.org/10.1021/acs.analchem.9b05531
https://doi.org/10.3389/fimmu.2025.1496498
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu and Liu

system for human hepatocellular carcinoma therapeutic application. Int J Mol Sci.
(2021) 22(11):5786. doi: 10.3390/ijms22115786

54. Kong FH, Ye QF, Miao XY, Liu X, Huang SQ, Xiong L, et al. Current status of
sorafenib nanoparticle delivery systems in the treatment of hepatocellular carcinoma.
Theranostics. (2021) 11:5464-90. doi: 10.7150/thno.54822

55. Cheng Z, Li M, Dey R, Chen Y. Nanomaterials for cancer therapy: current
progress and perspectives. ] Hematol Oncol. (2021) 14:85. doi: 10.1186/s13045-021-
01096-0

56. Grundler J, Shin K, Suh HW, Zhong M, Saltzman WM. Surface topography of
polyethylene glycol shell nanoparticles formed from bottlebrush block copolymers
controls interactions with proteins and cells. ACS Nano. (2021) 15:16118-29.
doi: 10.1021/acsnano.1c04835

57. Ickenstein LM, Garidel P. Lipid-based nanoparticle formulations for small
molecules and RNA drugs. Expert Opin Drug Delivery. (2019) 16:1205-26.
doi: 10.1080/17425247.2019.1669558

58. Feng T, Wei Y, Lee RJ], Zhao L. Liposomal curcumin and its application in
cancer. Int ] Nanomedicine. (2017) 12:6027-44. doi: 10.2147/IJN.S132434

59. Cheng HW, Tsao HY, Chiang CS, Chen SY. Advances in magnetic nanoparticle-
mediated cancer immune-theranostics. Adv Healthc Mater. (2021) 10:¢2001451.
doi: 10.1002/adhm.202001451

60. Bilal M, Zhao Y, Rasheed T, Igbal HMN. Magnetic nanoparticles as versatile
carriers for enzymes immobilization: A review. Int J Biol Macromol. (2018) 120:2530-
44. doi: 10.1016/j.ijbiomac.2018.09.025

61. Zhang X, Shen Y, Xu S, Yue J, Guo Q, Huang D, et al. Intracellular pH-propelled
assembly of smart carbon nanodots and selective photothermal therapy for cancer cells.
Colloids Surf B Biointerfaces. (2020) 188:110724. doi: 10.1016/j.colsurfb.2019.110724

62. Tabish TA, Narayan RJ. Mitochondria-targeted graphene for advanced cancer
therapeutics. Acta Biomater. (2021) 129:43-56. doi: 10.1016/j.actbio.2021.04.054

63. Pourmadadi M, Dinani HS, Tabar FS, Khassi K, Janfaza S, Tasnim N, et al.
Properties and applications of graphene and its derivatives in biosensors for cancer
detection: A comprehensive review. Biosensors (Basel). (2022) 12(5):26. doi: 10.3390/
bi0s12050269

64. Liu ], Jiang J, Meng Y, Aihemaiti A, Xu Y, Xiang H, et al. Preparation,
environmental application and prospect of biochar-supported metal nanoparticles: A
review. ] Hazard Mater. (2020) 388:122026. doi: 10.1016/j.jhazmat.2020.122026

65. Fan M, Han Y, Gao S, Yan H, Cao L, Li Z, et al. Ultrasmall gold nanoparticles in
cancer diagnosis and therapy. Theranostics. (2020) 10:4944-57. doi: 10.7150/
thno.42471

66. Kasuya T, Kuroda S. Nanoparticles for human liver-specific drug and gene
delivery systems: in vitro and in vivo advances. Expert Opin Drug Delivery. (2009) 6:39-
52. doi: 10.1517/17425240802622096

67. Fan Y, Marioli M, Zhang K. Analytical characterization of liposomes and other
lipid nanoparticles for drug delivery. J Pharm BioMed Anal. (2021) 192:113642.
doi: 10.1016/j,jpba.2020.113642

68. Akinc A, Maier MA, Manoharan M, Fitzgerald K, Jayaraman M, Barros S, et al.
The Onpattro story and the clinical translation of nanomedicines containing nucleic
acid-based drugs. Nat Nanotechnol. (2019) 14:1084-87. doi: 10.1038/s41565-019-0591-
y

69. Zeng S, Chen J, Gao R, Chen R, Xue Q, Ren Y, et al. NIR-II photoacoustic
imaging-guided oxygen delivery and controlled release improves photodynamic
therapy for hepatocellular carcinoma. Adv Mater. (2024) 36:€2308780. doi: 10.1002/
adma.202308780

70. Su Y, Zhang Z, Lee LTO, Peng L, Lu L, He X, et al. Amphiphilic Dendrimer
Doping Enhanced pH-Sensitivity of Liposomal Vesicle for Effective Co-delivery toward
Synergistic Ferroptosis-Apoptosis Therapy of Hepatocellular Carcinoma. Adv Healthc
Mater. (2023) 12:¢2202663. doi: 10.1002/adhm.202202663

71. Zhao G, Rodriguez BL. Molecular targeting of liposomal nanoparticles to tumor
microenvironment. Int ] Nanomedicine. (2013) 8:61-71. doi: 10.2147/IJN.S37859

72. Allen TM, Cullis PR. Liposomal drug delivery systems: from concept to clinical
applications. Adv Drug Delivery Rev. (2013) 65:36-48. doi: 10.1016/j.addr.2012.09.037

73. Rocha CV, Goncalves V, da Silva MC, Banobre-Lopez M, Gallo J. PLGA-based
composites for various biomedical applications. Int ] Mol Sci. (2022) 23(4):2034.
doi: 10.3390/ijms23042034

74. Gu P, Wusiman A, Wang S, Zhang Y, Liu Z, Hu Y, et al. Polyethylenimine-
coated PLGA nanoparticles-encapsulated Angelica sinensis polysaccharide as an
adjuvant to enhance immune responses. Carbohydr Polym. (2019) 223:115128.
doi: 10.1016/j.carbpol.2019.115128

75. Santos Assuncao L, Quenia Muniz Bezerra P, Stahl Hermes Poletto V, de
Oliveira Rios A, Graca Ramos I, Duarte Ferreira Ribeiro C, et al. Combination of
carotenoids from Spirulina and PLA/PLGA or PHB: New options to obtain
bioactive nanoparticles. Food Chem. (2021) 346:128742. doi: 10.1016/
j.foodchem.2020.128742

76. Vatansever E, Arslan D, Nofar M. Polylactide cellulose-based nanocomposites.
Int ] Biol Macromol. (2019) 137:912-38. doi: 10.1016/j.ijbiomac.2019.06.205

77. Markman JL, Rekechenetskiy A, Holler E, Ljubimova JY. Nanomedicine
therapeutic approaches to overcome cancer drug resistance. Adv Drug Delivery Rev.
(2013) 65:1866-79. doi: 10.1016/j.addr.2013.09.019

Frontiers in Immunology

10.3389/fimmu.2025.1496498

78. Huang M, Liu J, Fan Y, Sun J, Cheng JX, Zhang XF, et al. Development of
curcumin-loaded galactosylated chitosan-coated nanoparticles for targeted delivery of
hepatocellular carcinoma. Int J Biol Macromol. (2023) 253:127219. doi: 10.1016/
j.ijbiomac.2023.127219

79. Tong R, Feng X, Sun ], Ling Z, Wang J, Li S, et al. Co-delivery of siNRF2 and
sorafenib by a “Click” Dual functioned hyperbranched nanocarrier for synergistically
inducing ferroptosis in hepatocellular carcinoma. Small. (2024) 20:e2307273.
doi: 10.1002/smll.202307273

80. Le JQ, Song XH, Tong LW, Lin YQ, Feng KK, Tu YF, et al. Dual-drug
controllable co-assembly nanosystem for targeted and synergistic treatment of
hepatocellular carcinoma. J Colloid Interface Sci. (2024) 656:177-88. doi: 10.1016/
jjcis.2023.11.109

81. Tran HT, Vong LB, Nishikawa Y, Nagasaki Y. Sorafenib-loaded silica-containing
redox nanoparticles for oral anti-liver fibrosis therapy. J Control Release. (2022)
345:880-91. doi: 10.1016/j.jconrel.2022.04.002

82. Kim JH, Kim CS, Ignacio RM, Kim DH, Sajo ME, Maeng EH, et al.
Immunotoxicity of silicon dioxide nanoparticles with different sizes and electrostatic
charge. Int ] Nanomedicine. (2014) 9 Suppl 2:183-93. doi: 10.2147/IJN.S57934

83. Hsu SY, Morris R, Cheng F. Signaling pathways regulated by silica nanoparticles.
Molecules. (2021) 26(5):1-13. doi: 10.3390/molecules26051398

84. Abulikemu A, Zhao X, Xu H, Li Y, Ma R, Yao Q, et al. Silica nanoparticles
aggravated the metabolic associated fatty liver disease through disturbed amino acid
and lipid metabolisms-mediated oxidative stress. Redox Biol. (2023) 59:102569.
doi: 10.1016/j.redox.2022.102569

85. Li W, Tosb Solenne H, Wang, Li B, Liu Y, Wang F, et al. Core-shell cisplatin/SiO
(2) nanocapsules combined with PTC-209 overcome chemotherapy-Acquired and
intrinsic resistance in hepatocellular carcinoma. Acta Biomater. (2023) 170:273-87.
doi: 10.1016/j.actbio.2023.08.021

86. Espinoza MJC, Lin KS, Weng MT, Kunene SC, Lin YS, Lin YT. Synthesis and
characterization of silica nanoparticles from rice ashes coated with chitosan/cancer cell
membrane for hepatocellular cancer treatment. Int | Biol Macromol. (2023) 228:487-
97. doi: 10.1016/j.ijjbiomac.2022.12.235

87. Wen Z, Feng Y, Hu Y, Lian L, Huang H, Guo L, et al. Degejirifu and X. Yan.
2021. Multiwalled carbon nanotubes co-delivering sorafenib and epidermal growth
factor receptor siRNA enhanced tumor-suppressing effect on liver cancer. Aging
(Albany NY). (2024) 13:1872-82. doi: 10.18632/aging.206013

88. Ji Z, Lin G, Lu Q, Meng L, Shen X, Dong L, et al. Targeted therapy of SMMC-
7721 liver cancer in vitro and in vivo with carbon nanotubes based drug delivery
system. J Colloid Interface Sci. (2012) 365:143-9. doi: 10.1016/j.jcis.2011.09.013

89. Jin H, Gao S, Song D, Liu Y, Chen X. Intratumorally CpG immunotherapy with
carbon nanotubes inhibits local tumor growth and liver metastasis by suppressing the
epithelial-mesenchymal transition of colon cancer cells. Anticancer Drugs. (2021)
32:278-85. doi: 10.1097/CAD.0000000000001000

90. Wang Y, Bahng JH, Che Q, Han J, Kotov NA. Anomalously fast diffusion of
targeted carbon nanotubes in cellular spheroids. ACS Nano. (2015) 9:8231-8.
doi: 10.1021/acsnano.5b02595

91. Chen X, Zhang Q, Li J, Yang M, Zhao N, Xu FJ. Rattle-structured rough
nanocapsules with in-situ-formed gold nanorod cores for complementary gene/chemo/
photothermal therapy. ACS Nano. (2018) 12:5646-56. doi: 10.1021/acsnano.8b01440

92. Savalia R, Chatterjee S. Sensitive detection of brucine an anti-metastatic drug for
hepatocellular carcinoma at carbon nanotubes - nafion composite based biosensor.
Biosens Bioelectron. (2017) 98:371-77. doi: 10.1016/j.bios.2017.07.011

93. Alegret N, Criado A, Prato M. Recent advances of graphene-based hybrids with
magnetic nanoparticles for biomedical applications. Curr Med Chem. (2017) 24:529—
36. doi: 10.2174/0929867323666161216144218

94. Ou L, Song B, Liang H, Liu J, Feng X, Deng B, et al. Toxicity of graphene-family
nanoparticles: a general review of the origins and mechanisms. Part Fibre Toxicol.
(2016) 13:57. doi: 10.1186/s12989-016-0168-y

95. Li Y, Wang Y, Shang H, Wu J. Graphene quantum dots modified upconversion
nanoparticles for photodynamic therapy. Int J Mol Sci. (2022) 23(20):12558.
doi: 10.3390/ijms232012558

96. Wu C, Li P, Fan N, Han J, Zhang W, Zhang W, et al. A dual-targeting
functionalized graphene film for rapid and highly sensitive fluorescence imaging
detection of hepatocellular carcinoma circulating tumor cells. ACS Appl Mater
Interfaces. (2019) 11:44999-5006. doi: 10.1021/acsami.9b18410

97. McBain SC, Yiu HH, Dobson J. Magnetic nanoparticles for gene and drug
delivery. Int ] Nanomedicine. (2008) 3:169-80. doi: 10.2147/ijn.s1608

98. Farzin A, Etesami SA, Quint ], Memic A, Tamayol A. Magnetic nanoparticles in
cancer therapy and diagnosis. Adv Healthc Mater. (2020) 9:¢1901058. doi: 10.1002/
adhm.201901058

99. Gharibkandi NA, Zuk M, Muftuler FZB, Wawrowicz K, Zelechowska-Matysiak
K, Bilewicz A. (198)Au-coated superparamagnetic iron oxide nanoparticles for dual
magnetic hyperthermia and radionuclide therapy of hepatocellular carcinoma. Int J
Mol Sci. (2023) 24(6):5282. doi: 10.3390/ijms24065282

100. Guo H, Li X, Mao D, Wang H, Wei L, Qu D, et al. Homologous-magnetic dual-
targeted metal-organic framework to improve the Anti-hepatocellular carcinoma
efficacy of PD-1 inhibitor. ] Nanobiotechnology. (2024) 22:206. doi: 10.1186/s12951-
024-02469-6

frontiersin.org


https://doi.org/10.3390/ijms22115786
https://doi.org/10.7150/thno.54822
https://doi.org/10.1186/s13045-021-01096-0
https://doi.org/10.1186/s13045-021-01096-0
https://doi.org/10.1021/acsnano.1c04835
https://doi.org/10.1080/17425247.2019.1669558
https://doi.org/10.2147/IJN.S132434
https://doi.org/10.1002/adhm.202001451
https://doi.org/10.1016/j.ijbiomac.2018.09.025
https://doi.org/10.1016/j.colsurfb.2019.110724
https://doi.org/10.1016/j.actbio.2021.04.054
https://doi.org/10.3390/bios12050269
https://doi.org/10.3390/bios12050269
https://doi.org/10.1016/j.jhazmat.2020.122026
https://doi.org/10.7150/thno.42471
https://doi.org/10.7150/thno.42471
https://doi.org/10.1517/17425240802622096
https://doi.org/10.1016/j.jpba.2020.113642
https://doi.org/10.1038/s41565-019-0591-y
https://doi.org/10.1038/s41565-019-0591-y
https://doi.org/10.1002/adma.202308780
https://doi.org/10.1002/adma.202308780
https://doi.org/10.1002/adhm.202202663
https://doi.org/10.2147/IJN.S37859
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.3390/ijms23042034
https://doi.org/10.1016/j.carbpol.2019.115128
https://doi.org/10.1016/j.foodchem.2020.128742
https://doi.org/10.1016/j.foodchem.2020.128742
https://doi.org/10.1016/j.ijbiomac.2019.06.205
https://doi.org/10.1016/j.addr.2013.09.019
https://doi.org/10.1016/j.ijbiomac.2023.127219
https://doi.org/10.1016/j.ijbiomac.2023.127219
https://doi.org/10.1002/smll.202307273
https://doi.org/10.1016/j.jcis.2023.11.109
https://doi.org/10.1016/j.jcis.2023.11.109
https://doi.org/10.1016/j.jconrel.2022.04.002
https://doi.org/10.2147/IJN.S57934
https://doi.org/10.3390/molecules26051398
https://doi.org/10.1016/j.redox.2022.102569
https://doi.org/10.1016/j.actbio.2023.08.021
https://doi.org/10.1016/j.ijbiomac.2022.12.235
https://doi.org/10.18632/aging.206013
https://doi.org/10.1016/j.jcis.2011.09.013
https://doi.org/10.1097/CAD.0000000000001000
https://doi.org/10.1021/acsnano.5b02595
https://doi.org/10.1021/acsnano.8b01440
https://doi.org/10.1016/j.bios.2017.07.011
https://doi.org/10.2174/0929867323666161216144218
https://doi.org/10.1186/s12989-016-0168-y
https://doi.org/10.3390/ijms232012558
https://doi.org/10.1021/acsami.9b18410
https://doi.org/10.2147/ijn.s1608
https://doi.org/10.1002/adhm.201901058
https://doi.org/10.1002/adhm.201901058
https://doi.org/10.3390/ijms24065282
https://doi.org/10.1186/s12951-024-02469-6
https://doi.org/10.1186/s12951-024-02469-6
https://doi.org/10.3389/fimmu.2025.1496498
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu and Liu

101. Yang R, Chen L, Wang Y, Zhang L, Zheng X, Yang Y, et al. Tumor
microenvironment responsive metal nanoparticles in cancer immunotherapy. Front
Immunol. (2023) 14:1237361. doi: 10.3389/fimmu.2023.1237361

102. Mauro N, Utzeri MA, Varvara P, Cavallaro G. Functionalization of metal and
carbon nanoparticles with potential in cancer theranostics. Molecules. (2021) 26 (11):1-
35. doi: 10.3390/molecules26113085

103. Sood A, Dev A, Sardoiwala MN, Choudhury SR, Chaturvedi S, Mishra AK, et al.
Alpha-ketoglutarate decorated iron oxide-gold core-shell nanoparticles for active
mitochondrial targeting and radiosensitization enhancement in hepatocellular
carcinoma. Mater Sci Eng C Mater Biol Appl. (2021) 129:112394. doi: 10.1016/
jmsec.2021.112394

104. Wang Z, Shao D, Chang Z, Lu M, Wang Y, Yue J, et al. Janus gold nanoplatform
for synergetic chemoradiotherapy and computed tomography imaging of hepatocellular
carcinoma. ACS Nano. (2017) 11:12732-41. doi: 10.1021/acsnano.7b07486

105. Liu P, Peng Y, Ding J, Zhou W. Fenton metal nanomedicines for imaging-
guided combinatorial chemodynamic therapy against cancer. Asian ] Pharm Sci. (2022)
17:177-92. doi: 10.1016/j.ajps.2021.10.003

106. Liu G, Zhu J, Guo H, Sun A, Chen P, Xi L, et al. Mo(2) C-derived
polyoxometalate for NIR-II photoacoustic imaging-guided chemodynamic/
photothermal synergistic therapy. Angew Chem Int Ed Engl. (2019) 58:18641-46.
doi: 10.1002/anie.201910815

107. Gao H, Cao Z, Liu H, Chen L, Bai Y, Wu Q, et al. Multifunctional
nanomedicines-enabled chemodynamic-synergized multimodal tumor therapy via
Fenton and Fenton-like reactions. Theranostics. (2023) 13:1974-2014. doi: 10.7150/
thno.80887

108. Zhi D, Yang T, OHagan J, Zhang S, Donnelly RF. Photothermal therapy. J
Control Release. (2020) 325:52-71. doi: 10.1016/j.jconrel.2020.06.032

109. Huo J, Jia Q, Huang H, Zhang J, Li P, Dong X, et al. Emerging photothermal-
derived multimodal synergistic therapy in combating bacterial infections. Chem Soc
Rev. (2021) 50:8762-89. doi: 10.1039/D1CS00074H

110. Li X, Lovell JF, Yoon J, Chen X. Clinical development and potential of
photothermal and photodynamic therapies for cancer. Nat Rev Clin Oncol. (2020)
17:657-74. doi: 10.1038/s41571-020-0410-2

111. Shang T, Yu X, Han S, Yang B. Nanomedicine-based tumor photothermal
therapy synergized immunotherapy. Biomater Sci. (2020) 8:5241-59. doi: 10.1039/
D0BMO01158D

112. Agostinis P, Berg K, Cengel KA, Foster TH, Girotti AW, Gollnick SO, et al.
Photodynamic therapy of cancer: an update. CA Cancer J Clin. (2011) 61:250-81.
doi: 10.3322/caac.20114

113. Denkova AG, de Kruijff RM, Serra-Crespo P. Nanocarrier-mediated
photochemotherapy and photoradiotherapy. Adv Healthc Mater. (2018) 7:¢1701211.
doi: 10.1002/adhm.201701211

114. Kwiatkowski S, Knap B, Przystupski D, Saczko J, Kedzierska E, Knap-Czop K,
et al. Photodynamic therapy - mechanisms, photosensitizers and combinations.
BioMed Pharmacother. (2018) 106:1098-107. doi: 10.1016/j.biopha.2018.07.049

115. Riley RS, June CH, Langer R, Mitchell MJ. Delivery technologies for cancer
immunotherapy. Nat Rev Drug Discovery. (2019) 18:175-96. doi: 10.1038/s41573-018-
0006-z

116. Kennedy LB, Salama AKS. A review of cancer immunotherapy toxicity. CA
Cancer ] Clin. (2020) 70:86-104. doi: 10.3322/caac.21596

117. Zhang Y, Zhang Z. The history and advances in cancer immunotherapy:
understanding the characteristics of tumor-infiltrating immune cells and their
therapeutic implications. Cell Mol Immunol. (2020) 17:807-21. doi: 10.1038/s41423-
020-0488-6

118. Szeto GL, Finley SD. Integrative approaches to cancer immunotherapy. Trends
Cancer. (2019) 5:400-10. doi: 10.1016/j.trecan.2019.05.010

119. Son S, Kim JH, Wang X, Zhang C, Yoon SA, Shin J, et al. Multifunctional
sonosensitizers in sonodynamic cancer therapy. Chem Soc Rev. (2020) 49:3244-61.
doi: 10.1039/C9CS00648F

120. Xu PY, Kumar Kankala R, Wang SB, Chen AZ. Sonodynamic therapy-based
nanoplatforms for combating bacterial infections. Ultrason Sonochem. (2023)
100:106617. doi: 10.1016/j.ultsonch.2023.106617

121. Xu M, Zhou L, Zheng L, Zhou Q, Liu K, Mao Y, et al. Sonodynamic therapy-
derived multimodal synergistic cancer therapy. Cancer Lett. (2021) 497:229-42.
doi: 10.1016/j.canlet.2020.10.037

122. Zhou J, Sun H, Wang Z, Cong W, Zeng M, Zhou W, et al. Guidelines for the
diagnosis and treatment of primary liver cancer, (2022 edition). Liver Cancer. (2023)
12:405-44. doi: 10.1159/000530495

123. Shi 'Y, Cui D, Xia L, Shi D, Jin G, Wang S, et al. Efficacy and safety of lenvatinib
plus gefitinib in lenvatinib-resistant hepatocellular carcinomas: a prospective, single-
arm exploratory trial. Signal Transduct Target Ther. (2024) 9:359. doi: 10.1038/s41392-
024-02085-8

124. Jin H, Shi Y, Lv Y, Yuan S, Ramirez CFA, Lieftink C, et al. EGFR activation
limits the response of liver cancer to lenvatinib. Nature. (2021) 595:730-34.
doi: 10.1038/s41586-021-03741-7

125. Jian C, FuJ, Cheng X, Shen LJ, Ji YX, Wang X, et al. Low-dose sorafenib acts as
a mitochondrial uncoupler and ameliorates nonalcoholic steatohepatitis. Cell Metab.
(2020) 31 892-908.e11. doi: 10.1016/j.cmet.2020.04.011

Frontiers in Immunology

10.3389/fimmu.2025.1496498

126. Elsayed MM, Mostafa ME, Alaaeldin E, Sarhan HA, Shaykoon MS, Allam S,
et al. Design and characterisation of novel sorafenib-loaded carbon nanotubes with
distinct tumour-suppressive activity in hepatocellular carcinoma. Int ] Nanomedicine.
(2019) 14:8445-67. doi: 10.2147/1JN.S223920

127. Zhang J, Wang T, Mu S, Olerile LD, Yu X, Zhang N. Biomacromolecule/lipid
hybrid nanoparticles for controlled delivery of sorafenib in targeting hepatocellular
carcinoma therapy. Nanomedicine (Lond). (2017) 12:911-25. doi: 10.2217/nnm-2016-
0402

128. Wang Y, Wang Z, Jia F, Xu Q, Shu Z, Deng J, et al. CXCR4-guided liposomes
regulating hypoxic and immunosuppressive microenvironment for sorafenib-resistant
tumor treatment. Bioact Mater. (2022) 17:147-61. doi: 10.1016/j.bioactmat.
2022.01.003

129. Li S, Xu L, Wu G, Huang Z, Huang L, Zhang F, et al. Remodeling serine
synthesis and metabolism via nanoparticles (NPs)-mediated CFL1 silencing to enhance
the sensitivity of hepatocellular carcinoma to sorafenib. Adv Sci (Weinh). (2023) 10:
€2207118. doi: 10.1002/advs.202207118

130. Younis MA, Khalil IA, Elewa YHA, Kon Y, Harashima H. Ultra-small lipid
nanoparticles encapsulating sorafenib and midkine-siRNA selectively-eradicate
sorafenib-resistant hepatocellular carcinoma in vivo. J Control Release. (2021)
331:335-49. doi: 10.1016/j.jconrel.2021.01.021

131. Zheng N, Liu W, Li B, Nie H, Liu ], Cheng Y, et al. Co-delivery of sorafenib and
metapristone encapsulated by CXCR4-targeted PLGA-PEG nanoparticles overcomes
hepatocellular carcinoma resistance to sorafenib. J Exp Clin Cancer Res. (2019) 38:232.
doi: 10.1186/s13046-019-1216-x

132. Hu B, Sun D, Sun C, Sun YF, Sun HX, Zhu QF, et al. A polymeric
nanoparticle formulation of curcumin in combination with sorafenib synergistically
inhibits tumor growth and metastasis in an orthotopic model of human hepatocellular
carcinoma. Biochem Biophys Res Commun. (2015) 468:525-32. doi: 10.1016/
jbbre.2015.10.031

133. Cao S, Zhang W, Pan H, Huang Z, Guo M, Zhang L, et al. Bioactive lipid-
nanoparticles with inherent self-therapeutic and anti-angiogenic properties for cancer
therapy. Acta Biomater. (2023) 157:500-10. doi: 10.1016/j.actbio.2022.12.022

134. Tang W, Chen Z, Zhang W, Cheng Y, Zhang B, Wu F, et al. The mechanisms of
sorafenib resistance in hepatocellular carcinoma: theoretical basis and therapeutic
aspects. Signal Transduct Target Ther. (2020) 5:87. doi: 10.1038/s41392-020-0187-x

135. XuJ, Wan Z, Tang M, Lin Z, Jiang S, Ji L, et al. N(6)-methyladenosine-modified
CircRNA-SORE sustains sorafenib resistance in hepatocellular carcinoma by regulating
beta-catenin signaling. Mol Cancer. (2020) 19:163. doi: 10.1186/512943-020-01281-8

136. Zhou T, Liang X, Wang P, Hu Y, Qi Y, Jin Y, et al. A hepatocellular carcinoma
targeting nanostrategy with hypoxia-ameliorating and photothermal abilities that,
combined with immunotherapy, inhibits metastasis and recurrence. ACS Nano.
(2020) 14:12679-96. doi: 10.1021/acsnano.0c01453

137. Al-Salama ZT, Syed YY, Scott L]. Lenvatinib: A review in hepatocellular
carcinoma. Drugs. (2019) 79:665-74. doi: 10.1007/s40265-019-01116-x

138. Zhao Y, Zhang YN, Wang KT, Chen L. Lenvatinib for hepatocellular
carcinoma: From preclinical mechanisms to anti-cancer therapy. Biochim Biophys
Acta Rev Cancer. (2020) 1874:188391. doi: 10.1016/j.bbcan.2020.188391

139. Hu B, Zou T, Qin W, Shen X, Su Y, Li J, et al. Inhibition of EGFR overcomes
acquired lenvatinib resistance driven by STAT3-ABCBI signaling in hepatocellular
carcinoma. Cancer Res. (2022) 82:3845-57. doi: 10.1158/0008-5472.CAN-21-4140

140. Shi T, Iwama H, Fujita K, Kobara H, Nishiyama N, Fujihara S, et al. Evaluating
the effect of lenvatinib on sorafenib-resistant hepatocellular carcinoma cells. Int ] Mol
Sci. (2021) 22(23):13071. doi: 10.3390/ijms222313071

141. Wang J, Yu H, Wei D. N6-methyladenosine-mediated up-regulation of FZD10
regulates liver cancer stem cells properties and lenvatinib resistance through WNT/B-
catenin and hippo signaling pathways. Gastroenterology. (2023) 164(6):990-1005.
doi: 10.1053/j.gastro.2023.01.041

142. Hao Z, Wang P. Lenvatinib in management of solid tumors. Oncologist. (2020)
25:e302-¢10. doi: 10.1634/theoncologist.2019-0407

143. Hiraoka A, Kumada T, Tada T, Hirooka M, Kariyama K, Tani J, et al. Does first-
line treatment have prognostic impact for unresectable HCC?-Atezolizumab plus
bevacizumab versus lenvatinib. Cancer Med. (2023) 12:325-34. doi: 10.1002/cam4.v12.1

144. Xu Q, Hu H, Mo Z, Chen T, He Q, Xu Z. A multifunctional nanotheranostic
agent based on Lenvatinib for multimodal synergistic hepatocellular carcinoma therapy
with remarkably enhanced efficacy. J Colloid Interface Sci. (2023) 638:375-91.
doi: 10.1016/j.jcis.2023.01.144

145. Ning Z, Zhao Y, Yan X, Hua Y, Meng Z. Flower-like composite material
delivery of co-packaged lenvatinib and bufalin prevents the migration and invasion of
cholangiocarcinoma. Nanomaterials (Basel). (2022) 12(12):2048. doi: 10.3390/
nanol2122048

146. Luo P, Yan H, Du J, Chen X, Shao J, Zhang Y, et al. PLK1 (polo like kinase 1)-
dependent autophagy facilitates gefitinib-induced hepatotoxicity by degrading
COX6A1 (cytochrome ¢ oxidase subunit 6Al). Autophagy. (2021) 17:3221-37.
doi: 10.1080/15548627.2020.1851492

147. Wang M, Zhang Z, Liu J, Song M, Zhang T, Chen Y, et al. Gefitinib and
fostamatinib target EGFR and SYK to attenuate silicosis: a multi-omics study with drug
exploration. Signal Transduct Target Ther. (2022) 7:157. doi: 10.1038/s41392-022-
00959-3

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1237361
https://doi.org/10.3390/molecules26113085
https://doi.org/10.1016/j.msec.2021.112394
https://doi.org/10.1016/j.msec.2021.112394
https://doi.org/10.1021/acsnano.7b07486
https://doi.org/10.1016/j.ajps.2021.10.003
https://doi.org/10.1002/anie.201910815
https://doi.org/10.7150/thno.80887
https://doi.org/10.7150/thno.80887
https://doi.org/10.1016/j.jconrel.2020.06.032
https://doi.org/10.1039/D1CS00074H
https://doi.org/10.1038/s41571-020-0410-2
https://doi.org/10.1039/D0BM01158D
https://doi.org/10.1039/D0BM01158D
https://doi.org/10.3322/caac.20114
https://doi.org/10.1002/adhm.201701211
https://doi.org/10.1016/j.biopha.2018.07.049
https://doi.org/10.1038/s41573-018-0006-z
https://doi.org/10.1038/s41573-018-0006-z
https://doi.org/10.3322/caac.21596
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1016/j.trecan.2019.05.010
https://doi.org/10.1039/C9CS00648F
https://doi.org/10.1016/j.ultsonch.2023.106617
https://doi.org/10.1016/j.canlet.2020.10.037
https://doi.org/10.1159/000530495
https://doi.org/10.1038/s41392-024-02085-8
https://doi.org/10.1038/s41392-024-02085-8
https://doi.org/10.1038/s41586-021-03741-7
https://doi.org/10.1016/j.cmet.2020.04.011
https://doi.org/10.2147/IJN.S223920
https://doi.org/10.2217/nnm-2016-0402
https://doi.org/10.2217/nnm-2016-0402
https://doi.org/10.1016/j.bioactmat.2022.01.003
https://doi.org/10.1016/j.bioactmat.2022.01.003
https://doi.org/10.1002/advs.202207118
https://doi.org/10.1016/j.jconrel.2021.01.021
https://doi.org/10.1186/s13046-019-1216-x
https://doi.org/10.1016/j.bbrc.2015.10.031
https://doi.org/10.1016/j.bbrc.2015.10.031
https://doi.org/10.1016/j.actbio.2022.12.022
https://doi.org/10.1038/s41392-020-0187-x
https://doi.org/10.1186/s12943-020-01281-8
https://doi.org/10.1021/acsnano.0c01453
https://doi.org/10.1007/s40265-019-01116-x
https://doi.org/10.1016/j.bbcan.2020.188391
https://doi.org/10.1158/0008-5472.CAN-21-4140
https://doi.org/10.3390/ijms222313071
https://doi.org/10.1053/j.gastro.2023.01.041
https://doi.org/10.1634/theoncologist.2019-0407
https://doi.org/10.1002/cam4.v12.1
https://doi.org/10.1016/j.jcis.2023.01.144
https://doi.org/10.3390/nano12122048
https://doi.org/10.3390/nano12122048
https://doi.org/10.1080/15548627.2020.1851492
https://doi.org/10.1038/s41392-022-00959-3
https://doi.org/10.1038/s41392-022-00959-3
https://doi.org/10.3389/fimmu.2025.1496498
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu and Liu

148. Ni XL, Chen LX, Zhang H, Yang B, Xu S, Wu M, et al. In vitro and in vivo
antitumor effect of gefitinib nanoparticles on human lung cancer. Drug Delivery. (2017)
24:1501-12. doi: 10.1080/10717544.2017.1384862

149. Liu Y, Dai X, Jiang S, Qahar M, Feng C, Guo D, et al. Targeted co-delivery of
gefitinib and rapamycin by aptamer-modified nanoparticles overcomes EGFR-TKI
resistance in NSCLC via promoting autophagy. Int ] Mol Sci. (2022) 23(14):8025.
doi: 10.3390/ijms23148025

150. Zhao L, Yang G, Shi Y, Su C, Chang J. Co-delivery of Gefitinib and chloroquine
by chitosan nanoparticles for overcoming the drug acquired resistance. J
Nanobiotechnology. (2015) 13:57. doi: 10.1186/s12951-015-0121-5

151. Yu X, Yang G, Shi Y, Su C, Liu M, Feng B, et al. Intracellular targeted co-
delivery of shMDRI and gefitinib with chitosan nanoparticles for overcoming
multidrug resistance. Int ] Nanomedicine. (2015) 10:7045-56. doi: 10.2147/IJN.S92436

152. Lopez Sambrooks C, Baro M, Quijano A, Narayan A, Cui W, Greninger P, et al.
Oligosaccharyltransferase inhibition overcomes therapeutic resistance to EGFR
tyrosine kinase inhibitors. Cancer Res. (2018) 78:5094-106. doi: 10.1158/0008-
5472.CAN-18-0505

153. Liu T, Zeng L, Jiang W, Fu Y, Zheng W, Chen T. Rational design of cancer-
targeted selenium nanoparticles to antagonize multidrug resistance in cancer cells.
Nanomedicine. (2015) 11:947-58. doi: 10.1016/j.nano.2015.01.009

154. Li M, Zhao P, Fan T, Chen Y, Zhang X, He C, et al. Biocompatible co-loading
vehicles for delivering both nanoplatin cores and siRNA to treat hepatocellular
carcinoma. Int J Pharm. (2019) 572:118769. doi: 10.1016/j.ijpharm.2019.118769

155. Du Z, Mao Y, Zhang P, Hu J, Fu J, You Q, et al. TPGS-galactose-modified
polydopamine co-delivery nanoparticles of nitric oxide donor and doxorubicin for
targeted chemo-photothermal therapy against drug-resistant hepatocellular
carcinoma. ACS Appl Materials Interfaces. (2021) 13:35518-32. doi: 10.1021/
acsami.1c09610

156. Ngernyuang N, Seubwai W, Daduang S, Boonsiri P, Limpaiboon T, Daduang J.
Targeted delivery of 5-fluorouracil to cholangiocarcinoma cells using folic acid as a
targeting agent. Mater Sci Eng C Mater Biol Appl. (2016) 60:411-15. doi: 10.1016/
j.msec.2015.11.062

157. Yin T, Wang P, Li ], Wang Y, Zheng B, Zheng R, et al. Tumor-penetrating
codelivery of siRNA and paclitaxel with ultrasound-responsive nanobubbles hetero-
assembled from polymeric micelles and liposomes. Biomaterials. (2014) 35:5932-43.
doi: 10.1016/j.biomaterials.2014.03.072

158. Singh B, Jang Y, Maharjan S, Kim HJ, Lee AY, Kim S, et al. Combination
therapy with doxorubicin-loaded galactosylated poly(ethyleneglycol)-lithocholic acid

Frontiers in Immunology

20

10.3389/fimmu.2025.1496498

to suppress the tumor growth in an orthotopic mouse model of liver cancer.
Biomaterials. (2017) 116:130-44. doi: 10.1016/j.biomaterials.2016.11.040

159. Zhu X, Li S. Nanomaterials in tumor immunotherapy: new strategies and
challenges. Mol Cancer. (2023) 22:94. doi: 10.1186/s12943-023-01797-9

160. Li J, Lu W, Yang Y, Xiang R, Ling Y, Yu C, et al. Hybrid nanomaterials for
cancer immunotherapy. Adv Sci (Weinh). (2023) 10:e2204932. doi: 10.1002/
advs.202204932

161. Li K, Ji Q, Liang H, Hua Z, Hang X, Zeng L, et al. Biomedical application of 2D
nanomaterials in neuroscience. ] Nanobiotechnology. (2023) 21:181. doi: 10.1186/
§12951-023-01920-4

162. Tabernero J, Shapiro GI, LoRusso PM, Cervantes A, Schwartz GK, Weiss GJ,
et al. First-in-humans trial of an RNA interference therapeutic targeting VEGF and
KSP in cancer patients with liver involvement. Cancer Discovery. (2013) 3:406-17.
doi: 10.1158/2159-8290.CD-12-0429

163. Wei Y, Li K, Zhao W, He Y, Shen H, Yuan J, et al. The effects of a novel
curcumin derivative loaded long-circulating solid lipid nanoparticle on the MHCC-
97H liver cancer cells and pharmacokinetic behavior. Int | Nanomedicine. (2022)
17:2225-41. doi: 10.2147/TJN.S363237

164. Reimer P, Rummeny EJ, Daldrup HE, Balzer T, Tombach B, Berns T, et al.
Clinical results with Resovist: a phase 2 clinical trial. Radiology. (1995) 195:489-96.
doi: 10.1148/radiology.195.2.7724772

165. Bellin MF, Zaim S, Auberton E, Sarfati G, Duron JJ, Khayat D, et al.
Liver metastases: safety and efficacy of detection with superparamagnetic
iron oxide in MR imaging. Radiology. (1994) 193:657-63. doi: 10.1148/
radiology.193.3.7972804

166. Merle P, Blanc JF, Phelip JM, Pelletier G, Bronowicki JP, Touchefeu Y, et al.
Doxorubicin-loaded nanoparticles for patients with advanced hepatocellular
carcinoma after sorafenib treatment failure (RELIVE): a phase 3 randomised
controlled trial. Lancet Gastroenterol Hepatol. (2019) 4:454-65. doi: 10.1016/S2468-
1253(19)30040-8

167. He P, Xiong Y, Ye J, Chen B, Cheng H, Liu H, et al. A clinical trial of super-
stable homogeneous lipiodol-nanoICG formulation-guided precise fluorescent
laparoscopic hepatocellular carcinoma resection. | Nanobiotechnology. (2022) 20:250.
doi: 10.1186/s12951-022-01467-w

168. Ceelen W, Sandra L, de Sande LV, Graversen M, Mortensen MB, Vermeulen A,
et al. Phase I study of intraperitoneal aerosolized nanoparticle albumin based paclitaxel
(NAB-PTX) for unresectable peritoneal metastases. EBioMedicine. (2022) 82:104151.
doi: 10.1016/j.ebiom.2022.104151

frontiersin.org


https://doi.org/10.1080/10717544.2017.1384862
https://doi.org/10.3390/ijms23148025
https://doi.org/10.1186/s12951-015-0121-5
https://doi.org/10.2147/IJN.S92436
https://doi.org/10.1158/0008-5472.CAN-18-0505
https://doi.org/10.1158/0008-5472.CAN-18-0505
https://doi.org/10.1016/j.nano.2015.01.009
https://doi.org/10.1016/j.ijpharm.2019.118769
https://doi.org/10.1021/acsami.1c09610
https://doi.org/10.1021/acsami.1c09610
https://doi.org/10.1016/j.msec.2015.11.062
https://doi.org/10.1016/j.msec.2015.11.062
https://doi.org/10.1016/j.biomaterials.2014.03.072
https://doi.org/10.1016/j.biomaterials.2016.11.040
https://doi.org/10.1186/s12943-023-01797-9
https://doi.org/10.1002/advs.202204932
https://doi.org/10.1002/advs.202204932
https://doi.org/10.1186/s12951-023-01920-4
https://doi.org/10.1186/s12951-023-01920-4
https://doi.org/10.1158/2159-8290.CD-12-0429
https://doi.org/10.2147/IJN.S363237
https://doi.org/10.1148/radiology.195.2.7724772
https://doi.org/10.1148/radiology.193.3.7972804
https://doi.org/10.1148/radiology.193.3.7972804
https://doi.org/10.1016/S2468-1253(19)30040-8
https://doi.org/10.1016/S2468-1253(19)30040-8
https://doi.org/10.1186/s12951-022-01467-w
https://doi.org/10.1016/j.ebiom.2022.104151
https://doi.org/10.3389/fimmu.2025.1496498
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Nanomaterials for liver cancer targeting: research progress and future prospects
	1 Introduction
	2 Current status of targeted agents in hepatocellular carcinoma
	3 Several common nanomaterials for HCC
	3.1 Liposomal nanoparticles
	3.2 Polymer nanoparticles
	3.3 Silicon dioxide nanoparticles
	3.4 Carbon nanotubes
	3.5 Graphene nanoparticles
	3.6 Magnetic nanoparticles
	3.7 Gold nanoparticles

	4 Nanomaterials in several common clinical drugs
	4.1 Sorafenib
	4.2 Lenvatinib
	4.3 Gefitinib
	4.4 Other drugs

	5 Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


