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Abstract: Liver cancer, particularly hepatocellular carcinoma (HCC), remains a global health challenge with limited therapeutic
options for advanced stages. Transarterial chemoembolization (TACE), the first-line treatment for intermediate and advanced-stage
HCC, faces limitations such as incomplete tumor embolization and systemic toxicity. This review synthesizes recent advancements in
nanotechnology to address these challenges, focusing on nanoparticles (NPs) as embolic agents, drug carriers, and imaging contrast
agents. Nanoparticle-based drug delivery systems (eg, gold NPs, liposomes) enable localized drug release in tumors, enhancing
chemotherapy efficacy while minimizing systemic side effects. Multimodal imaging NPs (eg, superparamagnetic iron oxide NPs,
gadolinium-based NPs) enhance real-time visualization of tumor vasculature during TACE, facilitating precise embolization and
treatment monitoring. Additionally, combining NPs with photothermal therapy or anti-angiogenic agents (eg, sorafenib) demonstrates
synergistic effects in inhibiting tumor recurrence and metastasis. In conclusion, nanotechnology significantly enhances TACE’s
precision and efficacy through targeted delivery and multimodal imaging, though challenges in biocompatibility, safety, stability,
and large-scale production require urgent attention. Future studies should focus on developing multifunctional nanocarriers and
personalized nanomedicine strategies to optimize clinical outcomes for HCC patients.
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Introduction
Primary liver cancer remains a severe threat to global health. According to the data revealed by the National Cancer
Center of China, in 2022, the incidence rate of primary liver cancer ranked fifth among all cancers, and the number of
deaths and mortality of primary liver cancer in the same year ranked second.' HCC is the main form of liver cancer,
accounting for approximately 90% of primary liver cancers.” Chronic hepatitis B virus (HBV) and hepatitis C virus
(HCV) infection are the most important cause of HCC.? The treatment of HCC includes multiple methods,* and the most
commonly is based on the Barcelona Clinical Liver Cancer (BCLC) staging system’ to guide the selection of different
treatment plans. However, most HCC patients are only diagnosed in the middle to late stages, which limits surgical
treatment due to poor liver function.®

As the first-line therapy for intermediate and advanced HCC, TACE achieves local tumor control in 15-60% of cases
by occluding hepatic artery blood supply and delivering chemotherapy.” However, its efficacy is limited by incomplete
tumor embolization, systemic toxicity from drug leakage, and hypoxia-driven tumor recurrence mediated by the tumor
microenvironment (TME).®® These challenges necessitate innovative approaches to enhance treatment precision.

Nanotechnology offers transformative solutions to address TACE’s limitations. NPs, characterized by tunable size (1—
100 nm), high surface-area-to-volume ratios, and modifiable surfaces, enable three critical advancements in drug
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delivery, specific targeting, and imaging applications: (1) targeted drug delivery via NPs enhances chemotherapeutic
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accumulation in HCC lesions by 2-3 fold while minimizing systemic exposure to normal liver tissue, overcoming the
nonspecific distribution of traditional embolic agents; (2) multimodal imaging guidance using NPs,'? such as super-
paramagnetic iron oxide nanoparticles (SPIONs), achieves capillary-level (<10 um) vascular visualization. Combined
with CT/MRI dual-modal probes, this technology reduces embolization range assessment errors and enables real-time
monitoring of treatment efficacy.

This review synthesizes recent advancements in nanotechnology-driven TACE, focusing on NP-based embolic agents,
drug carriers, and imaging contrast agents. By integrating materials science with interventional oncology, we aim to provide
a comprehensive roadmap for translating nanomedicine into clinical practice for HCC patients (Figure 1 illustrates the core

concepts and their main branches of this study, aiding readers in understanding the overall framework of the research).

The Application of TACE in the Treatment of Liver Cancer

The Mechanism of Action of TACE in Treating Liver Cancer

The blood circulation of the liver is unique because it has a dual blood supply. About 80% of the blood supply to normal
liver tissue is provided by the portal vein, while over 95% of liver cancer patients are supplied by the hepatic artery.'*
The fundamental principle of TACE involves obstructing the blood supply to solid tumors via the hepatic artery,'*
thereby impeding nutrient acquisition by tumor cells while sparing normal hepatocytes from disruption. Simultaneously
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administering chemotherapy drugs to achieve the effects of vascular occlusion and tumor ischemic necrosis.'* Figure 2
(by figdraw, www.figdraw.com) shows the basic principle diagram of TACE treatment for liver cancer. The classification

of liver cancer TACE is based on the different embolic agents, including conventional TACE using lipiodol (c-TACE)
and TACE using drug-eluting microspheres.

C-TACE and the Treatment of Liver Cancer
TACE was originally developed for hepatic artery embolization (HAE). c-TACE uses iodinated oil emulsion (lipiodol)

and particle embolic agents (such as gelatin sponge particles, blank microspheres, or polyvinyl alcohol particles) to
directly deliver cytotoxic drugs (such as doxorubicin, cisplatin, doxorubicin, mitomycin C, or idarubicin) to the tumor

Chemotherapy Drtg

Figure 2 Basic schematic diagram of TACE treatment for liver cancer.

herapy drugs spread throughout the tumor
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itself,'> rather than causing TME embolization. Due to the easy separation of chemotherapy drugs from target lesions and
their entry into the circulatory system, as well as the embolization of normal liver tissue into non target organs, their
effectiveness as monotherapy is often limited.'® Numerous studies have investigated the combination of ¢c-TACE and
sorafenib for advanced HCC, demonstrating promising therapeutic outcomes and extending overall survival.'” In
addition, due to significant technical and scheduling deficiencies in c-TACE that have not yet been standardized, as
well as the possibility of severe pain in some patients caused by the use of lipiodol,'® the acceptance of TACE as a
standard tumor treatment has been hindered. Therefore, based on this, drug eluting bead transarterial chemoembolization
(DEB-TACE) was developed.

DEB-TACE and the Treatment of Liver Cancer

DEB-TACE, also known as drug eluting microsphere transarterial chemoembolization. Since its first launch in 2006,
many clinical trials have shown its efficacy in HCC patients and its advantages in overcoming the drawbacks of
¢-TACE." Compared with patients receiving c-TACE, patients receiving DEB-TACE may have higher complete
remission rates, disease control rates, and 3-year survival rates.”” However, in terms of patient tumor response and
safety, the advantages of DEB-TACE over c-TACE have never been proven, and the differences in cost and cost-
effectiveness between DEB-TACE and c-TACE are not significant. In addition, c-TACE has been shown to reduce the
recurrence of HCC after liver transplantation and improve overall survival after transplantation, especially when the
waiting time exceeds 6—12 months.”' Compared to ¢cTACE, DEB-TACE has a higher risk of hepatic artery and biliary
tract injury.”? In DEB-TACE treatment, drug-eluting beads/microspheres can embolize the tumor blood supply artery,
allowing the loaded chemotherapy drugs to achieve more sustained drug release in the local tumor. Maintaining relatively
high blood drug concentrations in local tumors results in sustained embolic effects. Simultaneously providing tumor
selective drug delivery while preserving healthy liver tissue supplied by the portal vein. Therefore, in addition to
¢c-TACE, DEB-TACE is also used as a first-line treatment in some institutions.?® The clinical indications and contra-
indications of DEB-TACE and c¢-TACE are very similar. The optimal candidates for DEB-TACE are asymptomatic
patients who exhibit preserved hepatic function, favorable Eastern Cooperative Oncology Group (ECOG) performance
status, selective and targeted progression of liver disease, and an absence of significant vascular invasion or extrahepatic
complications. Many research®*2° have synthesized the indications, relative contraindications, and absolute contra-
indications of DEB-TACE treatment.

While DEB-TACE demonstrates advantages in sustained drug release compared to conventional TACE, its clinical
efficacy remains limited by three key challenges: (1) incomplete embolization of capillary-level tumor vasculature (7-9

pum) due to the larger size of drug-eluting microspheres (>70 pum);*’~®

24,29

(2) nonspecific drug distribution leading to
systemic toxicity and liver parenchymal injury; and (3) hypoxia-driven tumor recurrence mediated by HIF-1a/VEGF
upregulation in the post-embolization microenvironment.*® In order to further improve the therapeutic effect of TACE
and reduce complications, nanotechnology, as an emerging technology, is gradually being introduced into the treatment
of TACE. Nanotechnology overcomes these limitations via innovative designs: tunable-size NPs (1-100 nm) enable
precise tumor microvasculature occlusion. Surface-functionalized NPs (eg, CD147-targeted liposomes) enhance intratu-
moral drug accumulation by 2-3 fold while protecting normal tissues.>’ Multimodal imaging NPs (eg, SPIONs) improve
real-time embolization visualization to reduce errors.**>> The following sections elaborate on NP-based embolic agents,
drug carriers, and imaging tools, highlighting their potential to transform TACE into a more precise and effective

modality for HCC treatment. Figure 3 (by figdraw, www.figdraw.com) shows the application of NPs in TACE.

NPs and TACE

NPs as Drug Delivery Carriers in TACE

The Mechanism of Action Between Drug NPs and TACE

Nanotechnology enables precise manipulation of matter at the 10 meter scale.>* NPs (<100 nm) exhibit unique properties
governed by shape (spherical/sheet-like/tubular), size, material composition, surface charge, and functional coatings (eg,
PEGylation, targeting ligands).>>>® Their nanoscale diameter (1-100 nm) facilitates penetration of tissue gaps, capillary beds
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Figure 3 Application of nanoparticles in TACE.

(<10 pum), and even endothelial barriers, enabling tumor-specific accumulation via the enhanced permeability and retention
(EPR) effect. As drug carriers, NPs achieve dual goals of targeted delivery (via passive phagocytosis by reticuloendothelial
system or active antibody-ligand binding) and controlled release, thereby improving bioavailability while minimizing
systemic toxicity.>” This mechanism underlies the clinical integration of nanotechnology with TACE for HCC treatment.

Factors Affecting NP Efficacy in TACE

Particle Size: Vascular Dynamics and Drug Delivery

The therapeutic efficacy of NPs in TACE is profoundly influenced by their size, which dictates both vascular interaction
and drug distribution. Given the typical capillary diameter ranging from 7 to 9 micrometers, conventional drug-eluting
beads (DEBs, >70 pum) may induce occlusion of branch vessels situated distal to the capillary bed, resulting in
downstream thrombus formation.”®***! This obstruction prevents the delivery of anticancer drugs to the finest vessels,
which is crucial for optimal transmural transport, and consequently restricts drug penetration to the distal regions of the
tumor.*® Smaller microbeads (eg, 70 um DEBs) improve tumor edge targeting but face challenges at the nanoscale:
submicron or nanometer-sized particles may fail to completely occlude arterial blood supply, risking endothelial cell
absorption or tumor penetration through enlarged intercellular gaps.*'
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For drug delivery, NP size must balance payload capacity and biological distribution. While NPs >100 nm enhance
drug loading, the ideal anticancer NP size (70-200 nm) aligns with tumor endothelial fenestrations (200-780 nm),
enabling enhanced permeability and retention (EPR) effect-mediated accumulation.** For example, 400-600 nm dextran-
coated arsenite NPs** demonstrate complete vascular occlusion and sustained drug release in VX2 liver tumor models,
though smaller sizes (eg, <50 nm) may induce premature drug burst release due to high surface-area-to-volume ratios.

144

Bergen et al™* showed that 50 nm lactose modified gold NPs exhibited 2—3 fold greater hepatic accumulation than larger

counterparts (80—150 nm), underscoring size-dependent cellular localization efficiency.

Shape and Surface Charge: Modulating Circulation and Targeting

The morphology and surface charge of NPs jointly determine their in vivo distribution efficiency and targeting capability.
Non-spherical particles (eg, rods, tubes) reduce macrophage phagocytosis due to their hydrodynamic properties, prolonging
blood circulation time.* Their irregular shapes enhance intravascular rolling effects, thereby increasing the probability of
tumor vessel wall contact via the enhanced permeability and retention (EPR) effect.*® Meanwhile, surface charge influences
clearance rates by regulating interactions with biological interfaces:*’ positively charged particles are readily recognized and
internalized by macrophages in organs like the liver, spleen, and lungs, leading to systemic toxicity; neutral or slightly
negatively charged modifications (eg, PEGylation) evade immune surveillance and prolong circulation half-life.*® For
instance, negatively charged liposomes persist in the bloodstream longer than positively charged counterparts, while non-
spherical neutral particles achieve efficient tumor accumulation by reducing Reticuloendothelial System (RES) capture and
enhancing vascular wall adhesion. This synergistic optimization of shape and charge significantly expands the therapeutic
window of NPs in TACE, balancing targeting precision with systemic safety.*’

Application of Various NPs as Traditional Chinese Medicine Delivery Carriers in TACE

Due to the ability of nanocarriers to image disease tissues, diagnose conditions, detect cancer cells at an early stage, and
simultaneously treat diseases, nanocarriers are used as tools for drug delivery. It has multiple advantages, such as
enhancing the solubility of hydrophobic drugs, maintaining their release, and prolonging their circulation time, achieving
excellent drug loading and better biocompatibility,”® and reducing toxicity associated with anti-tumor agents. In addition,
they also have the potential to be transmitted to cells, thereby enhancing the permeability and retention through

inflammatory tissue endothelium.”'

Application of AuNPs in TACE

Gold NPs (AuNPs), commonly known as colloidal gold, are one of the most extensively studied and well-known NPs.
Firstly, we can easily synthesize various shapes of AuNPs, such as spherical, rod-shaped, cage shaped, etc. The optical
and electrical properties of AuNPs largely depend on their shape and size.”® Secondly, due to the negative charge on
AuNPs, they can be easily functionalized by various biomolecules such as drugs, genes, and targeting ligands.”* Thirdly,
AuNPs have biocompatibility and non toxicity.>* Fourthly, AuNPs exhibit significant surface effects, ultra small sizes,
macroscopic quantum tunneling effects, and the presence of surface plasmon resonance (SPR) bands.”> All these special
properties make AuNPs the most promising materials for various biomedical applications. The main mechanism by
which AuNPs exert their anti-cancer properties:>® AuNPs are absorbed by cells through endocytosis, and vesicles are
distributed in the cytoplasm and nucleus, producing toxic effects that lead to cell apoptosis or programmed cell death.
Recent research has revealed that AuNPs specifically target cancer cells, triggering the effective expression of caspase-9,
the initiating caspase in the apoptotic pathway. Additionally, another study has demonstrated that AuNPs targeting the
nucleus induce cell cycle arrest, inhibit cytoplasmic division, ultimately driving the cells towards apoptosis. In many
cases, AuNPs are used as delivery systems or combined with therapeutic molecules or even genes to provide significantly
better anti-cancer cytotoxicity.**>*

In TACE therapy, AuNPs can serve as carriers for chemotherapy drugs, delivering them directly to the tumor site. It can
significantly increase the concentration of drugs in tumor tissues while reducing damage to normal tissues. Through reason-
able surface modification, AuNPs can achieve active drug targeting and improve therapeutic efficacy. Secondly, they also have
excellent photothermal effects, which can generate heat under specific wavelength laser irradiation, thereby destroying tumor
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cells.’”*° The use of AuNPs as carriers for chemotherapy drugs can achieve the combined application of chemotherapy and
photothermal therapy. This combination therapy not only increases the local concentration of drugs, but also enhances the
sensitivity of tumor cells through photothermal effects, achieving better therapeutic effects.®’** Thirdly, AuNPs also have

radiosensitizing properties,®>***

which can enhance the killing effect of radiation on tumor cells during radiotherapy. When
AuNPs are injected into tumor tissue, they can absorb more radiation energy during radiation therapy and convert it into forms
such as thermal energy or free radicals, thereby disrupting the structure and function of tumor cells. In summary, AuNPs have
shown great potential for application in TACE, but due to the incomplete understanding of their distribution and metabolic

mechanisms, further research is needed on their safety and effectiveness.

Application of Liposomes in TACE
Liposomes, spherical vesicles composed of phospholipid bilayers and cholesterol, represent a versatile nanoplatform for drug
delivery in TACE. Their biocompatibility, biodegradability, and non immunogenicity make them ideal for enhancing
therapeutic efficacy while minimizing systemic toxicity. Liposomes can encapsulate both hydrophilic and hydrophobic
drugs within their aqueous cores or lipid bilayers, respectively, enabling controlled release and improved tumor accumulation
through the enhanced EPR effect.®> Key design parameters, including phospholipid type, bilayer rigidity, particle size
(typically 50-200 nm), and surface charge, dictate their circulation half-life, tissue distribution, and cellular uptake.®®®” For
instance, negatively charged liposomes exhibit reduced phagocytosis by the reticuloendothelial system, prolonging blood
circulation, while cationic formulations enhance interaction with negatively charged tumor cell membranes.*®

A notable advantage of liposomes is their adaptability for active targeting. Wang et al developed CD147-targeted
liposomes conjugated with doxorubicin, demonstrating enhanced cytotoxicity against Huh-7 and HepG2 HCC cells
compared to non-targeted counterparts.’>*® The CD147 antibody decoration improved tumor-specific binding, leveraging
overexpression of this receptor on HCC cell surfaces. Similarly, Persico et al evaluated chitosan-coated liposomes loaded
with butyric acid (BA) in HepG2 cell lines, showing that surface modification with chitosan enhanced cellular uptake and
anticancer efficacy compared to uncoated liposomes or free BA.*!""° These findings highlight how surface engineering
can optimize liposomal delivery for TACE, ensuring preferential accumulation in tumor tissues while sparing healthy
hepatocytes. Lipid-based nanocarriers also offer flexibility in multi-drug co-delivery. Zhao et al developed dual-drug
liposomes encapsulating doxorubicin and curcumin, demonstrating high encapsulation efficiency and sustained release

profiles in a murine HCC model.”!

The combination of chemotherapeutic and natural anti-tumor agents within a single
carrier enhanced synergistic cytotoxicity and tumor growth inhibition. Such systems address the limitations of mono-
therapy by integrating multiple mechanisms of action, the advantages of which include reducing the dosage of each drug
and the likelihood of drug resistance.

Despite these advancements, liposomes face technical challenges in TACE translation. For example, instability in the
acidic TME and variability in lipid composition can lead to premature drug leakage or inconsistent embolization
efficacy.”” Additionally, large-scale production of monodisperse liposomes with uniform size and charge remains a
bottleneck for clinical scalability. Future research should focus on developing pH-responsive lipid formulations and

microfluidic-based manufacturing techniques to improve consistency and therapeutic precision.

Application of Chitosan NPs in TACE

Chitosan is a biodegradable cationic polysaccharide polymer. It is mainly produced through two processes: ordinary process
and fermentation process. The ordinary process includes demineralization, deproteinization, and decolorization to separate
chitin, and then deacetylation to convert chitin into chitosan.”® The main characteristics of chitosan biopolymers are their
molecular weight and degree of deacetylation, which are crucial for controlling the properties of chitosan, including solubility,
polycation, antimicrobial activity, biocompatibility, and biological adhesion. Therefore, the different shapes and physical

forms of chitosan determine its various uses in different ﬁelds,73 74

including their implementation in drug delivery.

Due to the very low loading efficiency of chitosan itself, the creation of various chitosan derivatives, especially in the form
of NPs, has been proven to be effective. Many researchers have studied chitosan NPs for drug delivery in liver cancer for
therapeutic purposes. The main advantages of chitosan NPs in controlled release systems include: (i) improving drug stability,

(ii) reducing drug side effects,  (iii) reducing dosage, (iv) increasing convenience, (v) improving drug efficacy, (vi) increasing
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drug bioavailability, (vii) reducing overall costs, and (vii) improving patient compliance.”® Loutfy et al (2016)"” synthesized
chitosan NPs for evaluating an in vitro human liver cancer cell model (HepG2). Their study demonstrated the cytotoxicity of
chitosan NPs toward liver cancer cells, confirming suitability for hepatic oncotherapy drug delivery.”® Badawy et al’®
demonstrated the anti-HCC efficacy of chitosan coated iron oxide nanocomposites (Fe304/Cs) in a rat model. The results
have shown that Fe304/Cs could induce apoptosis of liver cancer cells by increasing the expression of cleaved caspase-3 and
induce immune suppression of cytokines, demonstrating good anti-tumor effects.

Application of Silica NPs in TACE

Silicon dioxide has a tetrahedral framework structure, formed by covalent bonds between one silicon atom and four
oxygen atoms. Mesoporous silica NPs (MSN) are a type of porous material with a pore size distribution of 2—50 nm and
are a promising nanoscale carrier. It is easy to synthesize, has a uniform structure, adjustable size (50-200 nm), large
pore volume (0.6—1.4 cm3/g), high specific surface area (700—1000 m2/g), high drug loading capacity,”” as well as
adjustable pore size, controllable morphology and high mechanical/thermal stability, good biocompatibility and biode-
gradability, making it an excellent substrate material for constructing various nanocomposites.*

In general, MSN is usually produced by surfactant template sol-gel method. Their structure and morphology are influenced
by different factors. Among them, surfactants as structure directing agents play a crucial role in determining the mesoporous
structure of MSN, because they can induce micellization of foam in the reaction process.®' Silica NPs, especially amorphous
silica NPs, are widely used in medical applications such as chemotherapy drug delivery and multimodal imaging. The
performance of MSN mainly depends on the composition, particle size, and dispersion of the inorganic phase.*

Introducing MSNs into polyester can greatly improve the crystallization, mechanical, and other properties of
nanocomposites. In addition, the excellent optical transparency of MSNs can be used to obtain fluorescent PET, further
expanding the application potential of MSNs.® In an in vitro and in vivo study reporting mesoporous and drum shaped
silica nanospheres as drug carriers,*® silica nanocolumns were developed for the first time as drug delivery systems for in
vitro and in vivo liver cancer treatment. Loading docetaxel into PEGylated silica nanospheres (SN-PEG) resulted in
lower systemic toxicity and stronger anti-tumor activity.®> Tang et al® systematically reviewed the advancements in
mesoporous silica NPs and their multifunctional carriers for drug delivery systems, demonstrating silica NPs’ potential as
promising drug carrier candidates. Their study further indicated that polymer nanocarriers might represent the most
effective approach for controlled and sustained delivery of anticancer targeted drugs. It can overcome the limitations of
liposomes because they are more stable in vivo, with longer drug circulation times, higher drug loading capacity, more
uniform size distribution, and the ability, and can produce more controlled and targeted drug release curves at extended
time periods and different predetermined rates,*® while also avoiding renal rejection reactions. Table 1 summarizes the
applications of several common nanocarriers.

Synergistic Integration of NPs and Anti-Angiogenic Agents in TACE

Most embolization procedures cause ischemic damage to tumors, thereby creating a deep hypoxic TME that leads to
upregulation of hypoxia inducible factor-la (HIF-1a). Upregulation of HIF-1 a can lead to overexpression of the pro
angiogenic vascular endothelial growth factor (VEGF) gene, followed by a systemic increase in VEGF.*** To counteract
this adaptive response, integrating anti-angiogenic agents with NPs in TACE has emerged as a promising strategy to
enhance therapeutic efficacy. Anti-angiogenic drugs such as sorafenib, sunitinib, and vandetanib have shown synergistic
effects when delivered via NPs.”® For instance, sorafenib-loaded drug-eluting microspheres in DEB-TACE demonstrate
prolonged local retention and reduced systemic exposure compared to free drug formulations.’®” Clinically, combina-
tions of TACE and sorafenib have shown survival benefits for unresectable HCC patients, particularly those with tumor
recurrence.”®”” Nanostructured lipid carriers (NLCs) further exemplify this synergistic approach. Bondi et al (2015)
developed NLCs for controlled sorafenib release, demonstrating enhanced anticancer activity compared to free drugs in
vitro.”® The lipid-based carriers exhibit biocompatibility and sustained drug release, characteristics that optimize tumor-
targeted delivery while sparing healthy liver tissue supplied by the portal vein. Similarly, sunitinib- and vandetanib-
loaded magnetic beads have been validated for effective embolization and anti-angiogenic therapy, leveraging nanopar-

ticle surface modifications to enhance drug retention.””'*
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Table | Application of Several Common Nanocarriers

Nano-Carrier Drug Mechanism Cell Line Consequence References
Gold nanoparticle Doxorubicin Chemical photothermal combined therapy BEL-7402 tumor- DHTP Au nanocarriers mediated integrative therapy [87]
bearing nude mice | significantly delayed tumor growth.
Polymer nanoparticle Various Targeted drug delivery HepG2 TPGS-b-PCL NPs loaded with SFB was more effective in [88]
anticancer inhibiting HepG2 cell growth and delaying tumor growth.
agents
Lipid nanoparticles Adriamycin and | Increase the accumulation of drugs at the tumor HepG2 It has a synergistic effect on HCC apoptosis, proliferation and | [89]
curcumin site, improve permeability and retention angiogenesis.
Silica nanoparticles Doxorubicin Tissue and nucleus specific targeting H22 tumor TLSI 1a-LB@TATp-MSN/DOX reduces systemic side effects [90]
bearing mouse while enhancing anti-tumor effects.
model
Micelle Sorafenib Peg-poly(e-caprolactone) micelles can increase the | Tumor bearing Showed higher tumor growth inhibition in vivo. [9o1]
concentration of sorafenib in tumor tissues mouse model
Chitosan coated multi- Doxorubicin HepG2, mice with | O-CNTs-LCH-DOX showed higher antitumor activity and [92]
walled carbon nanotubes H22 tumors stronger fluorescence intensity in tumor tissues.
Graphene oxide Protocatechuic | Conjugation and surface adsorption Human GAGP Au has significant cytotoxicity to human hepatocellular | [93]
acid hepatocytes, carcinoma line (HepG2).
HepG2

Abbreviations: DHTP Au nanocarriers, A system that can load doxorubicin, consisting of hyaluronic acid-grafted and A54 peptide-targeted PEGylated AuNCs; HepG2, Human Hepatocellular Carcinoma cell line G2; TPGS-b-PCL, d-a-
Tocopheryl Polyethylene Glycol Succinate-b-Poly(g-caprolactone)(“b” means block); TLSI la - LB@TATp - MSN/DOX, A nanodrug carrier system for tumor - targeted therapy; CNTs-LCH-DOX, A galactosylated chitosan-grafted
oxidized carbon nanotube system for pH-dependent sustained release and hepatic tumor-targeted delivery of doxorubicin; GAGPAu, Nanocomposite derived from conjugating Gd with PA (forming GAGPA) and subsequent coating with

AuNPs.
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Some traditional Chinese medicine (TCM) components such as berberine, curcumin, and ginsenoside Rg3 have also
been demonstrated to possess potential anti-angiogenic effects. Numerous studies'®"'%? have confirmed that co-delivery
carriers composed of these components and NPs may be effective for treating human HCC. Zhang et al prepared the pH-
sensitive NPs, composed by d-a-tocopheryl polyethylene glycol 1000-block-poly(B-amino ester) (TPGS-PAE) polymers
for co-delivery of doxorubicin and curcumin. This system promotes apoptosis and anti-angiogenesis, enhancing anti-
tumor efficacy while reducing systemic toxicity.'®> Huang et al developed novel galactosylated chitosan (GC)-modified
NPs (GC@NPs) based on poly(ethylene glycol) methyl ether block-poly(lactide-co-glycolide) (PEG-PLGA). These NPs
can target the asialoglycoprotein receptor (ASGPR) expressed on HCC cells, release curcumin for chemotherapy, achieve
higher drug accumulation at the tumor site, and enhance antitumor therapy.'®* Yue et al prepared disulfide bond (S-S)-
bridged mesoporous silica NPs (SS-MON), which promote berberine release by breaking the disulfide bonds in SS-MON
and exhibit excellent isotype targeting ability, selectively killing cancer cells without harming normal cells.'®> The
document introduces a nanohybrid synthetic nanomedicine that combines ginsenosides with self-targeting and enhanced
MRI contrast and applies it to liver cancer treatment, demonstrating good antitumor effects.'®®

This integrative strategy addresses both the physical occlusion of tumor blood supply and the molecular drivers of
angiogenesis, offering a dual-pronged approach to suppress tumor progression. By leveraging NPs as delivery platforms
for anti-angiogenic agents, TACE protocols can achieve more durable local control and mitigate the risk of treatment
resistance associated with TME.

NPs for Image Guidance in TACE

Images play an important role in TACE surgery, helping doctors determine the branches of the hepatic artery and the
location of tumors, thus facilitating better embolization. In addition, imaging can also help doctors evaluate the
effectiveness of embolization and the prognosis of patients. Due to the multiple branches of the hepatic artery, traditional
TACE treatment may inject into the wrong blood vessel branches, resulting in unnecessary damage. Secondly, embolic
agents may not be able to completely block the blood supply to tumors, resulting in poor treatment outcomes. Radiation
and MRI visible microspheres and NPs are embolic agents that can be visualized on imaging, and their appearance has
brought important progress to TACE therapy. In addition, these microspheres and NPs can be detected to evaluate the
effectiveness of embolization and the prognosis of patients, and adjust treatment plans in a timely manner. Secondly,
radioactive microspheres and NPs can release radioactive substances, thereby killing cancer cells and enhancing
therapeutic efficacy.'”” At present, commonly used radioactive microspheres and NPs include yttrium (90Y)

19819 and iodine (131I) microspheres.''' These microspheres can be accurately located through imaging

microspheres
examination after embolization, thereby achieving better therapeutic effects. The visible microspheres and NPs in MRI
include ferrite (Fe304) NPs,''>"''* gadolinium (Gd) NPs,'" etc. Researchers are exploring the combination of radio-
active and MRI visible microspheres and NPs with other therapeutic methods, such as immunotherapy and targeted

therapy, to improve treatment efficacy and reduce side effects.

The Application Principle of NPs in Image Guidance

Image guided technology refers to the use of imaging techniques to accurately locate target areas and monitor changes in
real-time during the treatment process, in order to improve the accuracy and effectiveness of treatment. The application
of NPs in image guidance is mainly based on their characteristics in the following aspects: (1) Enhancing imaging
contrast.''® NPs can significantly improve imaging contrast by adsorbing or encapsulating specific contrast agents, such
as iodine, gadolinium, etc. Especially in imaging techniques such as MRI (magnetic resonance imaging) and CT
(computed tomography), NPs as contrast agents can more clearly display the lesion area and provide accurate diagnostic
information for doctors. (2) Targeting."'”"''® The surface of NPs can be modified with specific ligands (such as
antibodies, peptides, small molecules, etc.) to enable them to specifically bind to target cells or tissues. This targeting
ability enables NPs to accurately locate the lesion area in image guidance, improving the specificity and sensitivity of
imaging. (3) Multifunctionality.''® NPs can integrate multiple functions such as imaging, therapy, and diagnosis together
to form a multimodal imaging probes. This multifunctionality not only improves the accuracy of diagnosis but also
provides the possibility for achieving precise treatment.
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Application of NPs as Contrast Agents

NPs can be used as contrast agents for vascular imaging during TACE process.'>*'?? By injecting contrast agents
containing NPs, doctors can clearly observe the morphology, distribution, and blood flow of blood vessels, providing
accurate evidence for subsequent embolization treatment.

MRI Imaging

MRI is a non-invasive imaging diagnostic technique widely used in clinical diagnosis and treatment. However, MRI still
faces difficulties in detecting small lesions or early-stage diseases. NPs have become powerful tools for improving MRI
resolution and accuracy due to their unique magnetic and imaging enhancing abilities. By adjusting the size, shape, and
surface modification of NPs, their magnetism and stability can be optimized to achieve high contrast imaging of specific
tissues or lesions. In the past few decades, T2 weighted contrast agents based on iron oxide NPs have been used in

clinical trials,'?*!%*

and iron platinum NPs (FePt NPs) can also be used for precise MRI detection, characterized by the
generation of magnetocaloric energy for cancer-related applications.

Recently, SPIONs are widely utilized contrast agents in liver magnetic resonance imaging. Lihong et al'*® evaluated
SPION with different coatings (SMG and SHP) and core sizes (10 nm and 30 nm) for liver MR imaging and found that
SHP-30 is an effective contrast agent for liver MR imaging, with the best contrast and highest macrophage uptake, and
may be an improved alternative to Felide liver imaging. Wei et al'*® developed magnetic embolic microspheres based on
SPION with low Curie temperature. Under the action of an alternating magnetic field, the embolic microspheres can
automatically adjust the thermal therapy temperature to around 50°C, and the drugs loaded in the microspheres can be
released in a controllable manner. Embolic microspheres can also be detected by CT and MR. These characteristics
enable microspheres to simultaneously achieve self regulating temperature hyperthermia, on-demand drug release,

127 127

embolization, and CT/MR imaging. ©* Moghadam “’ systematically reviewed the diagnostic applications of SPIONs

as contrast agents for MRI.

CT Imaging
CT technology can provide high-resolution three-dimensional tomographic images, but there are limitations in detecting
low contrast lesions.'*® NPs as CT contrast agents can effectively improve the contrast of images. Compared with
traditional iodine contrast agents, NPs have higher atomic numbers and densities, which can better absorb X-rays and
produce stronger contrast effects.

Currently, gold is the most commonly used material in the research of magnetic NPs (MNPs) as a CT imaging

component. Tseng et al'?

used multiple gold NPs to bind to the surface of MNPs. In this study, multiple extremely small
IONPs with a diameter of about 2nm were adsorbed on the surface of worm like mesoporous SiO2 NPs through
electrostatic interactions. Then, a layer of mesoporous SiO2 shell was coated on the outer surface, and AuNPs were
anchored outside the silicon shell through boronic ester bonds, thus constructing a nano drug delivery system with T1W-
MRI/CT dual-mode imaging function.

Yang et al'*® self-assembled two-dimensional nanomaterials WS2 and IONPs, coated them with mesoporous silica,
and surface modified them with PEG to construct an MRI/CT dual-mode imaging system WS2-IO@MS-PEG A
multifunctional nano drug delivery platform, in which WS2 can absorb X-rays for CT imaging and near-infrared lasers
for photothermal therapy. Liu et al'*' developed polymer composite microspheres capable of simultaneously loading
177Lu and MgO NPs, demonstrating ideal in vivo stability. This microsphere is used for interventional radioembolization

therapy of liver cancer and allows for real-time SPECT/CT imaging for up to 8 weeks.

Fluorescence Imaging

NPs can also be used for fluorescence imaging, by introducing fluorescent labels on their surfaces to achieve detection
and imaging of specific regions. This method not only improves the accuracy and sensitivity of imaging but also has real-
time and non-invasive capabilities, providing important support for clinical diagnosis and treatment. Hanchen et al'*
developed a therapeutic diagnostic nanoplatform CSP for targeted gene therapy of HCC/TPE@siRNA-SP94 by testing its

dual imaging modalities (fluorescence and MRI), enhanced imaging characteristics were demonstrated, and in vivo anti-
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Table 2 Several Common Contrast Agents for Imaging Diagnosis and Treatment of HCC

nanocarrier

Contrast Nanoparticles Cell Model Advantage/Application References
Agent Type
Gadolinium PEG-Gd,Os;NPs BALB/c nude mouse PEG-Gd2O3NPs as MRI nano-contrast agent has high relaxation and enhanced imaging effect. [134]
contrast agent
Manganese CTN-MnO,_-PEG Nude mice with Hela tumor CNT-MnO,; -PEG can be used to target tumor ablation and real-time disease tracking. [135]
contrast agent
HMS HCC, NEC and ADC nude It has low systemic toxicity and can release Mn2+ as a liver-specific MR contrast agent in liver tumor [136]
mice bearing the tumor models under physiologically acidic conditions.
DMNF MCF-7 tumor-bearing BALB/c | DMNF shows high tumor-specific MRI and enhanced T |-weighted imaging effects as well as high spatial [137]
nude mice resolution imaging of the liver.
Mn 3 O 4 nano-cluster | Nude mice bearing the tumor | It has high biosafety and colloidal stability, and can be used as T| magnetic resonance contrast agent for [138]
accurate diagnosis of tumors.
Iron oxide Fe (3) O (4/MnO BALB/c nude mice It can be used as double contrast agent to obtain double contrast enhanced MR Images. [139]
contrast agent | hybrid nanocrystals
atta@Fe;O4@Ru It has fluorescence and magnetic properties as well as significant magnetic resonance properties, further [140]

improving the visibility of liver cancer tissue and normal liver tissue.

Abbreviations: PEG-Gd,O3NPs, Pegylated gadolinium oxide nanoparticles; CTN-MnO2—PEG, Therapeutic diagnostic nanoplatform related to tumor microenvironment; HMS, Hollow manganese silicate nanoparticles; NEC,
Neuroendocrine Carcinoma; ADC, Adenocarcinoma; DMNF, DNA-Mn hybrid nanoflower; MCF-7, Human Mammary Carcinoma Cell Line 7.
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tumor studies also showed significant anti-tumor properties. A new type of europium oxide NP'** can mediate
fluorescence imaging from emitting drugs and even detect ultra small tumors below 1 millimeter. These can all be
used for fluorescence imaging during TACE process to improve the efficacy of TACE. Table 2 summarizes several
common contrast agents that can be used for imaging diagnosis and treatment of HCC.

Imaging Advantages of NPs in TACE

Improve Visualization Effect

NPs, due to their extremely small size and unique physicochemical properties, can significantly improve imaging
resolution and contrast. For example, superparamagnetic iron oxide SPIONs can clearly display the distribution and
dynamic changes of NPs in vivo under MRI, thereby monitoring the therapeutic effect of TACE in real time.'*' PVA

142
1

microspheres loaded with Lipiodo and CT imaging detection improved visualization effects and provided three-

dimensional spatial distribution of embolic materials in target organs, which can provide real-time intraoperative
feedback for interventional radiologists.

Multimodal Imaging Capability

143-145

Some NPs possess multimodal imaging capabilities, such as SPIONS, which not only play a role in MRI, but can

also be combined with other imaging techniques such as ultrasound imaging, X-ray, CT, etc. to achieve multimodal and

multi angle imaging. The reason why SPIONs can be used for tumor imaging:'*®

(1) They have a unique imaging
mechanism, SPIONs can shorten T2 and cause image darkening; (2) Having the characteristics of NPs, intravenous
injection can be cleared by macrophages in the liver, spleen, lymph nodes, and bone marrow, and can be highly taken up;
(3) It can be transmitted to tumors through EPR effects. Drug carriers loaded with SPIONSs, such as liposomes, micelles,
and NPs, can target drug delivery under external magnetic field conditions and observe drug delivery in real-time under
MRI. This multimodal imaging capability helps doctors to more comprehensively understand the state of tumors and

develop more accurate treatment plans,'’ 147

148
1

which has become a research hotspot recently.
Chunxia et a combined the unique advantages of upconversion NPs and mesoporous silica to construct a
multifunctional anti-cancer drug nanocarrier, which absorbed doxorubicin into the nanospheres without increasing
cytotoxicity. T1 weighted MRI measured in aqueous solution showed that contrast enhancement increased with the

concentration of Gd 3+component. Dong Hyun et al'*’

used the microfluidic gel process to prepare MRI/CT visible drug
eluting nanocomposite microspheres containing multimodal imaging contrast agents (magnetic clusters and gold nanor-
ods), and evaluated their drug release curves and imaging characteristics in vivo and in vitro for the first time, and found
that they had the potential of MRI/CT detection. Dawei et al'>® prepared Fe@EGaln/CA microspheres integrate CT/MR
dual-mode imaging and Fe@EGa in the photothermal/photodynamic functions of NP core and the embolization and drug

loading functions of CA microspheres are utilized to achieve intelligent chemoembolization.

Summary and Prospect

HCC is a malignant tumor of the digestive tract that poses a serious threat to human health. Early diagnosis and effective
treatment have always been the focus of research. This review highlights that nanotechnology enhances TACE for HCC
by enabling targeted drug delivery and multimodal imaging guidance. Drug-eluting nanospheres facilitate sustained
chemotherapy release, while imaging NPs enable real-time visualization of tumor vasculature during interventions,
enhancing treatment precision.

In precise drug delivery, nanocarriers enhance chemotherapeutic accumulation in tumor tissues by 2—3 times while
reducing systemic exposure through active targeting modification (eg, CD147 antibody-conjugated liposomes) and
intelligent release mechanisms (eg, pH-responsive mesoporous silica). Such designs break through the drug release
limitations of traditional embolic agents, significantly reducing damage to normal liver tissue through a “precision
blasting” model. These innovations address critical TACE limitations, such as incomplete tumor embolization and
systemic toxicity, by improving intratumoral drug accumulation and minimizing off-target effects. The innovation in
multimodal imaging guidance represents a key breakthrough where nanotechnology empowers TACE. SPIONs have
improved intraoperative vascular imaging precision to the capillary level (diameter <10 um). Combined with CT/MRI
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dual-modal nanoprobes (eg, gold nanorod-magnetic bead complexes), they can significantly reduce embolization range
assessment errors. Real-time visualization not only optimizes intraoperative decision-making but also reduces post-
operative recurrence rates through dynamic monitoring of tumor blood supply changes. Regarding synergistic therapy,
NPs address treatment resistance by integrating anti-angiogenic, photothermal, and other multiple mechanisms.
Despite the promising prospects, clinical translation of nanotechnology faces significant challenges: (1) Insufficient
long-term biocompatibility data for nanocarriers; (2) Control of particle size uniformity in industrial production (current
microfluidic technology has a deviation of =15 nm, requiring further optimization); (3) Variability in targeting efficiency
due to tumor heterogeneity (approximately 30% of HCC patients exhibit low antigen expression affecting antibody
targeting efficacy). Additionally, complex manufacturing processes and high costs limit clinical scalability and so on.
Future research should prioritize developing multifunctional nanocarriers that integrate drug delivery, imaging, and
responsive release mechanisms to tackle tumor complexity. Personalized nanomedicine strategies—tailoring nanoparticle
properties (eg, size, surface charge) to individual tumor characteristics—and optimizing preclinical models to mimic
human HCC microenvironments are also essential to advance translational outcomes for nanotechnology-based TACE.
In summary, nanotechnology is driving a paradigm shift in TACE from “empirical treatment” to “precision medicine”
through targeted delivery, imaging innovation, and mechanistic synergy. With the deep integration of materials science
and interventional technology, NPs are poised to become a core breakthrough for survival benefits in advanced HCC

patients, with their clinical translation prospects warranting close attention.

Abbreviations

HCC, hepatocellular carcinoma; TACE, transarterial chemoembolization; NPs, nanoparticles; HBV, hepatitis B virus;
HCV, hepatitis C virus; BCLC, Barcelona Clinical Liver Cancer; TME, tumor microenvironment; SPIONs, super-
paramagnetic iron oxide nanoparticles; DEB-TACE, drug eluting bead transarterial chemoembolization; HAE, hepatic
artery embolization; ECOG, Eastern Cooperative Oncology Group; DEBs, drug-eluting beads; EPR, enhanced perme-
ability and retention effect; RES, reticuloendothelial system; SPR, surface plasmon resonance; AuNPs, gold NPs; MSN,
mesoporous silica NPs; SN-PEG, PEGylated silica nanospheres; HIF-1a, hypoxia inducible factor-1a; VEGF, vascular
endothelial growth factor; NLCs, nanostructured lipid carriers; TCM, traditional Chinese medicine; GC@NPs, galacto-
sylated chitosan (GC)-modified NPs; ASGPR, asialoglycoprotein receptor; PEG-PLGA, poly(ethylene glycol) methyl
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magnetic resonance imaging; CT, computed tomography; MNPs, magnetic NPs; IONP, iron oxide nanoparticle.
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