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Abstract: The emergence of drug resistance is the major obstacle to the clinical application of sorafenib (SOR), which often leads to
disease progression, recurrence, and even death in hepatocellular carcinoma (HCC) patients. Nanocomposite-mediated drug delivery
enhances targeting precision and therapeutic utilization efficiency. Nanocomposites constructed by nanoparticles (NPs) and various
therapeutic components have emerged as effective approaches to enhance HCC therapeutic efficacy. Designing based on the
mechanisms underlying SOR resistance, specially engineered nanocomposites can be designed to overcome SOR resistance. This
review aims to highlight the advantages of nanocomposites in overcoming HCC SOR resistance. First, the various SOR resistance
mechanisms that have been identified so far are briefly outlined. Second, the construction methods and characteristics of nanocompo-
sites designed to overcome SOR resistance are summarized and categorized according to different types of NPs. Subsequently, the
roles and therapeutic effects of nanocomposites in SOR-resistant HCC are analyzed, primarily including remodeling the tumor
microenvironment (TME), restoring normal epigenetic regulation, improving drug metabolism, and inhibiting abnormally activated
signaling molecules and pathways. Finally, the advantages and disadvantages of nanocomposites used to reverse drug resistance are
discussed, and their development direction in future research is prospected, which provide new approaches for developing advanced
nanocomposites to overcome SOR resistance.
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Introduction
HCC is the most common histological subtype of liver cancer,' accounting for approximately 90% of all cases. Owing to
complex etiology, latent pathogenesis, difficult diagnosis, and rapid progression, in more than 50% of HCC patients are
diagnosed at advanced stages (Barcelona clinic liver cancer stage C or higher), limiting treatment options to systemic
therapy. Molecular targeting agents (MTAs), known for their “high efficacy and low toxicity”, are often the first choice
for systemic treatment.”> Among them, multi-kinase inhibitors (MKIs) are widely used in various malignant tumors,*
including HCC. SOR, a typical MKI, has been approved by the US Food and Drug Administration (FDA) as a first-line
MTA for advanced HCC. SOR, a clinically approved multi-kinase inhibitor, suppresses tumor progression by targeting
key signaling pathways critical for cell proliferation and angiogenesis.’

The gradual development of resistance to SOR during HCC treatment often leads to tumor recurrence, progression, and
ultimately patient death. Therefore, overcoming SOR resistance is crucial for prolonging the survival rate of HCC patients. To
effectively tackle this resistance, it is imperative to understand its underlying causes. The mechanisms contributing to SOR

International Journal of Nanomedicine 2025:20 15723—15767 15723
Received: 19 April 2025 © 2025 Liu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Accepted: 26 August 2025
Published: 26 December 2025

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-1992-1363
http://orcid.org/0000-0002-1783-1674
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Liu et al

resistance primarily involve the emergence of TME, abnormal alterations in epigenetic regulation, aberrant drug metabolism,
epithelial-mesenchymal transition (EMT), and activation of abnormal signaling molecules associated with SOR resistance.®’
Targeted inhibition of these pathways has been shown to resensitize tumors to SOR, significantly improving median survival in
resistant patients. In recent years, researchers have developed various drugs, genes, and functional materials based on the
mechanisms of SOR resistance. For instance, metapristone (Meta), hypoxia-inducible factor-1a (HIF1a) siRNA, and perfluor-
ohexane (PFH) can overcome hypoxia-induced SOR resistance by inhibiting the expression of the CXCR4, inhibiting HIFla
mRNA expression, and delivering exogenous O,.* '° Despite these advances, therapeutic efficacy is hindered by insufficient drug
accumulation in tumor sites, highlighting the need for nanotechnology-based delivery systems to enhance targeting precision.

Advanced nanomedicine has offered a novel strategy for reversing SOR resistance. NPs can be used as carriers to
construct nanocomposites loaded with drugs, genes, and functional materials. As multifunctional platforms, nanocom-
posites not only enhance SOR delivery to HCC tissues but also leverage unique physicochemical properties for
microenvironment modulation.'' For example, manganese dioxide NPs (MnO, NPs) catalytically decompose tumor-
associated H,O, into O,, effectively reversing hypoxia-induced SOR resistance.'? In recent years, NPs applied to
overcome SOR resistance primarily include lipid NPs, polymeric NPs, inorganic NPs, and extracellular vesicles
(EVs). The rational design of nanocomposites is of great significance for more effectively overcoming SOR resistance.

As the number of SOR-resistant HCC patients continues to rise, researchers have made significant strides in exploring
solutions through nanomedicine in recent years. However, no comprehensive review has yet summarized the nanocomposites
designed to overcome SOR resistance. A timely review of current research enables researchers to swiftly grasp the latest
advancements in this field and guide them in designing nanocomposites to tackle SOR resistance and facilitating their translation
into clinical applications. This review initially outlines the mechanisms underlying SOR resistance in HCC. Subsequently, the
design principles of nanocomposites using organic NPs, inorganic NPs, and EVs as nanocarriers for overcoming SOR resistance
are systematically elucidated. Furthermore, the applications and mechanisms of action of these nanocomposite particles in
addressing different resistance mechanisms are analyzed. At last, the challenges and future opportunities of using nanocompo-
sites to overcome SOR resistance in HCC are discussed and prospected, providing new insights and directions for extending the
survival rate of patients with SOR and other MTA-resistant HCC in clinical practice. As schematized in Figure 1, nanocompo-
sites precisely target distinct resistance mechanisms through multifunctional engineering.

Mechanisms of SOR Resistance in HCC

SOR inhibits the proliferation of HCC by targeting the rat sarcoma virus gene (RAS)-rapidly accelerated fibrosarcoma
(Raf)-mitogen-activated protein kinase kinase (MEK)-extracellular signal-regulated kinase (ERK) signaling pathway,
mainly acting on Raf-1 and B-Raf kinases. Meanwhile, SOR also inhibits the tyrosine kinase activities of various
receptors including (VEGFR)-2, VEGFR-3, platelet-derived growth factor receptor f (PDGF-f), and hepatocyte growth
factor receptor. Under the combined effect of the dual mechanisms, tumor angiogenesis and tumor growth are inhibited
by blocking the nutrient supply and metabolic reprogramming of HCC’ (Figure 2).

The development of SOR resistance in HCC is attributed to a multitude of mechanisms, including the remodeling of
TME, abnormal alterations in epigenetic regulation, aberrant drug metabolism, EMT, and activation of abnormal
signaling molecules associated with SOR resistance.’ Some of these mechanisms directly lead to mutations in SOR
targets, preventing SOR from binding and exerting its effects, while others evade or diminish the lethal action of SOR,
ultimately resulting in SOR resistance. This section provides a detailed review of the current mechanisms of SOR
resistance, laying the foundation for the rational design of nanocomposites to overcome SOR resistance.

TME

The TME is a dynamic ecosystem composed of cellular components (such as CAFs and immunosuppressive cells) and
non-cellular components (such as ECM and cytokines). When SOR is used to treat HCC, the high metabolic demand of
HCC and the therapeutic effect of SOR interact with each other, causing the TME to be rapidly remodeling into a
treatation-resistant microenvironment — characterized by hypoxia-induced metabolic reprogramming, enrichment of
cancer stem cell properties, infiltration of immunosuppressive cells, and ferroptosis inhibition, which enhances SOR
resistance™'* ' (Figure 3).
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Figure | Nanocomposites for targeting inhibition of SOR resistance mechanisms to restore sensitivity of HCC to SOR.
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Figure 2 The therapeutic mechanism of SOR in HCC.

Hypoxia

SOR exerts an anti-angiogenic effect in HCC, but it also leads to the reduction in functional blood vessels and insufficient
tumor blood perfusion, which in turn exacerbates hypoxia.'® Hypoxic conditions induce HIF-la activation, which
regulates glycolysis and tumor angiogenesis,17 allowing HCC to adapt to the anti-angiogenic effects of SOR and causing
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Figure 3 The related mechanisms of SOR resistance in TME. (A) Hypoxia. (B) Cancer stemness. (C) Immunosuppression. (D) Ferroptosis inhibition, upward arrows (1)
indicating upregulation or increased expression and downward arrows () indicating downregulation or decreased expression.

SOR resistance.'®'? Additionally, the upregulation of HIF-1 can activate the multidrug resistance-1 (MDR1) gene and
upregulates P-glycoprotein (P-gp), promoting SOR efflux through ATP-dependent drug extrusion, thus inducing MDR
and SOR resistance.”” Hypoxia drives immunosuppressive microenvironment formation, EMT, and extracellular acidosis,

21,22

collectively establishing a resistance-permissive niche (Figure 3A). Therefore, targeting hypoxia signaling pathways

represents a pivotal strategy for overcoming SOR resistance.*

Cancer Stemness

Cancer stemness refers to the self-renewal capacity and pluripotency of cancer stem cells (CSCs), which drive tumor
initiation, metastasis, and therapy resistance. Nanocomposites inhibit CSC properties by suppressing key pathways. CSCs
represent a unique subpopulation of cancer cells with self-renewal capabilities.>*** Cytotoxic drugs such as SOR can
inhibit the growth of non-quiescent cells. Although cytotoxic drugs like SOR inhibit non-quiescent cell proliferation, the
majority of CSCs reside in a quiescent state, thereby evading SOR-induced cytotoxicity.?® Following treatment, quiescent
CSCs can counteract SOR through DNA damage repair and activation of resistance-associated signaling pathways.?’
These progenitor cells subsequently differentiate into SOR-resistant cancer populations (Figure 3B). In addition, a subset
of CSCs located at the invasive front of tumors possess EMT-phenotype-related abilities, promoting HCC invasion and
metastasis, thereby exacerbating SOR resistance through enhanced metastatic dissemination.®

Immunosuppression

In physiological conditions, the immune system effectively identifies and eliminates foreign pathogens as well as
autologous cancer cells. However, immunosuppressive components within the TME—including regulatory T cells
(Tregs), CAFs, myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs)—promote
irreversible T cell exhaustion by excluding effector T cells from tumor niches. This process drives immune evasion
and compromises SOR efficacy.?*>? Furthermore, immunosuppressive cells, along with the remodeling of the ECM,

secretion of immunosuppressive chemokines, and CSCs, collectively constitute the tumor immune microenvironment,
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which can contribute to decreased SOR efficacy by inducing immune tolerance in HCC cells, ultimately fostering the
development of SOR resistance®*~** (Figure 3C).

Ferroptosis Inhibition

Ferroptosis, a type of programmed cell death driven by iron-dependent lipid peroxidation (LPO) accumulation® is
frequently suppressed in SOR resistance. This inhibition is mediated by GPX4 activation or direct LPO scavenging
mechanisms. SOR promotes ferroptosis in HCC cells mainly through two pathways. First, SOR facilitates the
recognition and uptake of the Fe’-transferrin (TF) complex in the bloodstream into HCC cells via the transferrin
receptor (TFRC). Upon entering the cell, Fe®" is reduced to Fe?" by the metal reductase six-transmembrane epithelial
antigen of the prostate 3 (STEAP3) and mediated by divalent metal transporter 1 (DMT1) to store in labile iron pool
(LIP) as the form of storage iron. Then, the Fe*" reacts with H,O, in TME through the Fenton reaction to generate
reactive oxygen species (ROS). ROS can further react with polyunsaturated fatty acids (PUFAs) on the cell membrane
and plasma membrane, causing their peroxidation to produce LPO, thereby triggering ferroptosis.*®>’ Second, SOR
reduces the concentration of intracellular glutathione (GSH) by inhibiting the transport GSH of by cystine/glutamate
transporter system (System Xc-) and the activity of glutathione peroxidase 4 (GPX4), thus reducing the consumption
of LPO by GSH.>’ However, HCC cells develop resistance by disrupting ROS-PUFA interactions, reducing ROS
generation, and elevating GSH synthesis®®*® (Figure 3D).

Abnormal Epigenetic Regulation

Epigenetic regulation is closely associated with the initiation and progression of cancer,*’ including DNA methylation,
histone modification, and non-coding RNA (ncRNA). Abnormal epigenetic regulation promotes SOR resistance by
dysregulation in SOR therapeutic targets, which in turn affect drug transport, metabolism, cell proliferation, autophagy,
apoptosis, cell cycle, TME remodeling, and EMT*' (Figure 4). This section summarizes the role of epigenetic regulation
in SOR resistance.

a %
A & L Slﬂ, ; B H2B
& ~ A H2A S
S —— ) osphorylation =~
DNMT 5 ( 2 N > Z
- DNA H4 “\_Methylation (8
Sorfenib DNA «  Methylation Sorfenib s Acetylate ‘
)
o Ubiquitylation =)
/ DNA Histone
Sorafenib resistance-related methylation  modification
signaling pathways and factors )
g Sk 4 Abnormal 7)) ¥ - 3
v epigenetic regulatory Sorafenib resistance i
¥ D Histone
Sorafenib resistance Non-coding RNA L O
circRNA . »
C & - IncRNA | Actlvatel Sorafenib resistance-related 2.3
. ‘ signaling pathways
Sorfenib ..\_.\-\)/
miRNA Sorafenib resistance

Abnormal non-coding
RNA expression

Figure 4 Mechanisms underlying SOR resistance in epigenetic regulation. (A) DNA methylation. (B) Histone modification. (C) Non-coding RNA, upward arrows (1)
indicating upregulation or increased expression and downward arrows () indicating downregulation or decreased expression.
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DNA Methylation

DNA methylation involves the enzymatic transfer of a methyl group from S-adenosyl methionine (SAM) to cytosine at
the CpG dinucleotide 5-position, forming 5-methylcytosine (5-mC) via DNA methyltransferases (DNMTs; eg, DNMT1,
DNMT3A, DNMT3B). This catalysis simultaneously converts SAM to S-adenosyl-l1-homocysteine (SAH). DNA methy-
lation can suppress the expression of downstream genes by recruiting DNA-binding proteins and histone modifiers that
inhibit transcription, particularly when located in promoter regions or at the transcription start site (TSS). For example,
MORC2, a member of the microrchidia (MORC) protein family, can interact with DNMT3A and recruit it to the
promoters of neurofibromatosis type 2 and KIBRA to facilitate their DNA methylation, thereby silencing the downstream
Hippo signaling pathway and promoting HCC cancer stemness, ultimately leading to SOR resistance** (Figure 4A). In
addition, DNA methylation also induces HCC SOR resistance by inhibiting apoptosis of HCC cells, modulating the
expression of genes related to SOR transport and metabolism, promoting EMT and causing immunosuppression.*****
Histone Modification

Histones are highly conserved proteins consisting of five core types: H1, H3, H2A, H2B, and H4, which form the
nucleosome with DNA. The amino-terminal tails of histones undergo post-translational modifications, including phos-
phorylation, methylation, acetylation, ubiquitination, glycosylation, ADP-ribosylation, deimination, sumoylation, and
proline isomerization, leading to the activation of signaling molecules or pathways associated with SOR resistance
(Figure 4B). For example, histone deacetylase 11 (HDACI11) reduces the expression of the serine/threonine protein
kinase LKB1 by inhibiting histone acetylation in the promoter region of LKB1, thereby suppressing the activation of
AMPK signaling pathway to enhance glycolysis, ultimately promoting both cancer stemness and SOR resistance in
HCC.* The methyltransferase SET domain containing 1A (SETD1A) facilitates the activation of yes-associated protein
(YAP), a core transcriptional co-activator of the Hippo signaling pathway, and the downstream genes of YAP such as
cysteine-rich angiogenic inducer 61 and connective tissue growth factor by reducing YAP phosphorylation, enabling
HCC cells to adapt to hypoxia and thus induce SOR resistance.*®*” Furthermore, histone modifications can promote SOR
resistance by influencing processes such as DNA repair, replication, cancer stemness, and cell state transitions.

MicroRNA

NcRNAs refer to functional RNAs that can be transcribed but not translated into proteins, primarily including microRNA
(miRNA), long non-coding RNA (IncRNA), and circular RNA (circRNA). Their expression levels sometimes become
aberrant during SOR treatment, leading to the activation of signaling molecules or pathways associated with SOR
resistance (Figure 4C).*® This further induces hypoxia, EMT, cancer stemness, immunosuppression, and others, ulti-
mately resulting in SOR resistance.*” Among them, miRNA is a type of single-stranded RNA about 21-25 nucleotides in
length, which typically binds to the 3’ untranslated region (3’UTR) of target genes and acts as mRNA sponges to reduce
the expression of relevant genes and signaling pathways, thereby exerting RNA interference (RNA1) and participating in
SOR resistance. For instance, liver-specific miRNA-122 (miR-122) is the most abundant miRNA in normal liver, plays a
pivotal role in hepatic homeostasis, metabolism, and differentiation.>® Studies have shown that the loss of miR-122
promotes the development of HCC and contributes to SOR resistance by enhancing cancer stemness, activating insulin-
like growth factor 1 receptor and the RAS/RAF/ERK signaling pathway.*”>! Overexpression of miRNA-494 also induces
SOR resistance by promoting cancer stemness and activating the PTEN/PI3K/Akt/mTOR signaling pathway.>* In
addition, down-regulation of miR-145-5p can also contribute to SOR resistance by up-regulating HDACI11 expression.53
Evidently, miRNAs play a crucial role in SOR resistance.

Long Non-Coding RNA

IncRNAs, defined as non-coding transcripts exceeding 200 nucleotides in length, function not only as miRNA sponges to
regulate miRNA expression but also interact with RNA-binding proteins (RBPs) to modulate drug resistance genes via
DNA damage response pathways.’* Multifunctional IncRNA plays multifaceted roles in cancer development, including
sustaining HCC cell proliferation, inhibiting HCC cell apoptosis, promoting angiogenesis, and facilitating HCC
metastasis.”>>® For example, LncSNHG16 acts as an endogenous sponge for miRNA-140-5p, contributing to SOR
resistance through enhancing the stemness of CSCs.>” The loss of Linc01056 leads to the transcriptional activation of
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peroxisome proliferator-activated receptor a, inducing the expression of fatty acid oxidation-related genes while
suppressing glycolysis-related genes. This metabolic shift enhances intracellular energy production, counteracting
SOR-induced cytotoxicity, and driving resistance.’> Additionally, IncRNAs promote SOR resistance through autophagy

induction, EMT activation, AKT pathway stimulation, and apoptosis suppression.**>®

Circular RNA

CircRNA, a class of ncRNAs characterized by their closed-loop structure, contributes to SOR resistance in HCC through
alterations in its expression patterns, as evidenced by relevant studies.”® For example, circRNA-SORE activates key
downstream signaling pathways associated with SOR resistance, including AKT, Rafl, ERK, ¢c-Myc, and transforming
growth factor B1 (TGF-B1), and propagates this resistance between HCC cells via exosomal transfer.>’ In addition,
circFN1 enhances SOR resistance by regulating the miR-1205/E2F1 signaling pathway.®® circFOXM1 contributes to
SOR resistance of HCC by regulating MECP2 as a sponge of miR-1324.°" Collectively, these findings demonstrate that
circRNAs drive SOR resistance through diverse molecular mechanisms.

Other Mechanisms Related to SOR Resistance

Aberrant activation of signaling pathways or molecules associated with SOR resistance, EMT and insufficient effective
SOR concentrations due to abnormal drug metabolism collectively drive SOR resistance in HCC (Figure 5). In-depth
understanding of these mechanisms is crucial for developing effective strategies to overcome SOR resistance.

Activation of Signaling Molecules and Pathways Associated with SOR Resistance

SOR was designed to treat HCC by inhibiting the aberrantly activated RAS/RAF/MEK/ERK pathway and its down-
stream signaling molecules. However, during treatment, compensatory activation of downstream signaling components
allows tumor cells to bypass SOR-mediated inhibition. For instance, various genes or signaling molecules, including
miRNA-494, DNA primase subunit 1, and FXYD domain containing ion transport regulator 5, can evade inhibitory
effects of SOR effects by activating the PI3K/AKT/mTOR and RAS/Raf/MAPK pathways.’>*%* Furthermore, activa-
tion of downstream signaling molecules can also diminish efficacy of SOR. Cofilinl (CFL1) can facilitate Nrf2 nuclear
translocation to eliminate excess ROS induced by SOR, contributing to SOR resistance.®* In summary, abnormal
activation of downstream signaling pathways and factors in the RAS/RAF/MEK/ERK pathway is one of the factors
contributing to SOR resistance (Figure 5A).

EMT

EMT refers to the biological process through which epithelial cells transform into cells with a mesenchymal phenotype
via specific programs. Specifically, cancer cells develop type III EMT under the stimulation of intracellular and
extracellular factors such as hypoxia and DNA methylation induced during SOR treatment.®> During this process,
HCC cells gradually lose their epithelial phenotype and intercellular adhesive structures, acquire cancer stemness,’®
thereby gaining self-renewal and drug resistance capabilities (Figure 5B). Various signaling pathways and factors,
including Notch, TGF-B, Wnt, and Hedgehog, can promote the occurrence of EMT, ultimately inducing SOR

resistance.®’

Abnormal Drug Metabolism

Owing to its poor water solubility (~1.7 pg/mL), inability to selectively accumulate in HCC cells, and rapid in vivo
metabolism. Consequently, SOR requires high-dose administration to achieve therapeutic efficacy,®® which may subse-
quently induce MDR. MDR is primarily mediated by P-gp overexpression. P-gp, an ATP-dependent efflux pump
embedded in the cell membrane, exports SOR out of cells along a concentration gradient. Additionally, the weakly
basic nature of SOR enables its acidic lysosomal sequestration via pH-driven diffusion or ABC transporter-mediated
transport. These processes reduce SOR’s intracellular concentration below therapeutic levels, driving resistance
development® (Figure 5C).
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As aforementioned, various mechanisms related to SOR resistance have been identified and extensively studied.
However, how to overcome SOR resistance by regulating these resistance mechanisms remains a critical issue for
improving the outcomes HCC patients.

Construction of SOR-Resistant Nanocomposites for Overcoming SOR
Resistance in HCC

The emergence of nanomedicine has provided effective means to overcome SOR resistance. Researchers have designed
numerous nanocomposites using NPs as carriers to target the mechanisms of SOR resistance and overcome SOR
resistance. Currently, commonly used NPs include organic NPs, inorganic NPs, and EVs. The construction strategies,

design methods, and their relevant properties of nanocomposites for overcoming SOR resistance are summarized
(Table 1).

Organic NPs

Organic NPs refer to NPs assembled from organic compounds such as small organic molecules and polymers. Organic
NPs used to overcome SOR resistance mainly include lipid NPs (LNPs), polymer NPs (PNPs), and others.
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Table | Nanocomposites for Overcoming SOR Resistance

Nanometirals’ Nanocomposite Nanometirals’ Composition and Source Loaded Drugs, Gene and Materials Strategy of Overcoming SOR Resistance Ref.
Classification
Organic NPs LNPs RGD-rHDL/SOR/ Phosphatidylcholine (PC), cholesterol-arg-gly-asp (RGD) pentapeptide, Dimethyldioctadecylammonium bromide (DODAB)/ Enhancing Ferroptosis [70]
antimiRNA2| NPs apolipoprotein A-l (ApoA-I) protein antimiRNA2|
AMD-NPs |,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), dihydroxyphenyl alanine Protamine/vascular endothelial growth factor (VEGF) Reserving immunosuppresion [71]
(DOPA), cholesterol (chol) siRNA, AMD3100
usLNP Polyethyleneimine (PEI), YSKO05, cholesteryl hemisuccinatephosphoethanolamine- SOR, MK siRNA Inhibiting SOR resistance-related signaling molecules [72]
polyethylene glycol (DSPE-PEG)-SP94 peptide
Gal-SLP B-PDEAEA, |,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), DSPE-PEG- SOR, ubiquitin-specific protease 22 shRNA (shUSP22) Reserving immunosuppresion and improve drug [73]
N-acetylgalactosamine (GalNAc) metabolism
PFH@LSLP PC, phosphatidyl ethanolamine (PE), Chol, DSPE-PEG2000 SOR, PFH, PLX3397 Ameliorating hypoxia and reserving [91
immunosuppresion
PNPs LFC-SOR/Meta-NPs Poly (lactic-co-glycolic acid) copolymer (PLGA), polyethylene glycol (PEG), SOR, Meta Inhibiting hypoxia-induced signaling molecules 8]
LFCI31 peptide associated with SOR resistance
CTNP-PMS/SOR Maleimide (Mal)-PEG-polylactic acid (PLA), methoxy polyethylene glycol (mPEG)- Plantamajoside (PMS), SOR Inhibiting hypoxia-induced signaling molecules [74]
PLA, CT peptide associated with SOR resistance
HNP Polyvinyl alcohol (PVA), I-palmitoyl-2-oleoyl-Sn-glycero-3-PC (POPC), Chol, SOR, selumetinib (Sel) Improving drug metabolism and inhibiting SOR [75]
GalNAc-DSPE-PEG2000 resistance-related signaling pathways
HDP-ss Internal hyperbranched polyglycerol (HPG) modifier rich in alkenyl (HPG-MA), SOR, nuclear factor erythroid-2 related factor 2 siRNA Enhancing Ferroptosis [76]
sulfhydryl-PEG-hydroxyl, n-dodecyl mercaptan (siNRF2)
DEN-TAT-PFC/SF/ Perfluorocarbons (PFCs), dendritic poly-lysine (DEN)-TAT peptide SOR, HIF-la siRNA (siHIF-1a) Ameliorating hypoxia and inhibiting hypoxia-induced [771
siHIF-1a signaling molecules
Inorganic GNPs AFG/SOR@PEG FeCl, 4H,0, gallic acid (GA), HAuCl, 3H,0, DSPE-PEG2000 SOR Enhancing Ferroptosis [78]
NPs SOR-GNP FITC, AuCls, LiBH4 SOR Improve drug metabolism [79]
MnO, MCS NPs Ethanol, ammonia (NH;), tetraethyl orthosilicate (TEOS), potassium SOR, Chlorin e6 (Ceb) Ameliorating hypoxia [12]
permanganate (KMnOy)
NanoMnSor DOPA, KMnO,, NaOH, ascorbic acid (A.A), lipids, D-a-tocopheryl polyethylene SOR Ameliorating hypoxia, reserving immunosuppresion [80]
glycol succinate (TPGS), PLGA, and EMT
CNPs USC NPs Citric Acid, Ethylenediamine UA, SOR Reserving immunosuppresion [81]
SeNPs SeNPs Selenite, Vitamin C, Chitosan — Inhibiting SOR resistance-related signaling molecules [82]
and pathways
Extracellular Exosome HLC9-EVs LC9-293 cells 1Q-domain GTPase-activating proteins (IQGAPI) sgRNA, Inhibiting cancer stemness [83]
Vesicles forkhead box M| (FOXMI) sgRNA
Exo modified by BM-MSCs cells Glucose regulated protein 78kD (GRP78) siRNA (siGRP78) | Inhibiting SOR resistance-related signaling molecules | [84]
siGRP78
ExoFo4Lamp2o-RRM- HEK-293T cells GPX4 siRNA, dihydroorotate dehydrogenase (DHODH) Enhancing Ferroptosis [85]
multi-siRNA SIRNA
sEV mé54-sEV Adipose stem cells (ADSCs) miRNA-654-5p (miR-654-5p) Enhancing Ferroptosis [86]
SOR@TF-Fe** NVs TF-overexpressed HEK-293T cells SOR, Fe** Enhancing Ferroptosis [87]
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LNPs

LNPs are lipid NPs (a subtype of lipid vesicles) with a homogeneous lipid core, which exhibit good biocompatibility
because of their similar structure to the plasma membrane of biological cells and can be used as vector to deliver drugs,
genes, or other functional materials to overcome SOR resistance.*™* Furthermore, because the surface of LNPs is easy

to modify, they can be loaded with specific proteins or ligands,’**!

which can increase the targeting ability of NPs to
HCC and inhibit the expression of signaling molecules associated with SOR resistance.

LNPs are ideal vectors for gene delivery.” Li et al’® condensed antimiRNA21 with dimethyldioctadecylammonium bromide

(DODAB) to form the hydrophobic complex DODAB/antimiRNA21 by vortex and incubation methods, thereby enhancing the
stability of antimiRNA21. Subsequently, PC, cholesterol-RGD pentapeptide and cholesteryl ester were dissolved in chloroform
and mixed with SOR ethanol solution to form the oil phase. Then, the oil phase was evaporated under vacuum to obtain a lipid
film, and the water phase (phosphate buffered saline) containing DODAB/antimiRNA21 complex was added to the lipid film to
hydrate after thoroughly removing organic solvent. Finally, the final nanocomposite RGD-rHDL/So/antimiRNA21 was synthe-
sized by co-incubation of the above products with ApoA-I protein by thin-film hydration method (Figure 6A). Among them,
DODAB could firmly encapsulate antimiRNA21 in systemic circulation. ApoA-I and RGD can specifically bind to class B type 1
(SR-B1) and integrin av3 overexpressed on the surface of HCC cells, respectively, which makes RGD-rHDL/So/antimiRNA21
have good targeting for delivering antimiRNA21 to HCC cells. These results illustrated RGD-rHDL/So/antimiRNA21 could
stably and efficiently deliver antimiRNAZ21 to help it overcome SOR resistance.
Liu et al”' mixed VEGF siRNA with protamine to prepare complex protamine/VEGF siRNA. Then, incorporating
AMD3100 into protamine/VEGF siRNA formed smaller complexes protamine/VEGF siRNA/AMD3100. The surface of
the protamine/VEGF siRNA/AMD3100 complex was coated with an anionic liposome composed of DOPC, DOPA, and
chol to obtain nanocomposite AMD-NPs (Figure 6B). AMD3100, as a specific CXCR4 blocker, could both inhibit
CXCR4 expression and serve as a ligand for the intracellular delivery of VEGF siRNA into HCC cells.”

1°* condensed PEI and midkine (MK) siRNA to form a polymer as the core of ultimate nanocomposite.

Younis et a
Then, the researchers encapsulated this polymer core with the pH-sensitive cationic lipid YSKOS5 using the thin-film
hydration method and loaded it with SOR to form a lipid nanocomposite.”® The surface of this nanocomposite was then
modified with the SP94 peptide (SFSIIHTPILPL) to construct HCC-targeted nanocomposites SP94 NPs. Ultimately, the
ultrasmall lipid nanocomposites usLNPs were synthesized using microfluidic technology, which allowed precise control
over the particle size, resulting in an average diameter of 70-100 nm for the SP94 NPs’*% (Figure 6C). HCC is
characterized by a stroma-rich microenvironment with a dense ECM comprising collagen, hyaluronan, and fibroblasts,
which acts as a physical barrier to nanocomposites with larger particle sizes.”” However, owing to their smaller size,
usLNPs were successfully delivered into HCC tissues, reaching concentrations of approximately 15% injecting dose/g.
Moreover, pharmacokinetic analyses demonstrated that usLNPs exhibited prolonged circulation times with minimal
siRNA leakage. These findings confirmed that the accumulation of MK siRNA in HCC tissues is effectively facilitated by
usLNPs, thus assisting in the overcoming SOR resistance.

Xu et al”® synthesized a polyplex through electrostatic interactions between cationic B-PDEAEA and anionic
shUSP22. Then, this positively charged polyplex B-PDEAEA/shUSP22, along with SOR, was encapsulated within a
fusogenic GalNAc-modified liposome composed of DOPE, cholesteryl hemisuccinate, and DSPE-PEG-GalNAc. This
process resulted in the formation of the nanocomposite Gal-SLPs, which exhibited stealth properties, HCC-targeting
ability, and membrane fusion characteristics (Figure 6D). Among them, B-PDEAEA, a ROS-responsive charge-reversal
polymer, enabled Gal-SLPs to release drugs in response to specific stimuli that modify the surface charge.”® The GalNAc
modification confers upon Gal-SLPs the capacity to target HCC by binding to asialoglycoprotein receptor (ASGPR)
which is overexpressed on the surface of HCC cells.”” Gal-SLPs binding to ASGPR-induced ROS overproduction in
Huh-7 cells, triggering shUSP22 release to overcome SOR resistance. LNPs also act as a versatile platform for the
delivery of drugs and functional materials.

Wang et al” prepared a lipid membrane incorporating PC, PE, Chol, DSPE-PEG2000, and LFC131 peptide through a
rotary evaporation technique, then combined it with SOR, PFH, and PLX3397 via thin-film hydration to obtain
PFH@LSLP (Figure 7A). Among them, LFC131 peptide, which could recognize and bind to the CXCR4 overexpressed
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Figure 6 (A) Schematic diagram of RGD-rHDL/So/antimiRNA21 preparation process; (B) Schematic diagram of AMD NPs preparation process; (C) Schematic diagram of
usLNPs preparation process; (D) Schematic diagram of Gal-SLPs preparation process.

on HCC cells, was decorated on the liposomal surface to endow the nanocomposites with HCC targeting capability. In
vivo fluorescent images showed that fluorescence-labeled PFH@LSLP and PFH@LSL (without PLX3397) exhibited
significantly higher accumulation in tumors compared with other organs and control groups devoid of the LFC131
peptide (Figure 7B). This finding substantiated the efficient delivery of SOR, PFH, and PLX3397 to HCC tissues by
PFH@LSLP. Furthermore, the PFH encapsulated within the nanocomposite acted as an O, reservoir, effectively
mitigating tumor hypoxia and counteracting hypoxia-induced SOR resistance. O, concentration curves revealed that
the PFH-containing nanocomposite rapidly elevated dissolved O, levels to approximately 8 mg/L within minutes, much
more than that of the LS (without PFH) (Figure 7C). The release of O, subsequently disrupted the nanocomposite’s
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Figure 7 (A) Schematic diagram of PFH@LSLP preparation process; (B) In vivo fluorescence distribution of H22 tumor-bearing BALB/c mice after in vivo injection of
various Cy5.5-labeled NPs at different time; (C) The O, production curves after different treatments; (D) In vitro release rate of SOR in hypoxic conditions treat with
different groups. Adapted from Wang Y, Wang Z, Jia F, et al. CXCR4-guided liposomes regulating hypoxic and immunosuppressive microenvironment for sorafenib-resistant
tumor treatment. Bioact Mater. 2022;17:147—16 1. https://creativecommons.org/licenses/by-nc-nd/4.0/.°

integrity, facilitating the concurrent release of encapsulated SOR and PLX3397 (Figure 7D). Notably, PLX3397,'% a
colony stimulating factor 1 (CSF1) immunosuppressant, further potentiated the reversal of immunosuppression-induced
SOR resistance by activating tumor immunity.

Rent groups. Adapted with permission from ref.” Copyright 2022 KeAi Communications Co.

Polymer NPs
PNPs generally refer to hydrophobic polymers-based NPs.'®" Common polymers mainly include PEI, PLGA, PEG, and
others. In contrast to alternative nano-delivery vectors, PNPs have the unique advantage: the precise tailoring of polymer
composition to specific requirements, alongside modulation of size, shape, surface charge, and functional groups. This
customizability renders them superior vectors for efficient drug and gene delivery, facilitating the overcoming of SOR
challenges.'”?

The most prevalent functional modification is imparting HCC targeting to the nanocomposite by incorporating a
targeting peptide.'*>'%* Zheng et al® synthesized the copolymer PLGA-PEG-COOH by conjugating COOH-PEG-NH, to
COOH-PLGA. Subsequently, PLGA-PEG-COOH, SOR, and Meta were dissolved and stirred in tetrahydrofuran (TFH)
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to form the oil phase (SOR/Meta-NPs). This oil phase was then mixed with the LFC131 peptide at room temperature to
obtain the final nanocomposite LFC-SOR/Meta-NPs (Figure 8A). The pharmacokinetic analysis revealed that free drug
was rapidly cleared from the bloodstream, whereas LFC-SOR/Meta-NPs demonstrated prolonged circulation time,
attributed to their resistance to degradation in the circulatory system. Furthermore, LFC-SOR/Meta-NPs exhibited
significantly enhanced SOR/Meta delivery to tumor tissues compared with free drugs, which is facilitated by the binding
of the LFC131 peptide to CXCR4 overexpressed on HCC cells. These findings suggested that LFC131-modified
nanocomposite can effectively enhance tumor uptake of SOR and Meta, thereby aiding in the overcoming of SOR
resistance.

Zan et al’* dissolved PMS, SOR, Mal-PEG-PLA, and MPEG-PLA in dichloromethane and subsequently added
sodium cholate solution. The mixture was then sonicated to form an oil-in-water emulsion, which was stirred and
incubated to obtain drug-loaded NPs NP-PMS/SOR. Then, NP-PMS/SOR and CT peptide were resuspended in distilled
water, and the resultant solution was subjected to high-speed centrifugation to obtain the final composite CTNP-PMS/
SOR (Figure 8B). The CT peptide was prepared by conjugating tumor-homing peptide (CVNHPAFAC) to the fourth
lysine of TAT via a pH-sensitive hydrazone bond, which could confer HCC targeting to CTNP-PMS/SOR and enhance
the internalization of SOR and PMS by HCC cells and facilitates the overcoming of SOR resistance.

The addition of ligands on the surface of NPs that specifically bind to HCC cell surface receptors also endows NPs
with targeting delivery to HCC. Farinha et al”> used PLGA and PVA to construct PLGA NPs as the core, and then loaded
Sel within PLGA NPs. The surface of PLGA NPs was subsequently coated with a lipid membrane composed of Chol and
POPC by thin-film hydration method, with GaINAc-DSPE-PEG2000 being incorporated prior to membrane formation,
resulting in the final nanocomposite HNP (Figure 8C). HNP possessed spherical structure and external bilayer archi-
tecture, confirming the successful encapsulation of the lipid layer. The loading of GalNAc enabled efficient and specific
targeting of HNP to HCC cells, facilitating Sel to inhibit the expression of pERK and thereby overcoming SOR

resistance.'®> PNPs can also serve as an efficient gene delivery vector. Tong et al’®

introduced vinyl groups through a
trans-esterification reaction between glycidyl methacrylate and HPG, subsequently synthesizing an alkenyl-rich internal
HPG modifier (HPG-MA). Under nitrogen protection, HPG-MA was then reacted with sulfhydryl-PEG-hydroxyl and
n-dodecyl mercaptan via UV light treatment, yielding the complex HDP through a thiol-ene click-chemistry approach.'®®

Subsequently, researchers loaded SOR and siNRF2 onto HDP using the thiol-ene click-chemistry method to construct the
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Figure 8 (A) Schematic diagram of LFC-SOR/Meta-NPs preparation process; (B) Schematic diagram of CTNP-PMS/SOR preparation process; (C) Schematic diagram of
HNP preparation process.
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nanocomposite HDP-ss (Figure 9A). HDP-ss exhibited a size of approximately 200 nm, and its morphology and size
remained relatively stable in serum for up to 12 hours. Confocal laser scanning microscope (CLSM) images revealed that
compared with the control group, HCC cells treated with HDP-ss exhibited significantly more red fluorescence-labeled
siNRF2, indicating that HDP enhances drug uptake through cell membrane endocytosis (Figure 9B). Furthermore, HDP-
ss demonstrated sustained release and pH responsiveness, with siNRF2 and SOR being rapidly and smoothly released in
the acidic environment of HCC cells (Figure 9C). These findings suggested that HDP-ss could efficiently deliver siNRF2
to help overcome SOR resistance mediated by NRF2 overexpression.

In addition, PNPs demonstrate efficient delivery of functional materials to HCC cells. Wan et al’” added triethylamine
and pentadecafluorooctanoyl chloride to 2-(pyridinedithio)ethylamine hydrochloride dissolved in CH,Cl, solution to
synthesize the complex PFCs.'”” PFCs not only encapsulate SOR through fluorine atom interactions but also possess
unique O, storage and transport capabilities, aiding in the amelioration of tumor hypoxia.'®*'% Then, PFCs were linked
to a DEN conjugated cell-penetrating peptide (TAT) through a disulfide bond, forming a fluorinated peptide (DEN-TAT-
PFC). The final nanocomposite, DEN-TAT-PFC/SF/siHIF-10, was obtained by mixing and standing DEN-TAT-PFC,
SOR, and siHIF1-a (Figure 9D), which exhibited a spherical-like structure and a narrow size distribution with an average
diameter of about 186 nm. As a nanocarrier, DEN-TAT-PFC exhibited excellent polar and non-polar phase separation

properties, facilitating them through cellular lipid bilayers. In the presence of GSH, SOR was rapidly released (~68.43%

A Transesteri
ﬁcation/y 4 + \/_Q 4+ SN

Thiol-ene

click-chemistry
+ /W HPG-MA SH-PEG-COOH N-dodecyl mercaptan
Thiol-ene ;; Z{Lé
HPG GMA click-chemistry - RE
A — + + Sl R
Sy PR
e
HDP-ss SOR NRF2 siRNA HDP
B siNRF2-cy3  HDP-siNRF2-cy3 siNRF2-cy3  HDP-siNRF2-cy3 C "
;\? 80
et L)
= 260 ‘
) S =
8 = : 4« —ﬁlli::?ine at pH=8.0
3 = & & plIGS (%)
= = D20 fitting line at pH=8.0
E < R izln:i:;ﬁm at pH=5.4

4 6 8 10 12 14
Time (day)

--- Water
— Water+0,

== DEN-TAT
— DEN-TAT+O,

--- DEN-TAT-PFC

— DEN-TAT-PFC+0,

e ammmeene e ey e s s s o]

PFCs DEN-TAT DEN-TAT-PFC SOR HIF-10siRNA DEN-TAT-PFC/siHIF-10/SF

+
|
f
<
+
+
AO, concen:ratlon (mg/L)

T T T T T
o 100 200 300 400 500 600

Time (s)

Figure 9 (A) Schematic diagram of HDP-ss preparation process; (B) CLSM images of HCC cells treated by different group; (C) Release profiles of SOR from HDP at
different pH. Adapted with permission from Tong R, Feng X, Sun J, 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(2I):e2307273.76 Copyright 2024 Wiley-VCH Verlag. (D) Schematic diagram of DEN-TAT-PFC/
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at 1 h) from DEN-TAT-PFC/SF/siHIF-1a, which more than that in the absence of GSH (~28.1% at 10 h), indicating the
GSH-triggered drug release characteristic of DEN-TAT-PFC/SF/siHIF-1a. The dissolved oxygen concentration of DEN-
TAT-PFC after O, saturation treatment increased by 5.70 mg/L within 120 s, while that of the DEN-TAT solution only
increased by 2.73 mg/L (Figure 9E), indicating that DEN-TAT-PFC could be applied as an effective O, delivery vehicle
and also could slowly release O, and could be utilized to assist in alleviating the tumor hypoxic microenvironment.
Furthermore, siHIF-1a could be protected during transport by DEN-TAT-PFC/SF/siHIF-1a and internalized into HCC
cells. Consequently, DEN-TAT-PFC/SF/siHIF-1a has the potential to overcome hypoxia-induced SOR resistance by
delivering both O, and siHIF-1a.

Inorganic NPs

Inorganic NPs, such as gold NPs (GNPs), manganese dioxide (MnO,), carbon NPs (CNPs), and selenium NPs (SeNPs),
possess unique physicochemical properties, structural features, functional diversity, excellent biocompatibility, and the
capability to traverse biological barriers at both cellular and tissue levels.''*'"" Consequently, these inorganic NPs are
extensively utilized in overcoming SOR resistance in cancer treatment.

GNPs

GNPs have various advantages such as a small volume ratio, large surface area, high biosafety, and easy surface
modification, which can effectively deliver drugs/genes to overcome SOR resistance.''*!'"® Furthermore, GNPs exhibit
excellent photothermal properties upon exposure to near-infrared laser light, functioning as a photosensitizer in photo-
thermal therapy (PTT) to augment the lethal efficacy of the nanocomposite against SOR-resistant HCC.''>!*

Wang et al’® prepared the complex Au/Fe-GA (AFG) by introducing aqueous solutions of FeCl,-4H,0 and GA in the
aqueous solution containing HAuCl,-3H,0 and SH-PEG-COOH, leveraging the robust coordination interactions between the
polyphenol groups of GA and Fe*'. Then, the dimethyl sulfoxide dissolved with SOR was added to the aqueous solution
containing DSPE-PEG2000. Finally, AFG solution was added to the SOR solution to obtain nanocomposite AFG/SFB@PEG
by stirring, condensing, and purifying (Figure 10A). Electron spin resonance (ESR) spectra presented the typical 1:2:2:1
characteristic peak of -OH after the treatment of AFG/SFB@PEG and H,0,, proving that Fe?" released from intracellular
AFG/SFB@PEG could react with excessive H,O, in HCC cells to generate highly cytotoxic ‘OH (Figure 10B). Then,
intracellular -OH prompted the generation of LPO, augmenting the ability of AFG/SFB@PEG to overcome SOR resistance
mediated by ferroptosis inhibition. Owing to the strong absorption throughout the visible and NIR region, AFG/SFB@PEG
nanoreactors could act as a photothermal agent, and the incorporation of Au endowed AFG/SFB@PEG with exceptional
photothermal conversion efficiency, enabling enhanced eradication of SOR-resistant HCC through PTT (Figure 10C and D).

Vishwakarma et al’” used AuCl; and LiBH, to construct GNPs by chemical reduction. Then, FITC was added to a
colloidal suspension of GNP to prepare FITC-functionalized GNP (FITC-GNP). Finally, SOR was loaded on GNP by
self-assembly method to construct nanocomposite SF-GNP (Figure 10E). The characteristic surface plasmon resonance
(SPR) peak of SF-GNP was observed at 524 nm in UV-Vis spectra. SF-GNP could achieve 80% SOR loading by
quantification of fluorescence resonance energy transfer (FRET) (Figure 10F). This high drug loading capacity enables
GNPs to further overcome SOR resistance induced by insufficient effective drug concentrations.

MnO, NPs

MnO, NPs possess the advantages of large specific surface areas, low toxicity, and excellent biodegradable metabolism.*®
MnO, NPs could catalyze excessive H,O, in TME to produce O, to relieve resistance caused by hypoxia.115 116 Moreover,
Mn** produced by the degradation of MnO, can be involved in regulating the immune response and overcoming
immunosuppression-induced SOR resistance.''”"!'® Therefore, MnO, NPs have emerged as a promising NPs for over-
coming SOR resistance.

Xu et al'* synthesized solid SiO, NPs (sSiO, NPs) through a mixture of ethanol, ammonia, and tetraethyl orthosilicate
(TEOS) by oil bath method. Subsequently, a KMnO, solution, dissolved in deionized water, was added dropwise into the
aqueous solution of sSiO, NPs by ultrasonication and stirring to obtain sSiO,@MnO,. Then, the hollow MnO, NPs H-MnO,
were prepared after dissolving the sSiO,@MnO, with sodium bicarbonate (Na,COj3) solution. Finally, the mixed solution of
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Figure 10 (A) Schematic diagram of AFG/SFB@PEG preparation process; (B) ESR spectra of AFG/SFB@PEG; (C) UV-Vis-NIR spectra of different group; (D) Photothermal cycles
of AFG and AFG/SFB@PEG in water. Reprinted from Acta Biomaterialia: 159, Wang X, Zhao L, Wang C, et al. Potent nanoreactor-mediated ferroptosis-based strategy for the
reversal of cancer chemoresistance to Sorafenib. 237-246, Copyright 2023 with permission from Elsevier.”® (E) Schematic diagram of SOR-GNP preparation process; (F)
Quantification of FRET process between FITC and GNP at various concentration. Adapted from Vishwakarma S, Sharmila P, Bardia A, et al. Use of biocompatible sorafenib-gold
nanoconjugates for reversal of drug resistance in human hepatoblatoma cells. Sci Rep. 2017;7(1):8539. https://creativecommons.org/li1:enses/by/4.0/.79

SOR and Ce6 was added to H-MnO, solution to construct the ultimate nanocomposite MSC NPs by stirring and centrifugation
(Figure 11A). The specific surface area and average pore size of H-MnO, are 276 m?/g and 4 nm, respectively, N, adsorption/
desorption isotherms and pore-size distribution curve, proved H-MnO, had mesoporous structure (Figure 11B and C), which
was beneficial for loading more SOR and Ce6 on MCS NPs. Additionally, MnO, NPs could react with H,O, in an acidic
environment to produce O, compared with the neutral environment."'” Responsive release is stimuli-triggered drug delivery.
The release rate (58.24%) of SOR in MCS NPs at pH 6.5 after 24 h incubation with H,O, is higher than at pH 7.4 without
H,0, (19.19%), suggesting responsive release capacity of MCS NPs under acidic conditions with H,O, (Figure 11D).
Furthermore, Ce6 has the ability of PTT under laser irradiation, and could help further kill SOR-resistant HCC. These results
indicated that MCS NPs had high drug loading rate, responsive release capacity, and the capacity of producing endogenous O,
which promotes MCS NPs to overcome SOR resistance.

Chang et al*® dispersed DOPA and KMnO, into an oil phase to prepare the Mn’*-loaded microemulsions. Meanwhile,
another microemulsion acting as a reducing agent was prepared by adding the mixture of A.A and NaOH into a separate oil
phase. Then, the two microemulsions were mixed to reduce Mn’* to Mn?", and a stable DOPA-coated MnO, core (DOPA-
MnO,) was obtained by the binding of Mn®" to phospholipid phosphate groups. Importantly, the MnO, core exhibits TME-
responsive decomposition: under acidic pH conditions in HCC tissues, MnO, NPs release Mn?" that act as T1-weighted MRI
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Figure 11 (A) Schematic diagram of MCS NPs preparation process; (B) N, adsorption/desorption isotherms of the H-MnO,; (C) The pore-size distribution curve of the
H-MnO,; (D) The release rate of SOR from MCS NPs. Adapted with permission from Xu W, Yang M, Zhang W, Jia W, Zhang H, Zhang Y. Tumor microenvironment
responsive nano-platform for overcoming sorafenib resistance of hepatocellular carcinoma. Mater Today Bio. 2024;24:100902.'> Copyright 2017 Elsevier. (E) Schematic
diagram of NanoMnSor preparation process.

contrast agents, generating positive contrast enhancement for real-time tumor imaging. Subsequently, free lipids (consisted of
Mal-DSPE-PEG2000, DSPE-PEG2000, DOPC, and chol), PLGA, TPGS, and DOPA-MnO, were mixed construct NanoMn
NPs by self-assembly method. Finally, SP94 peptide and SOR were loaded the surface and interior of the NanoMn NPs,
respectively, to obtain the nanocomposite NanoMnSor (Figure 11E). NanoMnSor has dual functions of diagnosis and
treatment, and it can be used for MRI-guided drug delivery and hypoxia modulation. Like MCS NPs, NanoMnSor could
efficiently generate O, and release SOR in TME. The SP94 peptide conferred active targeting to orthotopic HCA-1 HCC
models, while the Mn®"-based MRI contrast allowed non-invasive monitoring of nanocomposite accumulation and hypoxia
relief efficiency. These results demonstrate that NanoMnSor integrates diagnostic imaging with targeting therapy, effectively
overcoming hypoxia-induced SOR resistance through precision feedback.

CNPs
CNPs, particularly carbon dots (CDs), represent a versatile class of theranostic nanomaterials for precision medicine.
CDs inherently exhibit strong fluorescence for real-time imaging, and when manganese or gadolinium elements are
doped into CDs, they have the dual-modal imaging function of MRI/fluorescence, thereby achieving synchronous
monitoring of tumor localization and the treatment process.'*°

Lai et al®' used citric acid and ethylenediamine to construct CDs solution by hydrothermal method, meanwhile US
NPs were synthesized using SOR and ursolic acid (UA) by self-assembly method. Then, nanocomposite USC NPs were
constructed with CDs solution and US NPs by self-assembly method (Figure 12A). CLSM images showed that compared
with the L-02 cells, more CDs were observed within HepG2 cells and SMMC 7721 cells after the treatment of CDs and
USC NPs (Figure 12B), confirming the targeting accumulation and efficient cellular penetration of CDs and USC NPs in
HCC cells. Intracellular USC NPs then could responsively release SOR and CDs in an acidic environment of TME, and
Figure 12C reveals that more than 40% of SOR and nearly 26% of CDs were released from USC NPs at the pH=5.5
within 48 h, which might be beneficial for the efficacy (Figure 12C). Furthermore, owing to the better enhanced
permeability and retention (EPR) effect of USC NPs, in vivo fluorescence quantitative curve showed that USC NPs
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Figure 12 (A) Schematic diagram of USC NPs preparation process; (B) CLSM image of the intracellular distribution of CDs and USC NPs equivalent concentration of CDs
in three cell lines at 4 h post-incubation; (C) Cumulative drug release of NPs under different pH conditions; (D) The corresponding fluorescence quantification of different
group in each organ. Reprinted from Journal of Colloid and Interface Science: 635, Lai C, Zhang B, Li D, et al. Rational design of a minimum nanoplatform for maximizing
therapeutic potency: three birds with one stone. 441-455, Copyright 2023 with permission from Elsevier.®'
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could more be accumulated in tumor (Figure 12D). The above experiments demonstrated that USC NPs can effectively
deliver SOR, UA, and CDs into HCC cells, thereby contributing to the overcoming of SOR resistance.

SeNPs

SeNPs have high biocompatibility, low toxicity, in vivo degradability, significant X-ray radiosensitization effect, and pleiotropy,
which can induce tumor cell apoptosis without affecting normal tissue cells.'*' Furthermore, SeNps not only can target similar
cellular pathways as SOR, but also target signaling molecules and pathways associated with SOR resistance.'** Therefore,
combinatorial therapy incorporating SeNPs represents an efficacious strategy to reserve SOR resistance.

Tohada M. AL-Noshokaty et al®® dissolved H,SeO; and VitC in double-distilled water, chitosan in acetic acid to
construct SeNPs by stirring, dialysis, and freeze drying.'?* Transmission electron microscopy (TEM) image showed that
SeNPs was well-dispersed and spherical shaped with the size of 60 nm (Figure 13A). Researchers induced HCC in mice
using thioacetamide (TAA). Owing to the antioxidant properties of Se, SeNPs can mitigate the adverse effects induced by
SOR and TAA, thereby normalizing levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
other liver function markers (Figure 13B-E), indicating that SeNPs can restore liver histology and function, alleviating
SOR-related side effects, and potentially overcoming SOR resistance.

Extracellular Vesicles

EVs are phospholipid bilayer-coated NPs, which secreted by cell and serve as crucial mediators for intercellular
communication and the transport of functional biomolecules.'** Owing to their immunogenicity and excellent biocom-
patibility, they can serve as carriers to evade clearance by the monocyte-macrophage system. Additionally, their tissue

penetration ability and endocytosis pathway facilitate the delivery of SOR and other genes/drugs to HCC cells, providing
an ideal drug delivery vehicle for overcoming SOR resistance.'*'%¢
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Figure 13 (A) TEM images of SeNPs; (B—E) Effect of Se, SeNps, SOR and their combinations on ALT, AST, TP, GGT in mice. Asterisks (*) denote significance levels (eg, *P < 0.05,
P <0.01, **P <0.001, **P < 0.0001) and “ns” represents no significance (P = 0.05). Reprinted from Life Sciences: 303, Al-Noshokaty T, Mesbah N, Abo-Elmatty D, Abulsoud A,
Abdel-Hamed A. Selenium nanoparticles overcomes sorafenib resistance in thioacetamide induced hepatocellular carcinoma in rats by modulation of mTOR, NF-«B pathways and
LncRNA-AF085935/GPC3 axis. 303:120675, Copyright 2022 with permission from Elsevier.®?
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Exosome
Exosomes (Exos), a subset of EVs, encapsulate cellular constituents such as proteins, DNA, and RNA from their parent

cells. They exhibit similarities in size, shape, and structure to LNPs, yet possess more intricate phospholipid bilayers.'?’
Researchers have utilized multiple techniques, including transfection, incubation, sonication, centrifugation, and electro-
poration, to load therapeutic molecules and functional materials onto the surface or into the interior of Exos in order to

enhance the pharmacokinetics of SOR, inhibit genes and signaling molecule associated with SOR resistance, and

ultimately overcome SOR resistance.'** '

He et al® produced HN3-LAMP2-AcGFP/Cas9-expressing EV donor LC9-293 cells using lipid transfection and
subsequently prepared the corresponding exosomes HLC9-EVs by centrifugation. As IQGAP1 can promote Akt activation
to impede SOR action, and FOXMI supports B-catenin translocation to the nucleus in HCC cells to aid cancer stemness
maintenance and SOR resistance,>"'** single guide RNA (sgRNA) sgIF, which inhibits both IQGAP1 and FOXM1
expressions were loaded on HLC9-EVs using electroporation to obtain sgRNA-loaded HLC9-EVs (Figure 14A). HLC9-
EVs were characterized with TEM, which showed that HLC9-EVs were membrane-surrounded nanovesicles, round, and
with particle sizes of 100 to 400 nm (Figure 14B). Owing to the loading of HN3 which specifically targets the over-
expressed Glypican-3 (GPC3) in HCC cells,'**'** HLC9-EVs possessed the quicker targeting ability, compared with LC9-
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Figure 14 (A) Schematic diagram of sgRNA-loaded HLC9-EVs preparation process; (B) TEM image of HLC9-EVs. Adapted from He C, Jaffar Ali D, Qi Y, et al. Engineered
extracellular vesicles mediated CRISPR-induced deficiency of IQGAPI/FOXMI reverses sorafenib resistance in HCC by suppressing cancer stem cells. ] Nanobiotechnology.
2023;21(1):154. https://creativecommons.org/licenses/by/4.0/.5 (C) Schematic diagram of siGRP78-modified Exo preparation process; (D) TEM image of BM-MSCs-derived Exos.
Adapted from Li H, Yang C, Shi Y, Zhao L. Exosomes derived from siRNA against GRP78 modified bone-marrow-derived mesenchymal stem cells suppress Sorafenib resistance in
hepatocellular carcinoma. | Nanobiotechnology. 2018;16(1):103. https:/creativecommons.org/licenses/by/4.0/.%* (E) Schematic diagram of Exo® > *+Lmp26-RRM-multi-siRNAFI o0 na g
tion process; (F) TEM image of empty Exo and Exo® *+2mP2>-RRM. (G) The binding ability of different Exo to HepG-2 cells; (H) The loading ability of different multi-siRNA to Exo.
Adapted from Li X, Yu Q, Zhao R, et al. Designer exosomes for targeted delivery of a novel therapeutic cargo to enhance sorafenib-mediated ferroptosis in hepatocellular
carcinoma. Front Oncol. 2022;12:898156. https://creativecommons.org/licenses/by/4.0/.5°
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EVs (without HN3). Consistent with in vitro cellular internalization results, significant accumulation of HLC9-EVs was
observed at specific tumor sites in vivo, indicating efficient targeting of HCC for sgIF delivery.

Li et al®* isolated bone marrow mesenchymal stromal cells (BM-MSCs) and transfected these cells with siGRP78.
Then, siGRP78-modified Exos were purified from the transfected BM-MSCs by high-speed centrifugation method
(Figure 14C). TEM images presented that BM-MSCs-derived exosomes were about 50 to 130 nm in width and exhibited
physical homogeneity (Figure 14D). Furthermore, the modification of siGRP78 did not influence the internalization of
Exo, as CLSM images showed that siGRP78-modified Exos could be effectively internalized by SOR-resistant HepG2
(HepG2-SR) and PLC (PLC-SR) cells, respectively.

Li et al*® used an ingenious approach to increase the loading efficiency of miRNA by enabling the fusion of exosomal
membrane proteins with specific RNA-binding protein. Specifically, the N-terminal RNA recognition motif (RRM) of
Ul-A was fused to the C-terminus of Lamp2b (an exosomal surface protein), and SP94 was fused to the N-terminus of
Lamp2b, resulting in the generation of SP94-Lamp2b-RRM. Exos expressing SP94-Lamp2b-RRM (ExoSFo4--amp2b-RRM)
then were produced by isolating and purifying exosomes from HEK-293T cells transfected with the SP94-Lamp2b-RRM.
Owing to the overexpression of GPX4 and DHODH can lead to SOR resistance by inhibiting ferroptosis,'>> researchers
designed a multi-siRNA#1 containing the sequences corresponding to GPX4 siRNA and DHODH siRNA and the
sequence “AUUGCAC” was used as a linker to connect GPX4 siRNA and DHODH siRNA, and the multi-siRNA#2
as the control group did not contain “AUUGCAC” sequence. Finally, they used multi-siRNA#1 and ExoSP?4-1amp2b-RRM
to construct the final nanocomposite ExoSPo4-amp2o-RRM-multi-siRNA#L o the high-binding ability of U1-A’s N-terminal
RRM with the sequence “AUUGCAC” in multi-siRNA#1 (Figure 14E). TEM image revealed that ExoSPo41amp2b-RRM
was a typical round-shaped vesicular morphology (Figure 14F). The loading of SP94 enhanced the HCC-targeting ability
of the Exo, and flow cytometry analysis showed that ExoS"24t2mP20-RRM (414 bind strongly to HCC cells (Figure 14G).
Furthermore, SP94-Lamp2b-RRM fusion protein more obviously promotes the exosomal loading of the “AUUGCAC”
sequence linked to the multi-siRNA#1 compared with multi-siRNA#2 via RNA—protein interactions (Figure 14H). These
functionalities are conducive to enhancing the efficacy of multi-siRNA#1 in overcoming SOR resistance.

Small Extracellular Vesicle

Small extracellular vesicles (sEVs), which are naturally occurring vesicles enveloped by a phospholipid bilayer membrane, can be
secreted by a variety of cellular types, including tumor cells, endothelial cells, immune cells, and platelets. Like Exo, SEVs have
been harnessed by researchers to protect encapsulated nucleic acids and proteins from RNase-mediated degradation. Furthermore,
specific proteins with native structures have been engineered onto the SEV membrane to aid in overcoming SOR resistance.

Sun et al®® found miR-654-5p can target the ferroptosis negative regulator heat shock protein family B (small)
member 1 (HSPB1) that can produce SOR resistance. ADSCs-derived sEVs were synthesized by ultracentrifugation and
then the sEVs were used as delivery carriers to construct the miRNA-654-5p-loaded nanocomposite m654-sEVs by
electroporation method for overcoming SOR resistance (Figure 15A). m654-sEVs and sEVs had similar spherical
structures and their particle sizes were about 50—-150 nm (Figure 15B). CLSM images revealed that fluorescence intensity
of Cy3-labeled miR-654-5p inside SOR-resistant HUH7 and PLC/PRF/5 cells (HUH-7-R and PLC/PRF/5-R cells)
increased with the concentration of m654-sEV (Figure 15C), indicating that miR-654-5p could be delivered to HCC
cells through m654-sEV to aid in overcoming SOR resistance.

Xiao et al*” used lentivirus carrying a membrane-localized form of GFP-transferrin to infect HEK293T cells to make
the cells overexpress TF. Then, the sEVs TF NVs were synthesized and purified from the HEK293T cells by differential
centrifugation method. Finally, TF-Fe** NVs were prepared by co-incubating TF NVs and Fe®" and further SOR was
encapsulated on surface of TF-Fe*" NVs to construct the ultimate nanocomposite SOR@TF-Fe*" NVs through electro-
transfection method (Figure 15D). Owing to the interaction of TF and TFRC, TF-expressing SOR@TF-Fe*" NVs could
be specifically phagocytosed (90%) by HepG2 cells with the exogenous expression of TFRC. Conversely, knockdown of
TFRC reduced the phagocytosis efficiency of SOR@TF-Fe** NVs by HepG2 cells to 40% (Figure 15E). SOR@TF-Fe**
NVs entered cells and released Fe**, further the content of Fe** increased in HepG2 cells that more than free NVs and TF

NVs groups (Figure 15F). In addition, nano-sized sEVs could passively accumulate in tumor, through EPR effect,
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Figure 15 (A) Schematic diagram of mé654-sEV preparation process; (B) TEM images of m654-sEV and sEV; (C) CLSM images HUH7-R and PLC/PRF/5-R cells after different
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and “ns” represents no significance (P 2 0.05).

indicating that SOR@TF-Fe’" NVs could efficiently deliver Fe’" to HCC, thereby aiding in the overcoming of SOR
resistance mediated by ferroptosis inhibition.

Using NPs with unique structural characteristics and physicochemical properties as nanocarriers, nanocomposites are
constructed to overcome SOR resistance by modifying NPs surfaces, loading drugs, genes, and others.'*° For example,
the phospholipid bilayer structure of LNPs and EVs makes nanocomposites have good biocompatibility. Therefore, LNPs
and EVs usually are used to deliver gene for overcoming SOR resistance. The diverse raw materials for PNP preparation
enable extensive functional modifications, facilitating the creation of highly HCC-targeted drug/gene delivery nanocom-
posites. Certain inorganic NPs have specific functions such as producing endogenous O,, heat or ROS after laser
irradiation and inhibiting signaling molecules and pathways associated with SOR resistance. These functions allow
inorganic NPs to play important roles in strategies of overcoming SOR resistance. Beyond conventional
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nanoformulations, emerging technologies offer novel strategies to overcome SOR resistance. Light-responsive systems
enable precise, externally triggered drug release, improving tumor targeting and efficacy. Biomimetic nanocarriers
enhance systemic circulation and biocompatibility for prolonged action. Additionally, gene co-delivery platforms enable
synergistic therapy by combining SOR with genetic material to target critical resistance pathways. These advancements
represent significant progress in developing next-generation nanotherapeutics for HCC.'*”"'*° Hereby, the selection of
NPs for constructing nanocomposites is of great importance in overcoming SOR resistance.

Application of Nanocomposite in Overcoming HCC SOR Resistance

In recent years, researchers had constructed nanocomposites utilizing NPs to overcome SOR resistance through the remodel-
ing of the TME, restoration of normal epigenetic regulation, enhancement of drug metabolism, and inhibition of aberrant
signaling molecules or pathways.

Remodelling TME

TME plays a crucial role in SOR resistance, enabling HCC cells to evade the cytotoxic effects of SOR. Remodeling TME
by using nanocomposites is an effective method to overcome SOR resistance. Researchers used NPs as carriers to
construct various nanocomposites with different functions, which reversed SOR resistance by ameliorating hypoxia,
promoting ferroptosis, enhancing immunity, and inhibiting HCC cancer stemness. This section provides an overview of
recent advancements in the utilization of nanocomplexes for TME remodeling to overcome SOR resistance.

Ameliorate Hypoxia and Inhibit Signaling Pathways Related to SOR Resistance Caused by Hypoxia

Hypoxia, or the elevated expression of hypoxia-induced signaling molecules and pathways such as HIF-1a and SDF-1/
CXCR4 pathway, can lead to SOR resistance. Currently, there are three primary methods are employed by nanocomposites
to overcome SOR resistance mediated by hypoxia: 1) generating endogenous O, by reacting with H,O, in tumor tissue; 2)
delivering exogenous O, by loading materials with oxygen-carrying function such as PFH; 3) delivering drugs or genes to
inhibit hypoxia-induced signaling molecules and pathways associated with SOR resistance.

Xu et al'? constructed the nanocomposite MCS NPs which could efficiently deliver SOR and Ce6 to HCC cells and
ameliorate hypoxia by generating endogenous O, and further reduce HIF-1a expression in SOR-resistant HCC cells (Figure 16A
and B). Researchers established SOR-resistant HCC cell lines (SMMC7721/S) to evaluate the efficacy of MCS NPs. The half-
maximal inhibitory concentration (IC50) of SOR for SMMC7721/S cells was 18.42 ng/mlL, which much higher than that of
SMMC7721 cells (2.53 pg/mL) (Figure 16C), proving that SMMC7721/S cells have developed SOR resistance. MCS NPs could
significantly inhibit the cell viability of SMMC7721/S cells compared with SOR treatment group, which was attributed to the
amelioration of hypoxia. Moreover, the loading of Ce6 endowed MCS NPs with the ability of PDT and PTT which could more
significantly kill SMMC7721/S cells under laser irradiation. In vivo experiments obtained the similar results that the tumor
volume of SMMC7721-S cells hormonal nude mice increased to 900 mm? after SOR alone treatment, while MCS NPs controlled
the tumor volume to 500 mm? by ameliorating hypoxia. Moreover, the tumor could be almost eliminated by the combination of
MCS NPs with laser irradiation. NanoMnSor with MnO, as the core constructed by Chang et al*” also could reverse hypoxia-
induced SOR resistance by generating endogenous O, for ameliorating hypoxic TME, which is similar to MCS NPs.

In addition, exogenous O, can be delivered by loading materials with O, carrying function to ameliorate hypoxia.
Wang et al® constructed a multifunctional nanocomposite PFH@LSL, which could ameliorate hypoxia by the O, carrying
capacity of PFH, while the encapsulated LFC131 peptide could inhibit HIF-1a expression (Figure 16D and E). Then,
researchers used HCC cells under hypoxia conditions to simulate SOR-resistant HCC cells. FCM analysis showed that
the percentage of apoptotic and necrosis region after incubation with PFH@LSL was up to 55.2%, which was higher than
that of LS (0%) and PFH@LS (31.1%) treated SOR-resistant HCC cells (Figure 16F), indicating that PFH@LSL could
reserve hypoxia-induced SOR resistance through the dual effects of PFH and LFC131.

The nanocomposite DEN-TAT-PFC/SOR/siHIF-1a constructed by Wan et al’” could efficiently deliver exogenous O,
and siHIF-1a which could reduce HIF-1a expression in HepG2-R cells. Then, researchers evaluated the anti-angiogenic
capacity of different treatment groups by observing the tube formation of endothelial cells (HUVEC) in conditioned
medium derived from SOR-resistant HCC cells. The results revealed that the DEN-TAT-PFC/SF/siHIF-1a treatment
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Figure 16 (A) Anticancer schematic illustration of TME-responsive MCS NPs; (B) The HIF-la expression level after different treatment; (C) Cell survival rate of SMMC7721 and
SMMC7721/S cells incubated by various concentrations of SOR. Adapted with permission from Xu W, Yang M, Zhang W, Jia W, Zhang H, Zhang Y. Tumor microenvironment responsive
nano-platform for overcoming sorafenib resistance of hepatocellular carcinoma. Mater Today Bio. 2024;24:1 00902." Copyright 2017 Elsevier. (D) Schematic illustration of PFH@LSLP
overcoming resistance to SOR through the SDF-10/CXCR4 pathway under hypoxic conditions; (E) The HIF-1o. and CXCR4 expression levels after different treatment; (F) Cell
apoptosis rates of SOR-resistant HCC cells treated with different groups. Adapted from Wang Y, Wang Z, Jia F et al. CXCR4-guided liposomes regulating hypoxic and
immunosuppressive microenvironment for sorafenib-resistant tumor treatment. Bioact Mater. 2022;17:147—161. https://creativecommons.org/licenses/by/-nc-nd/4.0/.° Copyright
2022 KeAi Communications Co. (G) Cell survival rate of SOR-resistant HCC cells treated with different groups; (H) Cell apoptosis and HIF- | a expression in SOR-resistant HepG2
cells (HepG2/SOR cells) tumor tissues after different treatment. Adapted from Wan Y, Yang Y, Lai Q, Wang W, Wu M, Feng S. Fluorinated cell-penetrating peptide for co-delivering
siHIF-1a and sorafenib to enhance in vitro anti-tumor efficacy. Pharmaceutics. 2023;15(12):2789. https://cr'eativemmmons.org/licenses/by/4.0/.77

group has few microvascular networks and shortest HUVEC alignments compared with SOR alone treatment, indicating
DEN-TAT-PFC/SF/siHIF-1a could restore the anti-angiogenic capacity of SOR in SOR-resistant HCC.

Other researchers used nanocomposites to deliver drugs or genes for inhibiting hypoxia-induced signaling molecules and
pathways associated with SOR resistance. Zheng et al® constructed the nanocomposite LFC-SOR/Meta-NPs with the ability of
nice drug encapsulation, controlled drug release profile, persistent blood circulation, LFC131-receptor mediated recognition, and
preferential accumulation in tumors, which could specifically and effectively co-deliver SOR and Meta into CXCR4-over-
expressing HCC cells. Intracellular Meta could further inhibit the overexpression of CXCR4 related to SOR resistance in SOR-
resistant SMMC-7721 (SMMC-7721-R) cells,'*’ and cell proliferation assays revealed a significant increase in the apoptosis rate
of SMMC-7721-R cells to 42.56% following treatment with LFC-SOR/Meta-NPs, compared with the SOR group (only 9.87%).

Zan et al’* constructed the nanocomposite CTNP-PMS/SOR to efficiently deliver PMS to inhibit HIF-1a expression
in drug-resistant cancer cells.'*" Cell proliferation assays revealed that the IC50 value of CTNP-PMS/SOR to HepG2/
SOR cells was 29.46 ng/mL, which is much lower than SOR treatment group (261.37 ng/mL) (Figure 16G). Similar
results were obtained in vivo anti-tumor experiments. Immunostaining images showed that CTNP-PMS/SOR signifi-
cantly down-regulated HIF-1a expression and promoted apoptosis in the tumor tissues of HepG2/SOR cancer-bearing
mice (Figure 16H). These results proved that CTNP-PMS/SOR could effectively reverse the overexpression of HIF-1a
induced by hypoxia to overcome SOR resistance.

Inhibition of Cancer Stemness
CSCs have self-renewal capacity and differentiation potential. During SOR treatment, the CSCs in quiescent phase can
evade SOR-induced cytotoxicity by activating drug resistance-associated proteins and signaling pathways, ultimately
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leading to SOR resistance. Because of their excellent targeting, sustained release and good EPR effect, NPs can serve as a
good mediator for RNAI therapy to deliver gene drugs that target to inhibit CSCs to overcome SOR resistance.'*?

Deubiquitinase USP22 not only activates the SIRT1/AKT/MRP1 pathway to promote MDR, but also promotes
HCC cancer stemness by HIF1a/USP22 positive feedback loop, leading to SOR resistance.'**'** The lipid
nanocomposite Gal-SLPs, loaded with shUSP22, were constructed by Xu et al’® to overcome SOR resistance
(Figure 17A). Glycolysis stress assays demonstrated that SOR-induced overexpression of USP22 elevated the
extracellular acidification rate (ECAR) related to cancer stemness, whereas Gal-SLPs effectively reversed this effect
(Figure 17B). Then, researchers established USP22-knockdown (SH) and USP22-overexpressing (OE) HCC cells via
lentiviral infection as SOR-sensitive and SOR-resistant HCC cells. Cytotoxicity experiments showed that Gal-SLPs
inhibited more Huh-7 OE cell proliferation than the SOR treatment group (Figure 17C), suggesting Gal-SLPs could
overcome SOR resistance by the inhibitory effect on HCC stemness. The amelioration of MDR by Gal-SLPs
obtained to ideal results in vivo anti-tumor experiments, in which Gal-SLPs exhibited much better antitumor
efficiency in the SOR-resistant HCC patient-derived xenograft (PDX) mice model and the tumor growth inhibition
(TGI) rate was 82.7+4.9% at the end of treatment, significantly higher than that of SOR treatment group (53.4
+15.5%) (Figure 17D and E), and immunostaining images showed that Gal-SLPs efficiently suppressed the expres-
sion of USP22 and Ki67 (Figure 17F) and further proved Gal-SLPs could overcome SOR resistance by effectively
inhibiting USP22.

Nanocomposites can further overcome resistance SOR by jointly inhibiting other pathways associated with SOR resistance.
He et al*® used EVs as a carrier to load sgIF which inhibiting IQGAP1 and FOXMI to obtain the gene-loaded nanocomposite
HLC9-EVs, and took CD133+Huh7 cells with high expression of CSCs-related markers as SOR-resistant cells. Western blot
analysis revealed that the combined therapy of sglF-loaded HLC9-EVs and SOR decreased the Akt, PI3K, mTOR, MEK, and
also their downstream transcriptional molecules which associated with SOR resistance in CD133+Huh?7 cells by the knock-out of
IQGAP1/FOXM1 (Figure 17G). CCK-8 assay indicated that sglF-loaded HLC9-EVs and SOR exhibited a noteworthy anti-
proliferative effect (43.7% =+ 3.0%) on CD133+Huh7 cells, compared with SOR treatment group (26.9% + 3.6%).

Reversal of Immunosuppression

TAMs play a critical role in promoting immunosuppression and SOR resistance,'*>"!4¢

therefore, many researchers
regulate TAMs to overcome SOR resistance through NPs.'*” At present, the strategies for regulating TAMs mainly
include inhibiting the recruitment of TAMs in the TME and repolarizing M2-type TAMs to M1-type by modulating
immunosuppression-related signaling molecules.

Hypoxia inhibits the polarization of TAMs towards the immunstimulatory M1 phenotype, resulting in a diminished
count of cytotoxic CD8+ T cells and consequently attenuating SOR-induced immunotoxicity. Chang et al*® constructed the
MnO,-containing nanocomposite NanoMnSor which could catalyze intracellular H,O, to generate endogenous O, and -OH
(Figure 18A). FCM analysis revealed NanoMnSor significantly increased the proportion of M1-like macrophages (F4/80
CD86) and decreased M?2-like macrophages (F4/80 CD206) compared with untreated group and NanoSor group
(Figure 18B and C), suggesting that NanoMnSor could promote the repolarization of TAMs to the M1 phenotype by the
amelioration of hypoxia and further reverse the decline of cytotoxic CD8+ T cells caused by immunosuppression.*® In vivo
anti-tumor experiments indicated that the tumor volume of SOR-resistant HCA-1-R cells hormonal mice treated with
NanoMnSor was significantly inhibited, and that in NanoMnSor plus programmed death 1 (PD-1) treatment group was
reduced to about 20 mm® which much lower than the control group (320 mm®). These results demonstrate that incorporat-
ing MnO, into SOR-loaded NPs could promote M1 TAM polarization and enhance CD8+ T cell infiltration by ameliorate
hypoxia, which could affect further potentiated by PD-1 treatment. These results indicated that MnO,-containing NPs could
reverse SOR resistance mediated by immunosuppression through alleviating hypoxia and further enhance the therapeutic
efficacy of SOR against HCC when combined with PD-1 treatment.

The multifunctional nanocomposite PEH@LSLP, constructed by Wang et al® was designed to ameliorate hypoxia and
activate tumor immunity via PLX3397 for reversing SOR resistance (Figure 18D). CSF1, a key regulator of macrophage
differentiation, promotes TAM polarization to the immunosuppressive T2 phenotype via CSFIR binding, whereas
PLX3397 blocks CSF1/CSFIR pathway to reverse immunosuppression-induced SOR resistance.'*®'* FCM analysis
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showed the proportion of CD8+T cells in tumor tissues was appreciably increased to 5.12% in PFH@LSL group by
alleviating hypoxia and reduce CXCR4 expression, and further increased to 13.1% by the combination of the PLX3397
in PFH@LSLP'® (Figure 18E). Researchers investigated the therapeutic efficacy of PFH@LSLP on SOR-resistant PDX
mice models, and the results revealed the tumor volume with fortnight treatment of PFH@LSLP was only about
600 mm?>, which was much lower than SOR treatment group (1300 mm3).

Le et al'*° constructed the cell-penetrating peptide-aptamer dual modified-nanocomposite (USILA NPs) consisting of
SOR, UA, indocyanine green (ICG), and a cell-penetrating peptide and aptamer. UA has excellent immunomodulatory
properties, which could stimulate the expression of relevant immune cytokines to promote the production of cytotoxic T
cells (Figure 19A).">"'32 FCM analysis revealed the proportion of CD8+T cells and CD4+T cells in tumor tissues treated
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with USILA NPs were 0.528% and 1.55%, respectively, which much higher than the SOR group (Figure 19B). Moreover,
researchers combined USILA NPs with tumor-penetrating peptides to increase the effective concentration of the USILA
NPs in tumor tissues. In vivo anti-tumor experiments revealed that the tumor volume inhibition (TVI) rate was 72.38% of
H22 tumor-bearing mice treated with USILA NPs plus IRGD peptide treatment group, which significantly higher than
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SOR treatment group (35.15%) (Figure 19C), proving that USILA NPs could effectively deliver UA to overcome
immunosuppression-induced SOR resistance by activating the generation of anti-tumor immune cells in HCC. The UA-
loaded nanocomposite USC NPs constructed by Lai et al*' could overcome immunosuppression-induced SOR resistance,
and further enhance the therapeutic efficacy by combining of laser irradiation.

Liu et al’' constructed nanocomposite AMD-NPs and AMD3100 within it could specifically inhibit CXCR4
expression” (Figure 19D). Immunostaining images showed that AMD-NPs could reduce the expression of F4/80 (the
marker of TAMs) in HCA-1 cells (simulated SOR-resistant HCC cells) which exposed to recombine SDFla
(Figure 19E), indicating that the inhibitory effect of AMD3100 on CRX4 reduced the recruitment of TAMs in
HCC."* In vivo anti-tumor experiments indicated that AMD-NPs carrying VEGF siRNA significantly suppressed the
tumor growth of SOR-resistant mice models, which proved that AMD-NPs could overcome resistance by reversing
immunosuppression and restoring the anti-angiogenesis effect of SOR.

Promotion of Ferroptosis
Long-term SOR treatment would cause changes such as the reduction of Fe** and ROS in HCC cells, which leading to
SOR resistance. To overcome SOR resistance, researchers promoted ferroptosis in HCC cells by silencing genes related
to ferroptosis inhibition, delivering exogenous Fe?", and promoting ROS generation through NPs.

Some researchers used nanocomposites to overcome SOR resistance by inhibiting the expression of genes related to

ferroptosis inhibition. Sun et al*®

used ADSCs-derived sEVs as carriers for delivering miR-654-5p to overcome SOR
resistance (Figure 20A). Researchers established HUH-7-R xenograft mice to appraise the therapeutic effect of m654-
sEV combined with SOR. Western blotting analysis revealed that the HSPB1 expression in the HUH-7-R xenograft
mouse models was significantly suppressed, while TFRC and COX2 levels were elevated by the combination of m654-
sEV and SOR treatment (Figure 20B), resulting in increased Fe*" and ROS levels and decreased GSH. The growth curve
and appearance of the tumors showed that the combination of SOR and m654-sEV considerably suppressed tumor
growth (the tumor volume was only 0.2 mm? after 15-day treatment) compared with SOR treatment alone (0.7 mm®).
The above experiments indicated that m654-sEV could target HSPB1 to upregulate SOR-induced ferroptosis and
overcome SOR resistance caused by ferroptosis inhibition.

Li et al® designed a nanocomposite, ExoSF4-amp2b-RRM-multi-siRNA £ officient delivery of multi-siRNA to down-
regulate the expression of GPX4 and DHODH (Figure 20C). The inhibition of GPX4 and DHODH further increased
ROS and Malondialdehyde (MDA) levels in HepG2-R cells (Figure 20D). Cell proliferation assays revealed that

SP94-Lamp2b-RRM-multi-siRNA#1 1q significantly enhance the effect of SOR and inhibit the growth of HepG2-R
SP94-Lamp2b-RRM-multi-siRNA

Exo
cells compared to other groups (Figure 20E), demonstrating that Exo restored the ferroptotic
effect of SOR on HepG2-R cells by inhibiting the expressions of genes associated with ferroptosis inhibition.

176 could effectively deliver siNRF2 to inhibit the overexpression of NRF2 in SOR-

resistant HCC cells, and promote the production of LPO for reserving SOR resistance caused by ferroptosis inhibition.

HDP-ss constructed by Tong et a

Other researchers reversed ferroptosis inhibition-induced SOR resistance by delivering exogenous Fe** or producing
endogenous ROS through nanocomposites. Xiao et al®’ developed the sEVs-based nanocomposite SOR@TF-Fe** NVs,
which coupled with Fe*" and encapsulated SOR to increase intracellular Fe** content and SOR concentration. CLSM
images showed that the obvious accumulation and generation of ROS and MDA in HepG2-R cells treated with
SOR@TEF-Fe*" NVs (Figure 20F), and further resulting in cellular injury which evidenced by a substantial reduction
(68%) in mitochondrial membrane potential (A%¥m) (Figure 20G). Colony-formation assay showed that the number of
colonies of HepG2-R cells after 7-day SOR@TF-Fe** NVs treatment was only 500 remaining, which significantly lower
than SOR treatment group (about 1100), indicating that SOR@TF-Fe*"NVs explicitly induce ferroptotic growth inhibi-
tion of SOR-resistant HCC cells.

Wang et al”® constructed the nanocomposite AFG/SFB@PEG which could efficient inhibit the expressions of GPX4
and SLC3A2 in SMMC-7721-R tumor-bearing mice via increasing the effective concentration of SOR and generating
extra LPO induced by AFG (Figure 20H). Furthermore, AFG endows the nanocomposite the ability of PDT and PTT
treatment. Immunofluorescence images revealed that AFG/SFB@PEG plus laser irradiation significantly increased the
terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) expression of tumor tissues of
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SMMC-7721-R tumor-bearing mice (Figure 20H), suggesting that AFG/SFB@PEG could reduce the expression of
ferroptosis inhibitory protein to reverse SOR resistance and be combined with laser irradiation can further improve
therapeutic effect.

Inhibiting Abnormal Activation of Signaling Molecules or Pathways
Abnormal activation of signaling molecules or pathways could lead to mutations in SOR therapeutic targets, which
would directly induce SOR resistance. Various researchers delivered RNAi drugs or inhibitors by NPs to inhibit the

expression of abnormal signaling molecules or pathways for overcoming SOR resistance.

d.154 ]72

Mahmoud A. Younis et a
constructed the nanocomposite usLNPs encapsulated with low doses of SOR and MK siRNA to efficiently overcome
SOR resistance. Western blot analysis revealed that the MK expression was by 3-fold in the HepG2-R cells (Figure 21A).
Notably, MK expression was silenced by approximately 70% in tumor tissues treated with usLNPs, with this effect

MK is a heparin-binding cytokine that promotes SOR resistance when overexpresse

persisting for three-day post-treatment cessation (Figure 21B). Furthermore, the combinational treatment with SOR plus
MK siRNA mediated by usLNPs can restored SOR sensitive of HCC and tumor inhibition rate reached 70%
(Figure 21C).

The nanocomposite SOR/BEZ235-NPs was constructed by Wu et al'>® for the efficient co-delivery of SOR and
BEZ235 to SOR-resistant HepG2 (HepG2R) cells. Intracellular BEZ235 inhibited the expression of signaling molecules
in PI3K/AKT/mTOR and Ras/Raf/MAPK signaling pathways, which are implicated in SOR resistance'*® (Figure 21D).
In vivo anti-tumor experiments revealed that the TGI rate of SOR/BEZ235-NPs treatment group was about 82.6%+2.6%,
which significantly higher than SOR treatment group (21.4%+5%).

Cofilin 1 (CFL1) could accelerate the production of antioxidant to scavenge SOR-induced excess ROS, which would
reduce the efficacy of SOR and lead to SOR resistance. Li et al°* constructed nanocomposite NPs (siCFL1/Sor), utilizing
polymeric NPs G0-C14 as the carrier to load CFL1 siRNA (siCFL1) and SOR. Western blot analysis demonstrated that
the siCFL1/Sor NP treatment group inhibited CFL1 protein expression in SOR-resistant MHCC-97L cells (MHCC-97L-
R) (Figure 21E). The number of colonies formed by MHCC-97L-R cells in the NPs (siCFL1/Sor) treatment group was
significantly lower (30) compared to the SOR treatment group (approximately 170) (Figure 21F). Consistent results were
observed in in vivo anti-tumor experiments displayed that NPs (siCFL1/Sor) significantly inhibited tumor growth in the
SOR-resistant PDX mouse model. And histopathological images further confirmed that CFL1 expression in tumor tissues
was lowest following NP treatment (Figure 21G), indicating that NPs (siCFL1/Sor) could overcome SOR resistance by
efficiently inhibiting CFL1.

GRP78 play critical roles in HCC by activating EGFR signaling pathway, thereby facilitating resistance to SOR."’
siGRP78-modified Exos were sorted from BM-MSCs by Li et al* could decrease the expression of GRP78 in HepG2-R
and PLC-R cells and reverse SOR resistance (Figure 22A). The tumor volume of PLC-SR cells hormonal mice was
obviously reduced in mice treated with siGRP78-modified Exos combined with SOR, which much smaller than that of
the control group (scramble siRNA modified Exos) (Figure 22B). In short, siGRP78-modified Exo overcomed SOR
resistance in HCC by inhibit GRP78 expression.

Farinha et al”®

constructed the nanocomposite HNP to effectively deliver Sel to HCC cells. Sel, as a potent and
selective allosteric MEK1/2 inhibitor, could significantly inhibit the pERK expression by blocking the transduction of the
signal by MEK-mediated phosphorylation of ERK'%® (Figure 22C). Representative phase contrast images and fluores-
cence images of three-dimensional (3D) SOR-resistant HCC cell spheroids showed the spheroids treated with 8-day HNP
did not present a spheroid structure but rather a structure of small aggregates (Figure 22D), which were composed with

dead cells (Figure 22E).

Restoring Normal Epigenetic Regulation
Abnormal epigenetic regulation plays a primary role in SOR resistance.® This section introduced the application of
nanocomposites with different construction strategies for correcting abnormal epigenetic regulation.

The overexpression of miRNA21 in SOR-resistant HCC cells could up-regulate PTEN expression to reduce SOR efficacy
by promoting hypoxic and vascular growth in tumor tissues.'>® Li et al’® used the nanocomposite RGD-rHDL/So/
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Figure 21 (A) The MK expression in regular and resistant HepG2 cells; (B) MK expression in tumor tissues at the end of different treatment; (C) Representative photos for tumors at
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G, et al. Remodeling serine synthesis and metabolism via nanoparticles (NPs)-mediated CFLI silencing to enhance the sensitivity of hepatocellular carcinoma to sorafenib. Adv Sci.
2023;10(19):¢22071 18. https://creativecommons.org/licenses/by/4.0/. Copyright 2023 Wiley-VCH Verlag.®* Asterisks (*) denote significance levels (eg, *P < 0.05, **P < 0.01, ¥P <
0.001, ¥**P < 0.0001) and “ns” represents no significance (P = 0.05).
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antimiRNA21 to inhibit the expression of miRNA21 in SOR-resistant cells by stably and efficiently delivering antimiRNA21
(Figure 23A). Quantitative real-time polymerase chain reaction (QRT-PCR) analysis showed RGD-rHDL/So/antimiRNA21
significantly inhibit miRNA21 level with only 21% to the control treatment group in SOR-resistant HCC cells (Figure 23B).
Then, researchers evaluated the anti-angiogenesis effect of each group by tube formation experiments on HUVEC cells, and
the results showed that relatively complete tubular structures were observed in the control group, while RGD-rHDL/So/
antimiRNA21 had the most suppression in tube formation with morphologies changing (Figure 23C), indicating that RGD-
rHDL/So/antimiRNA21 could obviously restore the anti-angiogenesis effect of SOR in SOR-resistant HCC by the inhibition
of miRNA21, and immunofluorescent staining microscopic images revealed that compared with SOR group (28.21%), the
intratumoral CD31 inhibitory rate of RGD-rHDL/So/antimiRNA21 was 67.95% and further proved the above view
(Figure 23D). Furthermore, RGD-rHDL/So/antimiRNA21 also induced the low-expression of HIF-la and reduce the

resistance of SOR showed in immunohistochemical staining microscopic images (Figure 23D). RGD-rHDL/So/
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antimiRNA21, as expected, achieved highest tumor inhibitory rate of 82.13%, which was far beyond any other group in vivo
anti-tumor experiments, demonstrating that RGD-rHDL/So/antimiRNA21 could efficiently inhibit miRNA21 expression to
overcome SOR resistance by enhancing the angiogenesis effect of SOR and down-regulating the expression of HIF-1a.

IncRNA-AF085935 is implicated in the formation and proliferation of HCC through the modulation of multiple
signaling pathways associated with resistance to SOR.'* AL-Noshokaty et al®* constructed the nanocomposite SeNPs
for modulating resistance-related pathways to reverse SOR resistance (Figure 24A). Compared to other treatment groups,
the combination of SOR and SeNPs significantly inhibited the expression of IncRNA-AF085935 (Figure 24B), which
further suppressed the expression of downstream signaling molecules related to SOR resistance, such as NF-kB, mTOR
(Figure 24C and D),"® thereby overcoming SOR resistance by inhibiting HCC cell proliferation and autophagy. SeNPs
combined with SOR treatment significantly induced apoptosis in SOR-resistant HCC cells as seen in Western blot assays
(Figure 24E).

Reversing EMT
Hypoxia and DNA methylation caused by SOR treatment could stimulate and lead to EMT associated with SOR
resistance. Therefore, SOR resistance can be reversed by removing EMT through nanocomposites.

Cheng et al®® constructed nanocomposites NanoMn and NanoMnSor with MnO, as the core, which could catalyze
excessive H,O, in TME to generate O,. qRT-PCR analysis revealed that NanoMn effectively mitigated the hypoxia-
induced upregulation of mRNA levels for EMT regulators (slug, snail, Zeb2, Twistl) and mesenchymal markers
(vimentin, fibronectin, N-cadherin), as well as the downregulation of epithelial markers (E-cadherin, MTA3) in SOR-
resistant HCA-1 (HCA-1-R) cells (Figure 25A), suggesting that NanoMn could reserve hypoxia-induced EMT by
generating O,. The elevated incidence of invasive HCA-1 cells under hypoxic conditions was mitigated by
NanoMnSor treatment (Figure 25B), which further proved the above results. In vivo anti-tumor experiments obtained
similar result that the number of lung metastatic nodules in HAC-1-R cells hormonal mice with the treatment of
NanoMnSor was significantly reduced compared to the SOR treatment group (Figure 25C), and NanoMnSor improved
overall survival in hormonal mice (Figure 25D). These results proved that NanoMnSor reversed EMT by ameliorating
hypoxia and overcoming SOR resistance.

Improving Drug Metabolism
SOR resistance caused by insufficient effective drug concentration in HCC cells has become a major obstacle to the
application of SOR, and MDR is the main problem to be overcome. P-gp, a membrane protein belonging to the ABC
transporter proteins, which could reduce the concentration of SOR at the target site by pumping SOR out of HCC cells,
which causing SOR resistance. Therefore, Reversing P-gp-mediated drug efflux to overcome MDR is a promising
approach. Nanocomposites have many advantages such as targeting, slow controlled release, and excellent EPR effect,
which can increase the effective SOR concentration in HCC cells and tissues, thus overcoming the SOR resistance.
Inhibition of MDR-related signaling pathway mediated by nanocomposites is an effective way to increase the
intracellular concentration of effective drugs. Overexpression of USP22 significantly up-regulates MRP1 expression,
which subsequently induces MDR and SOR resistance in HCC cells by facilitating the efflux of SOR from these cells.'®’
Xu et al”?
and shUSP22 to HCC (Figure 26A). Western blot analysis demonstrated a significant downregulation of signaling
molecules within the SIRTI/AKT/MRPI signaling pathway in Huh-7-R cells with the treatment of Gal-SLPs
(Figure 26B). High-performance liquid chromatography (HPLC) analysis revealed that intracellular SOR concentration

constructed nanocomposite Gal-SLPs which could inhibit MPR1 expression by the efficient delivery of SOR

was significantly increased through the delivery of Gal-SLPs (Figure 26C), indicating that Gal-SLPs effectively promote
SOR accumulation in HCC cells by reserving MDR Researchers then used SOR-resistant HCC PDX model to evaluate
the effect of Gal-SLPs and the results showed Gal-SLPs exhibited much better antitumor efficiency, resulting in the TIR
of about 82.7%, which significantly higher than that of SOR group (53.4%) (Figure 26D). These results proved that Gal-
SLP could increase the accumulation of SOR in HCC cells by reserving MDR, thus overcoming the SOR resistance
caused by insufficient effective drug concentration of SOR.
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Vishwakarma et al”® constructed the nanocomposite SF-GNP with loading rate of 80% for SOR. The expression of
ABCG-2 related MDR in HepG2-R cells treated with SF-GNP was significantly reduced displayed via the heat map'®
(Figure 26E), proving that SF-GNP could help SOR evade the drug efflux mechanisms. Representative microscope
images showed that the size of the 3D cell spheroids with the fortnight treatment of SF-GNP was reduced to
approximately 14% of the initial size, which much lower than the SOR treatment group (60%) (Figure 26F), further
demonstrating that SF-GNP could reverse SOR resistance by regulating drug efflux mechanisms and the expression of
signaling molecules related to MDR.

Nanocomposites can overcome SOR resistance through different SOR resistance mechanisms. For example, to
improve hypoxia, MnO, NPs with oxygen-producing function or PFH with the function of delivering exogenous O,
can be selected. In order to reverse MDR, it is necessary to enhance the targeting ability of nanocarriers to HCC, thereby

increasing the local drug concentration. However, an ideal reversal effect cannot be achieved merely through a single
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from ref.”” Copyright 2017 Springer Nature.

SOR resistance mechanism. Meanwhile, the components of the TME are complex and heterogeneous, which brings
unpredictable problems for reversing SOR resistance and greatly affects the reversal effect. Therefore, the synergistic
effects among various SOR resistance mechanisms can be comprehensively considered to design nanocomposites in
order to improve the effect of reversing SOR resistance.

Conclusion and Outlook

The emergence of drug resistance is the primary reason limiting the clinical application of SOR. The mechanisms of SOR
resistance are complex, including the development of the TME, aberrant epigenetic regulation, abnormal drug metabo-
lism, and other factors. Moreover, drug resistance mechanisms exhibit considerable variability among individuals,
making the effective overcoming of resistance a major challenge in the clinical use of SOR. The advent of nanomedicine
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offers an effective approach, and in recent years, researchers have developed novel nanocomposites using different NPs
as carriers to efficiently overcome SOR resistance by inhibiting various resistance mechanisms. The advent of nanome-
dicine offers an effective approach, and in recent years, researchers have developed novel nanocomposites using different
NPs as carriers to efficiently overcome SOR resistance by inhibiting various resistance mechanisms. Numerous types of
nanocomposites are summarized in this review, including organic NPs, inorganic NPs, and EVs that have been developed
to overcome cancer drug resistance, and some NPs are already in preclinical and clinical development stages. Current
strategies for overcoming resistance using nanocomposites include: (a) delivering of drugs/genes to overcome SOR
resistance, such as Meta, siHIF-1a, and LFC131 peptide; (b) selecting specific NPs or loading specific materials based on
particular resistance mechanisms, such as using MnO, NPs or loading PFH to overcome hypoxia, or using Fe-containing
NPs to enhance ferroptosis; (¢) modifying the exterior of NPs with specific peptides or groups to impart targeting ability,
biocompatibility, and controlled drug release, such as LFC131 peptide and SP94 peptide; (d) combining two or more of
the aforementioned methods.

Various types of NPs are designed to overcome SOR resistance, and each of them possesses unique advantages to
effectively overcome different resistance mechanisms. However, many challenges remain to be addressed.

1. Diversity of resistance mechanisms: Owing to the heterogeneity of SOR resistance mechanisms among patients, a
single therapeutic strategy cannot overcome resistance in all individuals. Furthermore, SOR resistance mechanisms
in HCC cells are diverse and dynamic, and multiple resistance mechanisms potentially coexisting within a single
cell. Therefore, blindly constructing nanocomposites is unlikely to completely reverse resistance. Recent advance-
ments in biotechnology, liquid biopsy, and next-generation sequencing have improved the detection of SOR
resistance mutations. Analyses of tumor and cell-free DNA, immune markers, proteomics, metabolomics, and
RNA can identify the biological characteristics of SOR-resistant tumors, aiding in a deeper understanding of
resistance mechanisms and guiding the rational design of nanocomposites to overcome resistance.

2. Rational selection of NPs: Although NPs share similar sizes, they differ in composition, structure, and properties
such as fluorescence, immunogenicity, and biodegradability. Researchers need to select appropriate NPs based on
the mechanisms of SOR resistance. For example, the problems that need to be overcome by NPs for RNAi therapy
include low gene transfection efficiency, poor cell membrane penetration, and susceptibility to RNase degradation.
EVs, as biocompatible vesicles, can evade immune surveillance and efficiently deliver RNAi genes into cancer
cells. Inorganic NPs, such as CNPs and GNPs, possess photothermal properties that can be harnessed to design
nanocomposites for synergistic PDT and PTT to further eliminate resistant cells. Organic NPs, such as liposomes
and polymers, offer advantages like easy surface modification, allowing coupling with antibodies, peptides,
aptamers, and small molecules to target HCC and inhibit SOR resistance pathways.

3. Rational construction of nanocomposites: Most current nanocomposites are designed to overcome resistance based
on MDR mechanisms. However, drug resistance is a multifactorial and complex phenomenon and delivering drugs
efficiently to tumor cells is insufficient to overcome resistance. With increasingly studied resistance mechanisms
and continuously developed NPs, the key to efficiently overcome resistance is to construct nanocomposites
suitable for specific resistance mechanism. Some NPs, because of their inherent properties, can inhibit specific
resistance mechanisms. For instance, MnO, NPs can generate endogenous O, to alleviate hypoxia-induced
resistance, TF overexpression in EVs facilitates the delivery of exogenous Fe*" to counteract resistance induced
by ferroptosis inhibition, and SeNPs can overcome SOR resistance by targeting chemokines and signals related to
SOR resistance. Thus, selecting appropriate NPs and rationally constructing nanocomposites based on resistance
mechanisms are crucial for more effective resistance overcoming.

4. Clinical application of nanocomposites: Researchers have developed a variety of nanocomposites for the treatment
of HCC. However, they still face many problems in clinical translation applications, including the potential
toxicity of long-term use of metal-based nanosystems, the difficulty in achieving standardized good manufacturing
practice production of EVs as carriers, and the significant challenges in developing nanodelivery composites for
regulating TME. For instance, researchers have designed hypoxia-responsive targeting nanocomposites to achieve
precise drug release in hypoxic regions. However, TME has heterogeneity, resulting in poor therapeutic effects.
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Furthermore, patient-derived organoid platforms can be utilized to realistically simulate the in vivo therapeutic
effects of nanocomposites in models that imitate the pathophysiology of human HCC.

5. Current Technical Limitations and Knowledge Gaps: Current technologies and knowledge still remain insufficient
to resolve the potential immunogenicity and toxicity of nanocomposites. The immune response triggered by
nanocomposites may lead to serious complications such as allergies or thrombosis. When designing nanocompo-
sites, it is essential to ensure low antigenicity and precise control of dosage. However, the TME of HCC is rich in a
large number of immune cells (such as liver-specific Kupffer cells) and forms a dynamic adaptation network,
which has compensatory resilience: inhibiting a single or multiple TME components often triggers unpredictable
systemic effects through compensatory overexpression in other pathways, increasing the difficulty of constructing
nanocomposites. Therefore, when designing nanocomposites, TME of HCC should be comprehensively analyzed
and their long-term toxicity should be systematically investigated.

Future development and optimization of therapeutic strategies should focus on overcoming SOR resistance comprehen-
sively. Additionally, a Phase III clinical trial in 2018 demonstrated that Lenvatinib was non-inferior to SOR, leading to
FDA approval of Lenvatinib as the second first-line treatment for advanced HCC following SOR. However, resistance
persists, and developing of nanocomposites to overcome SOR resistance also may provide new insights and directions for
the clinical application of other TKIs, including Lenvatinib. To ensure safety, efficacy, and scalable industrial production
for clinical application, nanomedicine researchers must pay sufficient attention to this field.
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