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Engineered nanomedicine targets liver cancer
stem cells to treat liver cancer disease
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Minghui Hu,® Lili He® and Rong Luo (2 *

Liver cancer stem cells (LCSCs) are a population of cells with self-renewal and self-differentiation
capacities, widely recognized as critical for hepatocellular carcinoma (HCC) development. Accordingly,
HCC treatment.
chemotherapy and radiation therapy struggle to eradicate LCSCs, underscoring the critical need for

eliminating LCSCs is considered a viable strategy for However, conventional
LCSC-targeted therapies. Nanotechnology offers unique advantages for LCSC targeting via the selective
delivery of drugs to tumor sites. Various engineered nanomedicines—including polymeric nanoparticles,
biological nanomaterials, and inorganic nanoparticles—have been developed for their elimination. This
article primarily reviews the biological concepts and biomarkers of LCSCs. In addition, it summarizes

various strategies for targeting LCSCs using engineered nanomedicines.

1. Introduction

Liver cancer is one of the six major cancers in the world and has
a high mortality rate. To address the urgent need for effective
prevention and treatment, it is essential to dissect the key
pathological cascades leading to hepatocellular carcinoma
(HCC)—the most prevalent subtype of liver cancer, accounting
for over 80% of all liver cancer cases. Among these cascades,
chronic liver injury stands out as a pivotal precursor event, and
its gradual, progressive pathological process is tightly inter-
twined with the malignant transformation of normal hepato-
cytes into cancerous cells. Studies have shown that infections
with the hepatitis B virus (HBV) and the hepatitis C virus (HCV),
non-alcoholic steatohepatitis (NASH), and chronic alcohol
exposure can induce recurrent injury-repair cycles within the
hepatic parenchyma. Unlike acute liver damage that resolves
with timely intervention, these factors exert long-term, cumu-
lative stress on the liver: HBV/HCV persistently replicates in
hepatocytes to disrupt cellular homeostasis, NASH-related lipid
accumulation causes continuous lipotoxicity, and ethanol
metabolites (e.g., acetaldehyde) directly damage liver cell mem-
branes and DNA. Such sustained harm forces the hepatic
parenchyma into repeated “injury-repair cycles”—a process
where damaged cells are cleared, but incomplete repair (due to
persistent stress) fails to restore the liver’s normal structure. This
process is driven by the persistent activation of inflammatory
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pathways, which subsequently activate hepatic stellate cells and
promote the progression of hepatic fibrosis. The progression of
hepatic fibrosis to cirrhosis increases the risk of HCC develop-
ment by 20-40-fold." At the molecular level, oxidative stress
triggered by chronic liver injury can activate proto-oncogenes via
the accumulation of oxidative DNA damage, while inhibiting the
function of tumor suppressor genes, thereby driving abnormal
hepatocyte proliferation.*® Furthermore, clinical data reveal that
approximately 70-80% of HCC patients have an underlying
cirrhosis, with the annual incidence of HCC in cirrhotic patients
ranging from 2% to 8%. Among these, the risk of developing
HCC is further elevated in patients with metabolic syndrome
(e.g., diabetes and obesity), indicating that the synergistic effect of
metabolic disorders and chronic liver injury is a critical driver of
HCC development.>® This cascade reaction from chronic injury to
malignant transformation provides a pathological microenviron-
ment for the generation of liver cancer stem cells (LCSCs), and the
survival and expansion of LCSCs further exacerbate HCC progres-
sion and treatment resistance.

Among primary liver cancers, hepatocellular carcinoma
(HCC) accounts for 90% of all liver cancer cases.” Despite
conventional treatments, including chemotherapy, arterial
embolization, surgical resection, and radiofrequency ablation,
the recurrence rate of HCC remains alarmingly high at 70%.°
Studies have shown that hepatocellular carcinoma originates
from hepatic stem cells with endogenous and exogenous
origins in human liver tissue, whose endogenous origin is
oogenic cells located at the smallest end of the intrahepatic
bile duct.>'® This population of cancer cells with stem cell
properties is called liver cancer stem cells (LCSCs), which
possess many biomarkers such as EpCAM, CD44, CD133,
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CD90, CD24, etc. LCSCs can mutate genes, disrupt epige-
netics, block signaling pathways, and alter the tumor micro-
environment. They play a key role in the self-renewal,
tumorigenesis, metastasis, recurrence, and drug resistance
of cancer cells in HCC."" Therefore, the LCSC theory may
offer novel strategies for tumor diagnosis, therapeutic inter-
vention, and prevention.

An increasing number of drugs, such as sorafenib and
doxorubicin, have been demonstrated to be effective in elimi-
nating or inhibiting HCC. However, these drugs tend to cause
resistance in tumor cells under long-term administration.
In most cases, HCC cells with resistance exhibit a significant
mesenchymal phenotype and stem cell profile,'* indicating
that targeted elimination of tumor cells with this profile
represents a more promising strategy for HCC therapy. Conse-
quently, there is a great need to develop novel drugs or drug
delivery systems that directly target LCSCs.

Nanotechnology has demonstrated significant potential for
applications in cancer detection, prevention, and therapeutic
intervention." In recent years, the application of nanoprepara-
tions in cancer therapy has been further expanded, demonstrating
the potential of multifunctional synergistic treatment. Nanoscale
covalent organic frameworks (NCOFs) exhibit characteristics that
include low density, a large specific surface area, and tunable pore
size, which enable high drug loading capacities and precise release
mechanisms through controllable synthesis. Their well-defined
periodic structures can carry therapeutic agents (e.g., chemother-
apeutic drugs, photosensitizers) and release these active molecules
upon light irradiation in photodynamic therapy, thereby effectively
enhancing local drug concentration in tumors.'* Metal-based
nanoparticles such as platinum-iron (FePt) nanoparticles can
decompose hydrogen peroxide in the tumor microenvironment
to generate oxygen by mimicking peroxidase activity. This
process not only alleviates hypoxia but also enables the ultra-
sound-triggered generation of singlet oxygen, enhancing the
killing effect of sonodynamic therapy on deep tumors with
good biocompatibility.'>'® Beyond these single-structure nano-
preparations (e.g., NCOFs and FePt nanoparticles) that target
specific therapeutic needs (e.g., photodynamic therapy for
superficial tumors, sonodynamic therapy for deep tumors),
composite nanosystems—by integrating multiple functional
components—have emerged as a more powerful approach to
achieve “1 +1 > 2 synergistic anti-tumor effects. Notably, they
address the limitations of single-modal therapy (e.g., insufficient
tumor killing, easy drug resistance) by combining different
treatment mechanisms. For instance, composite nanosystems,
such as metal-organic frameworks (MOFs) wrapped with MnO,
nanosheets, can co-deliver doxorubicin (DOX) and DNAzyme.
Under intracellular stimulation, these systems release Mn>*,
which not only acts as a DNAzyme activator to silence anti-
apoptotic genes (e.g., survivin) but also generates reactive
oxygen species (ROS) through Fenton-like reactions. This achieves
a synergistic combination of chemotherapy, gene therapy, and
chemodynamic therapy.'” In addition, redox-responsive nanogels
(e.g., hyaluronic acid-lipoic acid conjugates) accumulate in
tumors via CD44-mediated active targeting. Upon entering a
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high-glutathione environment, they disintegrate to release pro-
tein drugs (e.g., cytochrome c). Their pH-sensitive components
also promote endosomal escape, thereby significantly improving
intracellular delivery efficiency.'® Through structural design, these
nanopreparations achieve targeted delivery, microenvironment-
responsive release, and integration of multimodal therapies,
providing new strategies to overcome tumor heterogeneity and
therapeutic resistance.

Nanoscale drug delivery systems could have selective tumor
targeting function, high drug loading capacity, and smart drug
releasing ability."® The ability to target LCSCs by designing
and modifying these nanocarriers has gradually become an
upsurge. These engineered nanomedicine types include polymer
nanomaterials such as poly(lactide-co-glycolide), polyethylene
glycol, PLGA-PEG (poly(lactide-co-glycolide)-block-poly(ethylene
glycol)) copolymer, PEG-polylysine (polyethylene glycol-polyly-
sine) copolymer, liposomes, etc.”® Meanwhile, natural biona-
nomaterials have also attracted attention due to their unique
functional properties, such as exosomes, monoclonal antibo-
dies, and aptamers, all of which have applications in targeting
LCSCs.”" Inorganic metal nanoparticles are easily scalable and
very stable, and many are also used in the treatment of LCSCs,
such as metal nanoparticles (gold, silver, zinc, oxide), silica
nanoparticles (SiNPs), arsenic trioxide nanoparticles (AtoNPs),
and nanodiamonds (NDs).>?

In this review, we mainly outline the origin and biological
properties of LCSCs and summarize the drug delivery systems
capable of targeting LCSCs.

2. LCSC theory

2.1. Concept of cancer stem cells

Stem cells are a population of cells with self-renewal capacity
and pluripotent differentiation potential, playing a central role
in maintaining tissue homeostasis, facilitating tissue repair,
and driving disease pathogenesis. Based on their differentia-
tion potential, stem cells can be classified into totipotent stem
cells (e.g., zygotes), pluripotent stem cells (e.g., embryonic stem
cells), and multipotent stem cells (e.g., adult stem cells). Among
these categories, adult stem cells are present in various tissues,
including the bone marrow, liver, and brain, and their primary
function is to maintain tissue dynamic balance, replenishing
damaged cells through proliferation and differentiation upon
tissue injury.>*>*

Hematopoietic stem cells (HSCs) represent the most well-
studied model of normal stem cells, responsible for the lifelong
maintenance of hematopoiesis. Their homeostasis is tightly
regulated by intrinsic molecular mechanisms (such as gene
regulation and epigenetic modifications) and extrinsic niche
signals (including cytokines and niche interactions).>”>®

Recent studies demonstrate that the transcription factor
Nynrin maintains hematopoietic stem cell (HSC) homeostasis
by transcriptionally repressing Ppif to reduce cyclophilin D
(CypD) levels. This repression inhibits mitochondrial perme-
ability transition pore (mPTP) opening, thereby stabilizing

This journal is © The Royal Society of Chemistry 2025
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membrane potential and reducing reactive oxygen species
(ROS) production. Nynrin deficiency leads to excessive mPTP
opening, mitochondrial swelling, and elevated ROS, which
collectively impair the radiation resistance and self-renewal
capacity of HSCs. In contrast, Nynrin overexpression not only
alleviates radiation-induced damage but also prolongs mouse
survival. These findings reveal a central regulatory role of the
Nynrin-Ppif-mPTP axis, providing a novel target for ameliorat-
ing hematopoietic toxicity during cancer therapy.*®

Additionally, spliceosome-mediated alternative splicing reg-
ulates HSC homeostasis by increasing proteomic diversity, with
the ATP-dependent RNA helicase DHX16 acting as a key spli-
ceosomal component. Dhx16 knockout in the hematopoietic
system results in depletion of HSCs and progenitor cells, bone
marrow failure, and rapid death in mice. Mechanistically,
Dhx16-deficient HSCs exhibit multiple abnormalities, includ-
ing impaired quiescence, G2-M phase arrest, reduced protein
synthesis, abnormal ribosome assembly, increased apoptosis,
and diminished self-renewal capacity. Multi-omics analyses
show that Dhx16 deficiency causes retention of intron 4 in
Emg1 mRNA, leading to decreased EMG1 expression, which in
turn disrupts ribosome assembly, induces nucleolar stress, and
activates the p53 pathway—this cascade is a key contributor to
HSC exhaustion. Overexpression of Emgl in Dhx16-deficient
HSCs partially rescues their function, suggesting that Emg1
may serve as a potential target for ribosome-related hemato-
poietic disorders.>®

Unlike normal stem cells, cancer stem cells (CSCs) are a
subpopulation within tumors that exhibit stem cell properties,
with their core characteristics including self-renewal, multi-
directional differentiation potential, chemoresistance, and
tumor-initiating capacity.?”*®

The term “cancer stem cells” (CSCs), also known as tumor-
initiating cells, was first proposed by Sajiro Makino. He identified
a distinct subpopulation of cells characterized by chemotherapy
resistance and a unique genetic profile differing from the bulk
tumor cells.>® CSCs are a subpopulation of tumor cells capable
of driving tumorigenesis and contributing to disease recur-
rence. At the point of tumor initiation, CSCs are derived from
differentiated cells or adult tissue-resident stem cells. The
theory that CSCs have a greater capacity for self-renewal,
metastatic spread, and treatment resistance is supported by a
growing body of evidence.?® CSCs were initially found in acute
myeloid leukemia (AML) and subsequently isolated from
various hematologic malignancies and solid tumors, which
are believed to form the clonal core of tumors.*"*> Currently,
two hypotheses explain the origin of CSCs: the stochastic model
and the stratified model.>*** The stochastic model proposes
that any cell exposed to a group of mutant cells is likely to self-
renew and differentiate, resulting in tumor heterogeneity.
In contrast, the stratified model posits that somatic mutations
selectively target stem and progenitor cells in hierarchically
organized tissues, generating self-renewing cancer stem cells
and their differentiated progeny. In conclusion, CSCs are
cancer cell populations with self-renewing stem cell properties
and the ability to produce differentiated progeny.*®
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Furthermore, autophagy, as a conserved mechanism for
cellular homeostasis regulation, exerts dual roles in both
normal stem cells and cancer stem cells (CSCs). In normal
stem cells, autophagy sustains their survival by clearing damaged
organelles and maintaining metabolic balance.*® In CSCs, autop-
hagy not only mitigates oxidative stress through mitophagy to
adapt to the hypoxic microenvironment but also enhances their
self-renewal and tumor progression capabilities via bidirectional
regulation. This functional divergence reflects the plasticity of
molecular regulatory networks in stem cells under physiological
and pathological conditions.>**”

2.2. Link between hepatocellular carcinoma and liver cancer
stem cells

Hepatocellular carcinoma (HCC) contains a subpopulation of
cancer stem cells (CSCs) termed liver cancer stem cells (LCSCs).
They are poorly differentiated cancer cells with specific char-
acteristics. These characteristics are similar to those of normal
stem cells (NSCs) and are capable of growth, invasion, and
regeneration.”® HCC is a multifactorial disease with the main
causes being viral infections, excessive alcohol consumption or
smoking, and nonalcoholic steatohepatitis.>® HCC is a tumor
with an abundant blood supply, and one of the reasons for
its recurrence is the migration of tumor cells into the blood
vessels. Although both LCSCs and mature cancer cells can
migrate into the bloodstream, LCSCs exhibit a longer circulat-
ing capacity, which significantly promotes primary tumor
growth and metastasis of secondary tumors. Therefore, LCSCs
are a source of HCC recurrence”’ [Fig. 1].

LCSCs have been implicated in the development of second-
ary drug resistance in HCC. This malignancy exhibits consider-
able heterogeneity across morphological features, cellular
behaviors, therapeutic responses, and clinical outcomes.*'
Traditionally, tumor heterogeneity in HCC has been attributed
to clonal evolution-driven genetic mutations, which are
regarded as a major contributor to drug resistance.*”> LCSCs
are typical models of tumor heterogeneity that promote the
phenotypic diversity of HCC cancer cells. Sorafenib is a first-
generation drug that is effective in the treatment of patients
with advanced HCC, but sorafenib resistance also poses a great
obstacle to the treatment of HCC.*>** With long-term exposure
to sorafenib, LCSCs undergo clonal evolution and become
resistant to sorafenib. Therefore, LCSCs’ tumor heterogeneity
model is also a potential mechanism for the development of
acquired sorafenib resistance in HCC patients.

Autophagy was initially characterized in 1963 by biochemist
Christian de Duve, who observed the degradation of mitochon-
dria and other intracellular components in rat liver following
glucagon administration.*> Autophagy has a dual role in HCC:
on the one hand, autophagy exerts oncogenic spark activity by
removing damaged mitochondria, abnormal proteins, protein
aggregates, and oncogenic proteins;*® on the other hand,
autophagy can also promote tumor growth by allowing cancer
cells to adapt to hypoxic and nutrient-deficient environments
and by reducing metabolic stress. Autophagy is essential for
maintaining LCSC viability. Mitophagy, the selective autophagy
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Fig. 1 Schematic diagram of the link between hepatocellular carcinoma and liver cancer stem cells. As a multifactorial disease, HCC primarily arises from
viral infections, chronic alcohol abuse, and smoking. LCSCs exhibit enhanced circulatory capacity compared to differentiated tumor cells, facilitating their
intravasation into the vasculature. This process significantly contributes to both primary tumor progression and distant metastasis, consequently
increasing the risk of HCC recurrence. With long-term exposure to sorafenib, LCSCs undergo clonal evolution and become resistant to sorafenib.

of damaged mitochondria, mitigates the hostile tumor micro-
environment in HCC by reducing oxidative stress, thereby
enabling LCSC survival under hypoxic conditions. Further-
more, LCSCs reciprocally promote HCC progression.” These
findings demonstrate a bidirectional regulatory relationship
between autophagy and LCSC maintenance, including both
survival and self-renewal capabilities.

3. Biological properties of LCSCs

The previous section clarified the definition, origin hypotheses
of cancer stem cells (CSCs), and their relationship with tumor
progression, with a focus on elaborating that LCSCs, as a
specific subset of CSCs in HCC, are closely associated with
tumor heterogeneity, drug resistance, and recurrence. On this
basis, an in-depth analysis of the biological properties of LCSCs
(including structural features, core functions, and specific roles
in tumor progression) is a prerequisite for understanding the
mechanisms underlying the maintenance of their “stemness”
and developing targeted strategies. This section will system-
atically elaborate on the structural characteristics, self-renewal,
differentiation potential, and other core properties of LCSCs,
laying a foundation for subsequent discussions on their
targeted biomarkers and microenvironmental regulation.

3.1. Core biological properties of liver cancer stem cells
(LCSCs)
3.1.1. Self-renewal capacity. LCSCs maintain a stable popu-

lation and generate proliferative daughter cells through asym-
metric division, which forms the basis for their long-term
survival and ability to drive tumor progression. This process
is regulated by signaling pathways such as Wnt/B-catenin,
Notch, and Hedgehog, and the aberrant activation of these
pathways can enhance their self-renewal potential.**~>°

J. Mater. Chem. B

Multidirectional differentiation potential: They can differenti-
ate into hepatocellular carcinoma cells with different phenotypes,
contributing to tumor heterogeneity. During differentiation, phe-
notypic markers undergo dynamic changes (e.g., shifting from
high expression of stem cell markers such as CD133 and EpCAM
to mature hepatocyte markers), which increases the difficulty of
treatment.*>">>

3.1.2. Expression of phenotypic markers. LCSCs express
specific markers, including CD133, EpCAM, and CD44. Among
these, CD133+ cells exhibit stronger tumorigenic ability;
EpCAM is highly expressed in certain subpopulations and is
associated with tumor invasion and metastasis.>* > Additionally,
LCSCs exhibit an intrinsic drugresistant phenotype: LCSCs
possess intrinsic resistance to radiotherapy and chemotherapy,
which is related to the high expression of ABC transporters. They
can also adapt to stress through metabolic regulation, such as
enhanced glycolysis, further strengthening drug resistance.”®*’

3.2. The role of LCSCs in tumor initiation

As the “seed cells” for hepatocellular carcinoma (HCC), liver
cancer stem cells (LCSCs) play a key role in tumor initiation.
Under the influence of carcinogenic factors such as HBV/HCV
infection, liver stem cells or differentiated hepatocytes can
acquire gene mutations and epigenetic modifications that
confer an LCSC phenotype. These transformed cells then
form clonal populations through self-renewal, gradually
developing into precancerous lesions and eventually primary
liver cancer.”®®° Meanwhile, LCSCs maintain the stability
of their own population through asymmetric division and
continuously generate differentiated tumor cells, providing
sustained impetus for tumor growth.>®%"> Their multidirec-
tional differentiation potential leads to differences in phe-
notype, function, and drug sensitivity among daughter cells,
driving high heterogeneity of tumor tissues and serving as

This journal is © The Royal Society of Chemistry 2025
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the basis for tumors to adapt to the microenvironment and
evade treatment.®***

3.3. The role of LCSCs in therapeutic resistance

Liver cancer stem cells (LCSCs) are a major cause of therapeutic
resistance through multiple mechanisms. First, they highly
express ABC transporters (e.g., ABCG2, MDR1), which actively
efflux chemotherapeutic agents like sorafenib, thereby redu-
cing intracellular drug concentrations.®® Second, their quies-
cence (GO phase) renders them insensitive to proliferation-
dependent chemotherapeutics, allowing them to re-enter the
cell cycle post-treatment.®® Furthermore, LCSCs often exhibit
an epithelial-mesenchymal transition (EMT) phenotype, which
enhances drug resistance through the activation of pathways
such as TGF-B/Smad.®” Finally, their metabolic reprogramming
towards glycolysis not only reduces oxidative stress but also
provides biosynthetic precursors for nucleic acids and lipids.
This supports their survival in nutrient-deficient microenviron-
ments and further strengthens their drug-resistant phenotype.®®

3.4. The role of LCSCs in tumor recurrence

Liver cancer stem cells (LCSCs) drive tumor recurrence through
multiple mechanisms, with core ones including: activating
signaling pathways such as STAT3 to maintain stemness;*’
interacting with M2-like macrophages via the TGFB-PD-L1 axis
to inhibit CD8+ T cell function and evade immune surveil-
lance;”° relying on glycolysis, glutamine metabolism, etc., for
energy supply; strengthening stem cell characteristics through
epigenetic regulation such as the interaction between SCARB2
and MYC; evading killing through dormancy or metabolic
remodeling after treatment; and reactivating upon microenvir-
onmental stimulation to trigger recurrence.®®”" Therefore,
targeting their stemness maintenance, immune interaction, and
metabolism-dependent pathways is key to preventing recurrence.

4. Biomarkers of LCSCs

The preceding discussion has highlighted the unique struc-
tural, metabolic, and functional characteristics of LCSCs,
particularly their properties of self-renewal, multi-lineage dif-
ferentiation, and drug resistance, which render them a critical
target for HCC therapy. The specific expression of these char-
acteristics depends on signature molecules present on the cell
surface—biomarkers that serve not only as important tools for
identifying and isolating LCSCs but also as core targets for
targeted therapy. This section will focus on the major biomar-
kers of LCSCs, such as EpCAM, CD44, and CD133, analyzing
their expression patterns and clinical significance to provide a
molecular basis for the subsequent design of targeted delivery
systems. Tumors comprise heterogeneous cell populations,
with LCSCs representing only a minor subset. This rarity
complicates LCSC isolation and consequently restricts their
investigation. Nevertheless, LCSCs can be identified through
specific surface markers, such as EpCAM, CD44, CD133, CD90,
and CD24.""7
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41. EpCAM

EpCAM is an epithelial adhesion molecule belonging to the
family of type I transmembrane proteins that mediate cell-to-
cell contact, signal to the nucleus, and regulate gene transcrip-
tion. It is considered to be one of the most strongly and
frequently expressed cancer antigens.”>””> EpCAM is expressed
not only in normal hepatocytes but also in embryonic liver
tissue, bile duct epithelium, and proliferating bile ducts in
cirrhotic livers. Consequently, it has been recognized as a
marker for hepatic progenitor cells in adult liver tissue.”®
EpCAM participates in diverse physiological processes, includ-
ing intercellular adhesion, proliferation and migration of
hepatocytes, cell cycle regulation, signal transduction, cellular
differentiation, metastatic progression, regenerative organo-
genesis, and tumorigenesis.'’ EpCAM expression in HCC is
associated with elevated levels of methemoglobin. The survival
rates of EpCAM-positive patients are lower than those of
EpCAM-negative patients in the first three years.”” Yamashita
et al. stratified HCC patients based on EpCAM and alpha-
fetoprotein (AFP) expression profiles. The EpCAM+ AFP+ sub-
group predominantly comprised younger patients with advanced
disease, whereas the EpCAM-AFP- subgroup mainly consisted of
elderly patients at early TNM stages. These findings indicate
that EpCAM+ AFP+ HCC exhibits liver stem/progenitor cell
properties, while EpCAM— AFP— HCC displays mature hepato-
cyte characteristics.”® Several studies have shown that
EpCAM+ CD45— cells trigger tumor formation, whereas
EpCAM-— CD45— cells do not, supporting the hypothesis that
EpCAM+ contributes to LCSCs’ properties and promotes
tumor growth, which indicates EpCAM is a reliable stem cell
marker for HCC.”®

4.2. CD44

CD44 is a hyaluronan receptor that has been recognized as a
stem cell marker for a variety of cancers, including breast, colon,
prostate, and bladder cancers. Normally expressed on the cell
surface of mammalian cells, including monocytes and neutro-
phils, CD44 plays an important role in intercellular adhesion and
cell-extracellular matrix interactions.*>®" CD44-positive (CD44+)
cancer cells exhibit characteristics of CSCs; however, the precise
role and clinical significance of CD44 in HCC remain unclear.
Tumor-associated macrophages (TAMs), immune cells commonly
found in the solid tumor microenvironment, produce IL-6, which
subsequently activate signal transduction and STAT3, promoting
the expansion of the CD44+ population and tumor formation.”>*>
The knockdown of CD44 in CD44-expressing HCC cells leads to a
sustained decrease in LCSCs and enhances chemosensitivity.
In HCC patients and cell lines, CD44 overexpression is predomi-
nantly regulated by transforming growth factor-beta (TGF-B) and
promotes a TGF-B-induced mesenchymal phenotype via AKT/GSK-
3B/B-catenin signaling.*** A meta-analysis by Luo et al. found
that CD44 expression was positively associated with a higher TNM
stage and poorer overall survival (OS) in HCC patients. This trend
suggests that CD44 expression helps to monitor the development
of HCC.®
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4.3. CD133

CD133 is a glycoprotein with five transmembrane structural
domains and two larger extracellular glycosylation chains. It is
abundantly expressed in the cytoplasm and nucleus of tumor
tissues from HCC, brain cancer, pancreatic cancer, prostate
cancer, and colon cancer.’ CD133 is involved in various
molecular mechanisms, including self-renewal, multispectral
differentiation, tumorigenesis, and treatment resistance. It was
found that CD133+ HCC cells make up more than 50% of the
population in HCC cells.®® The knock-down of CD133 in HCC
cells could lead to a reduction in tumorigenicity and an
increase in cell cycle, while high CD133 expression was found
to be associated with poor prognosis in clinical HCC patients.
Elevated CD133 expression correlates significantly with
reduced overall survival and increased recurrence rates, indi-
cating its potential utility as a prognostic biomarker in clinical
settings.”>®” Furthermore, CD133 expression showed a signifi-
cant positive correlation with hepatitis C virus (HCV) infection,
while remaining undetectable in normal liver tissues.®®*°
Epithelial-mesenchymal transition (EMT) drives increased
TGF-B expression in adjacent endothelial cells after hepatitis
B virus antigen (HBx) infection of HCC cells, which further
leads to enhanced CD133 expression.”” CD133+ HCC cells
isolated from human HCC cell lines and xenograft mouse
models increased chemoresistance to adriamycin (DOX) and
fluorouracil (5FU) through activation of the Akt/PKB and Bcl-2
pathways.”"

4.4. CD90

CD90 (Thy-1), a glycosylphosphatidylinositol (GPI)-anchored
cell surface protein, is expressed in diverse cell types, including
T lymphocytes, thymocytes, endothelial cells, astrocytes, and
fibroblasts.”>** CD90 has been demonstrated to be associated
with the tumorigenic and metastatic capacity of various HCC
cell lines and is now considered a reliable marker for LCSCs.
Sukowati et al. found that HCC CD90 levels were significantly
higher in HCC compared to citrhosis or normal liver tissue.’®
The gene expression profiling of sorted cells revealed a signi-
ficant presence of CD90+ in primary HCC. CD90+ cells have a
vascular endothelial cell profile, and their presence is asso-
ciated with a high incidence of distant organ metastasis.”®
Circulating tumor stem cell (CTSC) populations in circulating
tumor cells (CTCs) are critical for metastatic tumor formation
at distant sites. Compared to CD133+ CD90+, CD90+ CXCR4+
better promotes tumorsphere formation in vitro, tumor devel-
opment in primary and secondary three-transplantation experi-
ments, and distal metastatic tumors after subcutaneous
transplantation.®”

4.5. CD24

CD24 is a highly glycosylated protein with a small protein core
linked to a glycosyl-phosphatidylinositol anchor through the
plasma membrane. In cancer, CD24 is a regulator of cell
migration, invasion, and proliferation. It can be expressed in
stem/progenitor cells and a variety of human malignancies,
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such as HCC, breast cancer, and renal cell carcinoma.’® It has
been shown that CD24 is associated with cell metastasis,
differentiation, self-renewal, and chemoresistance in HCC.
For example, CD24 expression was positively correlated with
metastasis of HCC cell lines MHCC97H and HCCLM3, and
increased CD24 populations implied that these cells underwent
proliferation, migration, and invasion. In addition, CD24
expression was associated with tumor number, size, vascular
invasion, encapsulation, and differentiation. CD24 expression
showed significant positive correlations with both proliferating
cell nuclear antigen (PCNA) and p-catenin levels, and was
associated with adverse clinicopathological characteristics.”®
It was found that CD24 overexpression led to increased PP2A
protein production and induced inactivation of the mTOR/AKT
pathway, which increased autophagy levels, demonstrating that
CD24 can regulate sorafenib resistance by activating autophagy
in HCC. These findings suggest that combining autophagy
modulation with CD24-targeted therapy may represent a
potential therapeutic strategy for HCC.'%°

The following table shows examples of biomarkers of LCSCs
and the characteristics of marker-positive LCSCs [Table 1].

4.6. The clinical significance of these biomarkers

In hepatocellular carcinoma (HCC) research, biomarkers such
as EpCAM, CD44, CD133, CD90, and CD245 play critical and
distinct clinical roles, with studies on epithelial cell adhesion
molecules (EpCAM) being relatively extensive. Research has
shown that EpCAM can be detected in 17.5% of HCC cases,
but not in normal control groups. Its positive expression is
associated with higher serum levels of alpha-fetoprotein (AFP)
and carcinoembryonic antigen (CEA), and is significantly cor-
related with distant metastasis, lymph node metastasis, and
portal vein thrombosis.""® Another study demonstrated that
after EpCAM gene silencing in cells combined with chemother-
apy, the expression of the drug resistance marker ABCG2 was
reduced, and the ability to form colonies and spheroids was
decreased. These findings suggest that EpCAM-targeted therapy
could enhance chemotherapy sensitivity in HCC patients."**

CD44 exists in multiple isoforms, and its role in liver cancer
stem cells is relatively complex. Studies have found that in
hepatitis C virus-positive HCC patients, the expression of CD44
variant 9 (CD44v9) is associated with adverse clinicopatho-
logical features, including younger age, poorer histological
differentiation, elevated alkaline phosphatase levels, and
reduced overall and recurrence-free survival.''® Knocking out
the CD44 gene in Huh7 hepatocellular carcinoma (HCC) cells
that exclusively express the standard isoform (CD44s) has been
shown to reduce spheroid formation, enhance chemosensitiv-
ity, and downregulate the expression of stemness markers,
including CD133 and EpCAM.®* In addition, it has been found
that CD44v6 can serve as an ideal surface marker for liver
cancer stem cells, and CD44v6+ HCC cells express higher
levels of Met and possess self-renewal and tumor growth
capabilities.'*

CD133 is one of the more clearly studied markers for liver
cancer stem cells. CD133+ cells in HCC have been confirmed to

This journal is © The Royal Society of Chemistry 2025
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Table 1 Biomarkers of LCSCs
Characteristics of
Marker Source of LCSCs marker-positive LCSCs Therapeutic agent  Functional mechanism Ref.
EpCAM Huh7, Hepal-6 Tumorigenesis, high recurrence Upregulation of CEACAM1 evades 73
frequency NK cell killing (killing rate |).
HepG2, Huh7, Hepal-6 Tumorigenesis, self-renewal, Histone lysine 101
transfer demethylase 4D
Huh7 Tumorigenesis, self-renewal KLF4 102
CD44 Huh7, SMMC-7721, MHCC97-H Mobility/invasive CD44v6 maintains liver cancer 103,
and HepG2 stem cell stemness via the HGF/ 104
Met/cJun/Nanog axis.
SNU-368, SNU-354 Mobility, tumorigenesis 84
Huh7, PLC/PRF/5 Proliferation, mobility/invasive Sialic acid binds 105
immunoglobulin-
like lectin-15
CD133 Huh7 Recurrence of cancer, chemical CD133+ cells highly express pyr- 106,
resistance uvate kinase 2 (PKM21), sustain- 107
ing spheroid formation.
Hep3B, Huh7, HEK293T Self-renewal, proliferation and CD133-apt-Dox 108
differentiation, tumorigenicity,
and chemical resistance
Human HCC specimens Proliferation, tumorigenesis, 109
self-renewal, tumorigenicity
CD90  The liver cancer cell lines LO2, Tumorigenesis, mobility, Chemotherapy-induced CD90+ 110,111
hepG2, Huh7, SK-Hep1, LM3 inflammation cell autophagy activation
and MHCC-97L (LC3-11T) mediates doxorubicin
Huh7, MHCC 97L and Cell apoptosis, adhesion, mobility, resistance. 112
SK-Hep-1 sphere-forming abilities, and fibrosis
CD24 Huh7, Hep3B Chemical resistance, autophagy Sorafenib 100

be involved in metastasis, tumorigenesis, tumor recurrence,
and treatment resistance.'®® According to the studies, CD133+
liver cancer stem cells exhibit a distinct metabolic phenotype
with enhanced glycolysis. Targeting this metabolic pathway
inhibits their stem cell properties and counteracts resistance
to the common HCC drug sorafenib.'*®

CD90 has also been identified as a marker for liver cancer
stem cells. Research indicates that the high expression of CD90
in HCC tissues is associated with venous invasion in patients.
CD90+ cells from HCC cell lines possess enhanced tumori-
genic, chemoresistant, invasive, and metastatic capabilities,
alongside activation of the Notch pathway.''” By promoting
spheroid formation and upregulating CD133 expression, CD90
activity suggests that targeting the CD90-integrin-mTOR/
AMPK-CD133 axis is a viable cancer treatment strategy.'®

As for CD245, although there are fewer studies compared to
other markers, it is also associated with the stem-like properties
of liver cancer stem cells. Some studies suggest that its expres-
sion may be related to the self-renewal and differentiation
abilities of liver cancer stem cells and could affect the prognosis
of HCC patients. For example, in certain HCC cell lines,
changes in CD245 expression levels are accompanied by altera-
tions in the expression of other stem cell-related genes, indicat-
ing its role in the regulatory network of liver cancer stem cells.
However, its specific clinical significance still requires more
research to clarify.

In summary, these biomarkers (EpCAM, CD44, CD133, CD90,
and CD245) in liver cancer stem cells have diverse clinical signifi-
cance, including predicting prognosis, metastasis, and treatment
response, and are expected to provide guidance for personalized
treatment strategies in HCC patients.

This journal is © The Royal Society of Chemistry 2025

5. The LCSC microenvironment

Similar to normal stem cells, which are tightly regulated
by their specialized microenvironment, LCSCs dynamically
interact with and are modulated by various components of
their tumor microenvironment. Furthermore, LCSCs possess
the capacity to evade immune surveillance and elimination,
akin to other malignant cells. Through the regulation of
specific immunomodulatory proteins, LCSCs can create an
immunosuppressive microenvironment that promotes tumor
cell survival.'*® Tumor-associated macrophages (TAMs) may
have anti-inflammatory and pro-tumor (M1 phenotype) or pro-
inflammatory and anti-tumor (M2 phenotype) states, depend-
ing on their strengths of interaction with other immune
cells and cytokine expression. It has been shown that TAMs
could induce activation of signal transducer and activator of
transcription 3 (STAT3) via IL-6 and stimulate cytokine pro-
duction that allows the proliferation of LCSCs, leading to a
positive feedback loop that promotes LCSC self-renewal®?
[Fig. 2]. Cancer-associated fibroblasts (CAF) are the main
component of tumor stromal cells. They displayed higher mRNA
expression of TGFB1 and FAP after co-culturing with Huh7 and
JHH-6 human HCC cells compared with non-tumor fibroblasts
(NTF). These phenomena suggest that CAF and HCC interact and
play a role in the maintenance and progression of liver disease."*
In a hypoxic tumor microenvironment, the rate of tumor growth
further affects the proportion of LCSCs in HCC. Under hypoxic
conditions, hypoxia-inducible factor-1o. (HIF-1o) directly activates
the transcription of artemin (ARTN). Hypoxia-induced ARTN sub-
sequently promotes the expansion of LCSC populations via AKT
signaling'*""** [Fig. 2].
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Fig. 2 Schematic diagram of the LCSC microenvironment. (A) TAMs can stimulate cytokine production through IL-6-induced activation of STAT3, which
leads to the proliferation of LCSCs, thus forming a positive feedback loop that promotes the self-renewal of LCSCs. (B) Under hypoxic conditions,
hypoxia-inducible HIF-1o directly activates the transcription of ARTN. Hypoxia-induced ARTN subsequently promotes the expansion of LCSC

populations via AKT signaling.

6. Targeting strategies for LCSCs

LCSCs do not exist in isolation; their maintenance of stemness,
proliferative capacity, and development of chemoresistance are
dynamically regulated by the tumor microenvironment (TME),
which includes immune cells, cancer-associated fibroblasts,
and hypoxic niches. This section will explore the composition
of the LCSC microenvironment and its impact on LCSC proper-
ties, which reveal the interactions between the microenviron-
ment, biomarker expression, and stemness maintenance to
provide a basis for developing targeted strategies that take into
account both the cells themselves and their microenvironment.

Despite the effectiveness of conventional therapies in elim-
inating large numbers of tumour cells, liver cancer patients
continue to suffer from recurrence due to the presence of
LCSCs. Nanotechnology offers new solutions for cancer treat-
ment by engineering nanomedicines that can navigate the body
in unique ways; therefore, it has been recognized as one of the
most promising tools for the diagnosis and treatment of liver
cancer.”® As LCSCs undergo asymmetric division to form new
stem cells or differentiated cells that repopulate tumour tissue,
engineered nanomedicines with high bioavailability and low
cytotoxicity can be designed to achieve the elimination of
LCSCs by exposing them to high concentrations of the drug.
Polymeric nanomaterials, bio-nanomaterials, and inorganic
nanomaterials have all been used in the treatment of liver
cancer in the last few decades.

Engineered nanomedicines target tumors in two main ways:
passive targeting and active targeting.

1. Passive targeting refers to the transfer of drug-carrying
particles into the body or phagocytosis by macrophages,
depending on the difference in vascular density and perme-
ability between tumor tissue and normal tissue. Under patho-
logical conditions, vascular endothelial growth factor (VEGF) is

J. Mater. Chem. B

overexpressed, and abnormal tumor angiogenesis occurs,
resulting in large gaps between endothelial cells with pore sizes
of 10-1000 nm."** The large gaps and poor lymphatic drainage
in the tissue result in increased permeability and retention
(EPR) effects, which allow nanomedicines to enter the tumor
system.’> The size, surface charge, and hydrophilic-hydro-
phobic properties of nanoparticles are core factors regulating
the EPR effect. For instance, polyethylene glycol (PEG) modi-
fication can reduce the clearance of nanoparticles by the
reticuloendothelial system (RES), prolong their blood circula-
tion time, and thus enhance passive accumulation at tumor
sites.'*®

2. Active targeting predominantly depends on specific
ligand-receptor interactions to achieve selective cellular
delivery. Typically, nanomedicines bind to biomarkers on
the surface of LCSCs and the drug is then delivered to the
cancer cells. This approach reduces cytotoxicity and the
uptake of the drug by normal cells**” [Fig. 3].

Liposomes modified with anti-CD133 monoclonal anti-
bodies can significantly increase the cellular uptake rate of
nanoparticles by recognizing CD133 receptors on the surface
of LCSCs. In in vitro experiments, the killing efficiency against
CD133+ LCSCs was 2.8 times higher than that of the un-
modified group.'*® Similarly, aiming at another specific sur-
face marker of LCSCs, nanodiamond carriers modified with
CD44 aptamers can bind with high affinity to CD44 receptors
on the surface of LCSCs, avoiding uptake by normal hepato-
cytes and exhibiting better tumor suppression effects in
in vivo experiments.'*® Additionally, the synergistic applica-
tion of passive and active targeting can further improve
therapeutic efficacy. For example, studies have shown that
PEGylation (to prolong circulation time, passive targeting)
combined with folic acid or antibody fragments (active

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Schematic diagram of targeting strategies for LCSCs. Engineered nanomedicines utilize two primary targeting strategies: passive and active
targeting. (A) Passive targeting capitalizes on the pathological feature. VEGF overexpression-induced abnormal angiogenesis in tumors widens
interendothelial gaps and, combined with impaired lymphatic drainage, enhances vascular permeability. This leads to an enhanced permeability and
retention (EPR) effect, enabling nanomedicines to accumulate preferentially in tumor tissues via extravasation or macrophage-mediated uptake.
(B) Active targeting involves specific ligand—receptor interactions for selective drug delivery. Ligand-functionalized nanomedicines target overexpressed
surface biomarkers on LCSCs, ensuring precise tumor cell targeting and minimizing off-target cytotoxicity by reducing nonspecific uptake in healthy

cells.

targeting) can increase the accumulation of nanoparticles at
tumor sites."***%°

6.1. Engineered polymeric nanomedicines

Polymeric nanoparticles are sub-micron-sized colloidal parti-
cles that have shown their unique superiority in cancer treat-
ment. Through complex surface modifications, polymeric
nanoparticles could gain a specific ability to target tumors
and deliver drugs to the tumor site, prolonging drug retention
time and reducing cytotoxicity to normal cells. Recently, poly-
meric nanoparticles have shown outstanding advantages in the
targeted treatment of LCSCs. Certain biocompatible polymers
are used in constructing smart drug delivery systems for both
LCSC and HCC targeting, such as poly(lactide-co-glycolide),
polyethylene glycol, PLGA-PEG copolymer, PEG-polylysine
copolymer, hyaluronic acid, and liposomes.
6.1.1. Poly(lactide-co-glycolide) (PLGA).
polymers can be controlled and targeted in drug delivery.
PLGA (poly(lactic-co-glycolic acid)), a biodegradable and bio-
compatible copolymer, is commonly synthesized via two methods:
(1) ring-opening polymerization (ROP) of lactide and glycolide and
(2) polycondensation of lactic acid and glycolic acid monomers."*>
Due to its favorable properties, PLGA has been widely employed
in biomedical applications and serves as a predominant carrier
for drug-loaded nanoparticle preparation.'*® It is also known as
a “smart polymer” because it stimulates sensitive behavior.
Disulfiram (DS) is an anti-alcoholic drug that has shown very
strong cytotoxicity in many cancer types. A PLGA-encapsulated
DS system, DS-PLGA, was designed by Wang et al. The system
significantly inhibited the population of CD133+ LCSCs upon

Biodegradable

131

This journal is © The Royal Society of Chemistry 2025

binding to copper. Moreover, its synergistic action with fluor-
ouracil (5-FU) and sorafenib reduced the drug resistance of
HCC.®*

Such PLGA-based drug delivery systems (including DS-
PLGA) show great potential in achieving precise control and
targeting effects in the field of drug delivery. There are various
strategies and mechanisms for achieving targeting. From the
perspective of active targeting, numerous studies have focused
on modifying targeting ligands on the surface of PLGA carriers
to achieve specific recognition. By conjugating the cyclo(1,12)-
ICAM-1-targeting cyclic peptide with polyethylene glycol-
modified PLGA nanoparticles, these nanoparticles can rapidly
bind to human umbilical vein endothelial cells (HUVECs) with
upregulated intercellular adhesion molecule-1 (ICAM-1) expres-
sion after treatment with the proinflammatory cytokine inter-
feron-y. This binding can be effectively blocked by free
peptides, indicating that it is mediated by the specific inter-
action between the surface peptide and ICAM-1."*> Modifying
folic acid (FOA) onto PLGA-coated mesoporous silica nano-
particles (MSNs) enables the system (PLGA-FOA-MSNs) to
target pancreatic cancer cells. Moreover, under the acidic pH
(pH 6.8) of the tumor microenvironment, it can effectively
control the release of the drug capecitabine. In in vitro MTT
assays on pancreatic cancer cell lines Pancl and MiaPaCa-2,
the IC50 values of this system were 146.37 pg ml™* and
105.90 ug ml™*, respectively, demonstrating favorable targeted
therapeutic effects.'®

In terms of passive targeting, the high EPR effect of tumors
is widely utilized. Tumor tissues have larger gaps between
vascular endothelial cells and lack lymphatic drainage,
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allowing PLGA nanoparticles (typically 10-200 nm in size) to
penetrate through the vessel walls and accumulate in tumor
sites. Nanoparticulate drug delivery systems benefitting from
the EPR effect of tumor tissues can increase drug accumulation
in tumors. However, this effect is limited to highly vascularized
tumors and often fails to work in poorly perfused or hypoxic
tumor regions."””” Environment-responsive targeting cleverly
leverages the special microenvironment of diseased sites to
enhance targeting. Taking research related to the “PLGA-TK-
PEG-COOH structure” as an example, by modifying the car-
boxyl group at the end of the PEG chain to conjugate targeting
ligands, the PLGA-TK-PEG-COOH copolymer can achieve tar-
geted delivery to specific cells or tissues. It contains reactive
oxygen species (ROS)-sensitive ketal-thiol (TK) groups, which
can trigger drug release in oxidative environments such as
tumor tissues, significantly improving the selectivity of treat-
ment. Studies indicate that the drug release kinetics from PLGA
nanoparticles can be modulated by adjusting the lactic acid to
glycolic acid (LA:GA) ratio. Furthermore, under the acidic
conditions of the tumor microenvironment (TME), specially
engineered PLGA carriers can undergo structural changes that
enhance their binding affinity for tumor cells."*® In summary,
PLGA achieves targeting through multiple approaches such as
active ligand modification, utilization of physiological charac-
teristics, and response to microenvironments. The combined
application of multiple strategies can further improve targeting
accuracy and therapeutic effects, indicating extremely broad
application prospects in the biomedical field, especially in drug
delivery.

6.1.2. Polyethylene glycol (PEG). Since the 1950s, PEGs
have been widely developed as separation and purification
aids, embedded substrates, antifreeze agents, medical device
lubricants, food additives, and carriers in dermatological appli-
cations, suppositories, injections, tablets, and pills."*® PEG is a
hydrophilic polymer that is widely used in the biomedical field
due to its good water solubility, non-toxicity and non-
immunogenicity. In a study, salinomycin (SAL) was loaded into
PEG-ceramide nanomicelles to target LCSCs, and the results
showed that the nanomicelles exhibited excellent cytotoxicity
and enhanced apoptosis-inducing activity against LCSCs and
HCC cells."*’

In numerous studies, PEG modification has been widely
applied in the biomedical field, especially its significant effects
in targeting LCSCs. For example, PEGylated PLGA nano-
particles (PEGylated-PLGA-NPs) co-loaded with gemcitabine
(Gem) and anti-miR-21 were prepared via a water-in-oil-in-
water (w/o/w) double emulsion method. Experiments demon-
strated that the cellular uptake of these nanoparticles in
human hepatocellular carcinoma cells (Hep 3B and HepG2)
increased in a time-dependent manner. Consistently, cell
viability analysis indicated that the co-loaded nanoparticles
exhibited a more significant inhibitory effect on hepatocellu-
lar carcinoma (HCC) cell proliferation than nanoparticles
loaded with either Gem or anti-miR-21 alone at the same
concentration. And this inhibitory effect was dose-dependent,
with cell proliferation decreasing significantly as nanoparticle
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concentration increased, leading to a marked improvement in
therapeutic efficacy.'*!

Another experiment developed a folate-targeted, PEG-
modified amphiphilic cyclodextrin nanoparticle for the safe,
efficient, and specific delivery of melarsoprol (Mel) in the
treatment of liver cancer. This targeted nanoformulation
achieved cell-specific uptake in hepatocellular carcinoma cells,
effectively exerting cytotoxicity, inducing apoptosis, and inhibit-
ing cell migration."*> Moreover, in an orthotopic tumor mouse
model, the targeted nanoformulation significantly prolonged the
survival time of mice without causing obvious signs of toxicity.

Studies have shown that a novel siRNA delivery system,
cRGD-PSH-NP, based on modified polyethyleneimine (PSH)
and DSPE-PEG2000-cRGD, was constructed. This system,
loaded with survivin siRNA (cRGD-PSH-NP/S), exhibited super-
ior gene-silencing and anti-tumor activities in HepG2 cells
in vitro compared with unmodified nanoparticles. In in vivo
experiments, after HepG2 tumor-bearing nude mice were trea-
ted with cRGD-PSH-NP/S, the tumor inhibition rate reached
values as high as 74.71% without inducing obvious toxicity."*?

6.1.3. PLGA-PEG copolymer. The development of PLGA-
PEG copolymers has significantly enhanced drug delivery effi-
cacy. Through structural modifications, these carriers can be
engineered for multifunctional applications, including targeted
delivery, stimulus-responsive release, and combination drug
therapy. Owing to their biodegradable properties, PLGA-PEG
copolymers are expected to play an increasingly important role
in nanomedicine, potentially offering novel therapeutic strate-
gies for disease treatment. Notably, core-shell nanostructures
self-assembled from PLGA-PEG copolymers have demonstrated
potential for delivering therapeutic agents to cancer stem cells
(CSCs). This is particularly relevant as ABC transporter proteins
- ubiquitous membrane-bound proteins - are closely associated
with multidrug resistance (MDR) in CSCs.'** This characteri-
stic enables LCSCs to develop a MDR phenotype, significantly
decreasing the intracellular retention of chemotherapeutic
agents and resulting in poor treatment efficacy. Elacridar
(ELC), an ABC transporter inhibitor, has been shown in several
studies to effectively suppress ABC transporter activity, thereby
enhancing the therapeutic performance of chemotherapeutic
drugs."*® Doxorubicin (DOX) is widely used in the treatment of
advanced liver cancer. Chen et al. used poly(lactide-co-glycolide)
(PLGA)/d-alpha-tocopherol polyethylene glycol 1000 succinate
(TPGS) nanoparticles to achieve a synergistic combination of
DOX and ELC. Based on in vitro studies and in vivo results in
HepG2 xenograft mouse models, an optimal DOX/ELC ratio
of 1:1 is used for optimal tumour targeting and inhibition of
tumour growth. This design could overcome the MDR of
LCSCs™® [Fig. 4].

6.1.4. PEG-polylysine copolymer. The PEG-polylysine
copolymer is an amphiphilic block copolymer composed of a
hydrophilic polyethylene glycol (PEG) segment and a cationic
polylysine chain. This unique structure enables versatile bio-
medical applications, including drug delivery and gene trans-
fection, by leveraging PEG’s stealth properties and polylysine’s
nucleic acid-binding capacity.'*” PEG-polylysine copolymers

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Schematic diagram of the mechanism of targeting LCSCs by PLGA-PEG copolymer core—shell nanoparticles. The core of the PLGA-PEG
copolymer is loaded with DOX and ELC, which bind to LCSCs and enter the cells via endocytosis. The acidic environment triggers the degradation of
PLGA, releasing DOX and ELC, which inhibits the activity of ABC transporter proteins highly expressed on the surface of LCSCs and enhances the

retention of DOX in the cells to induce apoptosis of the tumour cells.

are also used as drug delivery systems in anti-LCSCs. Amino-
peptidase N (APN)/CD13 reduces reactive oxygen species (ROS)
levels in LCSCs, inhibits their activity, and can sensitise LCSCs
to chemotherapeutic agents."*® Ubenimex competitively inhibits
the APN/CD13 protease, and higher concentrations of ubenimex
can lead to the death of LCSCs."**"'*® Therefore, one study used
ubenimex as a therapeutic agent and developed a polyethylene
glycol-polylysine block copolymer - ubenimex, which showed
good anti-LCSC effects. In in vivo experiments, this preparation
was more effective compared to polyethylene glycol-block-
polylysine or phosphate-buffered saline.*

6.1.5. Hyaluronic acid (HA). HA is an anionic, non-
sulphated glycosaminoglycan found in connective, epithelial,
and neural tissues, which is also an important component of
the ecological niche of stem cells and CSCs.">* Especially in
malignant tumours, HA concentrations are high. Li et al. found
that HA mediates CD44 to promote tumour development.
HA-based multilayers were used to create continuous changes
in surface properties, and they simulated the ecological niches
of LCSCs. Colony formation was observed on a series of poly-
(allylamine hydrochloride) PAH/HA multilayers, which showed
that the expression of CD133/CD44 double-positive LCSCs was
upregulated to approximately 70% after 7 days of incubation.*>*
In a later study, they demonstrated that dual-frequency low-
intensity ultrasound (LIUS) induced colony differentiation in
LCSCs and observed a decrease in the percentage of CD133/
CD44 double-positive LCSCs and a significant difference in
LCSC-related proteins after 5 cycles of LIUS stimulation.™*

Polymer nanoparticles are ideal vehicles for targeting LCSCs
due to their biodegradability, biocompatibility, and stability.
However, nanoparticle aggregation and toxic reactions are not a
negligible problem, so there is still a long way to go to bring
polymeric nanoparticles to the clinic.'*

This journal is © The Royal Society of Chemistry 2025

6.1.6. Liposomes. Liposomes have a biofilm-like structure,
possess superior biocompatibility, and are increasingly valu-
able in drug development. Hybrid liposomes (HLs) were
obtained by Kosuke et al. using ultrasound treatment for their
preparation. In vitro studies demonstrated that HLs induced
apoptosis in HepG2 cells by activating caspase-3 and, more
notably, significantly reduced the CD133(+)/EpCAM (+) LCSC
subpopulations. Notably, DOX acting on HepG2 cells showed
an increase in the number of LCSC subpopulations, exhibiting
chemoresistance, and conversely, the number of LCSC sub-
populations decreased in a dose-dependent manner in
response to HLs, suggesting that HLs selectively inhibit LCSC
subpopulations in HepG2 cells.>® Recently, there has been a
trend towards loading precursor drugs in a way that stimulates
a response drug delivery system."” It has been shown that
liposome-binding peptides can promote drug accumulation at
tumour sites and enhance the sustained effect of drugs on
tumours."”® Wang et al. developed a redox-triggered dual-
targeted liposome, CEP-LP@S/D, to co-deliver DOX and SAL
to liver cancer sites. This system is equipped with a ligand, CEP,
that binds to CD133 and EpCAM targeting peptides, allowing
selective targeting of CD133+ EpCAM+ LCSCs. Upon arrival at
LCSCs, CEP-LP@S/D liposomes undergo cytoplasmic endo-
cytosis in which high concentrations of glutathione (GSH)
break their disulfide bonds, thereby degrading the liposomes
and releasing the drug."”® A research team developed an ultra-
sound-responsive doxorubicin liposome (LID) that achieves
targeted delivery through surface modification with the photo-
sensitizer indocyanine green (ICG), combined with local ultra-
sound to trigger drug release. In the HepG2 tumor-bearing
mouse model, LID combined with ultrasound treatment
reduced tumor volume by 72%, and the proportion of
CD133+ LCSCs decreased from 18% to 4.1%. Mechanistically,
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LID activates the host cGAS-STING pathway by inducing
mitochondrial DNA release to enhance anti-tumor immune
responses, while significantly reducing cardiotoxicity.'>°

6.1.7. Effects of different surface modifications on carrier
targeting ability, drug release properties, and in vivo behavior.
In recent years, numerous studies have focused on surface
modification of nanoparticles such as poly(lactic-co-glycolic
acid) (PLGA), polyethylene glycol (PEG), hyaluronic acid (HA),
and liposomes to enhance the selective uptake by liver cancer
stem cells (LCSCs) and achieve controlled drug loading.

For PLGA nanoparticles, research has shown that coating
PLGA nanoparticles with materials like PEG results in modified
nanoparticles exhibiting different properties from unmodified
ones in terms of stability and interactions with cells.*® In the
context of targeting LCSCs, similar surface modification stra-
tegies are equally applicable. For example, in another cancer
therapy-related study, surface-modified PLGA nanoparticles
could improve the efficiency of drug delivery to cancer cells.
They can be designed to carry drugs and undergo specific
interactions with LCSCs. Some surface-modified PLGA nano-
particles are capable of protecting the encapsulated drugs from
premature release in the bloodstream, releasing them in a
controlled manner only when approaching LCSCs. This is
achieved through the design of polymer structures and the
selection of surface-modified ligands.

As a hydrophilic polymer, PEG has been widely used in the
modification of nanoparticles. PEG modification can improve
the stability of nanoparticles, extend their circulation half-life,
and enhance their ability to penetrate cells. When applied to
nanoparticles targeting LCSCs, PEG modification can reduce
non-specific adsorption of nanoparticles to normal cells, increase
their circulation time in vivo, and promote their accumulation at
tumor sites. For instance, PEG-modified nanoparticles can avoid
rapid clearance by the immune system, thereby increasing the
chance of reaching LCSCs. Meanwhile, PEG can be further
conjugated with targeting ligands to achieve more specific
delivery to LCSCs."®"'¢

Hyaluronic acid (HA) also shows great potential in modify-
ing nanoparticles targeting LCSCs. Studies have demonstrated
that HA-coated hybrid nanoparticles can target breast cancer
stem cells through the interaction between HA and CD44
receptors on the cell membrane. Similarly, for LCSCs that also
overexpress CD44 receptors on their surface, HA-modified
nanoparticles can specifically recognize and bind to LCSCs.'*
As described, HA-based nanocarriers can be designed to
respond to the unique microenvironment of liver cancer cells
(such as the presence of hyaluronidase), enabling site-specific
and controlled drug release, which is beneficial for the selective
killing of LCSCs."**

Surface-modified liposomes can also play a role in targeting
LCSCs. Although some current studies are not directly related
to LCSCs, the general principle holds that surface-modified
liposomes can improve both drug encapsulation efficiency and
delivery specificity. By modifying the surface of liposomes with
ligands (such as certain peptides or antibodies) that have
affinity for LCSCs, liposomes can selectively deliver drugs to
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LCSCs. They can encapsulate drugs in their lipid bilayer struc-
ture and control drug release through the design of lipid
composition and surface modification. For example, pH-
sensitive liposome modifications can trigger drug release in
the acidic microenvironment of tumor tissues where LCSCs
reside.

In summary, surface modification of nanoparticles such as
PLGA, PEG, HA, and liposomes can effectively enhance the
selective uptake of LCSCs and achieve controlled drug loading,
providing new strategies and methods for liver cancer therapy
targeting LCSCs.

6.2. Engineered biological nanomedicines

Biological nanomaterials are usually biocompatible, biodegrad-
able, non-toxic, and non-immunogenic, and are abundant in
nature. Engineered biomaterials have functional groups that
can be easily modified to bind to drug molecules. In addition,
they have specific target sites that help to deliver signals to the
target. Thus, engineered bio-nanomaterials are attractive and
promising as drug carriers. In recent years, bio-nanomaterials
have been used extensively in the treatment of LCSCs, and they
can act as both drugs and carrier materials, such as exosomes,
monoclonal antibodies, and aptamers.

6.2.1. Exosomes. Most human cells produce a lipid
membrane-encapsulated vesicle that can be secreted outside
the cell and is called an extracellular vesicle.'®® Depending on
the biogenesis pathway and diameter, extracellular vesicles can
be subdivided into microvesicles, exosomes, and apoptotic
vesicles.’®® The production, secretion, transport, uptake, and
release of exosomes are regulated by specific signals and are an
energy-consuming mechanism to maintain intracellular home-
ostasis. A growing number of laboratory and clinical studies
have shown that abnormal secretion and function of exosomes
are associated with the development of malignant tumors and
that exosomes also play a huge role in tumor therapy.'®’

Regorafenib is a multi-kinase inhibitor for second-line tar-
geted therapy in HCC."®® RAB27A is a Rab GTPase that controls
the release of exosomes from LCSCs.'®® Huang et al. demon-
strated that RAB27A regulates exosome secretion in LCSCs,
thereby maintaining their stem-like properties and resistance
to regorafenib treatment."’® In addition, in non-CSCs, exo-
somes secreted by LCSCs upregulated the expression of Nanog,
which is a key factor contributing to the self-renewal of LCSCs.
Therefore, RAB27A expression in HCC tissue is closely asso-
ciated with Nanog, and LCSCs release exosomes in an RAB27A-
dependent manner to induce Nanog expression and regorafe-
nib resistance in differentiated cells. These findings suggest a
potential therapeutic strategy for HCC by targeting exosome-
mediated signaling among LCSC subpopulations.”®

Mesenchymal stem cells (MSCs) are often used as a source of
cell therapy because of their powerful immunosuppressive and
regenerative functions, and their unique tumourophilic proper-
ties make them excellent candidates for targeting cancer
cells."”*'”? Gu et al. investigated the role of MSC-derived
exosomes on LCSCs. The results showed that the proliferation,
migration, invasion, angiogenesis, and self-renewal capacity of
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LCSCs treated with exosomes were significantly reduced.
Furthermore, exosomes suppressed the malignant behavior of
LCSCs through the C50rf66-AS1/miR-127-3p/DUSP1/ERK sig-
naling axis.'”*

Although exosomes are closely associated with LCSCs, they
also have unique advantages as natural carriers. With their
biocompatibility, low immunogenicity, long cycle time, and
high loading capacity, exosomes are now used as nanocarriers
for drug and gene delivery."”® In LCSCs, EpCAM expression is
transcriptionally regulated by Wnt/B-catenin signalling, and
inhibition of Wnt/B-catenin signalling has the potential to
eliminate EpCAM+ LCSCs."”® In a new therapeutic approach,
RNA can be used to identify a target and then regulate gene
expression.’’®'”” In one study, synthetic oligonucleotide RNA
aptamers that bind specifically to EpCAM and small interfering
RNA (siRNA) targeting B-catenin were loaded into exosomes to
develop a therapeutic biological nanoparticle."”® In vitro and
in vivo results show that this bio-nanoparticle has a good
targeting effect on LCSCs. Thus, it seems that the application
of RNA nanotechnology to design exosome carriers could
provide a strategy for cellular biomarker-mediated targeting
therapy."”®

6.2.2. Monoclonal antibodies (mAbs). Monoclonal anti-
bodies are highly homogeneous antibodies produced by a
single B cell and directed against only one specific antigenic
epitope. Monoclonal antibodies (mAbs) exhibit high target
antigen specificity and low toxicity, making them promising
therapeutic agents for CSC eradication. For decades, several
mAbs have been successfully used in the treatment of cancer in
clinical patients, such as VEGF antagonists bevacizumab for
colorectal cancer, rituximab for lymphoma, ramucirumab for
HCC, and so on."”® The mechanism based on mAbs targeting
CSCs mainly uses the host’s immune system to activate
humoral and cellular immunity to eliminate target cells, for
example, antibody-dependent cellular cytotoxicity (ADCC). mAbs
targeting CSCs and cancer cells constitute a complex therapeutic
approach that is largely supported by the host immune
system.'®°

Biomarkers that are highly expressed in LCSCs but absent
or at very low levels in normal cells can be excellent target
antigens for mAbs."®" In a preclinical study, EpCAM/CD3
bispecific antibodies induced strong peripheral monocyte-
dependent toxicity in vivo and in vitro, which in turn eliminated
cancer cells in HCC."”® Huang et al. found that cytokine-
induced killing (CIK) cells conjugated with anti-CD3/anti-
CD133 bispecific antibodies were able to effectively target and
kill CD133+ LCSCs in vitro and in vivo.'®* However, this mAb
therapy for LCSCs needs to be validated in numerous pre-
clinical and clinical trials [Table 2].

6.2.3. Aptamers. Aptamers are short single-stranded oligo-
nucleotides that fold into a unique tertiary structure.'®® Apta-
mers exhibit high affinity for their homologous targets and can
bind specifically to them; this is why they are also known as
chemical antibodies. Aptamers, which are 15-20 times smaller
than antibodies, possess several advantages over conventio-
nal antibodies, including enhanced tumor penetration and
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diffusion capacity due to their small molecular size.'** Aptamers
are frequently engineered into various therapeutic platforms,
including aptamer-drug conjugates, aptamer-functionalized
nanoparticles, and aptamer-modified liposomal nanocarriers,
for applications in gene therapy, immunotherapy, and biother-
apeutics. Although adenovirus serotype 5 expressing PTEN (Ad5-
PTEN) demonstrates potent antitumor activity against hepato-
cellular carcinoma, its clinical application is constrained by
inherent immunogenicity and nonspecific toxicity.'®® Xiao
et al. prepared EpDT3-PEG-Ad5-PTEN (EPAP) by linking the
RNA aptamer (EpDT3) to Ad5-PTEN with PEG by simple
chemical synthesis."®® This system reduced the non-specific
toxicity of Ad5-PTEN and was more stable in human serum.
EPAP was precisely targeted to LCSCs via EpCAM and could
induce apoptosis in LCSCs, which had a significant inhibitory
effect on the proliferation of cancer cells.'®” Aptamer-coupled
drugs can improve the efficiency of chemotherapeutic drugs
targeting tumours and prolong the drug’s residence time. The
CD133-apt-Dox system was designed by associating an RNA
aptamer targeting CD133 with DOX.'®® CD133-apt-Dox inhib-
ited the expression of several genes in LCSCs, prevented their
metastasis and differentiation, and suppressed autophagy in
HCC cells. The aptamer delivery system provides a valuable
platform for targeting LCSCs."®

Although biological nanomaterials exhibit advantageous
properties, including excellent biocompatibility, biodegradabil-
ity, and low toxicity, their separation and purification currently
pose significant technical challenges. In addition, exosomes
carry biomolecules that stimulate tumor growth and meta-
stasis, and more research is needed to identify and remove
them. The pharmacokinetics of aptamers and antibodies are
suboptimal, and selection techniques are complex.’®® Some
of these obstacles need to be overcome through advances in
RNA chemistry, biology, bioinformatics, manufacturing, and
nanotechnology.

6.3. Engineered inorganic nanomedicines

Inorganic nanoparticles are nanocarriers synthesized from
metallic and semi-metallic materials. Due to the advantages
of easily scalable synthesis, targeted molecular modification,
and high stability, inorganic nanoparticles are now being
studied as carriers for delivering chemotherapeutic drugs.
Inorganic nanoparticles, such as metal nanoparticles (gold,
silver, zinc oxide), silicon dioxide nanoparticles (SiNPs), arsenic
trioxide nanoparticles (AtoNPs), and nanodiamonds (NDs), are
widely studied in the treatment of LCSCs.

6.3.1. Gold nanorods. Gold nanorods (GNRs) have a special
geometry that is valuable in imaging, therapeutic, and biosen-
sing applications.'®® GNRs also hold promise as carrier materials
for a wide range of applications in cancer therapy. Erica et al.
developed a drug delivery system, Adr/GNRs@PMs-antiEpCAM,
that specifically targets EpCAM+ LCSCs by loading Adriamycin
(Adr) and GNRs onto a PLGA-b-PEG copolymer vector with
EpCAM antibody modification on the surface.'®® In vitro data
show that Adr/GNRs@PMs-antiEpCAM effectively kills spheroid-
assay-enriched LCSCs. In addition, the increased local Adr
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Study title NCT number Interventions Conditions Phases
Floxuridine and dexamethasone as a NCT00410956 Biological: cixutumumab Adult primary hepatocellular carcinoma Phase 2
hepatic arterial infusion and bevacizumab Procedure: computed advanced adult primary liver cancer
in treating patients with primary liver tomography contrast- localized unresectable adult primary liver
cancer that cannot be removed by surgery enhanced magnetic cancer recurrent adult primary liver cancer
resonance imaging
Dose finding study of AVE1642 in patients NCT00791544 Drug: AVE1642 Liver carcinoma Phase 1
with advanced or metastatic liver Sorafenib Phase 2
carcinoma Erlotinib
Bevacizumab and erlotinib in treating NCT00365391 Biological: bevacizumab  Adult primary hepatocellular carcinoma Phase 2
patients with advanced liver cancer Drug: erlotinib Advanced adult primary liver cancer
hydrochloride Localized unresectable adult primary liver
cancer
Recurrent adult primary liver cancer
Cixutumumab and sorafenib tosylate in NCT00365391 Biological: cixutumumab Adult hepatocellular carcinoma Phase 1
treating patients with advanced liver Other: laboratory bio- Advanced adult hepatocellular carcinoma
cancer marker analysis
Drug: sorafenib tosylate = Localized non-resectable adult liver
carcinoma
Biological: cixutumumab Recurrent adult liver carcinoma
Study of IMC-1121B (ramucirumab) in NCT00627042 Biological: ramucirumab Hepatocellular carcinoma Phase 2
participants with liver cancer who have not (IMC-1121B)
previously been treated with chemotherapy
IRX-2, cyclophosphamide, and nivolumab NCT03655002 Drug: cyclophosphamide Recurrent hepatocellular carcinoma Phase 1
in treating patients with recurrent or Biological: cytokine- Refractory liver carcinoma
metastatic and refractory liver cancer based biologic agent IRX- Stage IV/stage IVA/stage IVB hepatocellular
2 nivolumab carcinoma AJCC v8
Atezolizumab and bevacizumab before NCT04721132 Biological: atezolizumab Resectable hepatocellular carcinoma Phase 2
surgery for the treatment of resectable liver bevacizumab
cancer Procedure: therapeutic Stage I hepatocellular carcinoma AJCC v8
conventional surgery Stage IA/stage IB/stage II/hepatocellular
carcinoma AJCC v8
Sorafenib tosylate and pembrolizumab NCT03211416 Drug: cyclophosphamide Recurrent hepatocellular carcinoma Phase 1
in treating patients with advanced or Biological: cytokine- Refractory liver carcinoma
metastatic liver cancer based biologic agent IRX- Stage IV/stage IVA/stage IVB hepatocellular
2 nivolumab carcinoma AJCC v8
Pembrolizumab with or without elbasvir/  NCT02940496 Drug: elbasvir/ Stage B/stage C hepatocellular carcinoma  Phase 2
grazoprevir and ribavirin in treating grazoprevir
patients with advanced refractory liver Ribavirin Refractory liver cancer
cancer Other: laboratory bio-
marker analysis
Biological: Stage III hepatocellular carcinoma AJCC v7
pembrolizumab
BO-112 and pembrolizumab for the treat- NCT04777708 Biological: nanoplexed Advanced hepatocellular carcinoma Early
ment of PD-1/PD-L1 refractory liver cancer poly I: C BO-112 Phase 1
Pembrolizumab BCLC stage B/BCLC stage C hepatocellular
carcinoma
Refractory hepatocellular carcinoma
BMS-986205 and nivolumab as first or NCT03695250 Drug: IDO1 inhibitor Metastatic hepatocellular carcinoma Phase 1
second line therapy in treating patients BMS-986205
with liver cancer Biological: nivolumab Stage III hepatocellular carcinoma AJCC v8 Phase 2
Lenvatinib combined pembrolizumab in NCT Lenvatinib plus Liver neoplasm malignant primary Phase 2
advanced hepatobiliary tumors 03895970 pembrolizumab Cholangiocarcinoma
Biomarker
HAIC in combination with PD-1 inhibitors NCT Procedure: hepatic artery HCC - hepatocellular carcinoma HCC - Phase 1
and lenvatinib for high tumor burden infusion chemotherapy = hepatocellular carcinoma BCLC stage C
advanced HCC (CHANCE2416) 06631326 Drug: lenvatinib + PD-1  hepatocellular carcinoma lenvatinib PD-1
monoclonal antibody inhibitors
Zanzalintinib (XL-092) plus durvalumab NCT06698250 Drug: zanzalintinib Hepatocellular carcinoma Phase 2
and tremelimumab in unresectable Durvalumab
hepatocellular carcinoma (ZENOBIA) Tremelimumab
(ZENOBIA)
A study evaluating the efficacy and safety of NCT04524871 Drug: atezolizumab bev-  Advanced liver cancers Phase 1
multiple immunotherapy-based treatment acizumab 15 mg kg™ *
combinations in patients with advanced tiragolumab
liver cancers (Morpheus-liver) Tocilizumab Phase 2
(Morpheus-liver) TPST-1120
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Tobemstomig 2100 mg
Bevacizumab 10 mg kg™*
Tobemstomig 600 mg
Tobemstomig 1200 mg
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Table 2 (continued)
Study title NCT number Interventions Conditions Phases
ADG126
10-108 1800 mg
NKT2152
Drug: 10-108 1200 mg
SBRT + PD-1 monoclonal antibody in NCT06794086 Radiation: stereotactic Colorectal cancer, liver metastases Phase 3

unresectable colorectal liver metastases
(SPARKLE-L)

body radiation therapy
Drug: PD-1 monoclonal

antibody chemotherapy

concentration in this system will increase the efficacy of tumour
cell killing."” Studies have shown that CD133-targeted gold
nanoparticles (Au-PEG-CD133-CB-839) can co-deliver the gluta-
minase inhibitor telaglenastat (CB-839) and chemotherapeutic
drugs. In a human hepatocellular carcinoma PDX model, after
tail vein injection of this formulation, the concentration of
CB-839 at the tumor site was 6.8 times that of the free drug,
and the sphere formation rate of LCSCs decreased from 38% to
7%. After 4 weeks of treatment, the tumor weight was reduced by
59% compared to the control group, with no obvious liver or
kidney function damage observed.'**

6.3.2. Silicon dioxide nanoparticles. The use of silica as a
drug and gene carrier has gradually increased in frequency over
the last decade.'®® Mesoporous silica (MS) has tunable size, a
large surface area, and porosity, making it suitable for delivery
to LCSCs."®® The ABCG2 protein largely contributes to drug
resistance in CSCs."®* Short hairpin RNA (shRNA) for ABCG2
gene silencing is a promising therapeutic approach to over-
come drug resistance.'® Bioresponsive functionalized meso-
porous silica nanoparticles (MSNs) were employed for the
co-delivery of DOX and short hairpin ABCG2 (shABCG2) to
LCSCs in both in vitro and in vivo models."® This approach
effectively targeted LCSCs and prevented the premature release
of DOX. The coexistence of DOX and shABCG2 may have
synergistic cytotoxic effects on LCSCs, thereby improving their
drug resistance. Blocking differentiation and self-renewal is
also a method to eliminate LCSCs.'®” Hepatocyte nuclear factor
40, (HNF40), a target of HCC differentiation therapy, is a
transcription factor responsible for maintaining the differen-
tiated state and functional activity of hepatocytes.'®® Cisplatin
is a popular chemotherapeutic agent. Cai et al used
polyethyleneimine-modified mesoporous silica nanoparticles
(PMSN) as delivery vehicles to deliver the gene encoding HNF4o
and cisplatin for differentiation therapy.'®® The results showed
that the dual delivery of the HNF4a-encoding plasmid and
the drug cisplatin could target LCSCs, induce apoptosis, and
inhibit tumor growth in hepatocellular carcinoma cells. Impor-
tantly, HNF4o down-regulated stemness-related genes and
up-regulated hepatocyte-specific genes.

6.3.3. Arsenic trioxide (ATO) nanoparticles. Arsenic tri-
oxide (ATO) is a first-line therapeutic agent for treating acute
promyelocytic leukaemia (APL) and has been reported to be
effective in the treatment of breast cancer, prostate cancer, and
HCC.*°>?°" ATO can inhibit stemness markers, affect epithe-
lial-mesenchymal transition (EMT), and induce differentiation

This journal is © The Royal Society of Chemistry 2025

of CD133+ LCSCs. However, ATO has the disadvantage of
poor bioavailability and significant adverse effects.?>?%* There-
fore, there is a need to explore new strategies to enhance
the bioavailability of ATO; for example, combining ATO
with nanomaterials is a promising option. In one study,
Huang et al. prepared ATO-based nanoparticles, ZnAs@SiO
2 NPs, using a ‘“‘one-pot” inverse emulsification method
and found that ZnAs@SiO 2 NPs inhibited apoptosis, migra-
tion, and invasion of HCC cells and significantly inhibited
CD133+ LCSCs.?** ZnAs@SiO 2 NPs inhibited LCSCs’ stem-
ness and EMT by modulating the SHP-1/JAK2/STAT3 signaling
pathway.

6.3.4. Nanodiamonds (NDs). Nanodiamonds (NDs) have a
truncated semi-octahedral carbon structure with a diameter of
approximately 5 nm. They have a narrow size distribution,
simple surface functionalisation, excellent mechanical proper-
ties, and biocompatibility.?>> These properties allow NDs to
demonstrate great potential as a drug delivery platform against
drug-resistant tumour cells. The anthracycline epirubicin is a
therapeutic agent for HCC, but epirubicin is recognized and
excreted by ABC transporter proteins in HCC therapy, which
makes it resistant to epirubicin.>***®” Wang et al. developed a
nanodiamond-epirubicin drug complex (EPND) to demon-
strate an effect on LCSCs.””® The results showed that EPND
targeted tumour-specific cells. When EPND and single-agent
epirubicin were compared after 48 hours of treatment of LCSCs,
epirubicin treatment resulted in a significant increase in
LCSCs. In contrast, EPND treatment resulted in a significant
decrease in the percentage of LCSCs.

Inorganic nanoparticles have gained significant attention in
diagnostic and imaging applications due to their tunable size
and facile surface modification. However, their clinical transla-
tion is hindered by inherent limitations, including slow degra-
dation rates and potential toxicity.

7. Limitations and challenges

Although nanomedicines have shown potential advantages in
targeting liver cancer stem cells (LCSCs) for the treatment of
hepatocellular carcinoma (HCC), bringing new hope for over-
coming this malignant tumor, numerous limitations and chal-
lenges need to be addressed in the process of translating basic
research into clinical applications, as revealed in several recent
studies.
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7.1. Biological barriers: tumor microenvironment and LCSC
heterogeneity

The complex tumor microenvironment (TME) of HCC is like
a solid fortress, seriously hindering the efficacy of nano-
medicines. Among them, the excessive accumulation of hya-
luronic acid in the extracellular matrix (ECM) significantly
alters the physical properties of the TME. Studies have pointed
out that high concentrations of hyaluronic acid increase the
interstitial fluid pressure and form a dense network structure,
which blocks the diffusion path of nanomedicines, greatly
reduces their penetration and distribution efficiency in tumors,
and severely impairs their targeting effect on LCSCs.>*’

In addition, hypoxic regions are widespread in the TME,
which significantly affect the biological behavior of LCSCs.
Studies have shown that high expression of hypoxia-inducible
factor-1a. (HIF-1a) can activate stemness-related signaling
pathways in LCSCs and enhance their self-renewal and drug
resistance capabilities. This heightened resistance makes it
difficult for conventional nanomedicines to effectively eradi-
cate LCSCs, resulting in a high risk of tumor recurrence and
metastasis.>"®

The high heterogeneity of LCSCs themselves is also a major
challenge in treatment. Different subpopulations of LCSCs
differ in the expression of surface markers (such as CD133,
EpCAM, CD44, etc.) and have different functional charac-
teristics. As mentioned in some studies, nanomedicines
targeting a single marker can only act on some LCSC sub-
populations, making it difficult to achieve complete clearance
of cancer stem cells, which poses hidden dangers for tumor

I'eCl,'[I'I'CIlCC.Zl1

7.2. Nanoparticle-related limitations

The biological distribution and clearance of nanomedicines
in vivo are difficult to precisely regulate. Most nanoparticles are
easily recognized and taken up by the reticuloendothelial
system (RES) quickly, especially macrophages in the liver and
spleen, resulting in a large number of nanomedicines being
cleared before reaching the tumor site. Unmodified poly(lactic-
co-glycolic acid) (PLGA) nanoparticles have a short half-life in
mice, and most of them are taken up by liver non-parenchymal
cells, with only a small amount accumulating in tumor tissues,
which seriously affects the therapeutic effect.”*”

The potential toxicity of nanoparticles cannot be ignored.
Some inorganic nanomaterials (such as titanium dioxide,
carbon nanotubes, etc.) are metabolized slowly in the body,
and long-term accumulation may cause cytotoxicity, inflamma-
tory reactions, and even genotoxicity. Summarizing multiple
in vivo studies, it is pointed out that carbon nanotubes can
cause adverse reactions such as pulmonary inflammation
and liver and kidney damage. Although they are rarely used
in HCC treatment, they sound an alarm for the safety of nano-
medicines.** Even organic nanocarriers like liposomes and
polymeric micelles may have adverse effects, as their compo-
nents or degradation products can cause immune reactions
and disrupt normal cell metabolism.
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7.3. Bottlenecks in clinical translation and large-scale
production

The clinical translation of nanomedicines faces challenges in
large-scale production and quality uniformity. Laboratory-
prepared nanoparticles often rely on precision instruments
and complex processes, such as the controlled synthesis of
mesoporous silica or the precise modification of exosomes,
which are difficult to scale up in a standardized manner.
In addition, different batches of nanomedicines may differ in
particle size distribution, surface charge, and drug loading rate,
which directly affect the stability of their in vivo pharmacoki-
netics and therapeutic effects.”’**'> At the same time, long-
term safety data of nanomedicines are lacking; particularly, the
accumulation effect of inorganic nanoparticles in the body may
cause chronic organ damage, which needs to be verified
through long-term animal experiments and preclinical toxicity
evaluation.>'®

8. Conclusions

LCSCs have been demystified in the past decade, but this is still
only the tip of the iceberg for LCSCs that are implicated in the
occurrence, metastasis, drug resistance, and relapse of HCC
and can be diagnosed and prognosticated by biomarkers on
their surfaces, such as EpCAM and CD44. LCSCs are a class of
self-renewing, tumorigenic cell populations, so there is a strong
need for targeted therapy. Currently, nanotechnology has an
enormous potential for application in the treatment of LCSCs.
Nanotechnology offers targeting strategies for LCSCs that can
increase cellular uptake of drugs, improve biodistribution, and
increase drug stability. Currently, three main classes of nano-
particles have been investigated for targeting LCSCs: polymeric
nanoparticles, biological nanoparticles, and inorganic nano-
particles. In particular, as natural nanomaterials, biological
nanoparticles show certain advantages. For instance, cell-
secreted exosomes contain diverse molecular components that
mediate intercellular and cell-tissue communication. Modified
exosomes can directly target tumor cells to inhibit tumor
growth. However, the application of nanotechnology in LCSCs
is still somewhat in its infancy, and more efforts are needed
to promote the application of nanotechnology in this area. To
achieve this, we need to understand the microenvironmental
biology of LCSCs as well as their stemness properties and
master their epigenetic characteristics. In terms of drugs, better
biocompatible drug delivery systems with high drug delivery
capacity should be developed to focus on targeting LCSCs.

This article mainly describes the origin and characteristics
of LCSCs, describes the relationship between LCSCs and HCC,
and summarizes the nanoparticles used to target LCSCs in
recent years.

Author contributions

Fenglan Huang: writing - review & editing, writing — original
draft, visualization, methodology, conceptualization. Li Chen:

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01278c

Open Access Article. Published on 26 sentyabr 2025. Downloaded on 27.09.2025 09:54:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

writing - review & editing, writing - original draft, visualization.
Xin Zhang: writing - review & editing, writing - original draft.
Shengqgian Tian: writing - review & editing, writing - original
draft. Yuxin Han: writing - review & editing, resources, meth-
odology, conceptualization. Minghui Hu: writing — review &
editing, supervision, methodology, conceptualization. Lili He:
writing - review & editing, supervision, methodology, concep-
tualization. Rong Luo: writing - review & editing, writing -
original draft, methodology,
conceptualization.

visualization, supervision,

Conflicts of interest

There are no conflicts to declare.

Data availability

The authors declare that no data were generated in this review
article.

References

1 J. Wang, X. Tao, Z. Liu, Y. Yan, P. Cheng, B. Liu, H. Du and
B. Niu, Pharmacol. Res., 2025, 212, 107596.

2 Y. Q. Zhao, X. W. Deng, G. Q. Xu, J. Lin, H. Z. Lu and
J. Chen, Front. Mol. Biosci., 2023, 10, 1183808.

3 B. Cogliati, C. N. Yashaswini, S. Wang, D. Sia and
S. L. Friedman, Nat. Rev. Gastroenterol. Hepatol., 2023, 20,
647-661.

4 Y. Nozaki, H. Hikita, S. Tanaka, K. Fukumoto, M. Urabe,
K. Sato, Y. Myojin, A. Doi, K. Murai, S. Sakane, Y. Saito,
T. Kodama, R. Sakamori, T. Tatsumi and T. Takehara, Sci.
Rep., 2021, 11, 3363.

5 J. He, X. Feng, Y. Liu, Y. Wang, C. Ge, S. Liu and Y. Jiang,
Biomed. Pharmacother., 2024, 177, 117163.

6 L.X. Liang, X. Liang, Y. Zeng, F. Wang and X. K. Yu, World
J. Gastroenterol., 2025, 31, 102714.

7 R. Donne and A. Lujambio, Hepatology, 2023, 77,
1773-1796.

8 J. Bruix and M. Colombo, Best Pract. Res., Clin. Gastroenterol.,
2014, 28, 751.

9 M. Nishi, Y. Sakai, H. Akutsu, Y. Nagashima, G. Quinn, S.

Masui, H. Kimura, K. Perrem, A. Umezawa, N. Yamamoto,
S. W. Lee and A. Ryo, Oncogene, 2014, 33, 643-652.

10 A. W. Hamburger and S. E. Salmon, Science, 1977, 197,
461-463.

11 Y. C. Liu, C. T. Yeh and K. H. Lin, Cells, 2020, 9, 1331.

12 S. Xia, Y. Pan, Y. Liang, J. Xu and X. Cai, EBioMedicine,
2020, 51, 102610.

13 L. He, J. Gu, L. Y. Lim, Z. X. Yuan and ]J. Mo, Front.
Pharmacol., 2016, 7, 313.

14 X. He, Z. Jiang, O. U. Akakuru, J. Li and A. Wu, Chem.
Commun., 2021, 57, 12417-12435.

15 T. Zhang, Q. Zheng, Y. Fu, C. Xie, G. Fan, Y. Wang, Y. Wu,
X. Cai, G. Han and X. Li, J. Nanobiotechnol., 2021, 19, 358.

This journal is © The Royal Society of Chemistry 2025

16

17

18

19

20
21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

View Article Online

Review

C. Zhang, Z. Leng, Y. Wang, L. Ran, X. Qin, H. Xin, X. Xu,
G. Zhang and Z. Xu, J. Nanobiotechnol., 2022, 20, 264.

Y. Nie, D. Li, Y. Peng, S. Wang, S. Hu, M. Liu, J. Ding and
W. Zhou, Int. J. Pharm., 2020, 585, 119513.

W. Sun, M. S. Jang, S. Zhan, C. Liu, L. Sheng, J. H. Lee,
Y. Fu and H. Y. Yang, Int. J. Biol Macromol., 2025,
314, 144444.

L. Li, W. W. Yang and D. G. Xu, J. Drug Targeting, 2019, 27,
423-433.

S. Su and P. M. Kang, Nanomaterials, 2020, 10, 656.

Y. Zhang, M. Li, X. Gao, Y. Chen and T. Liu, J. Hematol.
Oncol., 2019, 12, 137.

M. Sun, T. Wang, L. Li, X. Li, Y. Zhai, J. Zhang and W. Li,
Front. Pharmacol., 2021, 12, 702445.

Z. Tian, T. Yu, J. Liu, T. Wang and A. Higuchi, Prog. Mol.
Biol. Transl. Sci., 2023, 199, 3-32.

F. Chen, K. Zhang, M. Wang, Z. He, B. Yu, X. Wang, X. Pan,
Y. Luo, S. Xu, J. T. Y. Lau, C. Han, Y. Shi, Y. E. Sun, S. Li and
Y. P. Hu, Adv. Sci., 2024, 11, e2308711.

C. Zhou, M. Kuang, Y. Tao, J. Wang, Y. Luo, Y. Fu, Z. Chen,
Y. Liu, Z. Li, W. Wu, L. Wang, Y. Dou, J. Wang and Y. Hou,
Cell Stem Cell, 2024, 31, 1359-1375.e1358.

Z. Li, J. Fan, Y. Xiao, W. Wang, C. Zhen, ]J. Pan, W. Wu,
Y. Liu, Z. Chen, Q. Yan, H. Zeng, S. Luo, L. Liu, Z. Tu,
X. Zhao and Y. Hou, Leukemia, 2024, 38, 2699-2708.

M. Yilmaz, F. Kaplan, I. Mender, S. M. Gryaznov and Z. G.
Dikmen, Curr. Stem Cell Res. Therapy, 2023, 18, 445-459.
X. Liu, Y. Ye, L. Zhu, X. Xiao, B. Zhou, Y. Gu, H. Si,
H. Liang, M. Liu, J. Li, Q. Jiang, J. Li, S. Yu, R. Ma, S. Su,
J. Y. Liao and Q. Zhao, Nat. Commun., 2023, 14, 238.

Y. Welte, J. Adjaye, H. R. Lehrach and C. R. Regenbrecht,
Cell Commun. Sig., 2010, 8, 6.

L. Walcher, A. K. Kistenmacher, H. Suo, R. Kitte,
S. Dluczek, A. Strauf3, A. R. Blaudszun, T. Yevsa, S. Fricke
and U. Kossatz-Boehlert, Front. Immunol., 2020, 11, 1280.
T. Lapidot, C. Sirard, J. Vormoor, B. Murdoch, T. Hoang,
J. Caceres-Cortes, M. Minden, B. Paterson, M. A. Caligiuri
and J. E. Dick, Nature, 1994, 367, 645-648.

L. Vermeulen, M. R. Sprick, K. Kemper, G. Stassi and
J. P. Medema, Cell Death Differ., 2008, 15, 947-958.

M. Shackleton, E. Quintana, E. R. Fearon and S. ].
Morrison, Cell, 2009, 138, 822-829.

E. Batlle and H. Clevers, Nat. Med., 2017, 23, 1124-1134.
J. N. Rich, Medicine, 2016, 95, S2-S7.

M. Mauro-Lizcano, F. Sotgia and M. P. Lisanti, Aging, 2024,
16, 9334-9349.

J. Wang, D. Liu, Z. Sun, T. Ye, J. Li, B. Zeng, Q. Zhao and
H. Rosie Xing, Cell Death Dis., 2021, 12, 98.

C. K. Lau, Z. F. Yang and S. T. Fan, Anticancer Agents Med.
Chem., 2011, 11, 522-528.

K. A. McGlynn, J. L. Petrick and H. B. El-Serag, Hepatology,
2021, 73(Suppl 1), 4-13.

S. T. Fan, Z. F. Yang, D. W. Ho, M. N. Ng, W. C. Yu and
J. Wong, Ann. Surg., 2011, 254, 569-576.

T. Yamashita and S. Kaneko, Regener. Ther., 2021, 17,
34-37.

J. Mater. Chem. B


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01278c

Open Access Article. Published on 26 sentyabr 2025. Downloaded on 27.09.2025 09:54:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59
60

61

62

J. E. Visvader and G. J. Lindeman, Nat. Rev. Cancer, 2008, 8,
755-768.

J. M. Llovet, S. Ricci, V. Mazzaferro, P. Hilgard, E. Gane,
J. F. Blanc, A. C. de Oliveira, A. Santoro, J. L. Raoul,
A. Forner, M. Schwartz, C. Porta, S. Zeuzem, L. Bolondi,
T. F. Greten, P. R. Galle, J. F. Seitz, 1. Borbath,
D. Hiussinger, T. Giannaris, M. Shan, M. Moscovici,
D. Voliotis and J. Bruix, N. Engl. J. Med., 2008, 359, 378-390.
B. Guo, X. Xu, M. Shao, X. Yang, G. He, K. Qi, J. Gu and
L. Wang, Biochem. Biophys. Res. Commun., 2022, 613,
207-213.

R. L. Deter and C. De Duve, J. Cell Biol., 1967, 33, 437-449.
E. White, C. Karp, A. M. Strohecker, Y. Guo and R. Mathew,
Curr. Opin. Cell Biol., 2010, 22, 212-217.

K. Liu, J. Lee, J. Y. Kim, L. Wang, Y. Tian, S. T. Chan,
C. Cho, K. Machida, D. Chen and J. J. Ou, Mol. Cell, 2017,
68, 281-292.€285.

J. Wu, H. Y. Tan, Y. T. Chan, Y. Lu, Z. Feng, H. Yuan,
C. Zhang, Y. Feng and N. Wang, J. Exp. Clin. Cancer Res.,
2024, 43, 42.

Y. Gu, Y. Wang, L. He, ]J. Zhang, X. Zhu, N. Liu, ]J. Wang,
T. Lu, L. He, Y. Tian and Z. Fan, Molecular cancer, 2021,
20, 132.

M. Wei, U. Nurjanah, J. Li, X. Luo, R. Hosea, Y. Li, J. Zeng,
W. Duan, G. Song, M. Miyagishi, V. Kasim and S. Wu, Adv.
Sci., 2023, 10, €2207349.

H. Zheng, Y. Pomyen, M. O. Hernandez, C. Li, F. Livak,
W. Tang, H. Dang, T. F. Greten, J. L. Davis, Y. Zhao,
M. Mehta, Y. Levin, J. Shetty, B. Tran, A. Budhu and
X. W. Wang, Hepatology, 2018, 68, 127-140.

M. Kim, K. W. Jo, H. Kim, M. E. Han and S. O. Oh, Anat.
Cell Biol., 2023, 56, 94-108.

K. Y. Ng, Q. T. Shea, T. L. Wong, S. T. Luk, M. Tong,
C. M. Lo, K. Man, J. P. Yun, X. Y. Guan, T. K. Lee,
Y. P. Zheng and S. Ma, Adv. Sci., 2021, 8, 2002483.

Y. Liu, Y. Wang, S. Sun, Z. Chen, S. Xiang, Z. Ding,
Z. Huang and B. Zhang, Exp. Hematol. Oncol., 2022, 11, 97.
S. Koyama, H. Tsuchiya, M. Amisaki, H. Sakaguchi, S.
Honjo, Y. Fujiwara and G. Shiota, Int. J. Mol. Sci., 2020, 21.
Q. Wang, J. Liu, M. Yang, J. Zhou, Y. Li, J. Zheng, H. Jia,
S. Yue, Y. Le, Y. Su, W. Ma, N. An, Y. Wang and J. Dong,
Signal Transduction Targeted Ther., 2025, 10, 244.

Q. Shan, L. Yin, Q. Zhan, J. Yu, S. Pan, J. Zhuo, W. Zhou,
J. Bao, L. Zhang, J. Hong, ]J. Xiang, Q. Que, K. Chen, S. Xu,
J. Wang, Y. Zhu, B. He, J. Wu, H. Xie, S. Zheng, T. Feng,
S. Ling and X. Xu, Signal Transduction Targeted Ther., 2024,
9, 249,

N. Liang, T. Yang, Q. Huang, P. Yu, C. Liu, L. Chen,
Q. Wang, G. Wang and X. He, Cell Death Dis., 2022, 13, 394.
J. Shi, C. Guo, Y. Li and J. Ma, Cell Death Dis., 2022, 13, 961.
Y. M. Tsui, L. K. Chan and I. O. Ng, Br. J. Cancer, 2020, 122,
1428-1440.

M. Chen, C. Lu, H. Lu, J. Zhang, D. Qin, S. Liu, X. Li and
L. Zhang, Stem Cell Res. Ther., 2021, 12, 232.

Z. Li, Y. Y. Zhang, H. Zhang, ]J. Yang, Y. Chen and H. Lu,
Front. Cell Dev. Biol., 2022, 10, 938685.

J. Mater. Chem. B

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

View Article Online

Journal of Materials Chemistry B

F. Wang, Y. Gao, S. Xue, L. Zhao, H. Jiang, T. Zhang, Y. Li,
C. Zhao, F. Wu, T. Siqin, Y. Liu, J. Wu, Y. Yan, J. Yuan,
J. D. Jiang and K. Li, Nat. Commun., 2023, 14, 5917.

J. Wei, J. Yao, C. Yang, Y. Mao, D. Zhu, Y. Xie, P. Liu,
M. Yan, L. Ren, Y. Lin, Q. Zheng and X. Li, J. Transl. Med.,
2022, 20, 555.

L. Gao, Y. Morine, S. Yamada, Y. Saito, T. Ikemoto,
K. Tokuda, C. Takasu, K. Miyazaki and M. Shimada, PLoS
One, 2021, 16, €0256755.

D. Fukushi, R. Shibuya-Takahashi, M. Mochizuki, H.
Fujimori, T. Kogure, T. Sugai, W. Iwai, Y. Wakui, M. Abue,
K. Murakami, Y. Nakamura, J. Yasuda, K. Yamaguchi,
K. Sugamura, C. Shibata, Y. Katayose, K. Satoh and
K. Tamai, Cancer Sci., 2021, 112, 4580-4592.

H. Du, J. Gu, Q. Peng, X. Wang, L. Liu, X. Shu, Q. He and
Y. Tan, Oxid. Med. Cell. Longevity, 2021, 2021, 2337818.
H. Li, J. Song, Y. He, Y. Liu, Z. Liu, W. Sun, W. Hu, Q. Y. Lei,
X. Hu, Z. Chen and X. He, Adv. Sci., 2022, 9, €2105126.

J. Hu, K. Chen, F. Hong, G. Gao, X. Dai and H. Yin, Cancer
Gene Ther., 2024, 31, 228-236.

L. Lemaitre, N. Adeniji, A. Suresh, R. Reguram, J. Zhang,
J. Park, A. Reddy, A. E. Trevino, A. T. Mayer, A. Deutzmann,
A. S. Hansen, L. Tong, V. Arjunan, N. Kambham, B. C.
Visser, M. M. Dua, C. A. Bonham, N. Kothary, H. B. D’Angio,
R. Preska, Y. Rosen, J. Zou, V. Charu, D. W. Felsher and
R. Dhanasekaran, Nat. Cancer, 2024, 5, 1534-1556.

L. Pan, F. Feng, J. Wu, S. Fan, J. Han, S. Wang, L. Yang,
W. Liu, C. Wang and K. Xu, Pharmacol. Res., 2022, 181,
106270.

K. S. Jeng, C. F. Chang, I. S. Sheen, C. J. Jeng and C. H.
Wang, Int. J. Mol. Sci., 2023, 24, 1417.

D. J. Park, P. S. Sung, J. H. Kim, G. W. Lee, J. W. Jang,
E. S.Jung, S. H. Bae, J. Y. Choi and S. K. Yoon, J Immunother
Cancer, 2020, 8, €000301.

A. Martowicz, A. Seeber and G. Untergasser, Histol. Histo-
pathol., 2016, 31, 349-355.

K. N. Suvilesh, Y. Manjunath, K. Pantel and J. T. Kaifi,
Trends Cancer, 2023, 9, 355-371.

E. Schmelzer and L. M. Reid, Front. Biosci., 2008, 13,
3096-3100.

R. Liu, Y. Shen, K. Nan, B. Mi, T. Wu, J. Guo, M. Li, Y. Lv
and H. Guo, Medicine, 2015, 94, e1306.

T. Yamashita, J. Ji, A. Budhu, M. Forgues, W. Yang, H. Y.
Wang, H. Jia, Q. Ye, L. X. Qin, E. Wauthier, L. M. Reid,
H. Minato, M. Honda, S. Kaneko, Z. Y. Tang and
X. W. Wang, Gastroenterology, 2009, 136, 1012-1024.

Y. F. Sun, Y. Xu, X. R. Yang, W. Guo, X. Zhang, S. J. Qiu,
R. Y. Shi, B. Hu, J. Zhou and ]. Fan, Hepatology, 2013, 57,
1458-1468.

C. Chen, S. Zhao, A. Karnad and J. W. Freeman, J. Hematol.
Oncol., 2018, 11, 64.

Y. Katayama, A. Hidalgo, J. Chang, A. Peired and
P. S. Frenette, J. Exp. Med., 2005, 201, 1183-1189.

S. Wan, E. Zhao, I. Kryczek, L. Vatan, A. Sadovskaya,
G. Ludema, D. M. Simeone, W. Zou and T. H. Welling,
Gastroenterology, 2014, 147, 1393-1404.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01278c

Open Access Article. Published on 26 sentyabr 2025. Downloaded on 27.09.2025 09:54:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

83

84

85
86

87

88
89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

R. Asai, H. Tsuchiya, M. Amisaki, K. Makimoto,
A. Takenaga, T. Sakabe, S. Hoi, S. Koyama and G. Shiota,
Cancer Med, 2019, 8, 773-782.

N. R. Park, J. H. Cha, J. W. Jang, S. H. Bae, B. Jang,
J. H. Kim, W. Hur, ]J. Y. Choi and S. K. Yoon, Biochem.
Biophys. Res. Commun., 2016, 477, 568-574.

Y. Luo and Y. Tan, Cancer Cell Int., 2016, 16, 47.

A. Suetsugu, M. Nagaki, H. Aoki, T. Motohashi,
T. Kunisada and H. Moriwaki, Biochem. Biophys. Res. Com-
mun., 2006, 351, 820-824.

S. Ma, K. W. Chan, L. Hu, T. K. Lee, J. Y. Wo, L. O. Ng,
B. ]J. Zheng and X. Y. Guan, Gastroenterology, 2007, 132,
2542-2556.

S. Ma, Exp. Cell Res., 2013, 319, 126-132.

S.Yin, J. Li, C. Hu, X. Chen, M. Yao, M. Yan, G. Jiang, C. Ge,
H. Xie, D. Wan, S. Yang, S. Zheng and J. Gu, Int. J. Cancer,
2007, 120, 1444-1450.

P. Rawal, H. Siddiqui, M. Hassan, M. C. Choudhary,
D. M. Tripathi, V. Nain, N. Trehanpati and S. Kaur, Front.
Oncol., 2019, 9, 308.

S. Ma, T. K. Lee, B. J. Zheng, K. W. Chan and X. Y. Guan,
Oncogene, 2008, 27, 1749-1758.

E. Barboni, A. M. Gormley, F. B. Pliego Rivero, M. Vidal and
R. J. Morris, Immunology, 1991, 72, 457-463.

C.J. Jeng, S. A. McCarroll, T. F. Martin, E. Floor, J. Adams,
D. Krantz, S. Butz, R. Edwards and E. S. Schweitzer, J. Cell
Biol., 1998, 140, 685-698.

L. Leyton, P. Schneider, C. V. Labra, C. Riiegg, C. A. Hetz,
A. F. Quest and C. Bron, Curr. Biol., 2001, 11, 1028-1038.
C. H. Sukowati, B. Anfuso, G. Torre, P. Francalanci,
L. S. Crocé and C. Tiribelli, PLoS One, 2013, 8, €76830.

T. Yamashita, M. Honda, Y. Nakamoto, M. Baba, K. Nio,
Y. Hara, S. S. Zeng, T. Hayashi, M. Kondo, H. Takatori,
T. Yamashita, E. Mizukoshi, H. Ikeda, Y. Zen, H. Takamura,
X. W. Wang and S. Kaneko, Hepatology, 2013, 57, 1484-1497.
L. Zhu, W. Zhang, J. Wang and R. Liu, Tumour Biol., 2015,
36, 5353-5360.

P. Altevogt, M. Sammar, L. Hiser and G. Kristiansen, Int.
J. Cancer, 2021, 148, 546-559.

X.R. Yang, Y. Xu, B. Yu, J. Zhou, J. C. Li, S. J. Qiu, Y. H. Shi,
X.Y. Wang, Z. Dai, G. M. Shi, B. Wu, L. M. Wu, G. H. Yang,
B. H. Zhang, W. X. Qin and J. Fan, Clin. Cancer Res., 2009,
15, 5518-5527.

S. Lu, Y. Yao, G. Xu, C. Zhou, Y. Zhang, J. Sun, R. Jiang,
Q. Shao and Y. Chen, Cell Death Dis., 2018, 9, 646.

Y. Deng, M. Li, M. Zhuo, P. Guo, Q. Chen, P. Mo, W. Li and
C. Yu, J. Biol. Chem., 2021, 296, 100121.

Z. F. Karagonlar, S. Akbari, M. Karabicici, E. Sahin, S. T.
Avci, N. Ersoy, K. E. Ates, T. Balli, B. Karacicek, K. N. Kaplan,
C. Celiker, N. Atabey and E. Erdal, Cells, 2020, 9(5), 1198.
W. Chen, R. Wang, Y. Zhao, Y. Li, X. Wang, W. Peng, S. Bai,
M. Zheng, M. Liu and B. Cheng, Stem Cells Int, 2022,
2022, 5853707.

Y. Gao, B. Ruan, W. Liu, J. Wang, X. Yang, Z. Zhang, X. Li,
J. Duan, F. Zhang, R. Ding, K. Tao and K. Dou, Oncotarget,
2015, 6(10), 7828-7837.

This journal is © The Royal Society of Chemistry 2025

105

106
107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

View Article Online

Review

W. Liu, Z. Ji, B. R. Wu, S. Huang, Q. Chen, X. Chen, Y. Wei
and J. Jiang, FEBS Lett, 2021, 595(17), 2290-2302.

F. Liu and Y. Qian, Cancer Biol. Ther., 2021, 22, 291-300.
G. Dong, Q. Mao, W. Xia, Y. Xu, J. Wang, L. Xu and F. Jiang,
oncol. Lett., 2016, 11(3), 1980-1986.

G. Zhou, S. Da Won Bae, R. Nguyen, X. Huo, S. Han,
Z. Zhang, L. Hebbard, W. Duan, M. Eslam, C. Liddle,
L. Yuen, V. Lam, L. Qiao and ]. George, Cancer Lett.,
2021, 501, 124-132.

R. Wang, Y. Li, A. Tsung, H. Huang, Q. Du, M. Yang,
M. Deng, S. Xiong, X. Wang, L. Zhang, D. A. Geller,
B. Cheng and T. R. Billiar, Proc, Natl. Acad. Sci. U. S. A.,
2018, 115(43), E10127-E10136.

K. Zhang, S. Che, C. Pan, Z. Su, S. Zheng, S. Yang,
H. Zhang, W. Li, W. Wang and J. Liu, J. Cell. Mol. Med.,
2018, 22(7), 3679-3690.

H. Q. Do, A. B. Luong, D. Bonazza, C. Bottin, T. P. Doan,
L. D. Tran, N. H. Truong, G. Tell, H. L. Pham, C. Tiribelli
and C. H. Sukowati, Ann. Hepatol., 2020, 19(6), 645-652.
K. Zhang, S. Che, Z. Su, S. Zheng, H. Zhang, S. Yang, W. Li
and J. Liu, Int. J. Mol. Med., 2018, 41(2), 946-954.

I. A. Abdelgawad, Asian Pac. J. Cancer Prev., 2020, 21,
861-866.

V. Sekar, R. Veerabathiran, A. Pandian and G. Sivamani,
Egypt. Liver J., 2023, 13, 29.

A. Kakehashi, N. Ishii, E. Sugihara, M. Gi, H. Saya and
H. Wanibuchi, Cancer Sci., 2016, 107, 609-618.

K. Song, H. Kwon, C. Han, J. Zhang, S. Dash, K. Lim and
T. Wu, Oncotarget, 2015, 6, 40822-40835.

J. Luo, P. Wang, R. Wang, J. Wang, M. Liu, S. Xiong, Y. Li
and B. Cheng, Oncotarget, 2016, 7, 9525-9537.

W. C. Chen, Y. S. Chang, H. P. Hsu, M. C. Yen, H. L.
Huang, C. Y. Cho, C. Y. Wang, T. Y. Weng, P. T. Lai,
C. S. Chen, Y. J. Lin and M. D. Lai, Oncotarget, 2015, 6,
42923-42937.

J. A. Clara, C. Monge, Y. Yang and N. Takebe, Nat. Rev. Clin.
Oncol., 2020, 17, 204-232.

C. H. Sukowati, B. Anfuso, L. S. Crocé and C. Tiribelli, BMC
Cancer, 2015, 15, 188.

M. Zhang, W. Zhang, Z. Wu, S. Liu, L. Sun, Y. Zhong,
X. Zhang, X. Kong, P. Qian, H. Zhang, P. E. Lobie and
T. Zhu, Oncotarget, 2016, 7, 3267-3282.

S. Muramatsu, S. Tanaka, K. Mogushi, R. Adikrisna, A.
Aihara, D. Ban, T. Ochiai, T. Irie, A. Kudo, N. Nakamura,
K. Nakayama, H. Tanaka, S. Yamaoka and S. Arii, Hepatol-
o0gy, 2013, 58, 218-228.

F. M. Kievit and M. Zhang, Adv. Mater., 2011, 23,
H217-247.

F. Danhier, O. Feron and V. Préat, J. Controlled Release,
2010, 148, 135-146.

H. Maeda, H. Nakamura and J. Fang, Adv. Drug Delivery
Rev., 2013, 65, 71-79.

Y. Jiaying, S. Bo, W. Xiaolu, Z. Yanyan, W. Hongjie, S. Nan,
G. Bo, W. Linna, Z. Yan, G. Wenya, L. Keke, J. Shan,
L. Chuan, Z. Yu, Z. Qinghe and Z. Haiyu, Drug Delivery,
2023, 30, 2177362.

J. Mater. Chem. B


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01278c

Open Access Article. Published on 26 sentyabr 2025. Downloaded on 27.09.2025 09:54:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

Z.F.Yang, P. Ngai, D. W. Ho, W. C. Yu, M. N. Ng, C. K. Lau,
M. L. Li, K. H. Tam, C. T. Lam, R. T. Poon and S. T. Fan,
Hepatology, 2008, 47, 919-928.

Z. Wang, M. Sun, W. Li, L. Fan, Y. Zhou and Z. Hu, Front.
Chem., 2020, 8, 649.

Z. Luo, Y. Huang, N. Batra, Y. Chen, H. Huang, Y. Wang,
Z. Zhang, S. Li, C. Y. Chen, Z. Wang, J. Sun, Q. J. Wang,
D. Yang, B. Lu, J. F. Conway, L. Y. Li, A. M. Yu and S. Li,
Nat. Commun., 2024, 15, 255.

L. Ding, M. Liang, C. Li, X. Ji, J. Zhang, W. Xie, R. L. Reis,
F.R. Li, S. Gu and Y. Wang, Small Methods, 2022, 6, €2200853.
D. N. Kapoor, A. Bhatia, R. Kaur, R. Sharma, G. Kaur and
S. Dhawan, Ther. Delivery, 2015, 6, 41-58.

J. Garner, S. Skidmore, H. Park, K. Park, S. Choi and
Y. Wang, Int. J. Pharm., 2015, 495, 87-92.

S. K. Singh, I. D. Clarke, M. Terasaki, V. E. Bonn,
C. Hawkins, J. Squire and P. B. Dirks, Cancer Res., 2003,
63, 5821-5828.

Z. Wang, J. Tan, C. McConville, V. Kannappan, P. E.
Tawari, J. Brown, J. Ding, A. L. Armesilla, J. M. Irache,
Q. B. Mei, Y. Tan, Y. Liu, W. Jiang, X. W. Bian and
W. Wang, Nanomedicine, 2017, 13, 641-657.

N. Zhang, C. Chittasupho, C. Duangrat, T. J. Siahaan and
C. Berkland, Bioconjugate Chem., 2008, 19, 145-152.

A. D. Tripathi, Y. Labh, S. Katiyar, A. K. Singh,
V. K. Chaturvedi and A. Mishra, ACS Appl. Bio Mater.,
2024, 7, 7838-7851.

Y. Li, J. Ke, H. Jia, J. Ren, L. Wang, Z. Zhang and C. Wang,
Colloids and surfaces. B, Biointerfaces, 2023, 222, 113131.
D. Zhang, L. Liu, J. Wang, H. Zhang, Z. Zhang, G. Xing,
X. Wang and M. Liu, Front. Pharmacol., 2022, 13, 990505.
A. D’Souza and A. R. Shegokar, Expert Opin. Drug Delivery,
2016, 13, 1257-1275.

M. Wang, F. Xie, X. Wen, H. Chen, H. Zhang, J. Liu,
H. Zhang, H. Zou, Y. Yu, Y. Chen, Z. Sun, X. Wang,
G. Zhang, C. Yin, D. Sun, J. Gao, B. Jiang, Y. Zhong and
Y. Lu, Nanomedicine, 2017, 12, 1025-1042.

R. Devulapally, K. Foygel, T. V. Sekar, J. K. Willmann and
R. Paulmurugan, ACS Appl. Mater. Interfaces, 2016, 8,
33412-33422.

Y. N. Lij, X. Shi, D. Sun, S. Han, Y. Zou, L. Wang, L. Yang,
Y. Li, Y. Shi, J. Guo and C. M. O’Driscoll, Int. J. Pharm.,
2023, 636, 122791.

S. Yang, D. Wang, X. Zhang, Y. Sun and B. Zheng, Drug
Delivery, 2021, 28, 995-1006.

H. Glavinas, P. Krajcsi, J. Cserepes and B. Sarkadi, Curr.
Drug Delivery, 2004, 1, 27-42.

M. Hubensack, C. Miiller, P. Hocherl, S. Fellner, T. Spruss,
G. Bernhardt and A. Buschauer, J. Cancer Res. Clin. Oncol.,
2008, 134, 597-607.

D. Chen, X. Pan, F. Xie, Y. Lu, H. Zou, C. Yin, Y. Zhang and
J. Gao, Int. J. Nanomed., 2018, 13, 6855-6870.

Q. Chen, R. Qi, X. Chen, X. Yang, S. Wu, H. Xiao and
W. Dong, Mol. Ther., 2017, 25, 92-101.

T. Stange, U. Kettmann and H. ]J. Holzhausen, Acta
Histochem., 1996, 98, 323-331.

J. Mater. Chem. B

149

150

151

152

153

154

155

156

157

158

159

160

161

162
163

164

165

166

167

168

169

View Article Online

Journal of Materials Chemistry B

M. Wickstrom, P. Nygren, R. Larsson, J. Harmenberg,
J. Lindberg, P. Sjoberg, M. Jerling, F. Lehmann,
P. Richardson, K. Anderson, D. Chauhan and ]. Gullbo,
Oncotarget, 2017, 8, 66641-66655.

S. M. Hitzerd, S. E. Verbrugge, G. Ossenkoppele, G. Jansen
and G. J. Peters, Amino Acids, 2014, 46, 793-808.

R. Toshiyama, M. Konno, H. Eguchi, H. Takemoto,
T. Noda, A. Asai, ]J. Koseki, N. Haraguchi, Y. Ueda,
K. Matsushita, K. Asukai, T. Ohashi, Y. Iwagami,
D. Yamada, D. Sakai, T. Asaoka, T. Kudo, K. Kawamoto,
K. Gotoh, S. Kobayashi, T. Satoh, Y. Doki, N. Nishiyama,
M. Mori and H. Ishii, Oncogene, 2019, 38, 244-260.

S. Y. Yi, Y. B. Hao, K. J. Nan and T. L. Fan, Cancer Treat.
Rev., 2013, 39, 290-296.

I. C. Lee, C. C. Chuang and Y. C. Wu, ACS Appl. Mater.
Interfaces, 2015, 7, 22188-22195.

L. C. Lee, S. Fadera and H. L. Liu, J. Mater. Chem. B, 2019, 7,
5401-5411.

M. ]. Mitchell, M. M. Billingsley, R. M. Haley, M. E.
Wechsler, N. A. Peppas and R. Langer, Nat. Rev. Drug
Discovery, 2021, 20, 101-124.

K. Inamura, Y. Komizu, M. Yamakuchi, S. Ishida,
Y. Matsumoto and T. Matsushita, Biochem. Biophys. Res.
Commun., 2019, 509, 268-274.

X. Jia, Y. Zhang, Y. Zou, Y. Wang, D. Niu, Q. He, Z. Huang,
W. Zhu, H. Tian, J. Shi and Y. Li, Adv. Mater., 2018,
30, €1704490.

Y. Wang, F. Jia, Z. Wang, Y. Qian, L. Fan, H. Gong, A. Luo,
J. Sun, Z. Hu and W. Wang, Anal. Chem., 2019, 91, 7245-7253.
C. Wang, R. Zhang, J. He, L. Yu, X. Li, J. Zhang, S. Li,
C. Zhang, J. C. Kagan, J. M. Karp and R. Kuai, Nat.
Commun., 2023, 14, 3877.

M. K. Amin and ]. Boateng, Colloids Surf., B, 2023, 222,
113121.

Z. Hussain, J. R. M. Hussain Al-Shadidi, J. Jagal and
M. Rawas-Qalaji, Int. J. Biol. Macromol., 2025, 321, 146514.
S. Wu and C. Wang, Int. J. Nanomed., 2025, 20, 7359-7373.
Z. Yang, N. Sun, R. Cheng, C. Zhao, ]J. Liu and Z. Tian,
J. Mater. Chem. B, 2017, 5, 6762-6775.

J. Xu, S. Chen, ]J. Yang, Z. Nie, J. He, Y. Zhao, X. Liu,
J. Zhang and Y. Zhao, RSC Adv., 2023, 13, 11160-11170.
G. van Niel, G. D’Angelo and G. Raposo, Nat. Rev. Mol. Cell
Biol., 2018, 19, 213-228.

A. C. Dixson, T. R. Dawson, D. Di Vizio and A. M. Weaver,
Nat. Rev. Mol. Cell Biol., 2023, 24, 454-476.

H. Wang, Z. Lu and X. Zhao, J. Hematol. Oncol., 2019,
12, 133.

J. Bruix, S. Qin, P. Merle, A. Granito, Y. H. Huang,
G. Bodoky, M. Pracht, O. Yokosuka, O. Rosmorduc,
V. Breder, R. Gerolami, G. Masi, P. J. Ross, T. Song, J. P.
Bronowicki, 1. Ollivier-Hourmand, M. Kudo, A. L. Cheng,
J. M. Llovet, R. S. Finn, M. A. LeBerre, A. Baumhauer,
G. Meinhardt and G. Han, Lancet, 2017, 389, 56-66.

M. Ostrowski, N. B. Carmo, S. Krumeich, I. Fanget,
G. Raposo, A. Savina, C. F. Moita, K. Schauer, A. N.
Hume, R. P. Freitas, B. Goud, P. Benaroch, N. Hacohen,

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01278c

Open Access Article. Published on 26 sentyabr 2025. Downloaded on 27.09.2025 09:54:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184
185

186

187

188

189

190

191

192

M. Fukuda, C. Desnos, M. C. Seabra, F. Darchen, S.
Amigorena, L. F. Moita and C. Thery, Nat. Cell Biol.,
2010, 12, 19-30.

H. Huang, J. Hou, K. Liu, Q. Liu, L. Shen, B. Liu, Q. Lu,
N. Zhang, L. Che, J. Li, S. Jiang, B. Wang, Q. Wen, L. Hu
and J. Gao, J. Gastroenterol. Hepatol., 2021, 36, 3429-3437.
M. Mendt, K. Rezvani and E. Shpall, Bone Marrow Trans-
plant., 2019, 54, 789-792.

T. Lan, M. Luo and X. Wei, J. Hematol. Oncol., 2021,
14, 195.

F. Vakhshiteh, F. Atyabi and S. N. Ostad, Int. J. Nanomed.,
2019, 14, 2847-2859.

H. Gu, C. Yan, H. Wan, L. Wu, ]. Liu, Z. Zhu and D. Gao,
Human cell, 2021, 34, 1812-1829.

J. Wang, Y. Zheng and M. Zhao, Front. Pharmacol., 2016,
7, 533.

H. Valadi, K. Ekstrom, A. Bossios, M. Sjostrand, J. J. Lee
and J. O. Lotvall, Nat. Cell Biol., 2007, 9, 654-659.

J. Skog, T. Wiirdinger, S. van Rijn, D. H. Meijer, L. Gainche,
M. Sena-Esteves, W. T. Curry, ]Jr., B. S. Carter,
A. M. Krichevsky and X. O. Breakefield, Nat. Cell Biol.,
2008, 10, 1470-1476.

K. Ishiguro, I. K. Yan, L. Lewis-Tuffin and T. Patel, Hepatol.
Commun., 2020, 4, 298-313.

J- M. Llovet, R. Montal, D. Sia and R. S. Finn, Nat. Rev. Clin.
Oncol., 2018, 15, 599-616.

B. D. Cheson and J. P. Leonard, New England J. Med., 2008,
359, 613-626.

C. Maccalli and R. De Maria, Cancer Immunol., Immun-
other.: CII, 2015, 64, 91-97.

J. Huang, C. Li, Y. Wang, H. Lv, Y. Guo, H. Dai,
M. S. Wicha, A. E. Chang and Q. Li, Clin. Immunol., 2013,
149, 156-168.

A. D. Keefe, S. Pai and A. Ellington, Nat. Rev. Drug Dis-
covery, 2010, 9, 537-550.

P. Dua, S. Kim and D. K. Lee, Methods, 2011, 54, 215-225.
Z. Liu, J. Li, J. Li, ]. Huang, F. Ke, Q. Qi, X. Jiang and
Z. Zhong, Int. J. Nanomed., 2012, 7, 5039-5049.

S. Shigdar, J. Lin, Y. Yu, M. Pastuovic, M. Wei and
W. Duan, Cancer Sci., 2011, 102, 991-998.

S. Xiao, Z. Liu, R. Deng, C. Li, S. Fu, G. Chen, X. Zhang,
F. Ke, S. Ke, X. Yu, S. Wang and Z. Zhong, J. Controlled
Release, 2017, 258, 130-145.

S. M. Nimjee, R. R. White, R. C. Becker and B. A. Sullenger,
Annu. Rev. Pharmacol. Toxicol., 2017, 57, 61-79.

E. Locatelli, I. Monaco and M. Comes Franchini, RSC Adv.,
2015, 5, 21681-21699.

E. Locatelli, Y. Li, I. Monaco, W. Guo, M. Maturi,
L. Menichetti, P. Armanetti, R. C. Martin and M. Comes
Franchini, Int. J. Nanomed., 2019, 14, 1877-1892.

E. Poonaki, A. C. Nickel, M. Shafiee Ardestani,
L. Rademacher, M. Kaul, E. Apartsin, S. G. Meuth,
A. Gorji, C. Janiak and U. D. Kahlert, Int. J. Mol. Sci.,
2022, 23.

L. Chen, M. Liu, Q. Zhou and X. Li, Emergent Mater., 2020,
3, 381-405.

This journal is © The Royal Society of Chemistry 2025

193

194

195

196

197

198

199

200
201

202

203

204

205

206

207

208

209

210

211

212

213

214

View Article Online

Review

Y. Zhou, G. Quan, Q. Wu, X. Zhang, B. Niu, B. Wu,
Y. Huang, X. Pan and C. Wu, Acta Pharm. Sin. B, 2018, 8,
165-177.

C. Hu, H. Li, J. Li, Z. Zhu, S. Yin, X. Hao, M. Yao, S. Zheng
and J. Gu, Carcinogenesis, 2008, 29, 2289-2297.

M. Bai, M. Shen, Y. Teng, Y. Sun, F. Li, X. Zhang, Y. Xu,
Y. Duan and L. Du, Oncotarget, 2015, 6, 43779-43790.

Z. Chen, P. Zhu, Y. Zhang, Y. Liu, Y. He, L. Zhang and
Y. Gao, Mol. Pharmaceutics, 2016, 13, 2749-2759.

T. Wang, S. Shigdar, M. P. Gantier, Y. Hou, L. Wang, Y. Li,
H. A. Shamaileh, W. Yin, S. F. Zhou, X. Zhao and W. Duan,
Oncotarget, 2015, 6, 44191-44206.

F. Parviz, C. Matullo, W. D. Garrison, L. Savatski, J. W.
Adamson, G. Ning, K. H. Kaestner, J. M. Rossi, K. S. Zaret
and S. A. Duncan, Nat. Genet., 2003, 34, 292-296.

P. H. Tsai, M. L. Wang, J. H. Chang, A. A. Yarmishyn,
P. N. Nhi Nguyen, W. Chen, Y. Chien, T. . Huo, C. Y. Mou
and S. H. Chiou, ACS Appl. Mater. Interfaces, 2019, 11,
19808-19818.

Z.Y. Wang and Z. Chen, Blood, 2008, 111, 2505-2515.

W. H. Miller, Jr., H. M. Schipper, ]. S. Lee, J. Singer and
S. Waxman, Cancer Res., 2002, 62, 3893-3903.

K. Z. Zhang, Q. B. Zhang, Q. B. Zhang, H. C. Sun, J. Y. Ao,
Z.T. Chai, X. D. Zhu, L. Lu, Y. Y. Zhang, Y. By, L. Q. Kong
and Z. Y. Tang, J. Hematol. Oncol., 2014, 7, 28.

H. Sun and S. Zhang, Biochem. Biophys. Res. Commun.,
2011, 410, 692-697.

Y. Huang, B. Zhou, H. Luo, J. Mao, Y. Huang, K. Zhang,
C. Mei, Y. Yan, H. Jin, J. Gao, Z. Su, P. Pang, D. Li and
H. Shan, Theranostics, 2019, 9, 4391-4408.

A. Rehman, S. Houshyar and X. Wang, J. Biomed. Mater.
Res. Part A, 2020, 108, 906-922.

T. H. Chu, H. H. Chan, T. H. Hu, E. M. Wang, Y. L. Ma,
S. C. Huang, J. C. Wu, Y. C. Chang, W. T. Weng, Z. H. Wen,
D. C. Wu, Y. A. Chen and M. H. Tai, Cancer Med., 2018, 7,
2567-2580.

P. D. Eckford and F. J. Sharom, Chem. Rev., 2009, 109,
2989-3011.

X. Wang, X. C. Low, W. Hou, L. N. Abdullah, T. B. Toh,
M. Mohd Abdul Rashid, D. Ho and E. K. Chow, ACS Nano,
2014, 8, 12151-12166.

Y. Li, J. Wu, Q. Lu, X. Liu, J. Wen, X. Qi, J. Liu, B. Lian,
B. Zhang, H. Sun and G. Tian, Int. J. Nanomed., 2022, 17,
2559-2575.

M. Mimeault and S. K. Batra, J. Cell. Mol. Med., 2013, 17,
30-54.

Y. Yang, R. Hernandez, ]J. Rao, L. Yin, Y. Qu, J. Wu, C. G.
England, S. A. Graves, C. M. Lewis, P. Wang, M. E.
Meyerand, R. J. Nickles, X. W. Bian and W. Cali, Proc. Natl.
Acad. Sci. U. S. A., 2015, 112, E6525-6534.

M. Li, Z. Panagi, K. Avgoustakis and ]J. Reineke, Int.
J. Nanomed., 2012, 7, 1345-1356.

A. P. Francis and T. Devasena, Toxicol. Ind. Health, 2018,
34, 200-210.

S. Salunkhe, Dheeraj, M. Basak, D. Chitkara and A. Mittal,
J. Controlled Release, 2020, 326, 599-614.

J. Mater. Chem. B


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01278c

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 sentyabr 2025. Downloaded on 27.09.2025 09:54:47.

(cc)

Review

215 J. Du, L. L. Shi, W. W. Jiang, X. A. Liu, X. H. Wu,
X. X. Huang, M. W. Huo, L. Z. Shi, J. Dong, X. Jiang,
R. Huang, Q. R. Cao and W. Zhang, Int. J. Nanomed., 2024,
19, 5071-5094.

J. Mater. Chem. B

View Article Online

Journal of Materials Chemistry B
216 R. Mohammadpour, D. L. Cheney, J. W. Grunberger,
M. Yazdimamaghani, J. Jedrzkiewicz, K. J. Isaacson, M. A.

Dobrovolskaia and H. Ghandehari, J. Controlled Release,
2020, 324, 471-481.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01278c



