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Abstract

Cholangiocarcinoma (CCA) is a rare primary cancer of the bile duct epithelium, accounting for about 3% of all
gastrointestinal cancers worldwide. CCA incidence is notably higher in Southeast and East Asia, particularly in
northeastern Thailand. The early diagnosis of CCA is limited, while the cancer tends to metastasize rapidly,
contributing to high mortality rates. Current treatments for CCA, including conventional chemotherapies, often
cause drug resistance and induce significant side effects due to the drug going off-target. This underlines the need
for novel therapeutic strategies, including chemopreventive and adjuvant treatments. Targeted drug delivery
systems using nano-based technologies offer a promising approach to enhance treatment specificity and
effectiveness, thereby minimizing side effects. This review provides an overview of nanomedicine’s application in
the treatment of CCA. Polymeric and lipid-based nanoparticles (NPs), as examples of passive targeting
mechanisms such as the enhanced permeability and retention effect, are discussed. Additionally, functionalized
NPs are described, focusing on their role in active targeting strategies in CCA therapy. This summary will support
the development of more effective drugs for CCA.
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INTRODUCTION

Cholangiocarcinoma

Cholangiocarcinoma (CCA) is a primary cancer of the bile duct epithelium. CCA arises from the malignant
transformation of cholangiocytes, the epithelial cells that line the biliary apparatus"’. CCA is a rare cancer
worldwide, representing approximately 3% of all gastrointestinal cancers™”. However, the highest incidence
of CCA was reported in Southeast and East Asia, especially in Northeastern Thailand". The difficulty of
early diagnosis and high metastasis are CCA’s main problems, leading to high mortality rates. Most patients
are diagnosed in the advanced stage. Currently, complete tumor resection is considered the most effective
treatment option for CCA". However, since the patients are in an advanced stage with tumor metastasis,
the operation has been limited. In the case of surgery, CCA patients still have poor outcomes, with 5-year
survival rates ranging from 5% to 20%'”. Chemotherapy (gemcitabine and cisplatin) and radiotherapy are
other choices of CCA treatments, but their efficiency is still unsatisfactory due to cancer’s heterogeneity.
The most effective treatment for CCA is surgery in the early stage, which can improve survival up to 4 years.
Unfortunately, most patients are unresectable cases. The best choice for these patients is palliative care to
improve quality of life”*.

The standard chemotherapeutic regimen for patients with advanced-stage CCA involves adding either
durvalumab or pembrolizumab to the standard treatment of cisplatin and gemcitabine, offering a new first-
line treatment option. Furthermore, advancements in comprehensive genomic profiling have enabled the
identification of targetable genetic mutations, including isocitrate dehydrogenase 1, fibroblast growth factor
receptor 2, human epidermal growth factor receptor 2 (HER2), B-Raf proto-oncogene, neurotrophic
tropomyosin receptor kinase, rearranged during transfection, Kirsten rat sarcoma virus, and mouse double
minute 2 homolog. This has paved the way for the development of precision medicine strategies for patients
who have previously undergone treatment”. However, drug resistance in CCA patients leads to
unsatisfactory outcomes and complications. Therefore, for CCA treatment, novel drug development
techniques are urgently required to improve the conventional efficiency of drugs. At present,
nanotechnology, especially nano-based drug delivery systems, is considered a promising and cutting-edge
technology for drug delivery that advances personalized medicine and improves patient outcomes.

CCA pathophysiology

CCA is a malignancy of the bile ducts’ epithelium that arises from the malignant transformation of
cholangiocytes. CCA is classified into two types according to the lesion’s location: intrahepatic and
extrahepatic CCA [Figure 1]. An intrahepatic CCA tumor occurs within the liver, but extrahepatic CCA
arises in the large bile duct"”. Extrahepatic CCA is an adenocarcinoma with different histological variants,
including papillary adenocarcinoma, signet-ring carcinoma, squamous cell or mucoepidermoid carcinoma,
and a lymphoepithelioma-like form"".

Etiology and carcinogenesis of CCA

Most cases of CCA occur sporadically, and the exact etiology is unknown. However, the association of
obstructed bile flow induces chronic inflammation, which is the main condition for CCA development*?.

The most common disease associated with CCA in Western countries is primary sclerosing cholangitis,
while liver fluke [Opisthorchis viverrini (Ov), Clonorchis sinensis] infestation can cause CCA in Southeast
Asial!. The endemic areas of these liver flukes are Japan and Southeast Asia, especially Thailand. Humans
are infected by the consumption of undercooked fish containing adult worms. Worms lay their eggs in the
host’s bile duct and persist there for several years, causing an inflammatory response that leads to CCA. The
mechanisms by which Ov induces cholangiocarcinoma can be divided into two main categories: physical
and immunopathological mechanisms [Figure 2]. Among the physical pathways, liver fluke infection leads
to biliary damage. The flukes’ suckers attach to the biliary epithelium, causing damage to the bile ducts.
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Figure 1. Cholangiocarcinoma classification. CCA is categorized into intrahepatic and extrahepatic types. Extrahepatic CCA is further
divided into perihilar and distal types. Adapted from Blechacz et al."”. CCA: Cholangiocarcinoma.
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Figure 2. The mechanistic insight of liver fluke-induced cholangiocarcinoma. Two main pathways are involved in liver fluke-induced bile

duct epithelium damage: immunopathology to parasite antigens and mechanical damage. Adapted from Sripa et al™.

When liver flukes mature, the lesions grow larger and become ulcerated, causing the formation of
circumoval granulomas during chronic opisthorchiasis, which eventually leads to biliary periductal fibrosis.
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In addition to inflammation, the ulcers allow bile acids to enter, and prolonged exposure to these substances
can increase the risk of malignant transformation, as these metabolites are known to be endogenous factors
in the development of malignancy. In the immunopathology pathway, immune responses and
immunopathological mechanisms play a key role in causing hepatobiliary damage in opisthorchiasis"*. In
hamsters with liver fluke infection in the bile duct, inflammation was observed around the infected bile
ducts". The immunopathology is caused by inflammation, particularly due to reactive oxygen
intermediates and nitric oxide. These pathways intersect, causing genetic damage and uncontrolled cell
proliferation. As DNA or genes are repeatedly replicated, the damage becomes stabilized, eventually leading
to the malignant transformation of cholangiocytes, as shown in Figure 2%,

CCA pathogenesis

The exact molecular mechanisms underlying the development of CCA remain unclear. However, chronic
inflammation is believed to promote cell proliferation and may increase the risk of DNA damage and
somatic mutations"”"*.. Cholangiocytes secrete several proinflammatory cytokines, such as TNF-X, IL-6, and
nitric oxide. The reactive oxygen species interact with DNA together with nitric oxide and cause DNA
damage, leading to mutation"”. Moreover, IL-6 has also been found to be elevated in the serum of patients
with CCA™. This cytokine is known to play a key role in cholangiocarcinogenesis and cell proliferation. A
previous report showed that bile acids stimulate cell proliferation via the activation of growth factors, such
as epithelial growth factors™. Non-alcoholic fatty liver disease is a potentially modifiable risk factor for
cholangiocarcinoma and gallbladder cancer®. In addition, liver cirrhosis and viral hepatitis B and C are
known risk factors for cholangiocarcinoma, particularly intrahepatic CCA”**!. Cholangiocarcinogenesis
associated with viral hepatitis is likely connected to chronic inflammation and enhanced cell
proliferation!. The impact of hepatitis infection on CCA also shows geographic differences, with variations

between Western countries and Asia, where hepatitis viruses are endemic!*,

Challenges of CCA treatment

Currently, early diagnosis of CCA remains limited, and the disease is associated with a high likelihood of
local metastases, including lymph node metastases. CCA 1is classified into five stages, from stage 0 (least
advanced) to stage 4 (most advanced)"”. The 5-year overall survival rates for stages 3 and 4 are less than
10% and 0%, respectively. Among patients eligible for curative surgery, the 5-year overall survival rate is
between 15% and 40%"”. However, most patients present to the hospital at an advanced, incurable stage.
Although complete tumor resection is the best approach and remains the only potentially curative
treatment for CCA, many patients are diagnosed too late to be eligible for surgery. Moreover, 10% to 35% of
patients initially considered resectable are later found to be unresectable during exploratory
laparotomy'
persistently low survival rates of CCA patients highlight the ongoing challenges in its treatment'”.

28,29

). The median overall survival for patients with unresectable CCA is only 3-6 months"®. The

The incidence of both distant and locoregional recurrence remains high in patients with resected CCA, with
around 60%-70% experiencing disease relapse. Until recently, adjuvant treatment was largely guided. A
meta-analysis of adjuvant treatment demonstrated improved survival outcomes in patients who underwent
R1 resection, positive for residual tumors. In recent years, the phase III Biliary Tract Cancer Adjuvant
Capecitabine trial, which evaluated adjuvant capecitabine versus placebo, did not achieve its primary
endpoint in the intention-to-treat analysis. Nevertheless, a preplanned sensitivity analysis revealed a survival
advantage, which has led to the broad approval of capecitabine as the standard adjuvant treatment"”.

The treatment of CCA remains less effective and is associated with a high rate of complications.
Conventional drug therapy via 5-FU, gemcitabine, doxorubicin, and cisplatin or their combination causes
drug resistance in CCA patients. Therefore, novel treatment strategies for CCA, including chemopreventive
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and adjuvant therapeutics, must be developed. Conventional chemotherapeutic drugs are non-targeted
cancer therapies that affect both tumor cells and numerous normal cells, leading to unfavorable side effects.
Tumor-targeted drug delivery systems have been employed to increase the selectivity of drug accumulation
and enhance internalization into tumor cells. The development of novel chemotherapeutic drugs via nano-
based drug delivery systems has become an attractive approach to overcome the limitations of conventional
drugs. Moreover, the exploitation of selective molecular targets that can inhibit tumor progression and
improve clinical outcomes will be beneficial for drug development against CCA""..

CANCER NANOMEDICINE

Cancer remains one of the leading causes of mortality worldwide. Although modern treatments such as
immunotherapy and conventional medicines are widely used, a major challenge in drug delivery is off-
target effects, which can lead to undesirable side effects. To address this, nanotechnology has been applied
in the form of nanocarriers to enhance therapeutic efficacy by specifically delivering drug payloads to
targeted organs or cells.

Colloidal gold particles were used for medicinal purposes in the early history of nanomedicine™. The term
“nanomedicine” was first introduced by Robert A. Freitas in 1999"*.. Nanomedicine has been sought due to
conventional cancer drugs’ deficiencies, such as low specificity, rapid drug clearance, biodegradation, and
limited targeting. Nanoparticles (NPs) as drug carriers have been proposed as an alternative strategy for
cancer treatment. Furthermore, the surface modification of drug-carried NPs yields a multifunctional drug
delivery system. Such a multifunctional drug delivery system can be tailored via surface modification of
drug-loaded NPs, resulting in a specific controlled release”. In comparison with conventional anti-cancer
drugs, the targeted nano-therapeutic approach has exhibited higher efficacy with reduced toxicity, enhanced
permeability, sustained controlled release, and increased plasma half-life of drugs"*”. Key milestones in the
development of nano-based drug delivery systems are illustrated in the timeline shown in Figure 3.

For almost three decades, research focused on cancer nanomedicine has expanded™. Various types of NPs,
including inorganic, polymeric, and lipid-based NPs, have been employed to deliver chemotherapeutic
agents, immunotherapeutic drugs, and nucleic acids to tumor sites. At present, 15 anti-cancer-based
nanomedicines are approved globally, whereas up to 200 novel nanomedicines are under investigation in
clinical trials"”. Upon advances in nanotechnology, the series of nanomedicines has been continuously
developed, focusing on improving therapeutic efficiency and minimizing off-target effects"”.

In tumor tissues, the therapeutic efficacy of nanomedicine is primarily achieved through passive
accumulation in solid tumors via the enhanced permeability and retention (EPR) effect. The EPR effect
arises from the leaky vasculature and deficient lymphatic drainage characteristic of tumor tissues, allowing
NPs to penetrate and accumulate within the tumor microenvironment®™ [Figure 4]. The first nanomedicine
approved by the FDA was pegylated liposomal doxorubicin (Doxil®), indicated for the treatment of breast
cancer. The latest FDA-approved nanomedicine is paclitaxel micellar (Apealea®). Both Doxil® and Apealea®

36]

rely on EPR-mediated passive targeting to accumulate in tumor tissues!

To improve specificity and enhance nanotherapeutics’ cellular internalization into tumor cells through cell-
specific targeting, second-generation cancer nanomedicines have been developed™. Nanocarriers can be
functionalized using targeting moieties that selectively bind to antigens or receptors expressed on the tumor
cell membrane. The targeting moieties can be carbohydrates, small molecules, peptides, antibodies, or
nucleic acids. Conjugated nanocarriers can increase cellular uptake and increase therapeutic efficiency
[Figure 4],
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Figure 3. Timeline of nanomedicine developments. Adapted from Fan et al.®* EPR: Enhanced permeability and retention; NP:
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Figure 4. Schematic representation of the mechanism whereby nanomedicines achieve cancer therapeutic efficiency via passive
targeting (EPR effect) and active targeting (ligand binding). Adapted from R. Masoudifar et al."”.EPR: Enhanced permeability and
retention.

As an emerging class of cancer treatments, nanomedicines have drawn increasing attention from both the
scientific community and the wider public. Nanomedicine-based therapy has emerged as a promising
approach for targeting cancer cells while not affecting normal healthy cells">*!. The distinct advantages of
nanomedicines have been well-documented, including tumor accumulation via the enhanced permeability
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and retention effect, protection of drugs from enzymatic and mechanical degradation, prolonged drug
release, triggered or stimulus-responsive activation, specific targeting at the tumor site, and the ability to
overcome biological barriers*. For instance, stromal-rich cancers such as pancreatic ductal
adenocarcinoma and cholangiocarcinoma are among the most challenging to treat due to their distinct
pathobiological characteristics. These cancers feature a dense desmoplastic stroma and poorly vascularized,
hypoperfused tumor vessels, which greatly limit the effectiveness of conventional small-molecule drugs.
However, nanomedicines offer promising potential to overcome these barriers'*. Furthermore, the ability
to combine multiple therapeutic strategies within a single nanoplatform is one of the advantages of
nanomedicine®”. Certain biological vesicles, such as exosomes, have also been explored as nanomedicine
carriers*”. Due to their inherent tumor-homing capabilities, MSCs and MSC-derived exosomes show
potential as targeted delivery vehicles for cancer treatment. They can precisely deliver antitumor molecules,
RNA, or chemotherapeutic drugs, effectively reducing the viability and invasiveness of tumor cells"*"’.

In this review, we summarize the current progress in nanomedicine, with a particular focus on its
application to CCA treatment. Polymeric and lipid-based NPs are described as representatives of passive
targeting via the EPR effect. Additionally, NPs with specific functionalization or surface modifications are
discussed as examples of active targeting nanomedicine.

NANOMEDICINES FOR CCA TREATMENT
Nanomedicine for CCA treatment via passive targeting
Polymeric NPs

Polymeric NPs (PNPs) are nanoscale solid particles composed of biocompatible polymers. An active
pharmaceutical ingredient (API), such as an anti-cancer drug, can be either encapsulated within the PNP or
conjugated to its surface. Based on the source of the polymer, PNPs are generally categorized into two types:
natural (or naturally derived) polymers and synthetic polymers!

47]

Natural polymeric NPs

Chitosan is deacetylated chitin, which can be obtained from a variety of natural sources, including marine
organisms, insects, fungi, and animals. The physicochemical characteristics of chitosan largely depend on its
deacetylation degree and molecular weight“”. Due to its excellent biocompatibility and biodegradability,
chitosan-based nanosystems have been widely applied in cancer diagnosis and treatment". In CCA
treatment, chitosan-based NPs have been developed to deliver chemotherapeutic™ and photodynamic
therapeutic drugs"', demonstrating superior efficacy over free APIs.

Moreover, a chitosan-based delivery system can be designed to promote the delivery to cancer cells,
particularly those with multidrug resistance, which exhibit a unique acidic pH and elevated glutathione
concentration. In 2013, doxorubicin (DOX) was incorporated into histidine (His)-modified chitosan-
based NPs, and its therapeutic effectiveness on DOX-resistant CCA was investigated for the first time. The
DOX-loaded His-modified chitosan-based NPs (DOX-His-CNPs) demonstrated significantly higher
cytotoxicity to DOX-resistant CCA compared to free DOX in both in vitro and in vivo studies™.

Unlike chemotherapy, each API used in photodynamic therapy (PDT) is non-toxic to both cancerous and
noncancerous cells in the absence of light activation. The cytotoxic effects of PDT primarily depend on the
generation of reactive oxygen species (ROS), which are produced through biochemical reactions involving
light and photosensitizing agents. These ROS play a crucial role in inducing apoptosis and necrosis in cells.
Therefore, the selectivity of PDT for cancer cells is a key factor determining its therapeutic efficacy™.
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Chlorin E6 (Cs)-loaded ursodeoxycholic acid-modified chitosan has been shown to enhance Ceé
accumulation in CCA cells, increase ROS production, and improve phototoxicity compared to free Ce"*''.

Synthetic polymeric NPs

Poly (lactic-co-glycolic acid) (PLGA) is a synthetic, biocompatible, and biodegradable polymer approved by
the US FDA for clinical use®. PLGA-based NPs are well known for their ability to sustain and prolong the
release of encapsulated APIs™". Currently, PLGA-based NPs have been applied to both chemotherapeutic
drugs, such as doxorubicin®”, and phytochemical agents for CCA treatment, including ursolic acid™ and
atractylodin (ATD)"". Incorporating these APIs into PLGA NPs effectively overcomes their solubility
limitations, resulting in enhanced cytotoxicity against CCA cells and reduced toxicity to noncancerous cells
compared to the free APIs. Notably, ATD-loaded PLGA NPs have demonstrated higher oral bioavailability
and improved biodistribution relative to free ATD"".

Lipid-based NPs

Lipid-based NPs (LNPs) mainly consist of lipid components such as phospholipids, cholesterol, and
triglycerides. Due to their structural similarity to biological membranes, LNPs exhibit excellent
biocompatibility*®. Currently, various types of LNPs have been utilized in cancer therapy, with liposomes
being the most notable LNPs investigated for CCA treatment. A recent retrospective study reported that
CCA patients receiving a combination of irinotecan-loaded liposomes and chemotherapeutic drugs,
including leucovorin and 5-fluorouracil as a secondXline treatment, achieved an overall survival of 12.4
months after initiation™’. Despite these promising results, the clinical application of liposomes remains
limited. However, several studies have been conducted in vitro or in animal models, as summarized below.

Gemcitabine (GEM), a chemotherapeutic agent commonly used to treat CCA, exerts its cytotoxic effects by
inhibiting DNA synthesis'®. However, GEM is rapidly inactivated intracellularly, leading to a short half-life
and reduced chemosensitivity™". By incorporating GEM into photosensitizer-modified liposomes, targeted
delivery to CCA tissues can be achieved, and local laser irradiation can further promote GEM release from
the carrier. This strategy has shown enhanced anti-cancer activity and reduced side effects”. In addition to
chemotherapeutic drugs, photosensitizers can also be encapsulated within liposomes. For example, 5-
aminolevulinic acid (ALA), a precursor to protoporphyrin IX, generates cytotoxic ROS upon light exposure.
ALA-loaded liposomes demonstrated superior cellular internalization and higher photocytotoxicity
compared to free ALA'”. An overview of nanomedicines for CCA treatment via passive targeting is
provided in Table 1.

Inorganic nanoparticles

Inorganic nanoparticles are nanoparticles that do not contain carbon®. Compared with organic
nanoparticles, they exhibit biocompatibility, non-toxicity, hydrophilicity, and high stability'*. Common
types of inorganic nanoparticles include magnetic nanoparticles, quantum dots, gold nanoparticles, and
metal oxide nanoparticles. The delivery of 5-fluorouracil using magnetic Fe,O, nanoparticles’” and
modified gold nanoparticles” has demonstrated higher efficiency than the free drug in treating CCA in
vitro and in vivo, respectively. Inorganic nanoparticles can also be modified for targeted drug delivery. For
example, gemcitabine-loaded zeolitic imidazolate framework-67 (GEM-ZIF97) significantly reduced CCA
cell viability, maintained higher viability of normal cells, and decreased tumor size in in vivo studies'*”,
demonstrating the potential of inorganic nanoparticles in cancer therapy. Additionally, carbon dots have
been reported to inhibit the growth of CCA cells”™. However, inorganic nanoparticles are more often
efficient when used in combination with other therapies.
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Table 1. Examples of polymeric and lipid-based nanomedicines for CCA treatment via passive targeting

Nanocarrier Payload Characterization In Vitro/In Vivo Model Application Ref.

DOX-His- DOX <200 nm Exhibited higher cytotoxicity against DOX- Promoted DOX release in the tumor  [50

CNPs resistant HUCCT-1 cholangiocarcinoma cells microenvironment (low pH and high ]
compared to free DOX in both in vitro and in vivo  glutathione)
studies

C6-UA-CNPs C6 <400 nm Showed higher cytotoxicity toward HUCCT-1 Enhanced cellular uptake of C6 and [51]
cholangiocarcinoma cells and lower toxicity to increased phototoxicity in cancer
noncancerous cells compared to free C6 cells

DOX-DexbLG DOX 100-200 nm Demonstrated greater penetration and Improved DOX penetration into [56]

cytotoxicity against DOX-resistant HuCCT-1 cells cancer cells
compared to free DOX

ATD-PLGA ATD 214 nm, -30 mV, Showed higher cytotoxicity to HuCCT-1and CL-6 Exhibited higher oral bioavailability [571
NPs 68% EE cholangiocarcinoma cell lines compared to free  and improved biodistribution

ATD compared to free ATD
IRI-Lip IRI N/A The combination with leucovorin and 5- Used as second-line treatment for [59]

fluorouracil as second-line therapy demonstrated CCA
promising overall survival one year after initiation

GEM-PheoA- GEM 100 nm, +0.04 mV,  Showed higher anti-cancer activity than GEM Enabled specific delivery of GEM to [62]

Lip 38% EE alone in both in vitro (HuCCT-1cells) and invivo  HuCCT-1 cells, with local irradiation
studies enhancing cytotoxicity
ALA-Lip ALA 87-510 nm, 4.4-5.1% Demonstrated superior cellular internalization Effective candidate for ALA delivery  [63]
EE and higher photocytotoxicity compared to free in cholangiocarcinoma cells
ALA
UA-PLGA NPs UA 240 nm, -16 mV, Exhibited superior cytotoxicity toward KKU-213A  Showed anti-cancer activity with [64
98% EE (JCRB1557) and KKU-055 (JCRB1551) excellent hemocompatibility ]
cholangiocarcinoma cell lines compared to free
UA

CCA: Cholangiocarcinoma; DOX: doxorubicin; His: histidine; C6: chlorin E6; CNP: chitosan-based NP; NP: nanoparticle; ATD: atractylodin; PLGA:
poly (lactic-co-glycolic acid); GEM: gemcitabine; ALA: 5-aminolevulinic acid; Lip: Liposome, EE: encapsulation efficiency.

Biomimetic nanoparticles
Exosomes

Exosomes are extracellular structures enclosed by a lipid bilayer, which safeguards their cargo from
degradation. Notably, exosomes secreted by various cell types can partially reflect the heterogeneity of their
cells of origin, providing them with superior biocompatibility compared to other delivery systems such as
liposomes and lipid-based nanoparticles. Recent studies have demonstrated that exosomes are effective
carriers for delivering chemotherapeutic drugs, successfully inhibiting tumor cell proliferation and growth
both in vitro and in vivo. For example, exosomes derived from human bone marrow mesenchymal stem
cells have been investigated as carriers for 5-fluorouracil (5-FU). The effects of these 5-FU-loaded exosomes
on the growth of CCA cells were evaluated in vitro. Compared to free 5-FU, exosome-loaded 5-FU resulted
in a significantly greater reduction in CCA cell viability. These findings suggest that 5-FU-loaded exosomes
could represent an effective chemotherapeutic strategy for CCA treatment.

Nanomedicine for CCA treatment via targeted NPs

Nanotechnology has transformed cancer treatment by enabling precise drug delivery systems. Passive
targeting via the EPR effect was one of the earliest strategies, taking advantage of the leaky vasculature in
tumors to facilitate NP accumulation in cancerous tissues. However, variability in tumor vascularization

and the limited specificity of passive targeting often result in suboptimal treatment outcomes'”..

Active targeting enhances selectivity by functionalizing NPs with ligands, such as antibodies, peptides, or
small molecules, that specifically recognize overexpressed markers or proteins on CCA cells. By utilizing
these molecular markers, targeted NPs significantly improve cellular uptake and therapeutic efficacy while
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minimizing off-target effects, offering promising avenues for the precision treatment of this aggressive
malignancy””. The importance of these molecular targets and their application in NP functionalization for
CCA treatment are discussed below.

Takeda G protein-coupled receptor 5

One promising strategy involves using liposomes to deliver curcumin, a compound known for its anti-
cancer properties but limited by poor solubility and stability. Deoxycholic acid (DCA), a secondary bile
acid, has been utilized to formulate DCA-based curcumin-containing liposomes (dLip/Cur) based on the
hypothesis that DCA can bind to the Takeda G protein-coupled receptor 5 (TGR5), which is overexpressed
in CCA cells. Studies have shown that these DCA-formulated liposomes significantly improve cytotoxicity
against CCA cell lines. They promote caspase-dependent apoptosis more effectively than curcumin,
suggesting that this novel delivery system could enhance curcumin’s therapeutic potential against
cholangiocarcinoma®.

Folic Acid Receptor

The overexpression of folic acid receptors in cancer cells relative to normal tissues offers a unique
opportunity for targeted therapy. Researchers have developed gold NPs (AuNPs) conjugated with 5FU and
folic acid (FA), further functionalized with polyethylene glycol (PEG) as a linker (AuNPs-PEG-5FU-FA).
This targeted delivery system has demonstrated increased cytotoxicity in CCA cell lines expressing FA
receptors, specifically M139 and M213 cells, compared to free 5FU. Moreover, the cytotoxicity is closely
correlated with FA receptor expression, and its mechanism of action is linked to the activation of the
mitochondrial apoptotic pathway'**.

Human epidermal growth factor receptor 2

HER2 is a member of the tyrosine kinase family that is crucial for cellular proliferation and apoptosis. HER2
overexpression has been observed in various cancer cells, including cholangiocarcinoma. The upregulation
of HER2 can promote tumor growth and aggressiveness and is often linked to poor prognosis in patients
with CCA"”.

Cell membrane-derived nanovesicles have been developed as alternative nanotechnological drug delivery
systems due to their superior biocompatibility and reduced clearance by the reticuloendothelial system.
Moreover, the surface of these nanovesicles can be effectively modified with a wide range of ligands. In one
study, indocyanine green (ICG), a medical dye used for diagnostics and photothermal therapy, was
incorporated into nanovesicles and functionalized with an HER2-specific affibody (A-NVs@ICG) to target
HER2-overexpressing perihilar cholangiocarcinoma for precision theranostics. This functionalization
markedly enhanced the specificity toward HER2-expressing cells and increased cellular uptake of ICG in
SK-Cha-1 cells (a human intrahepatic cholangiocarcinoma cell line). The improved cellular uptake led to
significantly higher in vitro photothermal cytotoxicity and greater tumor volume reduction in vivo™.

Epithelial cellular adhesion molecule

Epithelial cellular adhesion molecule (EpCAM) is a transmembrane glycoprotein commonly expressed in
CCA cells, making it a promising target for drug delivery””. A study investigated the use of milk-derived
nanovesicles (MNVs) decorated with EpCAM-specific aptamers to deliver RNA therapeutics targeting
programmed death-ligand 1 (PD-L1) in CCA. PD-L1 is a key immune checkpoint that enables cancer cells
to evade immune detection and is highly expressed in CCA"". The researchers assessed the effects of these
EpCAM-targeted nanovesicles on PD-L1 expression in human CCA cell lines HuCCT-1 and SNU1079. The
MNVs were loaded with either small interfering RNA (siRNA-tMNVs) or ribonucleoproteins (RNP-
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tMNVs) specific for PD-L1, resulting in an approximately 50% reduction in PD-L1 expression. Additionally,
co-culture experiments with T cells and natural killer cells showed increased immune activity, including
enhanced degranulation and cytokine release, indicating that targeted delivery effectively modulated the
immune response against tumor cells. The study also utilized multicellular spheroids to better mimic the
tumor microenvironment, further validating the immunomodulatory effects of the engineered nanovesicles.

The therapeutic potential of EpCAM-targeted MNV's was further evaluated in an immunocompetent mouse
model of CCA. Mice were treated with siRNA-loaded MNVs in combination with gemcitabine to assess
tumor burden reduction compared to control groups. The results showed that this combination therapy
significantly reduced tumor size and improved overall survival rates. The study highlights the promising
application of EpCAM-targeted nanovesicles for the delivery of RNA therapeutics””..

Hyaluronic acid receptor

GEM is an anti-cancer drug commonly prescribed for the treatment of CCA". To enhance its efficacy
against drug-resistant CCA and reduce adverse effects, researchers have encapsulated GEM within zeolitic
imidazolate frameworks-67 (GEM@ZIF-67-HA), a type of metal-organic framework (MOF) characterized
by its crystalline porous nanostructure. This nanoparticle system offers tunable properties and versatile
functionalization options. Furthermore, hyaluronic acid was conjugated onto these NPs to target hyaluronic
Acid (HA) receptors, such as CD44, which are frequently overexpressed in various cancer cells, including
CCA. The ZIF-67 system enables passive targeting through pH-responsive drug release, facilitating drug
release specifically under acidic conditions. HA conjugation enhances the cellular uptake of ZIF-67 in
QBC939 cells (CD44-positive cholangiocarcinoma cells), while showing minimal uptake in HIBEC cells
(normal biliary epithelial cells). In vitro cytotoxicity assays demonstrated increased toxicity in QBC939 cells
without significant effects on HIBEC cells. Additionally, in vivo studies revealed that the GEM@ZIF-67-HA-
targeted group exhibited lower tumor growth rates and reduced tumor weight compared to the group
treated with free gemcitabine*”.

Another promising approach used HA to target CCA cells with a dual-targeting nanoplatform. In this
design, micelles formed by octadecylamine (ODA) encapsulate the Polo-like kinase 1 (PLK1) inhibitor
R03280 (Ro). These micelles are functionalized with HA to target HA receptors on CCA cells and with an
anisamide-derived ligand (AA) to target sigma receptors on cancer-associated fibroblasts (CAFs). The
resulting AA-HA-ODA/Ro micelles exhibited significantly higher affinity toward HuCCT-1 cells and
activated NIH/3T3 cells compared to normal hepatocytes (LO2 cells). Moreover, AA-HA-ODA/Ro
demonstrated stronger antitumor effects in organoids and multicellular spheroids. In vivo studies further
confirmed uniform tumor penetration, sequential release, and reductions in liver pathological lesions, liver
weight, and tumor-positive area percentage””. The nanomedicines designed for CCA treatment via actively
targeted NPs are summarized in Table 2.

CONCLUSION AND PERSPECTIVE

Although the significant benefits of nanotechnology are widely recognized, concerns about its potential
risks to human health and the environment are only starting to surface. Due to the limited availability of
supporting data, critics have raised several warnings about the potentially harmful effects of nanotoxicity on
both human health and ecological systems. As with most new technologies, the emphasis on benefits has
been tempered by considerable debate about the safety and appropriate use of nanotechnology™*"*!. The
exact mechanisms underlying nanotoxicity remain a subject of debate. However, the physicochemical
characteristics of NPs are the major factors that determine their toxicity pathways. The concept of
nanotoxicology is grounded in several key parameters, including particle size, surface area, shape
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Table 2. Examples of actively targeted nanomedicines for CCA treatment

Targeting Targeted
Nanocarrier Payload Characterization Moiet CElls/ In vitro/In vivo effects Application Ref.
y Tissue
AuNPs-PEG- 5-FU 1517 £1.69 nm, Folic acid M139, Increased cellular uptake, Platform to improve [68]
5FU-FA 90% EE M213 enhanced cytotoxicity, specificity to CCA cells
activated mitochondrial
apoptotic pathways
GEM@ZIF-67- Gemcitabine 103.6 nm, PDI 0.145 HA ZIF-67, Improved cell internalization, pH-responsive [69]
HA MOFs QBC939 increased in vitro cytotoxicity, platform enabling
enhanced in vivo antitumor passive and active
effects targeting
A-NVs@ ICG ICG ~200 nm, 72.7% HER2 SK-Cha-1 Increased specificity to HER2- Theranostics [75]
EE,-14.9 mV positive CCA cells, enhanced
in vitro photothermal
cytotoxicity, improved in vivo
antitumor effects
siRNA-tMNVs  siRNA,RNP  N/A EpCAM HuCCT-1, Reduced PD-L1 expression, Immunotherapy [771
and RNP- SNU-1079  enhanced immune response
tMNVs against cancer cells, reduced
tumor size, improved survival
in animal models
AA-HA- PLK1inhibitor ~40 nm HA, AA HuCCT-1, Improved selectivity for CCA  Dual-targeting [79]
ODA/Ro (Ro3280) CAFs cells and CAFs, nanoplatform
micelles enhanced organoid and 3D
spheroid cytotoxicity,
improved in vivo antitumor
effects
dLip/Cur Curcumin N/A TGR5 KKU-213A,  Enhanced in vitro cytotoxicity, Platform for improved [80
KKU-213B  promoted caspase-3/7- drug solubility and ]
dependent apoptosis targeted delivery to
pathways CCA cells

CCA: Cholangiocarcinoma; AuNP: gold nanoparticle; PEG: polyethylene glycol; 5-FU: 5-fluorouracil; FA: folic acid; EE: encapsulation efficiency;
GEM: gemcitabine; ZIF-67: zeolitic imidazolate framework-67; HA: hyaluronic acid; MOF: metal organic framework; PDI: polydispersity index;
ICG: indocyanine green; HER2: human epidermal growth factor receptor 2; NV: nanovesicle; siRNA: small interfering RNA; RNP: ribonucleoprotein;
EpCAM: epithelial cell adhesion molecule; PLK1: polo-like kinase 1; AA:anisamide; CAF: cancer-associated fibroblast; dLip/Cur: deoxycholic acid-
formulated curcumin-containing liposomes; TGR5: takeda G protein-coupled receptor 5; 3D: three dimension.

(morphology), chemical composition, surface properties, and the tendency of nanoparticles to agglomerate
or aggregate. Each of these factors plays a crucial role in determining the appropriate nanoparticle dosage
and is essential for accurately evaluating their toxicity™®. In multicellular organisms, nanotoxicity primarily
results from cell injury, which may be reversible due to cellular repair mechanisms or, if more severe and
irreversible, can cause long-term cellular damage or even cell death®. The literature suggests that various
mechanisms of toxicity have been reported depending on the type of NPs. These mechanisms include the
generation of ROS, disruption of the cell membrane, damage to the cytoskeleton and cellular organelles,
DNA damage, and the triggering of inflammatory responses'*>*. NPs also have the potential to cause kidney
damage, leading to conditions such as inflammation, oxidative stress, fibrosis, and apoptosis, which can
progress to acute or chronic renal failure. Several types of NPs, including silver nanoparticles, titanium
dioxide nanoparticles, carbon nanotubes, and quantum dots, have been associated with nephrotoxicity"”.

To mitigate nanotoxicity during the development of nanoparticle-based systems, various scientific
approaches and strategies have been explored. These include techniques such as coating, doping, grafting,
ligation, and the incorporation of antioxidants - all aimed at enhancing the biocompatibility and safety of
nanoparticles while preserving their functionality.

Although nanomedicine is widely accepted and has been implemented as a novel approach to revolutionize
cancer treatment, its translation from basic research to clinical application has encountered significant
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challenges. In studies of other cancers, nanomedicines that showed promising therapeutic results in
preclinical studies often failed in clinical trials. The main obstacle to nano-based drug delivery is the
inability to overcome the complex physiological barriers present in the human body. To reduce the high
attrition rates in clinical development, more advanced approaches are required. Specifically for CCA,
clinical trials are urgently needed to evaluate the efficacy of NPs. Consequently, the study of targeted NPs
has garnered significant interest, as they offer the potential to improve CCA treatment by enhancing tumor
accumulation, facilitating efficient cellular internalization, and ensuring precise subcellular localization.
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