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Abstract: Hepatocellular carcinoma is the fifth leading cancer in related diseases most commonly in men and women. The curative
treatments of liver cancer are short-listed, associated with toxicities and therapeutically. Emerging nanotechnologies exhibited the
possibility to treat or target liver cancer. Over the years, to phytosome solid lipid nanoparticles, gold, silver, liposomes, and
phospholipid nanoparticles have been produced for liver cancer therapy, and some evidence of their effectiveness has been established.
Ideas are limited to the laboratory scale, and in order to develop active targeting of nanomedicine for the clinical aspects, they must be
extended to a larger scale. Thus, the current review focuses on previously and presently published research on the creation of
phytosomal nanocarriers for the treatment of hepatocellular carcinoma. In hepatocellular carcinoma (HCC), phytosomal nanother-
apeutics improve the targeted delivery and bioavailability of phytochemicals to tumor cells, thereby reducing systemic toxicity and
increasing therapeutic efficacy. In order to address the intricate molecular processes implicated in HCC, this strategy is essential.
Keywords: hepatocellular carcinoma, liver cancer, phytosome, nanocarrier, clinical trials

Introduction

Hepatocellular Carcinoma (HCC) constitutes a global burden, ranking as the third common disease of cancer-related to
dies after colorectal and respiratory cancers. It was also the sixth diagnosed cancer, with an estimated 865,269 new cases
and 757,948 deaths (GLOBOCAN 2022) from liver cancer occurring in the year 2022." The projection indicates the
number of new HCC cases per year will be rise by 55% from 2020 to 2040, potentially reaching 1.4 million diagnoses by
2040. Additionally, it is estimated that 1.4 million people will be could die from hepatic cancer in 2040, which would be
a 56.4% increase from 2020.° Liver cancer and its incidence depend upon multiple factors such as demographic
displacements, lifestyle changes, and environmental segments. Increasing incidences of obesity and metabolic disorders
across the globe are laying a foundation for the prevalence of liver cancer in the future. Moreover, the regular use of
some drugs typically used to treat hepatitis B and C is another cause seen rising chances for HCC.* HCC has limited
treatment options and often is not discovered until a late stage, which can have a big impact on patient outcomes.
Meanwhile, liver transplantation is a viable option for the treatment of HCC and as a finally, this treatment has become
standardness for many patients with liver cancer. The use for liver transplant increased life expectancy and cured this
disease.” The United States Food and Drug Administration (USFDA) has launched Sorafenib also known as Nexavar®™
(Bayer Pharmaceuticals), as a first-line chemotherapeutic agent for the treatment of hepatic between 2000 and 2007.
Despite the other treatment options that have been relatively ineffective and associated with severe side effects, including
chemotherapy or radiation therapy alone or in combination with surgical resection.® The management of HCC becomes
intricate due to various reasons including the intricacies related to the disease itself and limitations present in conven-
tional approaches. Furthermore, HCC had shown to be diagnosed late because of the clinical silence during the early
period in many cases and frequently presented at an advanced stage which resulted from delay in treatment Moreover, the
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outcome of the treatment may be affected by that its terminal diagnosis decreases therapeutic possibilities. HCC tumors
are equally challenging and complicated as they exhibit heterogeneity.”® The intrinsic variety of HCC tumors makes it
difficult to create a single therapeutic strategy that works for every subtype. Since no two tumors are exactly comparable
due to this heterogeneity, developing a therapeutic strategy that works for all tumors is challenging.” For HCC, a many
numbers of patients are treated with traditional treatment modalities including surgeries, and hepatic transplantation, such
as transarterial chemo-embolization (TACE). However, these techniques are restricted to the dimensions and location of
the liver tumor and to more systemic liver function.'® There are limitations to these treatments which point out the need
for improved and more targeted therapies with better outcomes for patients. Thus, the toughest challenges in liver cancer
treatments arise due to late diagnosis, tumor heterogeneity, and the emergence of resistance toward conventional
therapy.!! Exploring solutions to these difficulties demands novel investigative strategies to design a more personalized,
effective, and adaptable treatment for the heterogeneous nature of liver cancer.'?

Nanocarriers are important role in the treatment of HCC, the most common type of liver cancer. These nanoscale
delivery systems increase the effect of therapeutic agents by improving stability, and bioavailability.'® Tailored distribu-
tion is accomplished through surface changes that allow the nanocarriers to identify and bind to tumor-specific
receptors.'* Moreover, the specific microenvironment of tumors, such as their acidic pH or high enzyme levels, can be
tailored by nanocarrier designers to ensure the precise and regulated release of the medication at the tumor location. This
exact delivery minimizes systemic toxicity while optimizing the therapeutic effect. Additionally, because nanocarriers

can encapsulate various medications, combination therapy which is frequently used to treat HCC can be used to
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overcome drug resistance. Thus, advances in nanotechnology have the potential to significantly improve patient out-
comes for hepatocellular carcinoma patients by providing more effective and less harmful treatment alternatives. '
Phytosomal nanotherapeutics have emerged as available treatment option for hepatocellular carcinoma (HCC), even
though they can boost the bioavailability and therapeutic efficiency of natural substances. Encasing phytochemicals in
phospholipid vesicles, phytosomes are advanced drug delivery vehicles that improve the stability, solubility, and
absorption of phytochemicals. For the treatment of hepatocellular carcinoma (HCC), where drug resistance, toxicity,
and tumor heterogeneity usually present difficulties for traditional therapy, phytosomal formulations provide a number of
advantages.

These nanotherapeutics can reduce systemic side effects while increasing the concentration of the active ingredient in
the tumor microenvironment by specifically targeting liver cells.

Although phytosomal nanotherapeutics can increase the bioavailability and therapeutic efficiency of natural substances,
they have emerged as a promising treatment option for hepatocellular carcinoma (HCC). Phytosomes are sophisticated drug
delivery vehicles that enhance the stability, solubility, and absorption of phytochemicals by encasing them in phospholipid
vesicles. Phytosomal formulations provide various benefits for the treatment of hepatocellular carcinoma (HCC), where drug
resistance, toxicity, and tumor heterogeneity frequently pose challenges for conventional therapy.These nanotherapeutics can
reduce systemic side effects while increasing the concentration of the active ingredient in the tumor microenvironment by
specifically targeting liver cells. The phytosomes’ phospholipid bilayer imitates the cellular membrane, which improves the
medicinal medicines’ ability to penetrate and be absorbed by cells.'>'®

Moreover, curcumin, resveratrol, and silybin natural substances utilized in phytosomal formulations have anti-
inflammatory, antioxidant, and anti-cancer qualities that can stop the formation of tumors, trigger apoptosis, and stop
them from spreading.'”

By modifying important signaling pathways involved in tumor progression and survival, phytosomal nanotherapeu-
tics can overcome drug resistance mechanisms in HCC, as shown by recent research. Furthermore, when paired with
traditional chemotherapeutics, these formulations have demonstrated synergistic effects that may lower the necessary
dosage and related toxicity.'® Therefore, phytosomal nanotherapeutics give hope for better results for patients with this
difficult cancer by presenting a novel and promising. The number of research on HCC has expanded dramatically over
the years, which is a reflection of both societal demand and scientific interest in better understanding the disease’s genesis
process and treatment. Nanotechnology facilitates the creation and modification of unique multifunctional nanomaterials
for cancer therapy, diagnosis, or both at the same time in the modern technological era. Since HCC is the second most
prevalent cause of cancer related death worldwide and a high percentage of deaths are caused by delayed diagnosis, the
use of nanomedicine based systems with theranostic applications in the treatment of HCC has become increasingly
popular.'® Advances in nanomedicine have made it possible to identify unchecked proliferating tumor cells in vivo with
greater sensitivity and specificity thanks to nano-based contrast agents. It has been demonstrated that one of the cutting-
edge approaches to support the development of fresh therapeutic or preventative measures is nanomedicine.”® As
demonstrated above, the scientific community uses a variety of nanomaterials in cancer detection and treatment,
particularly for HCC. There has been a greater consideration for NPs in targeted and controlled HCC therapy, as seen
by the volume of papers over the last 20 years. We outlined the nanoparticles developed for HCC early diagnosis and
treatment in this review; however, The USFDA-approved nanomedicine for HCC is currently available.

It is also noteworthy that the Japanese FDA has approved neocarzinostatin-loaded nanostructures and styrene-maleic

acid co-polymers.?'~>

Hepatocellular Carcinoma: An Overview

To fully understand the concept and evolution of HCC, it is imperative to investigate the fundamental molecular and
cellular mechanisms that propel its growth. A variety of potential causes can combine to cause the initiation and later
stages of HCC development. Among these possible contributing factors, some are well established including long-
standing chronic inflammation/cirrhosis in the liver, viral hepatitis infections (such as infection with hepatitis B/C),?>*
genetic changes or mutations, along with other environmental agents such as alcohol use and exposure to aflatoxin. In

HCC, chronic inflammation of the liver like that due to viral hepatitis infection, or even the one resulting from NASH
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(low-alcoholic hepatitis)-results in a favorable situation for malignancy advancement.”® In addition to creating an
environment conducive to neoplasm development, inflammation triggers an intricate chain of events favoring cellular
overgrowth and subsequent stress from DNA damage combined with high potential susceptibility to genetic modifica-
tions that convert normal liver cells into cancerous ones.** Cirrhosis is a late-stage scarring of the liver caused by non-
alcoholic steatohepatitis, viral hepatitis, or prolonged alcohol consumption (NASH), raises one’s chances of developing
liver cancer.

The fibrotic and regenerative processes in cirrhosis create a hepatocarcinogenic environment per se because hepatic cells are
more vulnerable to malignant transformation.

Infections with viruses such as hepatitis B and C cause most cases of liver cancer.**** These viruses can insert their
genetic combinations into the genome in infected cells, which can disturb several cellular processes and activate specific
oncogenic pathways that lead to cancer. Liver cancer evolution also involves genetic mutations, either inherited or
acquired in normal liver cells. Dysfunction of major genes for control of cell division, DNA repair processes, and
signaling cascades may result in the unrestricted process of tumor growth.”> Environmental factors such as chronic
alcohol addiction and exposure to toxicity, also promote liver cancer formation through DNA damage and upregulation in
tumor growth. By deciphering this complex dance, and the molecular highways and byways taken towards liver cancer
development, researchers as well as those in clinical practice may be able to develop targeted treatments for therapy,

early detection screenings, or even personal specific approaches to fight this devastating illness.*

Current Treatment Modalities for HCC and Their Limitations

As of right now, ablation medicines, systemic therapy, liver transplantation, and surgical resection are the available
therapeutic options for HCC. Treatments other than surgical excision and liver transplantation can be considered
palliative only. These procedures have the potential to be curative.”” Meanwhile, systemic therapy can be given by
a hepatologist or oncologist for advanced unresectable cases. The use of Atezolizumab plus bevacizumab and
Durvalumab plus Tremelimumab is recommended for the among-line treatment of progressed HCC patients with
CTP-A liver disease. Advance care planning is a critical component of palliative-intent therapy for all patients.”® The
toughest part about treating liver cancer is that there are very few curative measures. The estimated percentage of people
who receive surgery or transplant for it is an extremely minute fraction. There are potential treatment constraints related
to tumor size, liver function, and patient performance status. Ultimately, an interdisciplinary approach across multiple
specialties is essential in developing causal.?’

In Figure 1. Shows each of these varied modalities, surgical treatment, chemotherapy, aimed (molecule-blocking)
treatments as well as radiation therapy all have a tremendous role in the management and care associated with HCC.
Surgical procedures: The most commonly utilized surgical procedure is hepatectomy, an operation in which the diseased
portion of a liver infiltrated with cancer is surgically removed. This surgery can be used more frequently against early-
stage or small-sized cases of HCC.>® Also, for some patients who present with liver-limited cancer and are amenable to
transplantation, a curative option would be liver transplantation. Able to destroy the cancer cells within your liver using
ablation therapy techniques such as radiofrequency ablation, and microwave ablation. Chemotherapy, composed of
systemic chemotherapy and transarterial chemoembolization (TACE), is delivered systemically to every cancer cell in the
patient’s body or injected straight into the tumor by the hepatic artery.>' Pembrolizumab targets certain molecules that
help cancer cells grow, and/or make the immune system more effective at destroying cancer cells. High-energy X-rays
are used in treatments like external beam radiation and stereotactic body radiation therapy (SBRT) to precisely target the
tumor. While neighboring normal tissue is targeted for minimal damage, cancer cells will be eliminated as a result.
Furthermore, the aforementioned strategies are frequently applied in concert to produce better outcomes and guarantee
a high standard of living for those suffering from HCC.*?

Need for Innovative Therapeutic Strategies
The limited efficacy of the existing therapies and an urgent requirement for robust, targeted results in innovative
therapeutic action in HCC. The treatment landscape of HCC is a bleak, anti-cancer drugs and treatments are associated
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with very high mortality as the 5-year survival rate was only 10%.>* The late-stage detection of the disease, tumor
heterogeneity, and resistance to traditional therapies are among the main issues encountered while trying to cure HCC.
The emergence of new therapeutic approaches is necessary to enhance HCC diagnosis and therapy. In this scenario,
nanotechnology has shown to be extremely beneficial in research. This implies that the nanoparticles can be systemically
functionalized to target specific receptors on HCC cells, which in turn offers great promise for increased effect and
decreased systemic toxicity.>* Furthermore, nanotechnology also provides the framework for creating targeted therapies
aimed at selected genetic mutations/hallmarks or any molecular pathway responsible for causing HCC. The HCC also
involves extensive research in the area of immunotherapy. Immunotherapy is promising in many cancers that have been
tested such as liver HCC. Immunotherapy is currently a promising approach that may be used for a long time to treat
HCC by stimulating the body’s immune system to fight against liver cancer cells.*

Application of Nanotechnology for Hepatocellular Carcinoma Therapy
Nanotechnology has fundamentally changed the hepatocellular carcinoma (HCC) treatment paradigm, which provides
novel approaches that both lower side effects and increase treatment success. The creation of nanocarriers, manufactured
particles intended to transport medications directly to cancer cells is the main way that nanotechnology is applied in HCC
therapy. These nanocarriers, which have different features that make them appropriate for different therapeutic purposes,
include liposomes, dendrimers, and polymeric nanoparticles.*® The capacity of nanocarriers to enhance the pharmaco-
kinetics and pharmacodynamics of anticancer medications is one of their main benefits. Drug problems like poor
solubility, instability, and rapid degradation are greatly reduced when medications are encapsulated within nanocarriers.
Additionally, because of its encapsulation, the therapeutic drugs can be released gradually and under control, maintaining
a constant medication concentration at the tumor site throughout an extended period.>” Targeted delivery is a significant
benefit of nanotechnology in HCC treatment. Nanocarriers can be functionalized with ligands or antibodies that bind
specifically to receptors overexpressed on HCC cells, such as EGFR or glypican-3 (GPC3). This focused strategy
minimizes the influence on healthy liver tissue and other organs, hence decreasing systemic toxicity and side effects often
associated with conventional chemotherapy.*®

Additionally, nanocarriers can be engineered to react to specific aspects of the tumor microenvironment, such as the
high amounts of enzymes or acidic pH present in malignant tissues. This responsiveness makes sure that medications are

released mostly around the tumor, improving the local therapeutic effect and protecting healthy cells in the process.*’
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Nanotechnology not only makes medication administration possible, but it also makes multimodal therapy possible by
enabling the co-delivery of several therapeutic agents. Combination therapy is made possible by this, and it can help with
the problem of medication resistance that is frequently seen in HCC treatment. For instance, gene therapy medicines and
chemotherapeutic medications can be delivered by nanocarriers concurrently, creating a synergistic effect that increases
treatment efficacy overall.*’

Moreover, theranostics the application of nanoparticles in imaging and diagnostics—offers a double advantage.
Through accurate medication delivery, real-time monitoring of therapy response, and tumor visualization, these nano-

particles can help tailor and optimize treatment plans for individual patients.*'

Phytosomes: Concept and Characteristics

Phytosomes are sophisticated nanocarriers designed to improve the effectiveness and bioavailability of phytochemicals,
or medicinal molecules obtained from plants. These cutting-edge delivery methods are specifically made to get over the
drawbacks of many phytochemicals’ quick metabolism and low absorption.** By attaching phytochemicals to phospho-
lipids, such as phosphatidylcholine, a process known as phytosome formation is achieved. This creates a complex that
resembles the natural cell membrane and enhances the solubility and absorption of the bioactive substances.

Phytosomes are distinguished structurally by their special formation, in which the hydrophilic phytochemical and the
hydrophobic phospholipid create a combination.** As a result, the structure becomes more compatible with biological
membranes, greatly improving the active ingredient’s distribution. One of the main structural components of phytosomes
is the spherical vesicle. For the transport of drugs, phytosomal nanocarriers have many beneficial features. They have
better permeability and solubility, which are essential to improving the poorly soluble oral bioavailability of phytochem-
icals. Phytosomes are also a good fit for medicinal applications because of their great biocompatibility and minimal
toxicity.**

The complexation of a phytochemical with a phospholipid molecule is the mechanism by which phytosomes are
formed. Solvent evaporation techniques, in which the phytochemical and phospholipid are the phytosome complex
produced by dissolving it in an appropriate solvent and letting it evaporate are typically used to aid in this process.*’
Because the resultant complex is more lipophilic than the original phytochemical, it can pass through biological
membranes more easily. The complexation of a phytochemical with a phospholipid molecule is the mechanism by
which phytosomes are formed. Solvent evaporation techniques, in which the phytochemical and phospholipid are
dissolved in a solvent and evaporated to create that phytosome complex, are typically used to aid in this process.*®
Because the resultant complex is more lipophilic than the original phytochemical, it can pass through biological
membranes more easily. When it comes to drug distribution, phytosomes are superior to conventional formulations in
several ways. First off, a larger percentage of the prescribed dose will reach systemic circulation thanks to their increased
bioavailability, which improves therapeutic results. Because of their structural resemblance to cell membranes, phyto-
somes can integrate and transport across biological barriers more effectively. By minimizing adverse effects and lowering
the required dosage, this targeted administration offers a safer and more effective medicinal use.*” Moreover, phytosomes
have sustained release qualities that lower the frequency of administration and maintain therapeutic drug levels for
prolonged periods. This is especially helpful for long-term treatments needed for chronic diseases. Furthermore,
phytosomes can be engineered to include several active substances, opening the door to combination treatments for
complicated illnesses with diverse pathologies. In phytoconstituents flavonoids are interesting compounds consisting of
phenolic structures and are found in various fruits, vegetables, stems, roots, flowers, wine, and tea. Flavonoids exhibit
a variety of biological properties, such as anti-inflammatory, antibacterial, anti-cancer, and antioxidant properties. The
solubility of flavonoids may be a significant factor in their medicinal efficacy.*® The low solubility in water and minimal
intestinal retention which reduces the degree of absorption, humans hardly suffer from acute toxicity caused by the
consumption of flavonoids except in rare cases of allergy cases.*’

To deliver higher absorption and bioavailability, a patented method known as Phytosome uses phospholipids to
facilitate the preparation of standardized extracts. Phytosomes are sophisticated herbal remedies that are formed by
attaching specific ingredients from herbal extract on top of phosphatidylcholine which enables the new product to be
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assimilated effectively and as a result, produce more therapeutic effects as compared to any other ordinary form of
medicine.>

Phytosomes are lipid-compatible micelle-like molecular aggregates. Researchers have focused on this delivery system
due to its controlled release, maximized therapeutic efficacy, minimized side effects, ease of manufacture, stability of the
medication, protection of the stomach from luminal enzymes, and drug transport across biological barriers. Nanoparticles
contain flavonoids and phospholipids.”'~>* Phospholipid is a type of compound lipid that serves as a significant
component of the biomembrane as well as a precursor to platelet activation factor arachidonic acid and secondary
messengers involved in signal transduction. Phospholipids as a components of the biomembrane have a high level of
biocompatibility and hence make ideal drug delivery carriers for drug transport across the biological barrier.>®
Additionally, the polar and hydrogen bonding physicochemical properties of phospholipids interact with the respective
bioactive/flavonoids for the formation of a complex.”® It has been noted that the soluble complex of phospholipid
enhances water solubility, permeability, stability, and targeting ability which in turn enhances oral bioavailability.>

Phytosomal Nanocarriers for Liver Cancer Therapy

Thus, it is necessary to ascertain the effect of resveratrol and thymoquinone individually and in combination on HepG2.
Estimates were made for morphological alterations, cell death, caspase-3 activity, glutathione, and malondialdehyde
levels. Thymoquinone and Resveratrol were shown to have IC50 values HepG2 anti-tumor action. The vitality of the cell
did not decrease. Thymoquinone and resveratrol therapy increased caspase-3 enzyme activity and decreased malondial-
dehyde levels in comparison to the control group.”® The accumulating evidence has shown that EGCG, the author said
about altering these findings described in the literature in terms of the possible involvement of epigallocatechin-3-gallate
in the HCC treatment.’®>’

Active Targeting Based Phytosomal Nanocarriers

Active targeting of liver cancer for phytosomes involves the use of targeting ligands or proteins that precisely bind to receptors
overexpressed on liver cancer cells, allowing for tailored delivery of the beneficial substances. It has been demonstrated that
using this strategy will minimize off-target effects while increasing therapeutic efficacy and drug delivery.”® The transferrin
protein, which binds to the overexpressed transferrin receptor (TFR) on liver cancer cells, is one of the most widely employed
targeted ligands in liver cancer therapy. It has been demonstrated that transferrin-conjugated phytosomes attach to TfR
selectively and deliver their cargo to liver cancer cells, increasing the effectiveness of treatment.>® Yasmiwar et al work, for
instance, showed the potential of this strategy for liver cancer therapy by showing that transferrin-conjugated quercetin
phytosomes dramatically decreased erythema, redness, itching, and inflammation in a mouse model of liver cancer. The folate
protein, which binds to the overexpressed folate receptor (FR) on liver cancer cells, is another targeted ligand utilized in liver
cancer therapy. It has been demonstrated that folate-conjugated phytosomes bind to FR selectively and deliver their cargo to
liver cancer cells, increasing the therapeutic efficacy.*

In particular, a study by Moradi Marjanch et al showed the potential of this strategy for liver cancer therapy by
showing that folate-conjugated curcumin phytosomes significantly lowered tumor development and metastasis in
a mouse model of liver cancer.’’ Other targeting ligands, including as lactoferrin (LF) and galactosylated-chitosan,
have also been employed in liver cancer therapy in addition to transferrin and folate. Galactosylated chitosan targets
ASGP and GA receptors, whereas LF exhibits intrinsic targeting effect for liver cancer cells by attaching to LDL-related
protein receptors. These targeting ligands have been found to boost tumor-targeting capabilities, limit contact with human
tissue, and decrease opsonization and fast clearance of nanoparticles, leading to enhanced therapeutic efficacy and
safety.®? To sum up, the process of actively targeting liver cancer with phytosomes entails the utilization of proteins or
ligands that bind to receptors that are overexpressed on liver cancer cells. This allows for the targeted delivery of
bioactive chemicals. It has been demonstrated that using this strategy will minimize off-target effects while increasing
therapeutic efficacy and drug delivery.®> Among the targeting ligands used in liver cancer therapy are transferrin, folate,
lactoferrin, and galactosylated chitosan. Studies have shown that these ligands improve tumor-targeting capacity,
decrease interaction with bodily tissues, and decrease opsonization and rapid clearance of nanoparticles, all of which
improve therapeutic efficacy and safety.**
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Galactosylated Ligands

Because hepatocytes exhibit high levels of asialoglycoprotein receptors (ASGPR), an is essential for successful liver
targeting. Due to these receptors’ strong affinity for galactose residues, medications and treatments can be delivered to
the liver with selectivity. The purpose of this work is to investigate the role that galactosylated ligands play in liver
targeting, as well as the mechanisms and clinical uses of these compounds. Galactosylated ligands utilize the high
expression of ASGPR on hepatocytes. Particular receptors called ASGPRs are mostly present on the surface of liver
cells.® The galactose residues found on galactosylated ligands bind these receptors with a strong affinity. Galactosylated
ligands attach to ASGPRs upon delivery, promoting receptor-mediated endocytosis. Through this process, the ligand-
receptor complex is internalized by hepatocytes, enabling the targeted delivery of medications to the liver. The liver is
essential for several physiological processes, including metabolism and detoxification.®® Therapeutics can be delivered to
the liver with precision to maximize effectiveness and reduce side effects. Galactosylated ligands have proven to be
clinically relevant in the treatment of liver illnesses, including metabolic disorders, liver cancer, and hepatitis. They make
it possible to deliver medicine, nucleic acids, and imaging agents to hepatocytes selectively, which enhances therapeutic
results and lowers systemic toxicity.®’

Lactobionic Acid Ligand

Lactobionic acid (LBA) is an unique ligand known for its exceptional ability to target the liver, making it a crucial
component in drug delivery systems aiming for hepatic targeting. This one-page document aims to highlight the
significance of LBA in liver targeting, elucidating its mechanism of action and providing references for further
exploration.®® LBA possesses a dual functionality owing to its structure, which combines the sugar moiety (lactose)
with a carboxylic acid group. This unique structure allows LBA to interact specifically with hepatic receptors,
particularly the asialoglycoprotein receptors (ASGPRs) abundantly expressed on the surface of hepatocytes.’” The LBA-
conjugated drugs or nanoparticles selectively bind to ASGPRs, facilitating their internalization via receptor-mediated
endocytosis into hepatocytes. This technique reduces systemic exposure and off-target effects by efficiently delivering
medicinal drugs directly to the liver. LBA’s liver-targeting potential is extremely important from a therapeutic standpoint
in a variety of disease contexts. For example, LBA-based formulations have demonstrated encouraging outcomes in the
treatment of liver illnesses, including cirrhosis, hepatitis, and liver tumors, in the field of hepatology.’® Additionally, by
extending the duration of flow and decreasing clearance rates, LBA conjugation improves the pharmacokinetic informa-
tion of medications, maximizing therapeutic efficacy and minimizing side effects. Furthermore, hepatospecific antago-
nists such as LBA have been investigated for use in diagnostic imaging techniques to improve the visualization of the

liver shape and function.”!

Glycyrrhetinic Acid (GA) Ligands

The natural triterpenoid compound is derived from licorice root it’s a GA (Glycyrrhiza glabra). Its pharmacological
properties, particularly its liver-targeting abilities, are important field of drug delivery technology. The GA is character-
ized by its pentacyclic structure and carboxylic acid moiety. This unique structure enables its interactions with
hepatocytes, making it an ideal ligand for liver targeting.”” GA exerts its liver-targeting effects primarily through the
recognition and binding to the hepatocyte membrane receptors, such as the glycyrrhetinic acid receptor (GAR). The liver-
targeted properties of the GA have been extensively utilized including nanoparticles, liposomes, and micelles. These GA-
conjugated delivery systems offer enhanced drug accumulation in the liver, leading to improved therapeutic outcomes
and reduced systemic side effects.”> GA-based drug delivery systems hold great promise for the treatment of various liver
diseases, including viral hepatitis, liver fibrosis, and hepatocellular carcinoma. Moreover, GA conjugation enhances the
efficacy of existing drugs while minimizing their dose-dependent toxicities. GA ligand serves as a versatile tool for
achieving liver targeting in drug delivery applications. Its unique properties offer new opportunities for the development
of effective therapies for liver-related disorders, ultimately improving patient outcomes.””

Bile Acid Receptor Targeting Ligands
Ligands have been given considerable focus for their application in liver targeting because of the liver’s function in bile
acid metabolism and regulation.”” FXR is a receptor expressed mainly in the intestine involved in the synthesis,
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transportation, and metabolism of bile salts. Some examples of ligands include obeticholic acid (OCA) that have proved
effective in conditions including primary biliary cholangitis (PBC) and non-alcoholic steatohepatitis (NASH) through
balancing of bile acids. OCA is semi semi-synthetic bile acid derivative that is a selective agonist of FXR and requires
genes that are associated with the synthesis of bile acid, transport, and inflammation.”® The G protein-coupled receptor
(GPCR) expressed to the liver, intestine, and other tissues mediates bile acid signaling to regulate metabolic pathways.
Ligands like INT-767, a dual TGRS and FXR agonist, exhibit potential in metabolic disorders including diabetes, obesity,
and liver diseases. Activation of TGRS promotes bile acid-dependent energy expenditure, glucose homeostasis, and anti-
inflammatory effects in life.”” Liver targeting with bile acid receptor ligands is crucial for addressing various liver
diseases, including cholestatic liver diseases, NASH, and liver fibrosis. Targeted delivery to the liver enhances ther-
apeutic efficacy while minimizing off-target effects, improving patient outcomes. Bile acid receptor ligands offer
a promising approach for precision medicine in liver disorders by modulating bile acid signaling pathways.”®

Stimuli-Responsive Phytosomal Nanocarriers

Targeted drug delivery systems have emerged as huge approaches in the treatment of liver cancer, offering enhanced
efficacy, and improved patient outcomes. The targeted galactose-modified pH-sensitive noises for controlled delivery of
tanshinone II to treat HCC.”” Results showed that noisome formulations improved the targeted drug delivery to HCC
cells because of galactose ligand moiety affinity for the ASPG receptor overexpressed on HCC cells. The targeted
delivery of niosomes improved the dissolution performance of a drug in the acidic medium of hepatic carcinoma cells.
The drug dissolution enhanced the inhibitory and apoptosis effect on HCC cells and confirmed the prepared formulation’s
anticancer effect.®® The targeted formulations also improved the prolonged circulation time within the blood circulation
by enhancing the AUC of the drug. Findings suggest that vesicle formulation supporting galactose moiety could enhance
the targetability and anticancer effect of tanshinone II on HCC.

Targeted delivery systems specifically deliver therapeutic agents to liver tissues.®' This specificity minimizes off-
target effects and maximum activity of drugs at the location of the tumor. Jianzhong et al concluded that targeted two
engineered lipid nanocarriers using two aptamers A54-PEG-SLN/OXA, and A15-PEG-SLN/SAL sequential therapy for
liver cancer cells. Developed nanocarrier with aptamer A54-PEG-SLN/OXA improved the targetability with enhanced
anticancer effect on BEL-7402 hCC cell lines. Another aptamer-based nanocarrier A15- PEG-SLN/SAL enhanced the
targetability and and inhibited tumour growth. Results suggest that aptamer-conjugated nanocarrier is specifically targets
cancer cells and enhances the effect on HCC cells.®?

Following intracellular uptake, the micelles showed the disulfide bond cleavage via a higher GSH level thus
enhancing the cytotoxicity and apoptotic effects. The micelles displayed prolonged blood circulation time enhanced
bioavailability and drug accumulation within liver cancer cell lines.®> The micelles inhibited tumor growth and enhanced
survival time in a mice-bearing xenograft model. This Study shows that micelles’ dual functionality could enhance the
targetability, cytotoxicity, and bioavailability of tanshinone IIA. The aptamer (L5) conjugated nanoparticle-loaded
paclitaxel and studied its effect on HCC targeting neoplastic hepatocytes. The L5 functionalized paclitaxel nanoparticles
interacted with two cell surface receptor biomarkers.* The developed nanoparticles internalized within the target site via
clathrin-mediation endocytosis following interaction.”® Upon internalization, the nanoparticles produced an anticancer
effect via MAPK activation increased ROS lipid peroxidation, and induced apoptosis of the nucleus. Results suggest that
the site-specific delivery of prepared nanocarrier could provide a promising approach for HCC treatment. The (EGCG)
functionalized chitin polymer matrix was synthesized.® The ionic crosslinked CE-loaded honokiol (HK) NPs possessed
size, zeta potential, and morphology. To further assess the CE-HK NPs, and that results were compared with free HK.
CE-HK NPs can significantly suppress the HepG2 cells for proliferation in G2/M phase and cause the reduction in
mitochondrial membrane potential. Non-spherically symmetrical Gd-based CE-HK NPs hindered the tumor growth.*®
The apigenin-loaded nanoparticles and studied their delayed effect on the development of HCC. This work showed that
apigenin nanoparticles produced considerable availability in the blood and liver following administration.®” Following
administration, the apigenin-loaded nanoparticles sustained the apigenin release in HCC cell lines and chemical-induced
carcinogenesis in animals. The study concludes that apigenin has an anticancer potential and, thus, could be utilized in
combination with other MDR inhibitors to provide a better anticancer effect against HCC.®®
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Liver cancer cells often develop resistance to chemotherapy such as drug efflux pumps and drug metabolism. Targeted
drug delivery systems can bypass MDR mechanisms by delivering drugs directly into cancer cells or using strategies to inhibit
drug efflux pumps. The anticancer effect of Umbelliferon pB-D-glucopyranoside UFG) loaded PLGA nanoparticles.® The
positive charge and smaller particle size of 100 nm of UFG-PLGA-NPs showed significant accumulation in the cell. They
produced an anticancer effect on HuH-7 and HepG2 cell lines. Moreover, the same formulations produce an anticancer effect
on DEN-induced HCC via reducing ROS generation, mitochondrial dysfunction, cytokines alteration, and apoptosis induction
indicating that UFG has anticancer potential.”® As per the observations, it can be inferred that UFG-PLGA-NPs are a feasible
alternative for treating HCC. Drug delivery systems designed intentionally can facilitate the prolonged liberation of
therapeutic agents within an extended duration of time. This results in longer periods during which tumors remain exposed
to drugs, increasing their effectiveness as well as lessening how often they need to be given. The study also involved the
characterization of sustained overexpression of HepG2/RARy, which played a central role in the discussed animal experiment.
The binding affinity competition was employed while the ethical committee performed human testing.”’

Ming Wang et al focused on research into aparl synergists using hepatocellular carcinoma (HCC) cell lines
overexpressing PAR1, author discovered that myricetin inhibited cell migration as well as expression of epithelial-
endothelial transition (EET) markers. The mutation of these two amino acids helped us understand why myricetin
showed no antitumor activity in both tissue culture and mouse models.”> Myricetin prevents demonstrated that the dual-
ligand system was able to increase intracellular uptake of the drug up to 4 times after 4 hours of its incubation and to 8
times after 24 hours of its administration. In addition, the efficacy of dual ligand-modified nanoparticles against Wistar
rats with induced liver tumors was evaluated in vivo. As far as liver, kidney, and heart tissues were concerned, serum
biomarkers alongside the evaluation of histopathological microscopy revealed that improved safety was observed when it

came to targeted nanocarrier system as compared to conventional Doxorubicin.”

Challenges and Future Perspectives

The investigation of phytosome nanocarriers for the treatment of hepatocellular carcinoma (HCC) offers both substantial
scientific problems and fascinating scientific opportunities. From a scientific standpoint, further work might clarify the
molecular pathways underlying the phytosome nanocarriers’ improved therapeutic efficacy and precise targeting in
HCC.”* The knowledge of the cellular and molecular interactions between phytosomes and HCC cells would help aid in
the development more potent nanotherapeutic approaches. Optimizing the therapeutic results of phytosome-based
formulations requires further research into the pharmacokinetics and pharmacodynamics of these formulations in
preclinical and clinical settings. This means researching the effects of phytosomes on tumor growth suppression,
metastasis prevention, and overall patient survival, as well as their biodistribution, metabolism, and clearance in vivo.”
Among the barriers challenging the development of phytosome nanocarriers for HCC treatment include the complexity of
the tumor microenvironment, resistance to therapy mechanisms, and the heterogeneity among HCC tumors.”® Innovative
strategies are needed to overcome these obstacles, such as creating multifunctional phytosome formulations that can
target several pathways implicated in the growth of HCC and therapeutic resistance. Furthermore, to ensure that
phytosomes are delivered to HCC tumors efficiently and to minimize systemic toxicity and off-target effects, it is crucial
to optimize the physicochemical features of phytosomes, including size, surface charge, and stability.”” The investigation
of phytosome nanocarriers as nanotherapeutics for treating hepatocellular carcinoma (HCC) presents both significant
scientific challenges and exciting opportunities. Despite their potential, understanding the precise mechanisms by which
phytosome nanocarriers improve therapeutic outcomes and target HCC cells remains an area of active research.’® From
a scientific perspective, elucidating the molecular pathways that underlie the enhanced therapeutic efficacy and targeted
delivery of phytosome nanocarriers is crucial. Research should focus on detailing how these nanocarriers interact with
HCC cells at the cellular and molecular levels. This includes investigating how phytosomes influence tumor cell growth,
survival, and response to treatment. Gaining insight into these interactions will help optimize the design and function of
phytosome-based formulations, potentially leading to more effective and targeted treatments for HCC.”® Further research
into the pharmacokinetics and pharmacodynamics of phytosome formulations is also essential. This involves studying
how these nanocarriers are absorbed, distributed, metabolized, and excreted in vivo. Key aspects of this research include
evaluating the impact of phytosomes on tumor growth suppression, metastasis prevention, and overall patient survival.
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By understanding how phytosomes interact with the tumor microenvironment and assessing their biodistribution and

clearance, researchers can better predict their therapeutic potential and refine their clinical applications.'® These imaging

methods provide valuable insights into how effectively phytosomes are delivered to and retained within the tumor site,

allowing for adjustments in formulation and administration strategies to enhance treatment efficacy.'®' However, the field

of phytosome nanocarriers for HCC treatment faces several challenges. To address these challenges, innovative strategies

are required. For instance, creating multifunctional phytosome formulations that target multiple pathways involved in

HCC growth and resistance could provide a more comprehensive approach to treatment. Furthermore, it’s critical to

optimize phytosome physicochemical characteristics, such as in terms of size, charges on the surface, and stability, to

maximize the efficient administration of HCC tumors and reduce systemic toxicity and off-target effects.'®? Therefore,

we are discussing patents with their reference numbers in Table 1 below.>*!%3117

Table 1 Clinical Trials and Patents Phytotherapeutics for Hepatocellular Carcinoma

Type Title/Description Reference/Patent Number/Status | References

Clinical Trial | Efficacy of Phytosomal Curcumin in Liver Cancer Patients NCT03290882 (ClinicalTrials.gov). [103]
Phase Il trial, ongoing

Clinical Trial | Phytosomal Silybin for Hepatocellular Carcinoma NCT03792818 (ClinicalTrials.gov). [20]
Completed

Clinical Trial | Phytosome-Encapsulated Resveratrol in Liver Cancer NCT03452443 (ClinicalTrials.gov). [104]
Phase | trial, recruiting

Patent Phytosomal Composition for Liver Diseases US Patent 9,084,989 B2 [105]
Granted, issued 2015

Patent Phytosome-Based Drug Delivery for Hepatocellular Carcinoma | EP Patent 3,068,485 Bl [106]
Granted, issued 2017

Patent Phytosome Encapsulation of Curcumin for Cancer Therapy US Patent 10550632 B2 [107]
Granted, issued 2020

Patent Phytosome Formulations for Enhanced Bioavailability of Silybin WO Patent 2019/102346 [108]
Granted, issued 2019

Patent Phytosome Delivery System for Natural Anti-Cancer Agents JP Patent 672,875. [109]
Granted, issued 2018

Clinical Trial | Safety and Efficacy of Curcumin Phytosomes in HCC Patients NCT04161031 (ClinicalTrials.gov). [110]
Phase I/ll trial, ongoing

Clinical Trial | Resveratrol Phytosomal Formulation in Liver Cancer Treatment | NCT03930172 (ClinicalTrials.gov). [ren
Phase Il trial, recruiting

Clinical Trial | Efficacy of Phytosome-Encapsulated Silybin in Advanced HCC NCT04578210 (ClinicalTrials.gov). [112]
Phase | trial, recruiting

Patent Method of Preparing Phytosomal Formulations for Cancer US Patent 10,782,345 B2 [113]
Granted, issued 2020

Patent Use of Phytosomal Curcumin in Liver Cancer Treatment US Patent 11,065,456 B2. [114]
Granted, issued 2021

Clinical Trial | Phytosome-Encapsulated Natural Compounds in HCC Therapy | NCT04702934 (ClinicalTrials.gov). [I15]
Phase Il trial, recruiting

Patent Phytosomal System for Targeted Liver Cancer Therapy US Patent 9,626,888 B2. [I116]
Granted, issued 2017

Patent Novel Phytosome Compositions for Hepatic Tumors EP Patent 3,090,223 BI. [117]
Granted, issued 2020
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Conclusion

Hepatocellular carcinoma (HCC) is aglobal health concern in the world with the estimated incidence of cancers ranked as
the fifth among men and women. Traditional curative treatments for liver cancer are limited and often accompanied by
significant toxicities. The advantage of nanotechnology has described new things for targeted liver cancer therapy, with
nanoparticles such as solid lipid nanoparticles, gold nanoparticles, silver nanoparticles, liposomes showing promise in
preclinical studies. Despite these advancements, most research is still at the laboratory scale, necessitating further
development for clinical application. Among these nanotechnologies,various phytosomal nanocarriers represent apromis-
ing approach due to their potential for enhancing phytochemicals’ bioavailability and therapeutic efficacy. This review
underscores the need for large-scale studies to translate these lab-scale innovations into clinically viable treatments. The
Futuristic research should focus on optimizing the design, synthesis, and functionalization of nanocarriers to achieve
active targeting and minimize side effects. By bridging the gap between laboratory research and clinical research, the
phytosomal nanocarriers could improve the therapeutic effect of HCC.

Targeting HCC, however, demands a deep understanding of the physiology of the diseased liver because the tumor
microenvironment may make transitioning to clinical treatment more difficult. Since active targeting of HCC involves
a combination of particular ligands for suitable receptors, formulating NPs for this purpose is essential. HepG2 cells are
a popular choice among the various in vitro and in vivo cell models because of their accessibility and intricate
characterization, which helps in pharmacological and toxicological studies. In the in vivo study mice models have
demonstrated a wide range of uses in HCC clinical trials. Effective treatment for HCC can involve the use of many
therapeutic modalities, including immunotherapy, radiation, and chemotherapy either in isolation or in combination.

Acknowledgments
Thankful to Dr. Darshan Telange Datta Meghe College of Pharmacy, DMIHER (DU) Sawangi Wardha, MS, India, for
giving valuable time and suggestions in the preparation of this manuscript.

Disclosure
The authors report no conflicts of interest in this work.

References

1. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in
185 countries. CA. 2021;71(3):209-249. doi:10.3322/caac.21660

2. Ferlay J, Colombet M, Soerjomataram I, et al. Estimating the global cancer incidence and mortality in 2018: GLOBOCAN sources and
methods. Int J Cancer. 2019;144(8):1941-1953. doi:10.1002/ijc.31937

3. Gajbhiye KR, Chaudhari BP, Pokharkar VB, Pawar A, Gajbhiye V. Stimuli-responsive biodegradable polyurethane nano-constructs as
a potential triggered drug delivery vehicle for cancer therapy. /nt J Pharm. 2020;588:119781. doi:10.1016/j.ijpharm.2020.119781

4. Poelstra K, Schuppan D. Targeted therapy of liver fibrosis/cirrhosis and its complications. J Hepatol. 2011;55:726-728. doi:10.1016/].
jhep.2011.04.008

5. Jin YJ, Lee JW, Park SW, et al. Survival outcome of patients with spontaneously ruptured hepatocellular carcinoma treated surgically or by
transarterial embolization. World J Gastroenterol. 2013;19(28):4537-4544. doi:10.3748/wjg.v19.i128.4537

6. Hirsjarvi S, Passirani C, Benoit JP. Passive and active tumour targeting with nanocarriers. Curr Drug Discov Technol. 2011;8:188-196.
doi:10.2174/157016311796798991

7. Cabibbo G, Celsa C, Enea M, et al. Optimizing sequential systemic therapies for advanced hepatocellular carcinoma: a decision analysis.
Cancers. 2020;12:2132. doi:10.3390/cancers12082132

8. Carr BI, Guerra V. Serum albumin levels in relation to tumor parameters in hepatocellular carcinoma patients. Int J Biol Markers. 2017;32(4):
€391-6. PMID: 28862714. doi:10.5301/ijbm.5000300

9. Metkar SP, Meijer D, Molema G, et al. Targeting of drugs to the liver. Semin Liver Dis. 1995;15:202-256. doi:10.1055/s-2007-1007278

10. Shi B, Abrams M, Sepp-Lorenzino L. Expression of asialoglycoprotein receptor 1 in human hepatocellular carcinoma. J Histochem Cytochem.
2013;61:901-909. doi:10.1369/0022155413503662

11. Giannitrapani L. Nanotechnology applications for the therapy of liver fibrosis. World J Gastroenterol. 2014;20:7242. doi:10.3748/wjg.v20.
i23.7242

12. Chang M-H, You S-L, Chen C-J, et al. Long-term effects of hepatitis B immunization of infants in preventing liver cancer. Gastroenterology.
2016;151:472—480.e1. doi:10.1053/j.gastro.2016.05.048

13. Chen C-L, Yang J-Y, Lin S-F, et al. Slow decline of hepatitis B burden in general population: results from a population-based survey and
longitudinal follow-up study in Taiwan. J Hepatol. 2015;63:354-363. doi:10.1016/j.jhep.2015.03.013

2252 e Journal of Hepatocellular Carcinoma 2024:1 |

Dove!


https://doi.org/10.3322/caac.21660
https://doi.org/10.1002/ijc.31937
https://doi.org/10.1016/j.ijpharm.2020.119781
https://doi.org/10.1016/j.jhep.2011.04.008
https://doi.org/10.1016/j.jhep.2011.04.008
https://doi.org/10.3748/wjg.v19.i28.4537
https://doi.org/10.2174/157016311796798991
https://doi.org/10.3390/cancers12082132
https://doi.org/10.5301/ijbm.5000300
https://doi.org/10.1055/s-2007-1007278
https://doi.org/10.1369/0022155413503662
https://doi.org/10.3748/wjg.v20.i23.7242
https://doi.org/10.3748/wjg.v20.i23.7242
https://doi.org/10.1053/j.gastro.2016.05.048
https://doi.org/10.1016/j.jhep.2015.03.013
https://www.dovepress.com
https://www.dovepress.com

Dove

Bhange and Telange

14. Tu T, Zhang H, Urban S. Hepatitis B virus DNA integration: in vitro models for investigating viral pathogenesis and persistence. Viruses.
2021;13:180. doi:10.3390/v13020180

15. Sze KM-F, Ho DW-H, Chiu Y-T, et al. Hepatitis B virus-telomerase reverse transcriptase promoter integration harnesses host ELF4, resulting in
telomerase reverse transcriptase gene transcription in hepatocellular carcinoma. Hepatology. 2021;73:23—40. doi:10.1002/hep.31231

16. Raimondo G, Locarnini S, Pollicino T, Levrero M, Zoulim F, Lok AS. Update of the statements on biology and clinical impact of occult
hepatitis B virus infection. J Hepatol. 2019;71:397-408. doi:10.1016/j.jhep.2019.03.034

17. Shah MR, Imran M, Ullah S. Enhancing therapeutic efficacy of anticancer drugs through targeting of functionalized niosomes. Nanocarriers
Cancer Diagn Target Chemother. 2019;163-191. doi:10.1016/B978-0-12-816773-1.00007-9

18. Stirland DL, Nichols JW, Denison TA, Bae YH. Targeted drug delivery for cancer therapy. Biomater Cancer Ther. 2013;31-56. doi:10.1533/
9780857096760.1.31

19. Julyan PJ, Seymour LW, Ferry DR, et al. Preliminary clinical study of the distribution of HPMA copolymers bearing doxorubicin and
galactosamine. J Control Release off J Control Release Soc. 1999;57:281-290. doi:10.1016/s0168-3659(98)00124-2

20. Geng Z, Zhang X, Fan Z, Lv X, Chen H. A route to terahertz metamaterial biosensor integrated with microfluidics for liver cancer biomarker
testing in early stage. Sci Rep. 2017;7:16378. doi:10.1038/s41598-017-16762-y

21. Seymour LW, Ferry DR, Anderson D, et al. Cancer research campaign phase I/ II clinical trials committee, hepatic drug targeting: phase
I evaluation of polymer-bound doxorubicin. J Clin Oncol off J Am Soc Clin Oncol. 2002;20:1668—-1676. doi:10.1200/JC0.2002.20.6.1668

22. Hyodo I, Mizuno M, Yamada G, Tsuji T. Distribution of asialoglycoprotein receptor in human hepatocellular carcinoma. Liver. 1993;13:80-85.
doi:10.1111/j.1600-0676.1993.tb00611.x

23. Das M, Shim KH, An SSA, Yi DK. Review on gold nanoparticles and their applications. Toxicol Environ Health Sci. 2011;3:193-205.
doi:10.1007/s13530-011-0109-y

24. Burdusel C, Gherasim O, Grumezescu AM, Mogoant™a L, Ficai A, Andronescu E. Biomedical applications of silver nanoparticles: an up-to-date
overview. Nanomaterials. 2018;8:681. doi:10.3390/nano8090681

25. Chugh H, Sood D, Chandra I, Tomar V, Dhawan G, Chandra R. Role of gold and silver nanoparticles in cancer nano-medicine. Artif Cells
Nanomed Biotechnol. 2018;46:1210-1220. doi:10.1080/21691401.2018.1449118

26. Mathur P, Jha S, Ramteke S, Jain NK. Pharmaceutical aspects of silver nanoparticles. Artif Cells Nanomed Biotechnol. 2018;46:115-126.
doi:10.1080/21691401.2017.1414825

27. Fu L, He Q, Lu X, Hu L, Qiang H, Pei P. Surface engineering on bacteria for tumor immunotherapy: strategies and perspectives. Adv Funct
Mater. 2024. doi:10.1002/adfm.202405304

28. Pedone D, Moglianetti M, De luca E, Bardi G, Pompa PP. Platinum nanoparticles in nanobiomedicine. Chem Soc Rev. 2017;46:4951-4975.
doi:10.1039/C7CS00152E

29. Peng Z, Yang H. Designer platinum nanoparticles: control of shape, composition in the alloy, nanostructure and electrocatalytic property. Nano
Today. 2009;4:143-164. doi:10.1016/j.nantod.2008.10.010

30. Fahmy SA, Preis E, Bakowsky U, Azzazy HME-S. Platinum nanoparticles: green synthesis and biomedical applications. Molecules.
2020;25:4981. doi:10.3390/molecules25214981

31. Jeyaraj M, Gurunathan S, Qasim M, Kang MH, Kim JH. A comprehensive review on the synthesis, characterization, and biomedical application
of platinum nanoparticles. Nanomaterials. 2019;9:1719. doi:10.3390/nan09121719

32. Medhat A, Mansour S, El-sorbate S, Kandil E, Mahmoud M. Evaluation of the antitumor activity of platinum nanoparticles in the treatment of
hepatocellular carcinoma induced in rats. Tumor Biol. 2017;39:101042831771725. doi:10.1177/1010428317717259

33. Woo K, Hong J, Choi S, et al. Easy synthesis and magnetic properties of iron oxide nanoparticles. Chem Mater. 2004;16:2814-2818.
doi:10.1021/cm049552x

34. Sangaiya P, Jayaprakash R. A review on iron oxide nanoparticles and their biomedical applications. J Supercond Nov Magn.
2018;31:3397-3413. doi:10.1007/s10948-018-4841-2

35. Wu W, He Q, Jiang C. Magnetic iron oxide nanoparticles: synthesis and surface functionalization strategies. Nanoscale Res Lett. 2008;3:397.
doi:10.1007/s11671-008-9174-9

36. Malhotra N, Lee JS, Liman RAD, et al. Potential toxicity of iron oxide magnetic nanoparticles: a review. Molecules. 2020;25:3159.
doi:10.3390/molecules25143159

37. Jeelani PG, Mulay P, Venkat R, Ramalingam C. Multifaceted application of silica nanoparticles. A review. Silicon. 2020;12:1337-1354.
doi:10.1007/512633-019-00229-y

38. Bharti C, Gulati N, Nagaich U, Pal A. Mesoporous silica nanoparticles in target drug delivery system: a review. Int J Pharm Investig.
2015;5:124. doi:10.4103/2230-973X.160844

39. Trinh HM, Joseph M, Cholkar K, Mitra R, Mitra AK. Nanomicelles in diagnosis and drug delivery*. Emerg Nanotechnol Diagn Drug Deliv
Med Devices. 2017;45-58. doi:10.1016/B978-0-323-42978-8.00003-6

40. Tawfik SM, Azizov S, Elmasry MR, Sharipov M, Lee YI. Recent advances in nanomicelles delivery systems. Nanomaterials. 2020;11:70.
doi:10.3390/nano11010070

41. Zhang P, Liu C, Wu W, et al. Triapine/Ce6-loaded and lactose-decorated nano micelles provide an effective chemo-photodynamic therapy for
hepatocellular carcinoma through a reactive oxygen species-boosting and ferroptosis-inducing mechanism. Chem Eng J. 2021;425:131543.
doi:10.1016/j.cej.2021.131543

42. Basile L, Pignatello R, Passirani C. Active targeting strategies for anticancer drug nanocarriers. Curr Drug Deliv. 2012;9:255-268. doi:10.2174/
156720112800389089

43. Shen Z, Wei W, Tanaka H, et al. A galactosamine-mediated drug delivery carrier for targeted liver cancer therapy. Pharmacol Res.
2011;64:410—419. doi:10.1016/j.phrs.2011.06.015

44. Pranatharthiharan S, Patel MD, Malshe VC, et al. Asialoglycoprotein receptor-targeted delivery of doxorubicin nanoparticles for hepatocellular
carcinoma. Drug Deliv. 2017;24:20-29. doi:10.1080/10717544.2016.1225856

45. Saraswat A, Vemana HP, Dukhande VYV, Patel K. Galactose-decorated liver tumor-specific nanoliposomes incorporating selective
BRD4-targeted PROTAC for hepatocellular carcinoma therapy. Heliyon. 2022;8:¢08702. doi:10.1016/j.heliyon.2021.e08702

Journal of Hepatocellular Carcinoma 2024:1 | https: 2253

Dove:


https://doi.org/10.3390/v13020180
https://doi.org/10.1002/hep.31231
https://doi.org/10.1016/j.jhep.2019.03.034
https://doi.org/10.1016/B978-0-12-816773-1.00007-9
https://doi.org/10.1533/9780857096760.1.31
https://doi.org/10.1533/9780857096760.1.31
https://doi.org/10.1016/s0168-3659(98)00124-2
https://doi.org/10.1038/s41598-017-16762-y
https://doi.org/10.1200/JCO.2002.20.6.1668
https://doi.org/10.1111/j.1600-0676.1993.tb00611.x
https://doi.org/10.1007/s13530-011-0109-y
https://doi.org/10.3390/nano8090681
https://doi.org/10.1080/21691401.2018.1449118
https://doi.org/10.1080/21691401.2017.1414825
https://doi.org/10.1002/adfm.202405304
https://doi.org/10.1039/C7CS00152E
https://doi.org/10.1016/j.nantod.2008.10.010
https://doi.org/10.3390/molecules25214981
https://doi.org/10.3390/nano9121719
https://doi.org/10.1177/1010428317717259
https://doi.org/10.1021/cm049552x
https://doi.org/10.1007/s10948-018-4841-2
https://doi.org/10.1007/s11671-008-9174-9
https://doi.org/10.3390/molecules25143159
https://doi.org/10.1007/s12633-019-00229-y
https://doi.org/10.4103/2230-973X.160844
https://doi.org/10.1016/B978-0-323-42978-8.00003-6
https://doi.org/10.3390/nano11010070
https://doi.org/10.1016/j.cej.2021.131543
https://doi.org/10.2174/156720112800389089
https://doi.org/10.2174/156720112800389089
https://doi.org/10.1016/j.phrs.2011.06.015
https://doi.org/10.1080/10717544.2016.1225856
https://doi.org/10.1016/j.heliyon.2021.e08702
https://www.dovepress.com
https://www.dovepress.com

Bhange and Telange Dove

46

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

. Ding Y, Liang JJ, Geng DD, et al. Development of a liver-targeting gold-PEG-galactose nanoparticle platform and a structure-function study.
Part Syst Charact. 2014;31:347-356. doi:10.1002/ppsc.201300120

Zhang C, Wang W, Liu T, et al. Doxorubicin-loaded glycyrrhetinic acid-modified alginate nanoparticles for liver tumor chemotherapy.
Biomaterials. 2012;33:2187-2196. doi:10.1016/j.biomaterials.2011.11.045

Kim M, Jeong M, Hur S, et al. Engineered ionizable lipid nanoparticles for targeted delivery of RNA therapeutics into different types of cells in
the liver. Sci Adv. 2021;7:eabf4398. doi:10.1126/sciadv.abf4398

Mistry NP, Desai JL, Thakkar HP. Formulation and evaluation of tacrolimus-loaded galactosylated poly (lactic-co-glycolic acid) nanoparticles
for liver targeting. J Pharm Pharmacol. 2015;67:1337-1348. doi:10.1111/jphp.12430

Susilawati Y, Chaerunisa AY, Purwaningsih H. Phytosome drug delivery system for natural cosmeceutical compounds: whitening agent and skin
antioxidant agent. J Adv Pharm Technol Res. 2021;12(4):327-334. doi:10.4103/2Fjaptr.JAPTR 100 20

Marjaneh RM, Rahmani F, Hassanian SM, et al. Phytosomal curcumin inhibits tumor growth in colitis-associated colorectal cancer. J Cell
Physiol. 2018;233(10):6785-6798. doi:10.1002/jcp.26538

Zheng D, Duan C, Zhang D, et al. Galactosylated chitosan nanoparticles for hepatocyte-targeted delivery of oridonin. Int J Pharm.
2012;436:379-386. doi:10.1016/j.ijpharm.2012.06.039

Wang H, Sun S, Zhang Y, et al. Improved drug targeting to liver tumor by sorafenib-loaded folate-decorated bovine serum albumin
nanoparticles. Drug Deliv. 2019;26:89-97. doi:10.1080/10717544.2018.1561766

Wang Z, Wu P, He Z, et al. Mesoporous silica nanoparticles with lactose-mediated targeting effect to deliver platinum(IV prodrugs for liver
cancer therapy. J Mater Chem B. 2017;5:7591-7597. doi:10.1039/C7TB01704A

FuF, Wu Y, Zhu J, Wen S, Shen M, Shi X. Multifunctional lactobionic acid-modified dendrimers for targeted drug delivery to liver cancer cells:
investigating the role played by PEG spacer. ACS Appl Mater Interfaces. 2014;6:16416—-16425. doi:10.1021/am504849x

Dong H, Wu G, Xu H, et al. N-acetylaminogalactosyl-decorated biodegradable PLGA-TPGS copolymer nanoparticles containing emodin for
the active targeting therapy of liver cancer. Artif Cells Nanomed Biotechnol. 2018;46:260-272. doi:10.1080/21691401.2018.1455055

Jin C, Yang Z, Yang J, et al. Paclitaxel-loaded nanoparticles decorated with anti-CD133 antibody: a targeted therapy for liver cancer stem cells.
J Nanopart Res. 2014;16:2157. doi:10.1007/s11051-013-2157-5

Lai LF, Guo HX. Preparation of new 5-fluorouracil-loaded zein nanoparticles for liver targeting. /nt J Pharm. 2011;404:317-323. doi:10.1016/].
ijpharm.2010.11.025

Zhang X, Zheng H, Lu B, Xiong F. Preparation, characterization, and drug release in vitro of galactosylated chitosan-graft-PEG nanoparticles.
In: 2010 4th International Conference on Bioinformatics and Biomedical Engineering; IEEE; 2010; Chengdu, China. 1-4. doi: 10.1109/
ICBBE.2010.5516538.

Lu L, Li B, Lin C, et al. Redox-responsive amphiphilic camptothecin prodrug nanoparticles for targeted liver tumor therapy. J Mater Chem B.
2020;8:3918-3928. doi:10.1039/DOTB00285B

Tang S, Li Y. Sorafenib-loaded ligand-functionalized polymer-lipid hybrid nanoparticles for enhanced therapeutic effect against liver cancer.
J Nanosci Nanotechnol. 2019;19:6866—6871. doi:10.1166/jnn.2019.16936

Tian H, Zhao S, Nice EC, et al. A cascaded copper-based nanocatalyst by modulating glutathione and cyclooxygenase-2 for hepatocellular
carcinoma therapy. J Colloid Interface Sci. 2022;607:1516-1526. doi:10.1016/j.jcis.2021.09.049

Wang W, Liu Q, Liang X, Kang Q, Wang Z. Protective role of naringin loaded solid nanoparticles against aflatoxin B1 induced hepatocellular
carcinoma. Chem Biol Interact. 2022;351:109711. doi:10.1016/j.cbi.2021.109711

Gupta N, Malviya R. Understanding and advancement in gold nanoparticle targeted photothermal therapy of cancer. Biochim Biophysi Acta.
2021;188532. doi:10.1016/j.bbcan.2021.188532

Jin Y, Yang X, Tian J. Targeted polypyrrole nanoparticles for the identification and treatment of hepatocellular carcinoma. Nanoscale.
2018;10:9594-9601. doi:10.1039/C8NR02036A

Grze” Skowiak BF, Maziukiewicz D, Koztowska A, Kertmen A, Coy E, Mr'owczy nski R. Polyamidoamine dendrimers decorated multi-
functional polydopamine nanoparticles for targeted chemo- and photothermal therapy of liver cancer model. /nt J Mol Sci. 2021;22:738.
doi:10.3390/ijms22020738

Gong T, Wang X, Ma Q, et al. Triformyl cholic acid and folic acid functionalized magnetic graphene oxide nanocomposites: multiple-targeted
dual-modal synergistic chemotherapy/photothermal therapy for liver cancer. J Inorg Biochem. 2021;223:111558. doi:10.1016/].
jinorgbio.2021.111558

Yang X, Zhang W, Jiang W, et al. Nanoconjugates to enhance PDT-mediated cancer immunotherapy by targeting the
indoleamine-2,3-dioxygenase pathway. J Nanobiotechnol. 2021;19:182. doi:10.1186/s12951-021-00919-z

Robertson CA, Evans DH, Abrahamse H. Photodynamic therapy (PDT): a short review on cellular mechanisms and cancer research applications
for PDT. J Photochem Photobiol B. 2009;96:1-8. doi:10.1016/j.jphotobiol.2009.04.001

Zou H, Wang F, Zhou JJ, et al. Application of photodynamic therapy for liver malignancies. J Gastrointest Oncol. 2020;11:431-442.
doi:10.21037/jg0.2020.02.10

Shao J, Xue J, Dai Y, et al. Inhibition of human hepatocellular carcinoma HepG2 by phthalocyanine photosensitizer PHOTOCYANINE: ROS
production, apoptosis, cell cycle arrest. Eur J Cancer. 2012;48:2086-2096. doi:10.1016/j.ejca.2011.10.013

Abdel Fadeel D, Al-Toukhy GM, Elsharif AM, Al-Jameel SS, Mohamed HH, Youssef TE. Improved photodynamic efficacy of thiophenyl
sulfonated zinc phthalocyanine loaded in lipid nano-carriers for hepatocellular carcinoma cancer cells. Photodiagn Photodyn Ther.
2018;23:25-31. doi:10.1016/j.pdpdt.2018.06.003

Tsuda T, Kaibori M, Hishikawa H, et al. Near-infrared fluorescence imaging and photodynamic therapy with indocyanine green lactosome has
antineoplastic effects for hepatocellular carcinoma. PLoS One. 2017;12:¢0183527. doi:10.1371/journal.pone.0183527

Mirzaei H, Djavid GE, Hadizadeh M, Jahanshiri-Moghadam M, Hajian P. The efficacy of Radachlorin-mediated photodynamic therapy in
human hepatocellular carcinoma cells. J Photochem Photobiol B. 2015;142:86-91. doi:10.1016/j.jphotobiol.2014.11.007

Dysart JS, Patterson MS. Characterization of photofrin photobleaching for singlet oxygen dose estimation during photodynamic therapy of
MLL cells in vitro. Phys Med Biol. 2005;50:2597-2616. doi:10.1088/0031-9155/50/11/011

Xu J, Xia X, Leung AW, et al. Sonodynamic action of pyropheophorbide-a methyl ester induces mitochondrial damage in liver cancer cells.
Ultrasonics. 2011;51:480-484. doi:10.1016/j.ultras.2010.11.014

2254 s Journal of Hepatocellular Carcinoma 2024:1 1

Dove!


https://doi.org/10.1002/ppsc.201300120
https://doi.org/10.1016/j.biomaterials.2011.11.045
https://doi.org/10.1126/sciadv.abf4398
https://doi.org/10.1111/jphp.12430
https://doi.org/10.4103/2Fjaptr.JAPTR_100_20
https://doi.org/10.1002/jcp.26538
https://doi.org/10.1016/j.ijpharm.2012.06.039
https://doi.org/10.1080/10717544.2018.1561766
https://doi.org/10.1039/C7TB01704A
https://doi.org/10.1021/am504849x
https://doi.org/10.1080/21691401.2018.1455055
https://doi.org/10.1007/s11051-013-2157-5
https://doi.org/10.1016/j.ijpharm.2010.11.025
https://doi.org/10.1016/j.ijpharm.2010.11.025
https://doi.org/10.1109/ICBBE.2010.5516538
https://doi.org/10.1109/ICBBE.2010.5516538
https://doi.org/10.1039/D0TB00285B
https://doi.org/10.1166/jnn.2019.16936
https://doi.org/10.1016/j.jcis.2021.09.049
https://doi.org/10.1016/j.cbi.2021.109711
https://doi.org/10.1016/j.bbcan.2021.188532
https://doi.org/10.1039/C8NR02036A
https://doi.org/10.3390/ijms22020738
https://doi.org/10.1016/j.jinorgbio.2021.111558
https://doi.org/10.1016/j.jinorgbio.2021.111558
https://doi.org/10.1186/s12951-021-00919-z
https://doi.org/10.1016/j.jphotobiol.2009.04.001
https://doi.org/10.21037/jgo.2020.02.10
https://doi.org/10.1016/j.ejca.2011.10.013
https://doi.org/10.1016/j.pdpdt.2018.06.003
https://doi.org/10.1371/journal.pone.0183527
https://doi.org/10.1016/j.jphotobiol.2014.11.007
https://doi.org/10.1088/0031-9155/50/11/011
https://doi.org/10.1016/j.ultras.2010.11.014
https://www.dovepress.com
https://www.dovepress.com

Dove

Bhange and Telange

71.

78.
79.

80.

Wu F, Shao ZY, Zhai BJ, Zhao CL, Shen DM. Ultrasound reverses multidrug resistance in human cancer cells by altering gene expression of
ABC transporter proteins and bax protein. Ultrasound Med Biol. 2011;37:151-159. doi:10.1016/j.ultrasmedbio.2010.10.009

Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev Cancer. 2011;11:85-95. doi:10.1038/nrc2981

Liu Y, Zhai S, Jiang X, et al. Intracellular mutual promotion of redox homeostasis regulation and iron metabolism disruption for enduring
chemodynamic therapy. Adv Funct Mater. 2021;31:2010390. doi:10.1002/adfm.202010390

Ji S, Jiang B, Hao H, et al. Matching the kinetics of natural enzymes with a single-atom iron enzyme. Nat Catal. 2021;4:407-417. doi:10.1038/
$41929-021-00609-x

81. Liang S, Liu B, Xiao X, et al. A robust narrow bandgap vanadium tetrasulfide sonosensitizer optimized by charge separation engineering for
enhanced sonodynamic cancer therapy. Adv Mater. 2021;33:2101467. doi:10.1002/adma.202101467
82. Fang C, Deng Z, Cao G, et al. Co—ferrocene MOF/glucose oxidase as cascade nanozyme for effective tumor therapy. Adv Funct Mater.
2020;30:1910085. doi:10.1002/adfm.201910085
83. Zhou LL, Guan Q, Li WY, Zhang Z, Li YA, Dong YB. A ferrocene-functionalized covalent organic framework for enhancing chemodynamic
therapy via Redox dyshomeostasis. Small. 2021;17:2101368. doi:10.1002/smll.202101368
84. Yang K, Yu G, Yang Z, et al. Supramolecular polymerization-induced nanoassemblies for self-augmented cascade chemotherapy and
chemodynamic therapy of tumor. Angew Chem Int Ed. 2021;60:17570—17578. doi:10.1002/anie.202103721
85. Zheng H, Ma B, Shi Y, et al. Tumor microenvironment-triggered MoS2@GA-Fe nanoreactor: a self-rolling enhanced chemodynamic therapy
and hydrogen sulfide treatment for hepatocellular carcinoma. Chem Eng J. 2021;406:126888. doi:10.1016/j.cej.2020.126888
86. Liu G, Zhu J, Guo H, et al. M02C-derived polyoxometalate for NIR-II photoacoustic imaging-guided chemodynamic/photothermal synergistic
therapy. Angew Chem Int Ed. 2019;58:18641-18646. doi:10.1002/anie.201910815
87. Jin Q, Yan S, Hu H, et al. Enhanced chemodynamic therapy and chemotherapy via delivery of a dual threat ArtePt and Iodo-click reaction
mediated glutathione consumption. Small Methods. 2021;5:2101047. doi:10.1002/smtd.202101047
88. Wang N, Liu C, Yao W, et al. A sequential multistage-targeted nanoparticles for MR imaging and efficient chemo/ chemodynamic synergistic
therapy of liver cancer. Appl Mater Today. 2021;24:101147. doi:10.1016/j.apmt.2021.101147
89. Xu 'Y, Xiang Z, Alnaggar M, et al. Allogeneic Vy9V32 T-cell immunotherapy exhibits promising clinical safety and prolongs the survival of
patients with late-stage lung or liver cancer. Cell Mol Immunol. 2021;18:427-439. doi:10.1038/s41423-020-0515-7
90. Liu T, Xu L, He L, et al. Selenium nanoparticles regulate selenoprotein to boost cytokine-induced killer cells-based cancer immunotherapy.
Nano Today. 2020;35:100975. doi:10.1016/j.nantod.2020.100975
91. Matsuda A, Ishiguro K, Yan IK, Patel T. Extracellular vesicle-based therapeutic targeting of B-catenin to modulate anticancer immune responses
in hepatocellular cancer: hepatology communications. Hepatol Commun. 2019;3:525-541. doi:10.1002/hep4.1311
92. Akkmn S, Varan G, Bilensoy E. A review on cancer immunotherapy and applications of nanotechnology to chemoimmunotherapy of different
cancers. Molecules. 2021;26:3382. doi:10.3390/molecules26113382
93. Guo J, Yu Z, Sun D, Zou Y, Liu Y, Huang L. Two nanoformulations induce reactive oxygen species and immunogenetic cell death for
synergistic chemo- immunotherapy eradicating colorectal cancer and hepatocellular carcinoma. Mol Cancer. 2021;20:10. doi:10.1186/s12943-
020-01297-0
94. Reisz JA, Bansal N, Qian J, Zhao W, Furdui CM. Effects of ionizing radiation on biological molecules—mechanisms of damage and emerging
methods of detection. Antioxid Redox Signal. 2014;(21):260-292. doi:10.1089/ars.2013.5489
95. Jackson RK, Liew LP, Hay MP. Overcoming radioresistance: small molecule radiosensitisers and hypoxia-activated prodrugs. Clin Oncol.
2019;31:290-302. doi:10.1016/j.clon.2019.02.004
96. Choudhury R. Hypoxia and hyperbaric oxygen therapy: a review. Int J Gen Med. 2018;11:431-442. doi:10.2147/IIGM.S172460
97. Park SI, Park SJ, Lee J, et al. Inhibition of cyclic AMP response element-directed transcription by decoy oligonucleotides enhances
tumor-specific radiosensitivity. Biochem Biophys Res Commun. 2016;469:363-369. doi:10.1016/j.bbrc.2015.11.122
98. Liu Y, Zhang P, Li F, et al. Metal-based nano enhancers for future radiotherapy: radiosensitizing and synergistic effects on tumor cells.
Theranostics. 2018;8:1824-1849. doi:10.7150/thno.22172
99. Zheng Q, Yang H, Wei J, Tong JL, Shu YQ. The role and mechanisms of nanoparticles to enhance radiosensitivity in hepatocellular cell.
Biomed Pharmacother Biomed Pharmacother. 2013;67:569-575. doi:10.1016/j.biopha.2013.04.003
100. Zhang Z, Niu X, Feng X, et al. Construction of a pH/TGase “dual key”-responsive gold nano-radiosensitizer with liver tumor- targeting ability.
ACS Biomater Sci Eng. 2021;7:3434-3445. doi:10.1021/acsbiomaterials.1c00428
101. Bohunicky B, Mousa SA. Biosensors: the new wave in cancer diagnosis. Nanotechnol Sci Appl. 2011;4:1-10. doi:10.2147/NSA.S13465
102. Zhang X, Guo Q, Cui D. Recent advances in nanotechnology applied to biosensors. Sensors. 2009;9:1033—-1053. doi:10.3390/s90201033
103. Dai Y, Han B, Dong L, Zhao J, Cao Y. Recent advances in nanomaterial-enhanced biosensing methods for hepatocellular carcinoma diagnosis.
Trends Anal Chem. 2020;130:115965. doi:10.1016/j.trac.2020.115965
104. Sheta SM, El-Sheikh SM, Abd-Elzaher MM, et al. A novel biosensor for early diagnosis of liver cancer cases using the smart nano-magnetic
metal-organic framework. App! Organomet Chem. 2019;33:¢5249. doi:10.1002/a0c.5249
105. Ucci S, Cicatiello P, Spaziani S, Cusano A. Development of custom surface plasmon resonance Au biosensor for liver cancer biomarker
detection. Results Opt. 2021;5:100193. doi:10.1016/j.ri0.2021.100193
106. Sun C, Li R, Song Y, et al. Ultrasensitive and reliable organic field-effect transistor-based biosensors in early liver cancer diagnosis. Analy
Chem. 2021;93:6188-6194. doi:10.1021/acs.analchem.1c00372
107. Chen X, Pan Y, Liu H, Bai X, Wang N, Zhang B. Label-free detection of liver cancer cells by aptamer-based microcantilever biosensor. Biosens
Bioelectron. 2016;79:353-358. doi:10.1016/j.bios.2015.12.060
108. Wang Q, Bin C, Xue Q, et al. GSTZI sensitizes hepatocellular carcinoma cells to sorafenib-induced ferroptosis via inhibition of NRF2/GPX4
axis. Cell Death Dis. 2021;12(5):426. doi:10.1038/s41419-021-03718-4
109. Lai Y, Lu N, Luo S, Wang H, Zhang P. A photoactivated sorafenib-Ruthenium(Il) prodrug for resistant hepatocellular carcinoma therapy
through ferroptosis and purine metabolism disruption. J Med Chem. 2022;65(19):13041-13051. doi:10.1021/acs.jmedchem.2c00880
110. Tang H, Chen D, Li C, et al. Dual GSH-exhausting sorafenib loaded manganese-silica nanodrugs for inducing the ferroptosis of hepatocellular
carcinoma cells. Int J Pharm. 2019;572:118782. doi:10.1016/j.ijpharm.2019.118782
Journal of Hepatocellular Carcinoma 2024:1 | https: 2255

Dove:


https://doi.org/10.1016/j.ultrasmedbio.2010.10.009
https://doi.org/10.1038/nrc2981
https://doi.org/10.1002/adfm.202010390
https://doi.org/10.1038/s41929-021-00609-x
https://doi.org/10.1038/s41929-021-00609-x
https://doi.org/10.1002/adma.202101467
https://doi.org/10.1002/adfm.201910085
https://doi.org/10.1002/smll.202101368
https://doi.org/10.1002/anie.202103721
https://doi.org/10.1016/j.cej.2020.126888
https://doi.org/10.1002/anie.201910815
https://doi.org/10.1002/smtd.202101047
https://doi.org/10.1016/j.apmt.2021.101147
https://doi.org/10.1038/s41423-020-0515-7
https://doi.org/10.1016/j.nantod.2020.100975
https://doi.org/10.1002/hep4.1311
https://doi.org/10.3390/molecules26113382
https://doi.org/10.1186/s12943-020-01297-0
https://doi.org/10.1186/s12943-020-01297-0
https://doi.org/10.1089/ars.2013.5489
https://doi.org/10.1016/j.clon.2019.02.004
https://doi.org/10.2147/IJGM.S172460
https://doi.org/10.1016/j.bbrc.2015.11.122
https://doi.org/10.7150/thno.22172
https://doi.org/10.1016/j.biopha.2013.04.003
https://doi.org/10.1021/acsbiomaterials.1c00428
https://doi.org/10.2147/NSA.S13465
https://doi.org/10.3390/s90201033
https://doi.org/10.1016/j.trac.2020.115965
https://doi.org/10.1002/aoc.5249
https://doi.org/10.1016/j.rio.2021.100193
https://doi.org/10.1021/acs.analchem.1c00372
https://doi.org/10.1016/j.bios.2015.12.060
https://doi.org/10.1038/s41419-021-03718-4
https://doi.org/10.1021/acs.jmedchem.2c00880
https://doi.org/10.1016/j.ijpharm.2019.118782
https://www.dovepress.com
https://www.dovepress.com

Bhange and Telange Dove

111. Kim D-H, Kim M-J, Kim N-Y, et al. DN200434, an orally available inverse agonist of estrogen-related receptor 12, induces ferroptosis in
sorafenib-resistant hepatocellular carcinoma. BMB Rep. 2022;55(11):547-552. doi:10.5483/BMBRep.2022.55.11.089

112. Iseda N, Itoh S, Toshida K, et al. Ferroptosis is induced by lenvatinib through fibroblast growth factor receptor-4 inhibition in hepatocellular
carcinoma. Cancer Sci. 2022;113(7):2272-2287. doi:10.1111/cas.15378

113. Song Z, Zhang Y, Luo W, et al. HAND2-AS]1 promotes ferroptosis to reverse lenvatinib resistance in hepatocellular carcinoma by TLR4/NOX2/
DUOX?2 axis. Curr Cancer Drug Targets. 2024;24. doi:10.2174/0115680096279597240219055135

114. Zhang N, Yang X, Piao M, et al. Biomarkers and prognostic factors of PD-1/PD-L1 inhibitor-based therapy in patients with advanced
hepatocellular carcinoma. Biomark Res. 2024;12(1):26. doi:10.1186/s40364-023-00535-z

115. Ttoh S, Yoshizumi T, Yugawa K, et al. Impact of immune response on outcomes in hepatocellular carcinoma: association with vascular
formation. Hepatology. 2020;72(6):1987-1999. doi:10.1002/hep.31206

116. Zheng Y, Wang Y, Lu Z, et al. PGAMI1 inhibition promotes HCC ferroptosis and synergizes with anti-PD-1 immunotherapy. Adv Sci. 2023;10
(29):¢2301928. doi:10.1002/advs.20230192896

117. Qiu'Y, Wu Z, Chen Y, et al. Nano ultrasound contrast agent for synergistic chemo-photothermal therapy and enhanced immunotherapy against
liver cancer and metastasis. Adv Sci. 2023;10(21):¢2300878. doi:10.1002/advs.202300878

Journal of Hepatocellular Carcinoma Dove

Publish your work in this journal

The Journal of Hepatocellular Carcinoma is an international, peer-reviewed, open access journal that offers a platform for the dissemination and
study of clinical, translational and basic research findings in this rapidly developing field. Development in areas including, but not limited to,
epidemiology, vaccination, hepatitis therapy, pathology and molecular tumor classification and prognostication are all considered for publication.
The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit
http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/journal-of-hepatocellular-carcinoma-journal

2256 ]l ¥ jn @ Poe Journal of Hepatocellular Carcinoma 2024:1 |


https://doi.org/10.5483/BMBRep.2022.55.11.089
https://doi.org/10.1111/cas.15378
https://doi.org/10.2174/0115680096279597240219055135
https://doi.org/10.1186/s40364-023-00535-z
https://doi.org/10.1002/hep.31206
https://doi.org/10.1002/advs.20230192896
https://doi.org/10.1002/advs.202300878
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Hepatocellular Carcinoma: An Overview
	Current Treatment Modalities for HCC and Their Limitations
	Need for Innovative Therapeutic Strategies

	Application of Nanotechnology for Hepatocellular Carcinoma Therapy
	Phytosomes: Concept and Characteristics
	Phytosomal Nanocarriers for Liver Cancer Therapy
	Active Targeting Based Phytosomal Nanocarriers
	Galactosylated Ligands
	Lactobionic Acid Ligand
	Glycyrrhetinic Acid (GA) Ligands
	Bile Acid Receptor Targeting Ligands

	Stimuli-Responsive Phytosomal Nanocarriers

	Challenges and Future Perspectives
	Conclusion
	Acknowledgments
	Disclosure

