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Abstract

Background:

Hepatitis C virus infection remains a major cause of chronic liver disease, fibrosis, cirrhosis, and hepatocellular carcinoma
worldwide. Although direct-acting antivirals have greatly improved cure rates, several clinical challenges remain, including
drug resistance, reinfection, poor access to therapy, drug—drug interactions, advanced liver disease, and post-treatment liver
complications. These limitations create a need for improved liver-specific therapeutic strategies.

Purpose:

The purpose of this review is to critically examine liver-targeted nanoparticle-based delivery systems for hepatitis C therapy,
with emphasis on their mechanisms, advantages, limitations, translational challenges, and future potential in improving antiviral
delivery and liver-specific treatment outcomes.

Methods:

This review synthesizes published scientific literature on hepatitis C virus biology, current antiviral therapies, liver-targeted
drug delivery, and nanoparticle-based systems including liposomes, solid lipid nanoparticles, polymeric nanoparticles,
micelles, dendrimers, inorganic nanoparticles, lipid nanoparticles, exosomes, and biomimetic carriers. Special attention is given
to hepatocyte-specific targeting receptors such as ASGPR, LDL receptor, scavenger receptors, mannose receptors, and bile
acid transporters.

Findings:

Nanoparticle-based delivery systems offer several potential advantages for hepatitis C therapy, including improved hepatic
drug accumulation, reduced systemic toxicity, enhanced solubility of poorly water-soluble antivirals, protection of unstable
nucleic acid therapeutics, controlled drug release, and the possibility of combination delivery. These systems may be
particularly useful for delivering siRNA, miRNA modulators, antisense oligonucleotides, CRISPR-based tools,
immunomodulators, and multifunctional antiviral-antifibrotic therapies. However, most HCV-related nanoparticle systems
remain preclinical due to challenges in safety, reproducibility, scale-up, regulatory approval, cost-effectiveness, and
competition with highly effective oral direct-acting antivirals.

Conclusion:

Liver-targeted nanoparticle-based delivery systems should be viewed as complementary strategies rather than replacements for
existing direct-acting antivirals. Their greatest future value may lie in difficult-to-treat populations, drug-resistant infection,
advanced liver disease, post-SVR liver complications, and nucleic acid-based therapies. Future research should focus on
clinically realistic, disease-stage-specific, safe, scalable, and affordable nanomedicine platforms for precision hepatology.
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1. Background:

Hepatitis C virus is an enveloped positive-sense RNA virus
with a strong tropism for the liver. Since its identification
in 1989 as the principal agent of non-A, non-B hepatitis,
HCV has become one of the most intensively studied
hepatotropic viruses. The initial discovery enabled
serological screening, molecular diagnostics, and
eventually rational antiviral development. Historical
accounts of the discovery emphasize that cloning of the
viral genome in 1989 transformed both transfusion safety
and viral hepatitis research. **

The clinical significance of HCV lies not only in acute
infection but in its ability to establish chronic infection.
Persistent viral replication drives hepatic inflammation,
progressive fibrosis, cirrhosis, and in some patients
hepatocellular carcinoma. WHO estimated that in 2022
around 242,000 people died from hepatitis C, largely
because of cirrhosis and hepatocellular carcinoma. This
burden is unevenly distributed, with diagnosis and
treatment access remaining major barriers in many
regions.>8

Therapy for HCV has undergone a striking evolution.
Interferon and ribavirin were once the backbone of
treatment, but they required long courses, produced
frequent systemic adverse effects, and delivered variable
response rates depending on genotype and host factors. The
introduction of direct-acting antivirals changed the field
fundamentally. Current DAA combinations target viral
proteins such as NS3/4A protease, NS5A, and NS5B
polymerase. Modern regimens are oral, short-duration,
well tolerated, and highly effective, with cure rates
commonly exceeding 95% in treated patients. "

Table 1. Evolution of HCV Therapy

Yet a high cure rate does not mean the therapeutic problem
has disappeared. Several gaps remain. Patients with
decompensated cirrhosis require careful regimen selection.
Resistance-associated  substitutions may complicate
retreatment. Reinfection remains relevant in high-risk
populations. Drug-drug interactions matter in patients
receiving antiretrovirals, immunosuppressants,
antiepileptics, anticoagulants, or complex polypharmacy.
Post-SVR patients with advanced fibrosis or cirrhosis
remain at risk for hepatocellular carcinoma. Access and
affordability also continue to limit the public health impact
of DAAs in several settings. WHO notes that access to
diagnosis and treatment remains low despite the high
efficacy of DAAs. 1216

In this context, liver-targeted nanoparticle delivery should
not be positioned as a competitor to oral DAAs. A more
realistic and scientifically useful framing is to view
nanocarriers as adjunctive or enabling technologies. They
may improve delivery of poorly soluble antivirals, reduce
systemic toxicity of older agents, deliver nucleic acid
therapeutics such as siRNA, antisense oligonucleotides,
miRNA modulators, or CRISPR-based systems, and
combine antiviral activity with antifibrotic or anti-
inflammatory support.

The liver is particularly suited to nanomedicine because of
its vascular architecture, sinusoidal fenestrations, resident
macrophages, abundant hepatocytes, and high expression
of uptake receptors. Passive liver accumulation can occur
through the reticuloendothelial system, whereas active
targeting can be achieved through receptors such as
ASGPR, LDL receptor, scavenger receptors, mannose
receptors, and bile acid transporters. GalNAc-mediated
ASGPR targeting is especially important because ASGPR
is highly expressed in hepatocytes and supports receptor-
mediated internalization.

\
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1.1 Hepatitis C Virus Biology and Therapeutic Targets

HCV belongs to the family Flaviviridae and carries a
single-stranded positive-sense RNA genome. The viral
genome encodes one large polyprotein that is cleaved into
structural and non-structural proteins. Structural proteins
include core and envelope glycoproteins E1 and E2,
whereas non-structural proteins include p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B. These proteins
coordinate entry, replication, assembly, and release.t’-1

HCV entry is a multistep process involving attachment to
hepatocyte-associated factors followed by receptor-
mediated internalization. Several host factors contribute,
including CD81, scavenger receptor class B type I, claudin-
1, occludin, and lipoprotein-associated pathways. Viral

entry is closely linked with lipid metabolism, which partly
explains why hepatocyte biology is central to HCV
infection.8

After entry and uncoating, the viral RNA is translated at
the rough endoplasmic reticulum. The resulting
polyprotein is processed by host and viral proteases.
Replication occurs in rearranged intracellular membranes
often described as the membranous web. NS5B functions
as the RNA-dependent RNA polymerase. NS5A is a
multifunctional phosphoprotein involved in replication
complex formation and virion assembly. NS3/4A protease
cleaves the viral polyprotein and also interferes with innate
immune signaling pathways,*7:20-24
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Nanoparticle systems can be designed to carry DAAs or nucleic acid therapeutics toward hepatocytes
while reducing unnecessary systemic exposure.

Figure 1: HCV life cycle and major antiviral targets relevant to direct-acting antiviral and nanoparticle-based delivery

strategies.

The three most important DAA target classes are mentioned in Table 2:

Table 2: Key Molecular Targets of Direct-Acting Antivirals in Hepatitis C Virus

Target Therapeutic relevance
NS3/4A protease Blocks viral polyprotein processing
NS5A Disrupts replication complex formation and assembly
NS5B polymerase Blocks viral RNA synthesis through nucleoside or non-nucleoside

inhibition

DAA therapy exploits these vulnerable steps. A recent
review describes four DAA classes based on mechanism
and target, including NS3/4A protease inhibitors, NS5A
inhibitors, and NS5B polymerase inhibitors, °1213

Despite these clear targets, HCV therapy must account for
viral diversity. HCV has multiple genotypes and a high
mutation rate due to error-prone RNA replication.
Resistance-associated substitutions may emerge under
drug pressure, especially when adherence is poor, drug
exposure is suboptimal, or baseline resistance exists.
Reinfection is also possible because viral clearance does
not generate sterilizing immunity.21°

Advanced liver disease adds another layer of complexity.
Cirrhosis alters hepatic blood flow, sinusoidal structure,
transporter expression, immune function, and drug
metabolism. These changes may affect both free drugs and
nanoparticle systems. A nanocarrier designed for healthy

hepatocytes may not behave identically in fibrotic or
cirrhotic liver tissue. Therefore, disease-stage-specific
design should become an explicit principle in future liver-
targeted HCV nanomedicine.>6:13

1.2 Current Therapeutic Landscape of Hepatitis C

The therapeutic history of HCV can be divided into three
broad phases: interferon-based immune stimulation,
interferon plus ribavirin combination therapy, and DAA-
based targeted antiviral therapy.”®

Interferon therapy attempted to enhance antiviral immunity
rather than directly inhibit viral enzymes. Pegylated
interferon improved pharmacokinetics but did not
eliminate systemic toxicity. Adverse effects included flu-
like symptoms, depression, cytopenias, thyroid
dysfunction, and poor tolerability. Ribavirin improved
response rates when combined with interferon but
introduced hemolytic anemia, teratogenicity, and
additional monitoring requirements.
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Direct-acting antivirals transformed treatment by directly
targeting viral replication machinery. DAA regimens are
shorter, oral, more tolerable, and far more effective than
interferon-based therapy. AASLD-IDSA guidance states
that DAA regimens cure more than 95% of treated people.
The 2023 guidance also recommends treating confirmed
acute HCV infection similarly to chronic infection without
waiting for spontaneous clearance, 0.11.13-16

3.

Although current DAA regimens have transformed the
therapeutic landscape of HCV infection, several
unresolved issues remain that require ongoing clinical
attention and research. These key challenges and their
implications are presented in Table

Table 3: Current Limitations and Challenges of Direct-Acting Antiviral Therapy

Remaining gap Why it matters
Resistance Can complicate retreatment after DAA failure
Reinfection Relevant in high-risk groups
Drug-drug interactions Important in HIV coinfection, transplant recipients, and polypharmacy
Decompensated cirrhosis Limits use of some protease inhibitor-containing regimens
Access gaps Diagnosis and treatment remain low in many regions
Cost Still relevant in some health systems
Post-SVR liver disease HCC surveillance remains necessary in advanced fibrosis/cirrhosis
Special populations II ::;:1 uudneogzr;i)lr(ejlzties;e, transplant recipients, children, pregnancy, and

A review on DAA-era management notes that retreatment
after failure may require combinations across multiple
DAA classes and consideration of resistance-associated
substitutions. This is one area where nanotechnology could
be considered—not to replace approved retreatment
regimens, but to improve delivery of combination agents,
host-targeted therapies, or adjunctive antifibrotic
interventions.'213

Nanoparticle systems may also help when the therapeutic
cargo is not a conventional small molecule. Antisense
oligonucleotides, siRNA, miRNA inhibitors, and CRISPR-
based tools require protection from degradation, efficient
cellular uptake, endosomal escape, and controlled

biodistribution. These are classic delivery problems that
nanomedicine is designed to address.?5-3!

2. Rationale for Liver-Targeted Nanoparticle Delivery

The liver is a natural target for nanoparticle delivery
because of its anatomy and function. It receives dual blood
supply from the portal vein and hepatic artery, has
fenestrated sinusoidal  endothelium, and contains
specialized cell populations including hepatocytes,
Kupffer cells, liver sinusoidal endothelial cells, and hepatic
stellate cells. These features promote the accumulation and
processing of circulating particles.3%-%
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Figure 2: Simplified mechanism of liver-targeted nanoparticle delivery, showing passive sinusoidal accumulation and
receptor-mediated uptake by hepatocytes and non-parenchymal liver cells.

Passive targeting occurs when nanoparticles are
sequestered by the mononuclear phagocyte system,
especially Kupffer cells. This can be useful when the
therapeutic target is inflammatory macrophages, but it can
be a limitation when hepatocyte delivery is required.
Particle size, charge, surface hydrophobicity, protein
corona formation, and PEGylation influence whether
nanoparticles are cleared by Kupffer cells, retained in
sinusoids, taken up by hepatocytes, or distributed
extrahepatically.26273031

Active targeting attempts to redirect nanoparticles toward
selected liver cell types. For hepatocytes, ASGPR is one of
the most widely studied receptors. Galactose, lactose, N-
acetylgalactosamine, and related ligands can promote
ASGPR-mediated uptake. GalNAc-based delivery has
become a major platform for liver-directed RNA
therapeutics because ASGPR is highly expressed in
hepatocytes and undergoes efficient recycling. 3236

Other targeting routes include LDL receptor-mediated
uptake, bile acid transporter-mediated delivery, scavenger
receptor pathways, mannose receptor targeting, and
peptide-mediated strategies. Each route has advantages and
limitations. LDL receptor targeting can exploit lipoprotein
biology, which is relevant to HCV because the virus
circulates partly as a lipoviroparticle. Bile acid transporter
targeting may improve hepatobiliary delivery, but
transporter expression may change in cholestasis or
advanced liver disease. Mannose receptor targeting is more
relevant to Kupffer cells and liver macrophages than
hepatocytes.3®

Nanotechnology-based drug delivery strategies offer
significant opportunities for optimizing HCV treatment by
improving pharmacokinetics, cellular targeting, and
therapeutic outcomes. The major advantages of liver-
targeted nanoparticles and their relevance to HCV therapy
are summarized in Table 4.253!

Table 4: Therapeutic Benefits of Liver-Targeted Nanoparticles for Hepatitis C Treatment

Advantage

Relevance to HCV therapy

Higher intrahepatic drug exposure

May improve local antiviral potency

Reduced systemic exposure

May lower toxicity

Protection of unstable cargo

Essential for RNA and protein therapeutics

Improved solubility

Useful for hydrophobic antivirals

Controlled release

May maintain therapeutic concentration

Combination delivery

Enables synchronized pharmacokinetics

Cellular targeting

Allows hepatocyte, macrophage, or stellate-cell-directed
therapy

1JDDT, Volume 16 Issue 63s, 2026

Page:1765



Multifunctionality

Enables antiviral plus antifibrotic or anti-inflammatory
delivery

The strongest future rationale is not routine replacement of DAA tablets. Instead, it is targeted use in difficult therapeutic
contexts: DAA resistance, advanced liver disease, post-SVR fibrosis, transplant recurrence risk, nucleic acid therapeutics, and

combination regimens requiring coordinated delivery.

3. Types of Nanoparticle-Based Delivery Systems for HCV Therapy

3.1

Liposomes

Liposomes are phospholipid vesicles with aqueous cores
and lipid bilayers. Hydrophilic drugs can be encapsulated
in the aqueous compartment, whereas hydrophobic drugs
can be incorporated into the lipid bilayer. Conventional
liposomes are relatively biocompatible and can improve
drug solubility and pharmacokinetics.?

For HCV therapy, liposomes are relevant for encapsulating
antivirals,  ribavirin, interferon-related  molecules,
immunomodulators, and nucleic acid cargos. PEGylated
liposomes can prolong circulation time by reducing
opsonization. Ligand-modified liposomes can be decorated
with galactose, lactose, glycyrrhizin, peptides, antibodies,
or other ligands to promote liver cell targeting.

Their limitations include leakage of encapsulated drug,
instability during storage, immune recognition,
complement activation, and manufacturing complexity.
Liposomes may also accumulate in Kupffer cells rather
than hepatocytes unless carefully engineered. For HCV,
where hepatocytes are the primary infected cell type,
surface targeting becomes especially important.

3.2 Solid Lipid Nanoparticles and Nanostructured
Lipid Carriers

Solid lipid nanoparticles contain a solid lipid matrix that
can incorporate lipophilic drugs and provide controlled
release. Nanostructured lipid carriers improve upon SLNs
by mixing solid and liquid lipids, creating imperfections in
the lipid matrix that can increase drug loading.3"-%

These systems are attractive for poorly soluble DAAs and
other hydrophobic antivirals. They may improve oral
absorption, lymphatic transport, hepatic exposure, and
sustained release. Lipid-based carriers may also interact

favorably with hepatic lipid metabolism, although this
must be evaluated carefully.

Their limitations include polymorphic transitions of lipids,
drug expulsion during storage, batch variability, and
challenges in sterilization and scale-up. For HCV
nanomedicine, SLNs and NLCs are promising only if they
demonstrate a clear advantage over existing oral DAA
formulations.

3.3 Polymeric Nanoparticles

Polymeric nanoparticles can be produced from
biodegradable and synthetic polymers such as PLGA,
chitosan, PEG-based copolymers, PEI, polycaprolactone,
and dendritic polymers. PLGA is widely used because of
biodegradability and regulatory familiarity. Chitosan
offers mucoadhesive and cationic properties, making it
useful for nucleic acid complexation. PEI supports
endosomal escape but is limited by cytotoxicity.3940

Polymeric nanoparticles can provide sustained release,
protect labile cargo, and allow surface modification. In
HCV therapy, they may deliver DAAS, ribavirin, siRNA,
miRNA inhibitors, immunomodulators, or antifibrotic
agents. Surface conjugation with GalNAc, galactose,
glycyrrhizin, or peptides can increase hepatocyte targeting.

The main concerns are polymer toxicity, residual solvents,
inflammatory responses, low nucleic acid release
efficiency, and scale-up reproducibility. Cationic polymers
are especially problematic because they can disrupt cell
membranes and activate innate immunity.

3.4 Polymeric Micelles

Polymeric micelles are self-assembled nanostructures
formed from amphiphilic block copolymers. They contain
a hydrophobic core and hydrophilic shell. Their main
strength is solubilization of hydrophobic drugs. This is
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valuable for antiviral compounds with poor aqueous
solubility.*142

Micelles may passively accumulate in the liver and can be
actively targeted through ligand conjugation. They can also
be engineered for pH-sensitive or redox-sensitive release.
However, micelles may dissociate upon dilution in blood,
causing premature drug release. Stability depends on
critical micelle concentration, polymer structure, and drug—
core interactions.

For HCV therapy, micelles are most plausible as
formulation enhancers for hydrophobic antivirals or
combination therapy, rather than as primary platforms for
RNA delivery.

3.5 Dendrimers

Dendrimers are  highly branched, monodisperse
macromolecules with multivalent surfaces. Their surface
groups can bind drugs, nucleic acids, ligands, or imaging
agents. This multivalency makes them attractive for
antiviral therapy, receptor targeting, and gene delivery.®

Dendrimers may interact with viral particles or block viral
entry, depending on surface chemistry. They can also
complex nucleic acids and support endosomal escape.
However, positively charged dendrimers can be cytotoxic,
hemolytic, and immunostimulatory. Surface shielding or
partial neutralization can reduce toxicity but may also
reduce delivery efficiency.

Clinical translation of dendrimers for HCV therapy
remains limited. Their future role may be in highly
specialized delivery systems or topical/locoregional
applications rather than systemic routine use.

3.6 Inorganic Nanoparticles

Inorganic nanoparticles include gold nanoparticles, silica
nanoparticles, magnetic nanoparticles, quantum dots, and
iron oxide systems. Their advantages include tunable size,
optical or magnetic properties, imaging capability, and
surface functionalization.*-46

Gold nanoparticles can support drug conjugation,
biosensing, and photothermal  strategies.  Silica
nanoparticles provide high surface area and pore volume.
Magnetic nanoparticles can enable imaging or
magnetically guided delivery. Quantum dots are more
relevant to diagnostics and tracking than therapy because
of toxicity concerns.

For HCV, inorganic nanoparticles may be more valuable in
diagnostics, theranostics, biosensing, or mechanistic
studies than in routine antiviral delivery. Long-term
accumulation, poor biodegradability, and metal-associated
toxicity remain major barriers.

3.7 Lipid Nanoparticles for RNA-Based Therapy

Lipid nanoparticles have become one of the most important
delivery systems for nucleic acid therapeutics. They
typically contain ionizable lipids, helper phospholipids,
cholesterol, and PEG-lipids. lonizable lipids are neutral at
physiological pH but become protonated in acidic
endosomes, promoting endosomal escape.*’-5!

LNPs are relevant to HCV because RNA-based strategies
can target viral RNA, host dependency factors, miR-122
interactions, inflammatory pathways, or fibrogenic
signaling. The approval of patisiran as an LNP-formulated
siRNA drug demonstrated the clinical feasibility of
systemic RNA delivery to the liver. °5'GalNAc-LNP
systems are also being explored to improve hepatocyte
specificity through ASGPR-mediated uptake. GalNAc
targeting can reduce reliance on ApoE/LDLR-mediated
uptake and may produce more hepatocyte-specific
delivery.

The barriers are substantial: endosomal escape remains
inefficient, innate immune activation must be controlled,
repeated dosing can raise tolerability concerns, and
manufacturing requires tight control of particle size,
encapsulation  efficiency, lipid composition, and
impurities.

3.8 Exosomes and Biomimetic Nanocarriers

Exosomes are naturally secreted extracellular vesicles
involved in intercellular communication. Their biological
origin, membrane proteins, and potential tissue tropism
make them attractive delivery vehicles. Biomimetic
nanocarriers can also be produced by coating synthetic
nanoparticles with cell membranes derived from
hepatocytes, macrophages, platelets, or immune cells.>6

For HCV-associated liver disease, exosomes and
biomimetic carriers could deliver antiviral RNA, anti-
inflammatory  molecules, antifibrotic  agents, or
regenerative signals. Their natural membrane composition
may reduce immune recognition and improve biological
compatibility.
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However, exosome translation is difficult. Isolation
methods vary, loading efficiency is inconsistent, purity is
challenging, and standardization remains unresolved.
Exosomes may also carry unwanted biological signals. For

O O

Liposomes SLNs/NLCs
bilayer vesicles lipid matrix

HCV therapy, they remain scientifically exciting but
clinically immature.

O

Polymeric NPs
PLGA/chitosan

O

Micelles
hydrophobic core

Dendrimers Inorganic NPs
multivalent surface imaging/theranostics

LNPs
RNA delivery

|

Exosomes
biomimetic carriers

|

!

Future HCV nanomedicine: targeted + stimuli-responsive + combination
delivery Antiviral therapy | anti-inflammatory support | antifibrotic action |
diagnostic monitoring

Figure 3: Simple overview of major nanoparticle platforms and the future concept of multifunctional liver-directed
nanomedicine for HCV-associated liver disease. Table 5. Nanoparticle Systems Used for Liver-Targeted HCV Therapy

. . Therapeutic Targeting Major
Nanoparticle type Material used — —— Key advantages limitations
DAAs, Passive,
Linosomes Phospholipids, ribavirin, PEGylated, Biocompatible, Leakage, Kupffer
P cholesterol interferon, ligand- versatile loading uptake, instability
RNA modified
o . Passive hepatic | Solubility .
SLNs/NLCs ﬁo::i/llqmd ;'n{?\:iig:?blc uptake, ligand | improvement, Dc:Iu gmofxls);l:]lon,
P modification controlled release polymorp
. . PLGA, chitosan, DAAS’ SIRNA, A.‘SGPR Sustained release, | Toxicity, scale-up
Polymeric nanoparticles MiRNA ligands, - .
PEG, PEI S . surface tunability | issues
inhibitors peptides
Polvmeric micelles S?Cihlphmc Hydrophobic Passive or | Excellent Dilution
Y DAAs ligand-based solubilization instability
copolymers
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PAMAM  and | Drugs, nucleic
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PEG-lipid ASGPR delivery activation
systems

Exosomes/biomimetic
carriers cell membranes | drugs

Natural vesicles, | RNA, proteins,

Native tropism, | Low Standardization
engineered immunogenicity and purity
ligands potential problems

4. Liver-Targeting Strategies
4

.1 Passive Targeting to the Liver

Passive liver targeting is governed by nanoparticle
physicochemical properties and hepatic clearance
mechanisms. Larger particles and positively charged
particles are more likely to be recognized by serum
proteins and cleared by Kupffer cells. PEGylation can
reduce opsonization but may also reduce cellular uptake.
Particle size influences sinusoidal passage, macrophage
capture, and hepatocyte access.?6:303!

In inflamed or fibrotic liver tissue, vascular permeability,
extracellular matrix deposition, immune cell activity, and
receptor expression may change. This means passive
targeting is disease-stage dependent. A nanoparticle
optimized in healthy animals may fail in cirrhotic liver
because fibrosis alters sinusoidal fenestrations and hepatic
perfusion.

4.2 Active Targeting to Hepatocytes

Active targeting uses ligands that bind hepatocyte
receptors. The best-known strategy is ASGPR targeting
using galactose, lactose, GalNAc, or related ligands.
ASGPR is highly expressed in hepatocytes, supports rapid
internalization, and recycles efficiently, making it a strong
target for liver-directed delivery. 32-3%

LDL receptor targeting is also relevant because HCV
interacts with lipoprotein metabolism. ApoE-containing
particles can be taken up through LDL receptor family
pathways. This is useful for some LNP systems but may be
influenced by patient lipid status, liver disease, and
competing endogenous lipoproteins. &3¢

Bile acid transporter targeting uses bile acid conjugates to
exploit hepatobiliary uptake pathways. Peptide-mediated
targeting can offer specificity but requires careful
validation to avoid off-target uptake.

The main limitation of active targeting is that receptor
binding does not guarantee therapeutic delivery.
Nanoparticles must still avoid premature clearance, reach
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the target cell, undergo internalization, escape endosomes
when needed, and release cargo in active form.

4.3 Targeting Non-Parenchymal Liver Cells

HCV primarily infects hepatocytes, but chronic HCV liver
disease involves non-parenchymal cells. Kupffer cells
contribute to inflammation. Hepatic stellate cells drive
fibrosis. Liver sinusoidal endothelial cells regulate immune
tolerance, vascular homeostasis, and sinusoidal
structure.’8

Targeting these cells may be valuable after viral clearance,
especially in patients with persistent fibrosis or
inflammation. For example, nanoparticles delivering
antifibrotic sSiRNA or anti-inflammatory agents to stellate
cells or macrophages could complement antiviral therapy.
This supports the concept of multifunctional HCV
nanomedicine: not only viral suppression, but also liver
repair.

Table 6. Liver-Targeting Ligands and Receptors

4.4 Stimuli-Responsive Targeting

Stimuli-responsive nanoparticles release cargo in response
to local biological signals. Relevant triggers include acidic
pH, high glutathione concentration, reactive oxygen
species, disease-associated enzymes, and inflammatory
mediators.?

In HCV-associated liver disease, oxidative stress,
inflammation, and fibrosis create microenvironmental cues
that could be exploited for selective release. ROS-
responsive nanoparticles may release antioxidants or
antifibrotic agents in inflamed tissue. Redox-sensitive
carriers may release nucleic acids intracellularly. pH-
sensitive systems may enhance endosomal escape.

The challenge is specificity. Many pathological triggers are
not unique to HCV liver disease. Therefore, stimuli-
responsive systems should be combined with cell-specific
targeting and rigorous diseased-liver models.

Target . . Applicationin HCV
Ligand used Targeted liver cell Challenges
receptor/cell type g g therapy g
Galactose, DAA, siRNA, miRNA Receptor saturation,
ASGPR lactose, GaINAc Hepatocytes delivery disease-stage variation
. . LNP uptake, Competition with
ApoE, lipoprotein . S
LDL receptor mimics Hepatocytes lipoviroparticle-inspired endogenous
delivery lipoproteins
Scavenger Anionic ligands, Kupffer cells, endothelial | Immune modulation, Macrophage
receptors modified lipids cells inflammation targeting sequestration
Kupffer Anti-inflammator Limited hepatocyte
Mannose receptor Mannose up .' : y ' ' . patocyt
cells/macrophages delivery specificity
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Bile acid Bile acid - . Altered expression in
. Hepat Hepatobiliary deliver .
transporters conjugates epatocytes epatobiliary delivery cholestasis
Stellate cell Vitamin A, . e . . Activation-state
. Hepatic stellate cells Antifibrotic delivery
markers peptides dependency

1.5. Nanoparticle Delivery of Antiviral Agents

Nanoparticles can deliver several classes of therapeutic
cargo relevant to HCV.

Direct-acting antivirals: Nanoparticles may improve
solubility, hepatic concentration, and sustained release of
DAAs. However, because oral DAAs are already highly
effective, nanoparticle formulations must prove clear value
in special situations such as poor solubility, drug
interactions, resistance, or difficult tissue distribution.

Ribavirin: Ribavirin delivery through liver-targeted
carriers could theoretically reduce systemic exposure and
hemolytic toxicity. This is now less central because
ribavirin use has declined, but it remains relevant in
selected difficult-to-treat scenarios.

Interferon and immunomodulators: Nanocarriers may
reduce systemic exposure and improve liver-localized
immune modulation. However, broad immune activation
risks inflammation, autoimmune toxicity, and poor
tolerability.

siRNA and antisense oligonucleotides: RNA-based
strategies can target viral RNA or host factors required for
replication. miR-122 is especially important because HCV
uses liver-specific miR-122 to stabilize and replicate its
genome. Miravirsen, an antisense inhibitor of miR-122,
demonstrated clinical antiviral activity, supporting host-
targeted nucleic acid therapy as a viable concept. 4752

MiRNA modulators: miR-122 inhibition can suppress
HCV replication, but long-term modulation of a liver-
enriched microRNA requires caution because miR-122
also regulates hepatic metabolism and tumor suppressive
pathways. Later work has also shown that resistance

mechanisms can emerge under miR-122-based pressure. 5%
54

CRISPR/Cas-based systems: Gene editing could
theoretically target viral genomes or host dependency
factors. Yet HCV is an RNA virus with high diversity, and
permanent editing of host factors raises safety concerns.
Delivery, off-target editing, immunogenicity, and ethical
issues remain major barriers.

A realistic future approach may involve nanoparticles that
co-deliver low-dose antiviral, anti-inflammatory, and
antifibrotic agents in patients with advanced liver disease,
rather than focusing only on viral clearance.

1.6. Preclinical and Clinical Advances

Preclinical HCV nanomedicine relies on multiple models,
each with strengths and limitations. Huh7 and Huh7.5
hepatoma cells are commonly used because they support
HCV replication systems, but they do not fully represent
primary hepatocytes. Replicon systems are useful for
studying viral RNA replication but do not capture the
complete viral life cycle. HCV pseudoparticles help
evaluate viral entry. Cell-culture-derived infectious HCV
systems allow broader life-cycle studies but remain
genotype-limited.?0-24

Animal models are difficult because HCV has narrow
species tropism. Humanized liver mouse models can
support infection but are expensive, technically
demanding, and immunologically imperfect. These
limitations partly explain why many promising
nanoparticle systems remain preclinical.

Organoids and liver-on-chip platforms may improve
translation by modeling human hepatic architecture,
multicellular interactions, fibrosis, inflammation, and flow
conditions. These systems are particularly important for
nanoparticles because static 2D cultures often fail to
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predict biodistribution, protein corona formation, immune
recognition, and tissue penetration.5’%

Clinical translation of HCV-specific nanoparticle therapies
remains limited, largely because DAAs already work
extremely well. Lessons from approved liver-targeted
RNA therapeutics are therefore more relevant than direct
HCV nanoparticle trials. Patisiran showed that LNP-
mediated SiRNA delivery to the liver can be clinically
successful. GalNAc conjugates and GalNAc-modified
nanoparticles further show how receptor-mediated liver
targeting can be refined. %5

Toxicity issue Mechanism

1.7. Safety, Toxicity, and Biocompatibility
Considerations

Safety is central to HCV nanomedicine because the target
organ is often already injured. A nanoparticle tolerated by
healthy liver may behave differently in chronic hepatitis,
fibrosis, cirrhosis, steatosis, or cholestasis.*6%

Key toxicity issues and their mechanisms are presented in
Table 7.

Table 7: Major Safety and Toxicity Concerns Associated
with Nanoparticle-Based HCV Therapeutics

Hepatotoxicity

Direct hepatocyte stress or impaired mitochondrial function

Kupffer cell activation

Cytokine release and inflammatory amplification

Complement activation

Infusion reactions and hypersensitivity

Oxidative stress

ROS generation by particles or cargo

Long-term accumulation

Especially with inorganic or poorly degradable materials

Immunogenicity

Anti-PEG antibodies, innate immune activation, cytokine release

Hematological toxicity

Hemolysis, platelet activation, coagulation effects

Genotoxicity

Relevant for gene-editing and nucleic acid delivery

Diseased liver models are essential. Testing only in healthy animals can underestimate risk. Fibrotic livers have altered

sinusoidal structure, macrophage activation, extracellular
matrix deposition, and impaired clearance. Cirrhotic livers
may show altered distribution and higher sensitivity to
inflammatory insults.5"-¢°

For RNA and gene-editing cargos, additional concerns
include off-target gene silencing, immune activation
through pattern-recognition receptors, unintended editing,
persistence of editing machinery, and germline risk if
biodistribution is not tightly controlled.

1.8 Major Challenges in Translation

The development of effective HCV nanotherapeutics
requires overcoming several translational barriers related
to formulation reproducibility, large-scale manufacturing,
safety evaluation, and regulatory approval. These key
challenges are summarized in Table 8,26:30:31
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Table 8: Current Limitations in the Development of HCV Nanomedicine Platforms

Challenge Explanation
Weak in vitro—in vivo correlation Cell culture does not reproduce liver blood flow, immune clearance, or fibrosis
Batch variability Nanoparticle properties are highly process-sensitive
Scale-up Mixing, temperature, solvent removal, and sterilization affect quality
Stability Aggregation, leakage, oxidation, and hydrolysis may occur
Regulatory uncertainty Multifunctional systems are difficult to classify
Cost Complex nanomedicines must compete with oral DAAs
Clinical trial design Hard to justify trials where standard care is already highly effective
Commercial incentive HCV cure rates reduce market need for new delivery systems
Safety expectations Long-term liver safety must be strong

The most difficult question is not whether nanoparticles can deliver antivirals to the liver. The harder question is whether they
can provide enough clinical advantage to justify added complexity. For routine uncomplicated HCV infection, the answer is
probably no. For DAA failure, advanced liver disease, post-SVR fibrosis, transplant-related recurrence risk, and nucleic acid
therapy, the answer may be different.

Table 9. Translational Challenges and Proposed Solutions

Impact on clinical . .
Challenge Reason P . Possible solution
translation
Limited need inroutine | DAAs already cure most Weak commercial Focus on resistant and advanced
HCV patients rationale disease
L 2D cells do not mimic diseased - . . . .
Poor model predictivity liver Preclinical failure Use organoids and liver-on-chip
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Nanoparticles are process-

Scale-up variabilit o
P y sensitive

Batch inconsistency

Quality-by-design manufacturing

Toxicity in diseased Fibrotic liver handles particles
liver differently

Safety concerns

Test in fibrosis/cirrhosis models

Multifunctional products are

Regulatory complexity hard to classify

Delayed approval

Simplify design and define critical
quality attributes

Complex formulations may be

Cost .
expensive

Limited global use

Develop affordable, scalable
platforms

RNA delivery remains

Endosomal escape . ..
P inefficient

Low potency

Improve ionizable lipids and
responsive systems

Long-term Nondegradable materials
accumulation persist

Chronic toxicity risk

Prefer biodegradable materials

2. Future Perspectives

Future HCV nanomedicine should be more selective, disease-aware, and clinically realistic.2%57-6

Disease-stage-specific nanoparticle design: Chronic
hepatitis,  fibrosis, = compensated  cirrhosis, and
decompensated cirrhosis are not the same delivery
environment. Nanoparticles should be optimized according
to sinusoidal structure, macrophage activation, receptor
expression, and extracellular matrix density.

2. Adjunctive use with DAAs: Nanoparticles should be
developed as adjuncts for special populations, not as
universal replacements for oral therapy.

3. Antiviral plus antifibrotic delivery: Post-SVR patients
with advanced fibrosis need liver repair strategies. Co-
delivery of antiviral and antifibrotic agents could be useful
in patients treated late in disease progression.

4. Biomimetic carriers: Hepatocyte-membrane-coated
particles, immune-cell-derived vesicles, or engineered
exosomes may improve compatibility and cell-specific
interaction.

5. Smart nanoparticles: ROS-responsive, enzyme-
responsive, and pH-responsive systems could release cargo
preferentially in inflamed or fibrotic liver tissue.

6. Al-assisted formulation design: Machine learning can
help predict particle size, encapsulation, transfection
efficiency, toxicity, and liver targeting. Recent work has
explored machine-learning-guided LNP design for mRNA
delivery, illustrating how computational screening may
reduce experimental burden.

7. Organoids and liver-on-chip screening: These models
can reduce translational failure by incorporating human
liver architecture, flow, multicellularity, and disease states.

8. Transplant-related applications: Nanoparticles could
be explored for preventing recurrence, modulating
ischemia—-reperfusion injury, or delivering local
immunomodulators after liver transplantation.
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9. Theranostic systems: Inorganic or hybrid nanoparticles
may combine imaging, fibrosis staging, antiviral delivery,
and response monitoring.

10. Affordable nanomedicine: Global HCV elimination
requires scalable and cost-sensitive technologies. Complex
personalized nanomedicines may be scientifically
impressive but clinically irrelevant if they cannot be
manufactured affordably.

3. Conclusion

Liver-targeted nanoparticle-based delivery systems remain
scientifically relevant for hepatitis C therapy, but their role
must be carefully defined. The success of DAASs has shifted
the field away from broad antiviral replacement strategies
and toward specialized delivery problems: nucleic acid
therapeutics, resistant infection, advanced liver disease,
post-SVR complications, and multifunctional liver repair.

Nanoparticles offer clear technical advantages, including
hepatocyte targeting, protection of unstable cargo,
improved solubility, controlled release, and combination
delivery. Liposomes, lipid nanoparticles, polymeric
nanoparticles, micelles, dendrimers, inorganic carriers,
exosomes, and biomimetic systems each offer distinct
opportunities. However, clinical translation remains
limited by safety, cost, reproducibility, regulatory
complexity, and the high benchmark established by oral
DAA:s.

Future research should move beyond formulation novelty
alone. The next generation of HCV nanomedicine should
be disease-stage-specific, scalable, safe in injured liver,
compatible with existing antiviral regimens, and affordable
enough for real-world use. The strongest future lies in
precision hepatology: targeted systems that treat not only
the virus, but also the damaged hepatic microenvironment
left behind.

4. References

1. Choo QL, Kuo G, Weiner AJ, Overby LR, Bradley DW,
Houghton M. Isolation of a cDNA clone derived from
a blood-borne non-A, non-B viral hepatitis genome.
Science. 1989;244(4902):359-362.
doi:10.1126/science.2523562.

2. Kuo G, Choo QL, Alter HJ, Gitnick GL, Redeker AG,
Purcell RH, et al. An assay for circulating antibodies
to a major etiologic virus of human non-A, non-B

hepatitis. Science. 1989;244(4902):362-364.
doi:10.1126/science.2496467.

3. Houghton M. Hepatitis C virus: 30 years after its
discovery. Cold Spring Harb Perspect Med.
2019;9(12):a037069.
doi:10.1101/cshperspect.a037069.

4. Bukh J. The history of hepatitis C virus (HCV): Basic
research reveals unique features in phylogeny,
evolution and the viral life cycle with new
perspectives for epidemic control. J Hepatol.
2016;65(1 Suppl):S2-S21.
doi:10.1016/j.jhep.2016.07.035.

5. World Health Organization. Hepatitis C. Geneva: World
Health  Organization; 2025. Available from:
https://www.who.int/news-room/fact-
sheets/detail/hepatitis-c.

6. Poynard T, Bedossa P, Opolon P. Natural history of liver
fibrosis progression in patients with chronic hepatitis
C. Lancet. 1997;349(9055):825-832.
doi:10.1016/S0140-6736(96)07642-8.

7. Manns MP, McHutchison JG, Gordon SC, Rustgi VK,
Shiffman M, Reindollar R, et al. Peginterferon alfa-2b
plus ribavirin compared with interferon alfa-2b plus
ribavirin for initial treatment of chronic hepatitis C: A
randomised trial. Lancet. 2001;358(9286):958-965.
d0i:10.1016/S0140-6736(01)06102-5.

8. Fried MW, Shiffman ML, Reddy KR, Smith C, Marinos
G, Goncales FL Jr, et al. Peginterferon alfa-2a plus
ribavirin for chronic hepatitis C virus infection. N Engl
J Med. 2002;347(13):975-982.
doi:10.1056/NEJM0a020047.

9. Bartenschlager R, Lohmann V, Penin F. The molecular
and structural basis of advanced antiviral therapy for
hepatitis C virus infection. Nat Rev Microbiol.
2013;11(7):482-496. doi:10.1038/nrmicro3046.

10. Ghany MG, Morgan TR, AASLD-IDSA Hepatitis C
Guidance Panel. Hepatitis C guidance 2019 update:
AASLD-IDSA  recommendations  for  testing,
managing, and treating hepatitis C virus infection.
Hepatology. 2020;71(2):686-721.
d0i:10.1002/hep.31060.

11. Bhattacharya D, Aronsohn A, Price J, Lo Re V llI,
AASLD-IDSA HCV Guidance Panel. Hepatitis C
guidance 2023 update: AASLD-IDSA
recommendations for testing, managing, and treating
hepatitis C virus infection. Clin Infect Dis.
2023;77(7):1021-1041. doi:10.1093/cid/ciad319.

12. Pawlotsky JM. Hepatitis C virus resistance to direct-
acting antiviral drugs in interferon-free regimens.

1JDDT, Volume 16 Issue 63s, 2026

Page:1769


https://www.who.int/news-room/fact-sheets/detail/hepatitis-c
https://www.who.int/news-room/fact-sheets/detail/hepatitis-c

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gastroenterology.
doi:10.1053/j.gastro.2016.04.003.

Baumert TF, Berg T, Lim JK, Nelson DR. Status of
direct-acting antiviral therapy for hepatitis C virus
infection and remaining challenges. Gastroenterology.
2019;156(2):431-445.
doi:10.1053/j.gastro.2018.10.024.

Feld JJ, Jacobson IM, Hezode C, Asselah T, Ruane PJ,
Gruener N, et al. Sofosbuvir and velpatasvir for HCV
genotype 1, 2, 4, 5, and 6 infection. N Engl J Med.
2015;373(27):2599-2607.
doi:10.1056/NEJM0a1512610.

Foster GR, Afdhal N, Roberts SK, Brau N, Gane EJ,
Pianko S, et al. Sofosbuvir and velpatasvir for HCV
genotype 2 and 3 infection. N Engl J Med.
2015;373(27):2608-2617.
doi:10.1056/NEJM0al1512612.

Wyles D, Poordad F, Wang S, Alric L, Felizarta F, Kwo
PY, et al. Glecaprevir-pibrentasvir for HCV genotype
1 or 3infection. N Engl J Med. 2018;378(4):354-369.
doi:10.1056/NEJM0al702417.

Moradpour D, Penin F, Rice CM. Replication of
hepatitis C virus. Nat Rev Microbiol. 2007;5(6):453-
463. doi:10.1038/nrmicrol645.

Lindenbach BD, Rice CM. The ins and outs of hepatitis
C virus entry and assembly. Nat Rev Microbiol.
2013;11(10):688-700. doi:10.1038/nrmicro3098.

Simmonds P, Bukh J, Combet C, Deleage G, Enomoto

N, Feinstone S, et al. Consensus proposals for a
unified system of nomenclature of hepatitis C virus
genotypes. Hepatology. 2005;42(4):962-973.
d0i:10.1002/hep.20819.

Blight KJ, McKeating JA, Rice CM. Highly permissive

cell lines for subgenomic and genomic hepatitis C
virus RNA replication. J Virol. 2002;76(24):13001-
13014. doi:10.1128/JV1.76.24.13001-13014.2002.

Wakita T, Pietschmann T, Kato T, Date T, Miyamoto
M, Zhao Z, et al. Production of infectious hepatitis C
virus in tissue culture from a cloned viral genome. Nat
Med. 2005;11(7):791-796. doi:10.1038/nm1268.

Lohmann V, Korner F, Koch J, Herian U, Theilmann
L, Bartenschlager R. Replication of subgenomic
hepatitis C virus RNAs in a hepatoma cell line.
Science. 1999;285(5424):110-113.
doi:10.1126/science.285.5424.110.

Bartosch B, Dubuisson J, Cosset FL. Infectious
hepatitis C virus pseudo-particles containing
functional E1-E2 envelope protein complexes. J Exp

2016;151(1):70-86.

24,

25.

26.

27.

28.

29.

30

3L

32

33.

34,

35.

Med.
doi:10.1084/jem.20021756.

Mercer DF, Schiller DE, Elliott JF, Douglas DN, Hao
C, Rinfret A, et al. Hepatitis C virus replication in mice
with chimeric human livers. Nat Med. 2001;7(8):927-
933. doi:10.1038/90968.

Allen TM, Cullis PR. Liposomal drug delivery
systems: From concept to clinical applications. Adv
Drug Deliv Rev. 2013;65(1):36-48.
doi:10.1016/j.addr.2012.09.037.

Moghimi SM, Hunter AC, Murray JC. Nanomedicine:
Current status and future prospects. FASEB J.
2005;19(3):311-330. doi:10.1096/fj.04-2747rev.

Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R,
Langer R. Nanocarriers as an emerging platform for
cancer therapy. Nat Nanotechnol. 2007;2(12):751-
760. doi:10.1038/nnan0.2007.387.

Davis ME, Chen ZG, Shin DM. Nanoparticle
therapeutics: An emerging treatment modality for
cancer. Nat Rev Drug Discov. 2008;7(9):771-782.
doi:10.1038/nrd2614.

Torchilin  VVP. Multifunctional, stimuli-sensitive
nanoparticulate systems for drug delivery. Nat Rev
Drug Discov. 2014;13(11):813-827.
doi:10.1038/nrd4333.

. Blanco E, Shen H, Ferrari M. Principles of nanoparticle
design for overcoming biological barriers to drug
delivery. Nat Biotechnol. 2015;33(9):941-951.
doi:10.1038/nbt.3330.

Langer R. Drug delivery and targeting. Nature.
1998;392(6679 Suppl):5-10. doi:10.1038/32177.

. Ashwell G, Harford J. Carbohydrate-specific receptors
of the liver. Annu Rev Biochem. 1982;51:531-554.
doi:10.1146/annurev.bi.51.070182.002531.

Stockert RJ.

2003;197(5):633-642.

The asialoglycoprotein receptor:
Relationships between structure, function, and
expression.  Physiol Rev. 1995;75(3):591-6009.
doi:10.1152/physrev.1995.75.3.591.

Prakash TP, Graham MJ, Yu J, Carty R, Low A,
Chappell A, et al. Targeted delivery of antisense
oligonucleotides to hepatocytes using triantennary N-
acetyl galactosamine improves potency ten-fold in
mice. Nucleic Acids Res. 2014;42(13):8796-8807.
doi:10.1093/nar/gku531.

Nair JK, Willoughby JLS, Chan A, Charisse K, Alam
MR, Wang Q, et al. Multivalent N-
acetylgalactosamine-conjugated siRNA localizes in
hepatocytes and elicits robust RNAi-mediated gene

1JDDT, Volume 16 Issue 63s, 2026

Page:1770



36

37.

38.

39

40.

41

42

43.

44,

45

silencing. J Am Chem Soc. 2014;136(49):16958-
16961. doi:10.1021/ja505986a.

. Semple SC, Akinc A, Chen J, Sandhu AP, Mui BL, Cho
CK, et al. Rational design of cationic lipids for SIRNA

delivery. Nat Biotechnol. 2010;28(2):172-176.
doi:10.1038/nbt.1602.
Muller RH, Mader K, Gohla S. Solid lipid

nanoparticles (SLN) for controlled drug delivery - A
review of the state of the art. Eur J Pharm Biopharm.
2000;50(1):161-177. doi:10.1016/S0939-
6411(00)00087-4.

Pardeike J, Hommoss A, Muller RH. Lipid
nanoparticles (SLN, NLC) in cosmetic and
pharmaceutical dermal products. Int J Pharm.
2009;366(1-2):170-184.
d0i:10.1016/j.ijpharm.2008.10.003.

. Danhier F, Ansorena E, Silva JM, Coco R, Le Breton
A, Preat V. PLGA-based nanoparticles: An overview
of biomedical applications. J Control Release.
2012;161(2):505-522.
doi:10.1016/j.jconrel.2012.01.043.

Elsabahy M, Wooley KL. Design of polymeric
nanoparticles for biomedical delivery applications.
Chem Soc Rev. 2012;41(7):2545-2561.
doi:10.1039/c2¢cs15327k.

. Kataoka K, Harada A, Nagasaki Y. Block copolymer
micelles for drug delivery: Design, characterization
and biological significance. Adv Drug Deliv Rev.
2001;47(1):113-131. doi:10.1016/S0169-
409X(00)00124-1.

. Kabanov AV, Alakhov VY. Pluronic block copolymers
in drug delivery: From micellar nanocontainers to
biological response modifiers. Crit Rev Ther Drug
Carrier Syst. 2002;19(1):1-72.
doi:10.1615/CritRevTherDrugCarrierSyst.v19.i1.10.

Svenson S, Tomalia DA. Dendrimers in biomedical
applications: Reflections on the field. Adv Drug Deliv
Rev. 2005;57(15):2106-2129.
doi:10.1016/j.addr.2005.09.018.

Slowing I, Vivero-Escoto JL, Wu CW, Lin VSY.
Mesoporous silica nanoparticles as controlled release
drug delivery and gene transfection carriers. Adv Drug
Deliv Rev. 2008;60(11):1278-1288.
doi:10.1016/j.addr.2008.03.012.

. Laurent S, Forge D, Port M, Roch A, Robic C, Vander
Elst L, et al. Magnetic iron oxide nanoparticles:
Synthesis, stabilization, vectorization,
physicochemical characterizations, and biological

46.

47.

48.

49.

50.

5L

52.

53.

54,

55.

applications. Chem Rev. 2008;108(6):2064-2110.
doi:10.1021/cr068445e.

De Jong WH, Borm PJA. Drug delivery and
nanoparticles: Applications and hazards. Int J
Nanomedicine. 2008;3(2):133-149.
doi:10.2147/1IN.S596.

Kanasty R, Dorkin JR, Vegas A, Anderson D. Delivery
materials for SiRNA therapeutics. Nat Mater.
2013;12(11):967-977. doi:10.1038/nmat3765.

Cullis PR, Hope MJ. Lipid nanoparticle systems for
enabling gene therapies. Mol Ther. 2017;25(7):1467-
1475. doi:10.1016/j.ymthe.2017.03.013.

Jayaraman M, Ansell SM, Mui BL, Tam YK, Chen J,
Du X, et al. Maximizing the potency of siRNA lipid
nanoparticles for hepatic gene silencing in vivo.
Angew Chem Int Ed Engl. 2012;51(34):8529-8533.
doi:10.1002/anie.201203263.

Adams D, Gonzalez-Duarte A, O'Riordan WD, Yang
CC, Ueda M, Kristen AV, et al. Patisiran, an RNAI
therapeutic, for hereditary transthyretin amyloidosis.
N Engl J Med. 2018;379(1):11-21.
doi:10.1056/NEJMo0al716153.

Akinc A, Maier MA, Manoharan M, Fitzgerald K,
Jayaraman M, Barros S, et al. The Onpattro story and
the clinical translation of nanomedicines containing

nucleic acid-based drugs. Nat Nanotechnol.
2019;14(12):1084-1087.  doi:10.1038/s41565-019-
0591-y.

Janssen HLA, Reesink HW, Lawitz EJ, Zeuzem S,
Rodriguez-Torres M, Patel K, et al. Treatment of HCV
infection by targeting microRNA. N Engl J Med.
2013;368(18):1685-1694.
doi:10.1056/NEJM0a1209026.

van der Ree MH, de Vree JM, Stelma F, Willemse S,
van der Valk M, Rietdijk S, et al. Safety, tolerability,
and antiviral effect of RG-101 in patients with chronic
hepatitis C: A phase 1B, double-blind, randomised
controlled trial. Lancet. 2017;389(10070):709-717.
doi:10.1016/S0140-6736(16)31715-9.

Chahal J, Gebert LFR, Gan HH, Camacho E, Gunsalus

KC, MacRae 1J, et al. miR-122-based therapies select
for three distinct resistance mechanisms based on
alterations in viral RNA structure. Proc Natl Acad Sci
U S A 2021;118(29):2103671118.
d0i:10.1073/pnas.2103671118.

Kooijmans SAA, Schiffelers RM, Zarovni N, Vago R.
Modulation of tissue tropism and biological activity of
exosomes and other extracellular vesicles: New

1JDDT, Volume 16 Issue 63s, 2026

Page:1771



nanotools for cancer treatment. Pharmacol Res.
2016;111:487-500. d0i:10.1016/j.phrs.2016.07.006.

56. Wiklander OPB, Brennan MA, Lotvall J, Breakefield
XO, El Andaloussi S. Advances in therapeutic
applications of extracellular vesicles. Sci Transl Med.
2019;11(492):eaav8521.
doi:10.1126/scitransImed.aav8521.

57. Huch M, Gehart H, van Boxtel R, Hamer K, Blokzijl F,
Verstegen MMA, et al. Long-term culture of genome-
stable bipotent stem cells from adult human liver. Cell.
2015;160(1-2):299-312.
doi:10.1016/j.cell.2014.11.050.

58. Broutier L, Mastrogiovanni G, Verstegen MMA,
Francies HE, Gavarro LM, Bradshaw CR, et al.
Human primary liver cancer-derived organoid cultures
for disease modeling and drug screening. Nat Med.
2017;23(12):1424-1435. doi:10.1038/nm.4438.

59. Bhatia SN, Ingber DE. Microfluidic organs-on-chips.
Nat Biotechnol. 2014;32(8):760-772.
doi:10.1038/nbt.2989.

60. Godoy P, Hewitt NJ, Albrecht U, Andersen ME, Ansari
N, Bhattacharya S, et al. Recent advances in 2D and
3D in vitro systems using primary hepatocytes,
alternative hepatocyte sources and non-parenchymal
liver cells and their use in investigating mechanisms
of hepatotoxicity, cell signaling and ADME. Arch
Toxicol. 2013;87(8):1315-1530. doi:10.1007/s00204-
013-1078-5.

1JDDT, Volume 16 Issue 63s, 2026

Page:1772



	Corresponding author
	Abstract
	Purpose:
	Methods:
	Findings:
	Conclusion:
	Table 1. Evolution of HCV Therapy
	1.1 Hepatitis C Virus Biology and Therapeutic Targets
	Figure 1: HCV life cycle and major antiviral targets relevant to direct-acting antiviral and nanoparticle-based delivery strategies.
	Table 2: Key Molecular Targets of Direct-Acting Antivirals in Hepatitis C Virus
	1.2 Current Therapeutic Landscape of Hepatitis C
	Table 3: Current Limitations and Challenges of Direct-Acting Antiviral Therapy
	2. Rationale for Liver-Targeted Nanoparticle Delivery
	Figure 2: Simplified mechanism of liver-targeted nanoparticle delivery, showing passive sinusoidal accumulation and receptor-mediated uptake by hepatocytes and non-parenchymal liver cells.
	Table 4: Therapeutic Benefits of Liver-Targeted Nanoparticles for Hepatitis C Treatment
	3. Types of Nanoparticle-Based Delivery Systems for HCV Therapy
	3.2 Solid Lipid Nanoparticles and Nanostructured Lipid Carriers
	3.3 Polymeric Nanoparticles
	3.4 Polymeric Micelles
	3.5 Dendrimers
	3.6 Inorganic Nanoparticles
	3.7 Lipid Nanoparticles for RNA-Based Therapy
	3.8 Exosomes and Biomimetic Nanocarriers
	Figure 3: Simple overview of major nanoparticle platforms and the future concept of multifunctional liver-directed nanomedicine for HCV-associated liver disease.Table 5. Nanoparticle Systems Used for Liver-Targeted HCV Therapy
	4.2 Active Targeting to Hepatocytes
	4.3 Targeting Non-Parenchymal Liver Cells
	4.4  Stimuli-Responsive Targeting
	Table 6. Liver-Targeting Ligands and Receptors
	1.5. Nanoparticle Delivery of Antiviral Agents
	1.6. Preclinical and Clinical Advances
	1.7.  Safety, Toxicity, and Biocompatibility Considerations
	1.8 Major Challenges in Translation
	Table 9. Translational Challenges and Proposed Solutions
	2. Future Perspectives
	3. Conclusion
	4. References

