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Abstract: Metabolic Dysfunction-Associated Steatohepatitis Liver Disease (MASLD) is a global clinical challenge, with oxidative
stress and inflammation as drivers of disease progression. Numerous natural antioxidants exhibit hepatoprotective activity, but their
application is often limited by poor solubility, gastrointestinal instability, presystemic metabolism, and limited oral bioavailability.
These conditions demand the development of advanced drug delivery systems (DDS). Chitosan polymer, due to its unique combination
of physicochemical and biological properties, including cationicity, biocompatibility, and biodegradability, emerges as a highly
promising polymeric platform for nanocarrier engineering. This narrative-critical review summarises the primarily preclinical evidence
regarding chitosan-based nanosystems for MASLD/the legacy term Non-alcoholic fatty liver disease (NAFLD), assessing reported
pharmacokinetic (PK) exposures and pharmacodynamic outcomes. In general, chitosan-based formulations are often associated with
improved pharmacodynamic (PD) outcomes, particularly reductions in Alanine Aminotransferase (ALT)/Aspartate Aminotransferase
(AST) and indicators of oxidative stress, while quantitative PK evidence and measurable biodistribution are available in a subset of
studies and indicate variability influenced by chitosan attributes (molecular weight, degree of deacetylation, charge density),
formulation design, and disease model. Thus, claims of liver “targeting” should be framed as hepatic enrichment unless supported
by consistent quantitative tissue data and PK—PD associations, and accompanied by repeated dose safety evaluation.

Keywords: metabolic dysfunction-associated steatohepatitis liver disease, chitosan nanoparticles, oral drug delivery, oxidative stress,
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Introduction

Metabolic dysfunction—associated steatotic liver disease (MASLD), formerly known as NAFLD, is a global health
challenge estimated to affect approximately one-third of the world’s population and is a leading cause of chronic liver
disease, contributing significantly to liver-related morbidity and mortality.'” The prevalence of MASLD continues to
increase with the pandemic of obesity, type 2 diabetes, and metabolic syndrome, and its incidence is higher in patients
with type 2 diabetes, highlighting the urgency of integrated metabolic screening.* Clinically, MASLD is often referred
to as a “silent epidemic” because many patients are asymptomatic in the early stages, often delaying detection until the
disease progresses to metabolic dysfunction—associated steatohepatitis (MASH), fibrosis, or cirrhosis.*

At the molecular level, the development of MASLD is driven by lipotoxicity, which triggers oxidative stress and
amplifies inflammation.’ Excess free fatty acids increase the production of reactive oxygen species (ROS) from various
sources, including mitochondria, peroxisomes, and the NADPH oxidase (NOX) enzyme pathway, thereby damaging
proteins, lipids, and DNA and exacerbating mitochondrial dysfunction.>® One important consequence is lipid peroxida-
tion, in which ROS oxidize Polyunsaturated Fatty Acids (PUFAs) to reactive aldehydes (such as Malondialdehyde
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(MDA) and 4-Hydroxynonenal (4-HNE)) that are cytotoxic and pro-fibrotic, activating hepatic stellate cells (HSCs) and
promoting fibrogenic signals. In parallel, Damage-Associated Molecular Patterns (DAMPs) and ROS activate the
Nuclear Factor kappa B (NF-kB) pathway in hepatocytes, Kupffer cells, and HSCs, triggering the production of pro-
inflammatory cytokines (such as TNF-a and IL-1B) and accelerating the progression to fibrosis.”® The role of Kupffer
cells is also crucial because Lipopolysaccharide (LPS) translocation can promote pro-inflammatory polarization and
increase ROS through NOX2, exacerbating hepatocellular injury.*” At the same time, microbiota dysbiosis and increased
intestinal permeability in the gut-liver axis can increase portal LPS load and amplify inflammation through activation of
Toll-Like Receptor (TLR4)-dependent signalling.

Given the central role of oxidative stress in the lipotoxicity-inflammation-fibrogenesis cycle, interventions targeting
oxidative stress are considered a rational therapeutic strategy, particularly as adjunctive or phenotype-directed
approaches.'®!'! Various natural antioxidants (such as silymarin, curcumin, resveratrol, and other phenolic compounds)
have demonstrated hepatoprotective potential in preclinical trials, but the consistency of their clinical benefits varies.'>'?
The main limitation often lies in exposure issues: poor aqueous solubility, gastrointestinal instability, rapid first-pass
metabolism, and low oral bioavailability.'*'> Therefore, the primary practical challenge is not simply to discover new
targets, but rather to achieve adequate and consistent exposure to the relevant compartments to produce replicable
pharmacodynamic (PD) effects.

This is where drug delivery often becomes the dominant bottleneck. For many antioxidant candidates, the main
challenges are improving oral stability and absorption, controlling payload release, and measurably directing tissue
distribution without overclaiming targeting. In MASLD, claims regarding “liver targeting” should be conservatively
framed as hepatic enrichment, which can vary depending on formulation design, dose, and clearance pathway, and ideally
supported by quantitative biodistribution data (such as liver-to-plasma AUC ratio) and Pharmokinetic (PK)-
Pharmacodynamic (PD) associations.'*!3

Chitosan (CS) is a biocompatible and degradable cationic polysaccharide that offers relevant material functionality to
overcome antioxidant delivery challenges in MASLD, particularly the oral route.'>'° Its positive charge and mucoadhe-
sion properties can enhance mucosal retention and facilitate interactions with epithelial surfaces. Some CS-based
formulations have also been associated with supporting gut barrier integrity, which is relevant to the gut-liver
axis.'>'® Tonic gelation/crosslinking-based engineering enables regulation of particle size, polydispersity index, and
zeta potential—parameters that may affect gastrointestinal stability, payload release, and exposure patterns.'’
Furthermore, CS is relatively easy to modify (such as derivatisation to increase solubility or ligand attachment), opening
up engineering options to balance stability, permeability, and exposure profiles.'>'® From a safety and translational
perspective, CS is often referred to as a biopolymer with widespread use and, in some contexts, GRAS status, although
performance and safety remain dependent on grade/purity, polymer attributes (Molecular Weight (MW), degree of
deacetylation, charge density), and repeat dose design.'”'®

At the cellular level, hepatic enrichment strategies can be explored through the attachment of ligands such as
galactose/N-acetylgalactosamine (Gal/GalNAc) to leverage hepatocyte receptor (Asialoglycoprotein Receptor
(ASGPR)) expression, but interpretation of targeting requires discipline and quantitative biodistribution evidence.'>*
Other platforms may also be more suitable in specific contexts (such as lipid systems for highly lipophilic payloads, or
enteric polymers for gastric protection and localized release), so CS should be viewed not as a universal platform, but
rather as one with specific strengths when its material functionality aligns with the antioxidant delivery constraints in
MASLD.'*!192% Therefore, a synthesis is needed that not only highlights benefits but also critically compares, maps
levels of evidence, and defines what is proven versus what remains hypothetical in the CS-MASLD literature.

With this background, this review presents an integrated synthesis of antioxidant strategies in MASLD, emphasizing
that achieving adequate and consistent exposure is often a key obstacle. We discuss how chitosan material attributes and
the choice of nanosystem architecture influence gastrointestinal stability, absorption, payload release, and measurable
hepatic enrichment, and summarize the most common PK-PD patterns and factors explaining the variability in results
between studies. Next, we identify translational prerequisites (quantitative biodistribution, PK-PD relationships,
repeated-dose safety, and reproducibility/manufacturability) necessary to ensure that interpretations of benefits do not
exceed the available evidence. Finally, to place chitosan in a broader technological context, we develop a comparative
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“fit-for-purpose” framework that demonstrates when alternative platforms are more appropriate for specific design goals
in MASLD.

Engineering Chitosan Platforms for Precision Delivery

The choice of carrier material in nanomedicine is not only about encapsulation ability but also about the biological
interactions between the material and the disease’s pathophysiology. CS is a cationic polymer/weak electrolyte with
frequently reported good mucoadhesivity, biocompatibility, biodegradability, tolerability in several applications (depend-
ing on purity, polymer attributes, route, and dosage regimen), relatively low production cost, and a high positive charge
that can form polyelectrolyte complexes with polyanionic macromolecules (such as nucleic acids or negatively charged
polysaccharides) through electrostatic interactions.>' In the context of MASLD, CS offers a number of strategic
advantages that can complement conventional synthetic polymers such as poly(lactic-co-glycolic acid) (PLGA) or
Polycaprolactone (PCL). While synthetic polymers are generally inert, CS is often viewed as a functional biopolymer
with the potential for specific bioactive contributions. This polymer exhibits mucoadhesive properties, which can prolong
the residence time in the gastrointestinal tract and potentially modulate intestinal permeability, while also having a certain
scavenging capacity reported to be related to its free amine group. CS can synergize with the drug payload to suppress
hepatic oxidative stress.”>*> However, the use of pure CS has fundamental limitations, especially its low solubility at
neutral pH and its instability in the acidic gastric environment that can trigger premature release/decrease in system
integrity, so advanced engineering is needed to design this biopolymer into a more controlled delivery system and
potentially help overcome the biological barriers of the oral-hepatic route.?*

Structural Modification and Functionalization Strategies

One of the key determinants of successful oral therapy for MASLD lies in the balance between gastrointestinal tract
stability and target organ specificity.”> Recent data suggest that chemical modifications to the amino and hydroxyl groups
of CS have the potential to overcome stability and permeability barriers in certain designs.*® For example, challenges to
peptide drug bioavailability have been reported to be improved using oligo-CSNPs modified with ursodeoxycholic acid
(UDCA). In a study involving Exenatide (EXE), this modification not only protected the peptide payload from enzymatic
degradation but also engineered esterase-responsive ligand release and was reported to be associated with reduced
hepatic lipid accumulation through activation of the Sirtuin 1 (SIRT1) signalling pathway.*> These findings suggest that
chemical engineering of CS can improve the delivery performance of poorly absorbed hydrophilic drugs, although
generalization to various MASLD phenotypes requires cross-model validation and a clear PK—PD relationship.

Besides medication stability, CS changes have been documented to influence the gut microbiota, an essential element
of the gut-liver axis. This was demonstrated in the development of low-molecular-weight CS-selenium nanoparticles
(LCS-SeNPs). In vivo data in a high-fat diet model revealed that this formulation was not only associated with improved
hepatic antioxidant status/activity but also with concurrent changes in microbiota composition, including an increase in
the relative abundance of considered beneficial bacteria such as Akkermansia and Bifidobacterium.?* This dual mechan-
ism suggests that CS derivatisation has the potential to create a synergistic effect between antioxidant load protection and
gut microenvironment modification. Moreover, derivatisations such as thiolation or trimethylation have been documented
to improve paracellular drug penetration without inducing cytotoxicity in gastrointestinal models.?”

Furthermore, to address the issue of nonspecific (“off-target”) drug distribution that could potentially trigger systemic
toxicity, active targeting strategies could be considered.**' A widely explored approach is to utilise the ASGPR, which
is highly expressed on hepatocytes.”> By conjugating specific ligands such as galactose or N-acetylgalactosamine
(GalNAc) to the nanoparticle surface, these molecular “targeting” systems can enhance receptor-mediated interaction
and internalization under certain conditions, potentially increasing hepatic enrichment compared to unliganded
particles.’ Comparative studies have reported that GalNAc-liganded nanoparticles exhibit 3.9-fold higher cellular uptake
in certain cell models/experiments compared to untargeted particles.”® Conceptually, this enhanced hepatocyte inter-
nalisation could support dose optimisation; however, claims regarding reduced systemic or non-target organ exposure
(such as kidney/spleen) require quantitative biodistribution support (such as liver-plasma AUC ratio and distribution to
RES organs) and repeated dose safety evaluation.*® In addition to uptake effects, in vivo outcomes can also be influenced
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by opsonization/corona proteins, dominance of uptake by RES cells (such as Kupffer cells), and differences in disease

stage, so the interpretation of “targeting” needs to take into account the context of the model and particle design.* >’

Formulation Rationale and Critical Characterization

In fabrication, there is no “one-size-fits-all” approach; the choice of preparation method should be based on a critical
analysis of the therapeutic payload’s physicochemical properties.'® For hydrophilic payloads or fragile biomacromole-
cules, ionic gelation is the most frequently used approach for payload delivery. This mechanism, which relies on
spontaneous electrostatic interactions between CS and a cross-linking agent such as tripolyphosphate (TPP), occurs
under mild aqueous conditions without the use of toxic organic solvents, thus supporting the principles of green
nanotechnology and potentially helping to maintain drug bioactivity.***°

Conversely, given that antioxidants widely explored for MASLD, such as silymarin, curcumin, and resveratrol, are
lipophilic, amphiphilic self-assembly strategies offer a strong rationale. By modifying CS into an amphiphilic polymer
through grafting of hydrophobic groups, micelle structures with a hydrophobic core are formed that can increase the
apparent solubility and loading capacity of lipophilic drugs and reduce premature drug leakage, depending on the degree
of substitution and micelle architecture.*’ Another alternative to improve pH stability is Polyelectrolyte Complexation
(PEC) with negatively charged polymers such as alginate, which provides a pH-dependent release profile to protect the
payload from the acidic environment of the stomach.*!

Regardless of the chosen method, the success of clinical translation is highly dependent on control of critical quality
parameters (CQAs). The successful use of CSNPs for drug delivery is strongly influenced by the ability to control
particle size.* Particle size is often targeted in the range of 100-200 nm; particles larger than 200 nm tend to be more
easily taken up by the mononuclear phagocyte system, while very small particles (such as <10 nm) can be more easily
filtered by the kidneys.*’ In addition, the zeta potential is often maintained above +20 mV as an indicator of colloidal
stability; However, excessively high charge densities also require consideration regarding mucus interactions and
tolerability upon repeated administration.**** Size similarity, as indicated by the Polydispersity Index (PDI), is generally
targeted below 0.3 to support consistent release profiles and reduce the risk of in vivo aggregation.'” Collectively, the
integration of material selection, chemical modification, and control of physicochemical parameters suggests that CS
platforms can be a rational approach to addressing various challenges in MASLD therapy, with the caveat that
performance and safety are design- and context-specific.

Nonetheless, in vivo results of CS-based systems are significantly context-dependent, influenced by polymer
characteristics (molecular weight, degree of deacetylation, charge density), fabrication technique, and disease model or
stage.”**> Accordingly, “liver targeting” should be interpreted conservatively as hepatic enrichment unless supported by
quantitative biodistribution and consistent PK—PD linkage, ideally alongside repeated-dose safety and inter-batch
reproducibility evidence.'”*** CQA ranges reported in the literature should be treated as practical guidelines, as
optimal values may shift with route, payload, surface chemistry, and bio-interactions (such as protein corona).'’***
Figure 1 summarizes the design-exposure-response framework, which links chitosan-based formulation strategies to oral
stability/absorption, hepatic enrichment potential, and PK/PD outcomes in MASLD/MASH.

Pharmacokinetics and Molecular Mechanisms of Translational Efficacy
Validation of CS-based delivery platforms requires more than physical characterisation; the key evidence lies in in vivo
data. PK and PD data bridge the gap between materials engineering and biological outcomes, demonstrating how
rationally designed nanosystems have the potential to enhance the translational feasibility of low-bioavailability
antioxidant compounds for MASLD.

Addressing the Pharmaceutical Gap via Pharmacokinetic Profiles

The main challenges of natural antioxidants (such as curcumin, silymarin, resveratrol) include limited solubility and/or
permeability, as well as extensive first-pass metabolism.*> CSNPs have been proposed to enhance exposure through the
following main pathways:
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Figure | Chitosan Nanoparticles for MASLD Therapy.

1. Mucosal retention and gastrointestinal residence time. The polycationic nature of CS can interact with negatively
charged intestinal mucin, thereby increasing mucosal retention and prolonging gastrointestinal residence time. In
several studies, this increased retention has been reported to be associated with increased absorption and increased
AUC compared to free drug suspensions.*®

2. Modulation of paracellular transport. By transiently modulating tight junctions (such as changes in the expression/
redistribution of tight junction proteins such as claudins and occludin), CS has been reported to enhance the
paracellular transport of hydrophilic drugs and macromolecules that typically have difficulty crossing the intestinal
epithelium.*’

3. Cargo protection and absorption pathway modulation. Encapsulation in a polymer matrix can protect the cargo
from enzymatic degradation in the intestinal lumen and potentially modulate absorption pathways. In certain
designs (such as more hydrophobically modified CS-based systems), some absorption may involve contributions
from the lymphatic pathway, potentially reducing the contribution of first-pass metabolism; however, the degree of
this effect is design- and context-specific and requires adequate PK verification.**** The incorporation of ligands

may increase hepatocyte interaction, hepatic uptake, or liver enrichment.

Dual Pharmacodynamic Mechanisms of Action

Therapeutic efficacy in MASLD/MASH models is influenced not only by drug exposure but also by modulation of
relevant signalling pathways. In the literature, CSNPs and their antioxidant cargoes have been reported to influence
several intersecting biological axes, particularly the oxidative stress—inflammation and gut—liver axes.

Hepatocyte-Targeted Modulation of Oxidative Stress and Lipogenesis

Functionalized particles can enhance interaction with specific receptors and, under certain conditions, potentially increase
hepatocyte uptake. Released antioxidants have been reported to activate the Nrf2/Keap1 pathway and increase the expression of
cytoprotective genes (such as HO-1, SOD, GSH/GPx), thereby reducing oxidative stress and lipid peroxidation.** This reduction
in oxidative stress may further be associated with suppression of NF-«kB activation and reduction of pro-inflammatory cytokines
(such as TNF-a, IL-6, IL-1p) in some models.*’ Besides the charge contribution, free amino groups on CS and its breakdown

fragments have been noted to enhance specific scavenging capabilities, potentially yielding an additive impact.**"
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Targeting the Gut-Liver Axis for Upstream Improvement

In the oral route, CS-based systems can modulate the gut compartment through mucoadhesive/mucosal interactions and
effects on epithelial tight junctions, and, in some models, they also influence barrier integrity markers and gut microbiota
composition. Several studies have reported that gut barrier repair and microbiota changes can reduce LPS translocation to
the portal circulation, which in turn has the potential to dampen TLR4 activation on Kupffer cells and reduce
inflammatory signalling in the gut-liver axis.’>>® When referring to microbiota metrics such as the Firmicutes/
Bacteroidetes ratio, they should be interpreted as context-dependent compositional changes rather than a unidirectional
signature, because reported shifts vary across populations, disecase stages, sampling conditions, and analytical

workflows.>*5°

Specific Preclinical Evidence

Based on in vivo studies summarized in Table 1, a number of CSNPs formulations have been reported to be associated
with improvements in biochemical and histological outcomes (such as markers of steatosis, ballooning, inflammation,
and fibrogenic markers), although the magnitude of the effects varies across payloads, particle designs, doses, and disease
models. Therefore, the “payload protection—improved absorption—hepatic enrichment” pattern should be viewed as
a frequently occurring design framework, rather than as a universal claim for all CSNPs systems.

In general, the most consistently reported outcomes are improved liver pharmacodynamics, particularly decreased
ALT/AST, decreased indicators of oxidative stress, and increased endogenous antioxidant enzymes (SOD, GPx, CAT), as
well as improvements in steatosis and/or markers of inflammation—fibrosis in some models. Conversely, quantitative
pharmacokinetic evidence (such as AUC or t'%) is available only in a subset of studies, resulting in many reports being

Table | Summary of Improved Pharmacokinetic and Pharmacodynamic Results of Chitosan-Based Formulations in the MASLD Model

Payload CS-Enabled Model/Route Pharmacokinetic Properties Pharmacodynamic Outcomes Ref
Formulation
Silymarin Chitosan- NAFLD Oral bioavailability increased 14.38- Reduced triglyceride levels, improved [56]
functionalized lipid— | PNPLA3 1148M | fold relative to the suspension, while ALT and AST profiles, and decreased
polymer hybrid transgenic mice | uptake by fatty liver cells was 1.92-fold | hepatic lipid accumulation and
NPs (CS-LPNPs) (efficacy); rats higher than that of non-CSNPs. steatosis.
(PK)/oral
Berberine Food-grade gliadin High-Fat Diet PK metrics were not reported. Reduced hepatic lipid deposition, [57]
hydrolysate— (HFD) mice/ improved lipid indices, improved ALT
berberine—chitosan | oral. and AST profiles, and attenuation of
NPs (BBR-CSNPs). oxidative stress and inflammatory
cytokines.
Carvacrol Carvacrol-loaded HFD NAFLD PK not reported Reduced MDA levels, increased Nrf2 [58]
CSNPs (CRV- rats / oral. signalling and antioxidant defenses
CNPs). (Superoxide Dismutase (SOD),
Glutathione Peroxidase (GPx),
Catalase (CAT), and Glutathione
(GSH)), decreased inflammatory and
stress-related markers (NF-«B,
Inducible Nitric Oxide Synthase
(iNOS), Interleukin-1 beta (IL-1p),
C-Reactive Protein (CRP), and
Transforming Growth Factor-beta
(TGF-B)), and improved
histopathological features.
(Continued)
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Table | (Continued).

Payload CS-Enabled Model/Route Pharmacokinetic Properties Pharmacodynamic Outcomes Ref
Formulation
Selenium Low-MW chitosan- | HFD NAFLD PK not reported Reduced serum LPS, Diamine Oxidase | [24]
(adjuvant stabilized selenium | mice / (DAO), TNF-q, and IL-6 levels,
antioxidant) | NPs (LCS-SeNPs) intragastric decreased hepatic TNF-a and IL-6, and
improved intestinal barrier markers
and histopathological features.
Bilirubin Bilirubin- MASH mice Reported oral absorption with liver Reduced hepatic inflammation, [59]
conjugated low- (Methionine and | delivery, mainly taken up by liver prevented fat deposition through the
MW water-soluble | Choline- macrophages and hepatic stellate cells. | PPAR-o pathway, and decreased
chitosan NPs Deficient fibrosis.
(LMWC-BRNPs) (MCD) diet) /
oral
Silibinin Chitosan- CCly liver Longer half-life, higher AUC, and good | Improved anti-fibrosis outcomes [60]
(supporting | decorated silibinin— | fibrosis mice / stability in simulated gastric fluid with | (model-specific)
fibrosis) hyaluronic acid oral minimal release.
conjugate NPs (CS/
HA-SLB NPs)

more robust to “biological effect” than “measured exposure”. Finally, the variation in results between studies confirms
that the performance of chitosan-based systems is design- and context-specific, influenced by polymer attributes,

formulation architecture, route of administration, and disease model and stage.

Conceptual Case Study

As a conceptual illustration, consider a nano-CS formulation containing curcumin and decorated with GalNAc ligands.
When administered orally, these particles are expected to have improved stability (such as through crosslinking/PEC/
enteric strategies, if used) and can interact with the intestinal mucosa to promote absorption. Once in the circulation,
GalNAc can enhance interaction with ASGPR on hepatocytes and potentially enhance internalization. Within the cells,
curcumin has been reported to activate Nrf2 and suppress NF-kB activation, thereby reducing oxidative stress and
inflammation. The expected outcomes of this design are improved PK profiles and improved PD outcomes; however,
a causal relationship still requires robust PK—PD data and quantitative biodistribution to support interpretation of hepatic
enrichment.

As an example of preclinical support, one study reported that low-molecular-weight water-soluble chitosan nano-
particles conjugated with bilirubin (LMWCS-BRNP) exhibited oral absorption and hepatic enrichment in a mouse model
of MASH, along with uptake in selected liver cell populations under the reported experimental conditions. These effects
were associated with attenuation of oxidative and inflammatory stress and modulation of metabolic pathways, including
PPAR-a signalling, in that model. However, these findings should be interpreted as platform-level preclinical evidence
rather than direct validation of all oral CS-based targeting strategies, and translation to human MASLD still requires
confirmation through reproducible quantitative biodistribution, PK—PD relationships, and repeated-dose safety studies.>®

Table 2 provides a fit-for-purpose decision matrix for MASLD delivery; platform choice should follow the dominant
bottleneck (solubility, gastric protection, mucus interaction, release control, or desired hepatic enrichment), rather than
assuming any universally superior system. In this framework, chitosan and its derivatives are most suitable when the key
barrier is mucosal retention and absorption enhancement, enabled by mucoadhesion and transient epithelial permeability
effects; however, performance is design-dependent and constrained by pH sensitivity, MW/degree of deacetylation

variability, batch reproducibility, and charge-related tolerability on repeat dosing.>’>°
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Table 2 Comparison Between Chitosan Platform and Other Polymers in MASLD Therapy

Platform Best-fit Key Pros/Cons Best-Fit vs Less-Fit Refs
Application (trade-offs) (vs chitosan)

Chitosan & derivatives (TMC/ Oral antioxidants Pros: mucoadhesion; transient Best-fit: when retention and [47,61—

thiolated/ligand-CS) needing tight junction modulation; easy absorption enhancement are 64]
mucoadhesion/ functionalization. Cons: pH- priorities; when simple ligand
permeation; optional dependent behavior; MW/degree | conjugation is desired. Less-fit:
hepatic enrichment of deacetylation variability; batch when mucus penetration (non-
via ligands. reproducibility; charge-related adhesive diffusion) or prolonged

tolerability (repeat dosing). circulation “stealth” predominates.

PEGylated systems (as coating Mucus penetration / Pros: reduced adhesive Best-fit vs CS: when mucus [65,66]

feature) circulation interactions; reduced penetration/stealth dominates.
prolongation opsonization/aggregation. Cons: Less-fit: when mucoadhesion/
(route-dependent). reduced cellular uptake unless permeation is needed.

sheddable; Accelerated Blood
Clearance (ABC) phenomenon in
some settings.

Eudragit (enteric polymers) Acid/enzymatically Pros: pH-triggered release; strong | Best-fit vs CS: when strict gastric [67]
labile cargos; gastric protection. Cons: pH protection/site-specific release is
intestine/colon variability; multistep coating. required. CS overcoat can add
release. mucoadhesion.

PLGA Controlled release Pros: strong regulatory track Best-fit vs CS: parenteral [68—
(often parenteral); record; robust release control. controlled-release. Less-fit: oral 70]
oral needs extra Cons: oral absorption barrier; MASLD unless engineered
engineering. complex formulation/scale-up. (coatings, mucoadhesion,

targeting).

Lipid systems (Solid Lipid Lipophilic payloads; Pros: solubilization; improved oral | Best-fit vs CS: when solubility [71,72]

Nanoparticles (SLN)/ solubility-limited exposure. Cons: physical stability | limitation dominates. CS coating

Nanostructured Lipid Carriers antioxidants issues; surfactant-related can add mucoadhesion and surface

(NLC)/Self-Nanoemulsifying Drug constraints; SLN expulsion risk. charge control.

Delivery Systems (SNEDDS),

liposomes)

Alginate / polysaccharide enteric Gut-liver axis Pros: enteric-like behavior; Best-fit vs CS: when “gut-first” [73]

systems modulation; colon microbiota/Short-Chain Fatty approach is intended. CS—alginate
delivery; microbiome | Acids (SCFA) modulation. Cons: PEC can combine protection and
strategies leakage; microbiota-dependent mucoadhesion.

response.

In contrast, PEGylated coatings are preferable when the objective is mucus penetration and/or stealth behavior,
although uptake can be reduced unless the coating is shed, and accelerated blood clearance has been reported in some
repeat-dose settings.®”°! Enteric polymers (Eudragit) are the clearest choice when acid/enzymatic protection and distal
intestinal/colonic release are primary requirements, at the cost of pH-dependent variability and multistep processing;
chitosan can be used as an overcoat when mucoadhesion is desired.®” PLGA remains a benchmark for parenteral
controlled release, with strong regulatory precedent, but oral MASLD applications typically require additional engineer-
ing to overcome absorption barriers and the associated manufacturing complexity.®* > For highly lipophilic antioxidants,
lipid systems (SLN/NLC/SNEDDS/liposomes) often address the solubility bottleneck most directly, although stability
and surfactant constraints apply, and chitosan coatings can be leveraged to add mucoadhesion or tune surface charge in
select designs.®®°” Finally, alginate/polysaccharide enteric systems are most relevant for gut-first strategies targeting the

gut-liver axis and distal release, with trade-offs including leakage and microbiota-dependent response; CS—alginate PECs

International Journal of Nanomedicine 2026:21

8 https:



Herdiana et al

can combine protection with mucoadhesion.®® Overall, Table 2 positions chitosan as a strong option in the oral
absorption/mucoadhesion niche, while clarifying when alternatives are more appropriate and where hybridization can
be rational.

Cross-platform literature also shows that most MASLD nanomedicine candidates are still in preclinical trials,
therefore animal model efficacy does not imply clinical performance. Thus, a translational agenda should focus on long-
term toxicity, immunogenicity, PK/biodistribution characteristics, PK-PD interactions, and repeated-dose efficacy.
Nanomedicine evaluation guidelines/standards are still lacking. Besides evaluation and regulatory issues, the liver’s
physiological barriers to “targeting” without quantitative biodistribution data include Kupfter cell dominance of particle
uptake, LSEC defenestration, and ECM remodelling in advanced disease, which can alter tissue distribution patterns and
require verification before inferring “hepatoselectivity”.

Furthermore, the clinical context of MASLD itself continues to evolve—including the emergence of new therapies
and the need for more precise patient stratification—so nanomedicines should be understood as part of an integrated
management strategy, not a replacement for foundational non-pharmacological therapies and comorbidity control.?®

With this framework, nanomedicine-based antioxidant innovations (including chitosan platforms) can be realistically
placed in clinical practice, while also reviewing the most critical translational barriers and future research agendas (such
as long-term safety, manufacturing scalability, and directions for developing more “clinically implementable” systems).'

Clinical Context, Challenges, and Future Perspectives

Before discussing final conclusions, it is important to place this pharmacological innovation within the broader context of
MASLD clinical management and assess the challenges and future research directions. This advanced therapy is not
a stand-alone solution, but rather part of an integrated and evolving treatment paradigm.

Role of Non-Pharmacological Therapies

Lifestyle modification is the cornerstone and first-line therapy for the entire spectrum of steatotic liver disease associated
with metabolic dysfunction (MASLD). These non-pharmacological interventions remain the cornerstone of disease
management, even with the advent of effective pharmacological therapies.”” These approaches include adopting
a balanced, nutrient-rich, low-energy diet, reducing the intake of added sugars and trans fats, and engaging in regular
aerobic physical activity and weight-bearing exercise. A gradual weight-loss target of 7-10% has consistently been
shown to improve steatosis and liver biochemical parameters across various patient populations.’®”!

In MASLD patients with renal comorbidities (such as CKD), dietary interventions need to be tailored to balance
metabolic control, nitrogen/uremic load, and gut microbiota health. Several dietary approaches (such as the
Mediterranean pattern or very low-protein diets in certain indications) and fiber-enhancing strategies have been reported
to modulate the gut microenvironment and systemic inflammation.”>”*> However, the details of the regimens should be
interpreted in the context of the CKD indication and are not intended to extend the scope of this review beyond MASLD.

In this context, nanomedicines, including CS-based antioxidant systems, are positioned as promising complementary
therapies. Their role becomes particularly important in high-risk cases, such as MASLD with significant fibrosis, or in
patients who show a suboptimal response to lifestyle interventions and standard comorbidity management.”*”> The
development of these nanomedicines aims to improve the bioavailability of therapeutic agents and potentially enhance
hepatic enrichment or exposure to relevant liver compartments, without disrupting existing standard treatment protocols.

Clinical Translation Challenges
Several preclinical studies have reported that peptide-modified CSNPs exhibit good tolerability, reduced liver fibrosis
markers, and altered tissue distribution under certain conditions.”> The potential of CSNPs as a dual-action platform
(such as pRNA and enzyme delivery) offers efficacy beyond conventional therapies.”” However, the transition from
laboratory scale to clinical application faces multidimensional challenges.

First, maintaining the integrity of the environmentally sensitive antioxidant payload is a major obstacle. CS has pH-
dependent solubility and can undergo physicochemical changes during storage/in aqueous environments, potentially
leading to premature release of the therapeutic payload or changes in particle characteristics. Furthermore, physical
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swelling due to water absorption can alter the particle size distribution, thus limiting the stability and shelf life of the
formulation under certain conditions.**°

Second, industrial-scale production requires processes that comply with Good Manufacturing Practice (GMP)
standards. A major obstacle here is inter-batch variability in CS raw materials, particularly regarding molecular weight
and degree of deacetylation, which directly impacts the reproducibility of nanoparticle performance. The implementation
of advanced Process Analytical Technology (PAT) is often recommended to enable real-time monitoring and ensure
a uniform performance profile consistent with pharmaceutical standards.'®"’

Third, although CS is biodegradable into oligosaccharides that are generally considered non-toxic, its cationic nature
at high doses may increase the risk of cell membrane interactions or hemolytic effects under certain conditions. Several
nanoparticle biodistribution studies have also reported long-term retention in mononuclear phagocyte system organs
(such as liver/spleen), which should be considered in repeat-dose designs, including the potential for macrophage
activation and minor organ changes in chronic models.”*®® Therefore, optimization of particle size, surface charge,
and colloidal stability remains crucial to balance efficacy and safety; however, the goal of “renal clearance” cannot be
assumed solely with a target size of <200 nm and typically requires a much smaller particle design or specific surface
strategies.”® *° Future developments will depend heavily on a more precise understanding of cellular mechanisms, which
is beginning to be addressed through advances in single-cell technologies, enabling the identification of more specific

antifibrotic targets at the cellular level.

Future Research Directions

To overcome translational challenges and optimize the potential of nanomedicine platforms, future research should
focus on developing stimulus-responsive delivery systems. Systems capable of responding to specific triggers in the
diseased liver microenvironment, such as decreased pH or increased levels of reactive oxygen species (ROS), could
potentially enable more “intelligent” and localized payload release. This approach could strategically maximize
therapeutic effects at the site of pathology while minimizing exposure to healthy cells. Similarly, integrating
therapeutic and diagnostic functions into a single theranostic platform opens the possibility of monitoring tissue
responses in real time. By incorporating tracers or contrast agents into nanoparticle systems, drug distribution and
efficacy in the liver can be non-invasively assessed, ultimately accelerating clinical iterations toward more persona-
lized therapies.

Synergy between metabolic modulation and targeted antioxidants is also an important research direction. Combining
therapies targeting insulin resistance or lipogenesis pathways with specific antioxidants could potentially provide
synergistic effects that simultaneously improve steatosis, suppress inflammation, and dampen pro-fibrotic signals. On
the other hand, strengthening the gut-liver axis through synbiotic co-encapsulation strategies that combine probiotics with
functional components such as prebiotics and polyphenols offers an effective method for improving microbiota health.
The introduction of advanced manufacturing technologies, including microfluidics, 3D printing, and electrospinning,
allows for precise structural control of nanoparticles to ensure probiotic survival in the gastrointestinal tract and enhance
colonization efficiency in the gut.®!:*?

Systemic biomarkers for disease risk monitoring are essential for future studies, along with advances in delivery
platforms. In some populations, hydration/metabolic status-based biomarkers like serum osmolality have been linked to
CKD risk, but their use as risk stratification tools in MASLD patients needs further study and should be framed as
evidence of association.®

Conclusion

Chitosan-based nanosystems have the potential to serve as a complementary therapy for the management of MASLD by
overcoming the challenges of delivering natural antioxidants via the oral route. The reviewed preclinical studies
consistently reported improved pharmacodynamic outcomes - particularly reductions in ALT/AST and indicators of
oxidative stress, as well as improvements in steatosis and/or markers of inflammation/fibrosis in some models. However,
quantitative PK evidence and measurable biodistribution are limited in a subset of studies, so claims of “targeting” should
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be framed as hepatic enrichment unless supported by quantitative tissue data, consistent PK—PD relationships, and

repeated-dose safety evaluations.
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