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Abstract

Chitosan-coated liposomes (CLPs) have emerged as a multifunctional drug delivery plat-
form that effectively overcomes the key limitations of conventional liposomes, including
poor stability, rapid in vivo clearance, weak mucoadhesion, and insufficient targeting speci-
ficity. The natural cationic nature of chitosan enables stable coating onto negatively charged
liposome surfaces via electrostatic interactions, forming a stable core–shell structure that
significantly improves liposomal stability, prolongs circulation time, and enhances mu-
coadhesive ability. The abundant reactive groups on the chitosan backbone allow further
conjugation of targeting ligands, polyethylene glycol chains, and stimuli-responsive moi-
eties, thereby endowing the delivery system with active targeting, long-circulating, and
smart drug release properties. Various coating strategies, such as electrostatic deposition,
layer-by-layer self-assembly, ionic crosslinking, and microfluidic in-situ coating, provide
flexibility and precise controllability for formulation design. These systems have demon-
strated considerable therapeutic potential across multiple administration routes, as well as
in anti-infective, tumor-targeted, and immunomodulatory applications, by improving drug
retention, enabling controlled release, and enhancing bioavailability. Therefore, this review
summarizes the synthesis methods, modification strategies, and biomedical applications of
CLPs, with the aim of providing a reference for future development in this field.
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1. Introduction
Liposomes, as biomimetic drug delivery systems, have been extensively studied and

clinically applied in the field of drug delivery owing to their favorable biocompatibility,
biodegradability, and low immunogenicity [1]. However, traditional liposomes face multi-
ple challenges in clinical applications. First, under physiological conditions, liposomes are
susceptible to variations in ionic strength, pH, and serum proteins, leading to markedly
impaired stability [2,3]. The stability of liposomal membranes is vigorously affected by
their composition, wherein the physical state of the lipid bilayer and the presence of choles-
terol play vital roles in determining membrane rigidity and resistance to environmental
stressors [4]. Second, the surface of liposomes is readily recognized and opsonized by active
plasma proteins, followed by rapid clearance by the reticuloendothelial system, which
substantially shortens circulatory half-life [5–7]. The adsorption of serum opsonins to the
liposomal surface serves as the determining factor for recognition and subsequent clearance
by macrophages in the liver and spleen [7,8]. Third, conventional liposomes are usually
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negatively charged or electrically neutral, lacking the ability to engage in effective electro-
static interactions with negatively charged mucosal surfaces; consequently, they exhibit
poor mucoadhesion and cannot efficiently overcome the mucosal barrier [9]. The mucus
layer, being negatively charged, repels anionic or neutral liposomes, resulting in poor
retention and rapid clearance from mucosal surfaces [10]. Fourth, traditional liposomes
lack the capacity to actively recognize specific receptors of target cells, making it difficult
to achieve precision drug delivery [11,12]. Passive targeting based solely on the enhanced
permeability and retention effect lacks tissue specificity, and without surface-conjugated
targeting ligands, liposomes cannot selectively bind to overexpressed receptors on diseased
cells [13]. These limitations have substantially hindered both the clinical translation and
therapeutic efficacy of conventional liposomal drug delivery systems.

To overcome these limitations, researchers have developed a variety of surface mod-
ification strategies, including ligand conjugation and biomimetic coating. Among them,
chitosan coating has attracted considerable attention due to its unique physicochemical
and biological properties [14–17]. Chitosan is a natural cationic polysaccharide obtained by
deacetylation of chitin and possesses excellent biocompatibility and biodegradability and
low toxicity [18–20]. The amino groups become protonated and positively charged under
acidic conditions, enabling electrostatic adsorption onto the surface of negatively charged
liposomes, thereby forming a stable core–shell structure [21]. The chitosan coating signifi-
cantly enhances liposomal stability, delays clearance by the reticuloendothelial system to
prolong circulation time, and owing to its positively charged surface, reinforces adhesion
to mucosal layers [22–24]. Moreover, the amino and hydroxyl groups on the chitosan
backbone can be further chemically modified to conjugate targeting ligands or polyethylene
glycol, thereby conferring active targeting capability or long-circulating properties to the
liposomes [25,26]. These advantages make chitosan-coated liposomes (CLPs) a highly
promising drug delivery platform [27–29].

In recent years, with the advancement of nanotechnology and materials science, signifi-
cant progress has been made in the study of CLPs in terms of innovative synthesis methods,
improved chemical modification and expansion of drug delivery systems. This review
searched PubMed, Web of Science, and Scopus databases using the query (“chitosan-coated
liposomes” OR “chitosan-coated nanoliposomes” OR “chitosan-modified liposomes”) to
systematically summarize the related research published from 2022 to 2026. Only original
research articles and reviews written in English were included. Additional relevant studies
were identified by cross-referencing the bibliographies of retrieved articles.

While recent reviews have provided valuable overviews of CLPs, the present re-
view distinguishes itself in several critical aspects. First, a systematic comparison of
coating strategies—electrostatic deposition, layer-by-layer assembly, ionic crosslinking, and
microfluidic in situ coating—is presented, with emphasis on reproducibility, scalability,
and translational potential, rather than on mere methodological description. Second, safety
and toxicity considerations (cationic charge-associated cytotoxicity, hemocompatibility,
immunogenicity, and protein corona formation) that are crucial for clinical translation are
critically discussed. Third, recent advances in stimuli-responsive and enzyme-modified
chitosan systems are integrated, providing a forward-looking perspective on this rapidly
evolving field.

2. Performance Advantages of Chitosan Coating
As a natural cationic polysaccharide, when chitosan is modified onto the liposome sur-

face via electrostatic interactions, it improves the physicochemical and biological properties
of liposomes in multiple respects (shown in Figure 1).
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Figure 1. The Advantages of Chitosan Coating.

2.1. Improved Stability

Chitosan deposited on the liposome surface forms a rigid polymeric barrier. On the
one hand, it prevents close contact between liposomal particles through steric hindrance;
on the other hand, the positive charge arising from its protonated amino groups generates
electrostatic repulsion, and this dual mechanism collectively inhibits particle aggrega-
tion [30,31]. Studies have shown that the changes in particle size and polydispersity index
of CLPs in simulated gastrointestinal fluids, high-salt buffers, or serum are much smaller
than those of uncoated liposomes, and the retention rate of encapsulated drugs is sig-
nificantly increased [3,32]. Moreover, the chitosan coating can protect liposomes from
destruction by bile salts and digestive enzymes, which is particularly important for the oral
route of administration [33–35].

2.2. Prolonged Circulation Time In Vivo

Traditional liposomes are rapidly recognized and cleared by the reticuloendothelial
system (such as macrophages in the liver and spleen) after intravenous injection, with a half-
life typically of only minutes to tens of minutes [31]. Although the chitosan coating
itself does not possess the “stealth” function of polyethylene glycol (PEG), its positively
charged surface can form a dynamic protein corona through interaction with negatively
charged plasma proteins, thereby protecting liposomes to some extent and delaying the
adsorption of complement proteins [36,37]. Furthermore, by covalently coupling chitosan
with PEG, the resulting PEGylated chitosan derivative coating retains the mucoadhesion
and positively charged characteristics of chitosan while introducing the long-circulation
advantage of PEG, achieving an extended in vivo half-life [38].

2.3. Enhanced Mucoadhesion

Mucosal surfaces such as the gastrointestinal tract, eyes, nasal cavity, oral cavity,
and vagina are covered with a layer of mucus, which contains a large number of negatively
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charged sialic acid residues in its core. Upon protonation, chitosan becomes positively
charged and can engage in strong electrostatic interactions with negatively charged mucin;
in addition, the hydroxyl and acetylamino groups on the chitosan molecular chain can form
hydrogen bonds with mucin, and chitosan can also undergo hydrophobic interactions with
the glycan moieties of mucin [10,23,39]. These multiple non-covalent bonding forces enable
CLPs to firmly anchor onto the mucosal surface, significantly prolonging the retention time
of the drug delivery system and resisting the flushing action of tears, saliva, or intestinal
contents, which is critically important for improving drug bioavailability [40,41].

2.4. Active Targeting Activity

The abundant reactive groups (e.g., amino and hydroxyl groups) on the chitosan molec-
ular chain serve as anchors for chemical modification. Using methods such as carbodiimide-
mediated amidation, Schiff base reaction and so on, researchers covalently graft targeting
ligands (e.g., folic acid, transferrin, RGD peptide, galactose, aptamers) onto the chitosan
backbone, and then coat the resulting conjugate onto liposome surfaces [26,42,43]. Such
active-targeting coatings can specifically recognize receptors overexpressed on the sur-
face of diseased cells (e.g., tumor cells), mediate cellular internalization of liposomes,
increase drug accumulation at the lesion site, and simultaneously reduce toxicity to normal
tissues [24].

2.5. Smart Responsiveness

Chitosan can be used to construct stimuli-responsive release systems by grafting
hydrophobic groups (e.g., deoxycholic acid, octanoyl) or pH-sensitive polymers such as
poly(ethylene glycol) methyl ether acrylate (PEGA), enabling on-demand drug release in
specific microenvironments (e.g., the acidic tumor microenvironment) [44–48]. In addition,
chitosan itself exhibits enzyme responsiveness. Lysozyme is a natural antibacterial enzyme
present in various body fluids (e.g., tears, saliva, serum), and chitosan can be specifically
degraded by lysozyme. Taking advantage of this property, Dong and colleagues developed
a chitosan-coated levofloxacin liposome (Lef@Lip@CS) that uses lysozyme in body fluids as
the smart “switch”. In vitro antibacterial assays showed that in the presence of lysozyme,
the inhibition rate against Staphylococcus aureus within 6 h increased from 72.46% to 100%,
and the biofilm removal rate increased from 51% to 71% [49]. Therefore, after loading
antibiotics into CLPs, the stability and bioavailability of the drug are enhanced, while
targeted and on-demand release of the antibiotic is achieved, thereby reducing the risk of
bacterial antibiotic resistance.

3. Synthesis Strategies for CLPs
3.1. Ex Vivo Coating Methods

Ex vivo coating is currently the most widely used strategy for chitosan coating, i.e.,
depositing chitosan onto the surface of preformed liposomes by physical or chemical
methods. Depending on the coating mechanism, these methods can be divided into the
following categories (Table 1).
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Table 1. Studies of Synthesis Strategies of CLPs.

Modifi
cation Cargo

Coating
Strategy

Lipid
Composition

Characteristics of
Chitosan

Particle
Size (nm) PDI

Zeta
Potential

(mV)

Encapsulati
on Efficiencies

Drug Loading
Capacity Advancement ReferenceMolecu

lar Weight

Degree of
Deacetyla-

tion

/ Nadolol Electrostatic
Deposition

Soybean
phospholipids,

cholesterol,
diacetyl

phosphate, and
cinnamon oil

Low
(20–200

cps)
/ 160.10 ±

3.17
0.19 ±

0.01
40.77 ±

2.17 56.01 ± 3.70% 61.47 ± 2.03%

1. increased
stability in the

gastric media; 2.
higher drug

release at both pH
1.2 and 6.8; 3.

improved
intestinal

permeability

[27]

Fucoidan Rutin
Electrostatic

layer-by-layer
self-assembly

Soybean
phospholipids / ≥95% 519 0.15~

0.25 42.1 71.83% /

1. excellent
physical and

chemical stability;
2. sustained drug

release; 3.
increased cellular

uptake

[50]

Tripolyp
hosphate Vitamin D3 Ionic

Cross-Linking

Phospholipon
(Lipoid 90 G, 100

mg)

Medium
(190–310

kDa)
75–85% 91.3 ± 36 0.29 ±

0.10 35 ± 1 97 ± 1% /
excellent physical

and chemical
stability

[51]

Trimethyl
chitosan

Anthrax
vaccine

adsorbed

Microfluidic
single step

L-α-phosph
atidyl

choline derived
from soybean,

cholesterol

/ 93.8% 101 ± 2 0.42 ±
0.01 12.9 ± 1.8 / /

1. higher uptake
efficiency; 2.

stronger in vivo
immune

responses; 3.
lower cytotoxicity

[52]

Methacry
lated

Dexame
thasone
sodium

phosphate

Microfluidic
single step

Dipalmito
ylphospha

tidylcholine,
cholesterol

Low
(50–190

kDa)
75% 208 ± 1 0.23 ±

0.08 36 ± 2.3 75± 1.8% 5.0 ± 0.18%

1. mucoadhesion;
2. controlled drug

release; 3.
increased drug
retention and
bioavailability

[40]

TAT and Tet1
peptides

Dexame
thasone

Electrostatic
Deposition

Egg yolk
phospholipids,

cholesterol
/ / 202 ± 1 0.06 ±

0.01 −14 ± 0.4 24 ± 2% /

1. target specific
ear cells; 2.

cellular
penetration

[53]
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Table 1. Cont.

Modifi
cation Cargo

Coating
Strategy

Lipid
Composition

Characteristics of
Chitosan

Particle
Size (nm) PDI

Zeta
Potential

(mV)

Encapsulati
on Efficiencies

Drug Loading
Capacity Advancement ReferenceMolecu

lar Weight

Degree of
Deacetyla-

tion

Trastuzu
mab

(TZ)-conju
gated

chitosan
iodoac-
etamide

SN-38 (a
quinoline
alkaloid)

Electrostatic
Deposition

Soybean
phospholipids,

cholesterol
/ / 122.03 ± 4.2 0.3 15–20 84.60% /

1. sustained drug
release;

2. substantial
cellular

accumulation; 3.
enhanced

anticancer efficacy

[54]

/ Levetir
acetam

Electrostatic
Deposition

L-α-phosph
atidyl

choline,
cholesterol,

Medium ≥85% 167 / −35 98.20 ± 0.05% /

1. pH-
sensitive release; 2.

enhanced
mucoadhesion; 3.

intestinal targeting
potential; 4.
improved

biocompatibility;
5. excellent

physical and
chemical stability

[55]

Tween Donepezil Electrostatic
Deposition

Soybean
phospholipid,

cholesterol,

Low-
medium / 74.86 ± 2.3 0.220 ±

0.07 18.61 69.91 ± 4.82% 37.18 ± 2.08%

1. improve
stability; 2.

increased cellular
uptake; 3. cerebral

delivery

[56]

Carbox
ymethyl

Magnetic
nano-

particles
and dexam-

ethasone
phosphate

Electrostatic
Deposition

1,2-Dioleo
yloxy-3-

trimethyla
mmonium-

propane chloride,
egg yolk

phospholipids

/ / 268.3 ± 5.8 0.32 −20.4 ±
1.6 29.5 ± 1.2% 6.5 ± 0.4

1. excellent
physical and

chemical stability;
2. sustained drug

release; 3.
magnetic

responsive target

[57]
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3.1.1. Electrostatic Deposition

Electrostatic deposition is the simplest and most common method. Unmodified
liposomes are usually negatively charged and have a negative zeta potential, whereas
chitosan is positively charged under acidic conditions; thus the two can spontaneously
achieve surface coating through electrostatic interactions [58]. In the preparation process,
a chitosan solution (typically dissolved in 1% acetic acid) is added at a certain ratio to a pre-
prepared liposome suspension, and the mixture is incubated under stirring to complete the
coating. The concentration and molecular weight of chitosan, as well as the chitosan-to-
lipid ratio, are key parameters that affect the coating outcome [59–61]. Studies have shown
that as the amount of chitosan added increases, the average particle size and zeta potential
of the resulting CLPs increase significantly [59,62].

Despite its simplicity and widespread use, electrostatic deposition has several inherent
limitations that have been revealed through these characterization techniques [63]. For ex-
ample, the process offers limited control over coating uniformity [63]. While particle size
and zeta potential can confirm the overall deposition of chitosan onto liposomes, they
cannot guarantee that the coating is complete and evenly distributed across all particles.
Transmission electron microscopy (TEM) and field-emission TEM (FE-TEM) imaging have
revealed that chitosan deposition can result in uneven coverage, with some areas of the
liposomal surface remaining uncoated while others exhibit thicker polymer layers [64]. This
lack of uniformity may compromise the consistency and performance of the final formula-
tion. Furthermore, the process operates within a narrow critical concentration window [58].
Stable CLPs that resist aggregation could only be achieved when the chitosan concentration
was maintained within a narrow range between a minimum (cmin) and a maximum (cmax)
critical value [58]. Below cmin, large aggregates formed and underwent phase separation
within minutes, which was attributed to the formation of coacervates [58]. Above cmax,
large flocs sedimented within hours as a result of depletion flocculation. Importantly, both
cmin and cmax varied with liposomal concentration and size [58]. Therefore, while electro-
static deposition remains a widely used and convenient method for preparing CLPs, its
limitations—particularly regarding coating uniformity, critical concentration dependence,
and aggregation propensity—must be carefully addressed when designing formulations
for clinical or industrial applications.

3.1.2. Layer-by-Layer (LbL) Self-Assembly

Layer-by-layer self-assembly is a more refined coating strategy. By alternately de-
positing oppositely charged polyelectrolytes onto liposomes, a multilayer shell structure
is formed [30]. Using chitosan (cationic) and sodium alginate (anionic) as an example,
researchers can sequentially coat the two onto the liposome surface to construct multilayer
polyelectrolyte vesicles. Cuomo et al. successfully prepared chitosan/alginate multilayer
nanoparticles by alternating deposition of alginate and chitosan onto liposomes, and trans-
mission electron microscopy revealed a polyelectrolyte layer thickness of approximately
20 nm. The advantage of multilayer coating lies in the ability to precisely modulate the
permeability and mechanical strength of the capsule wall by controlling the number of lay-
ers [65]. Moreover, Han et al. employed this strategy using positively charged chitosan and
negatively charged fucoidan as biopolymers to coat rutin-loaded nanoliposomes. Under
optimized conditions, the particle size was 346 nm, zeta potential was −33.5 mV, and en-
capsulation efficiency reached 77.01% [50]. Meanwhile, the multilayer chitosan/alginate
coating system significantly improves the pH stability, ionic strength tolerance, and storage
stability of liposomes [66,67].

Comprehensive characterization has revealed both the structural features and the
limitations of LbL-assembled systems. Streaming potential and X-ray photoelectron spec-
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troscopy measurements indicated strong interpenetration of chitosan and polyanion lay-
ers, while liposomes formed separate layers, which are more promising for sustained
release [68]. However, because the diffusion coefficient of nanoparticles larger than 200 nm
in tumor tissue decreases as particle size increases, the substantial size increase caused by
the multilayer structure may restrict their ability to penetrate deep tissues [69,70]. Indeed,
paclitaxel-loaded polyacrylic acid–chitosan multilayered liposomes prepared by LbL as-
sembly reached a particle size of 215 ± 17 nm, exceeding this threshold and potentially
limiting their ability to penetrate deeply into tumor [71]. Moreover, the multi-step nature
of LbL assembly is labor-intensive and requires numerous purification steps that limit
scalability, yield, and potential for clinical translation [72,73]. These limitations make this
method more suitable for research applications than industrial-scale production.

3.1.3. Ionic Crosslinking

Ionic crosslinking uses multivalent anions to crosslink chitosan molecules, forming
stable coating layers. The most common crosslinker is sodium tripolyphosphate, which
forms a nanoscale crosslinked network with the amino groups of chitosan through elec-
trostatic interactions. This method can be carried out under mild conditions without the
use of organic solvents, making it suitable for drugs that are sensitive to temperature or
organic solvents. It is also simple to operate, offers controllable particle size, and exhibits
good reproducibility. The TPP-CLP system shows excellent drug-loading capacity for
various types of drugs. For hydrophobic drugs, the system can achieve a drug loading of
41–56%, while for bioactive compounds such as polyphenols and flavonoids, the optimized
TPP-CLPs can achieve an encapsulation efficiency as high as 95–99%. And for lipophilic
micronutrients like vitamin D3, the encapsulation efficiency can reach 97% [51,74,75]. At the
same time, the crosslinked network of chitosan and TPP can significantly slow the drug
release rate and achieve concentration-dependent controlled release behavior, which is
especially beneficial for drugs requiring sustained release.

To confirm the formation of the TPP–chitosan crosslinked network and to evaluate
the quality of the resulting coating, a comprehensive characterization approach is essential.
High-resolution transmission electron microscopy (HRTEM) provides direct visualization
of the coating layer, revealing the spherical shape and smooth surface of peptide-loaded
CS-TPP/liposomes [76]. Fourier transform infrared (FT-IR) spectroscopy can confirm the
cross-linking between chitosan and TPP [76]. Differential scanning calorimetry (DSC) provides
additional insights into the thermal stability of the system; DSC findings have indicated
enhanced electrostatic interactions among CS and lecithin molecules, leading to an increase in
the melting (Tm) and decomposition temperature (Td) in peptide-loaded TPP-CLPs [76].

However, several limitations of this method must be carefully considered. The crosslink-
ing process is highly sensitive to formulation parameters, which significantly affects col-
loidal stability and aggregation behavior. Studies have shown that the initial chitosan
concentration and the TPP solution concentration are critical variables that promote the
aggregation of nanoparticles over time [77]. Insufficient TPP mass ratios result in inade-
quate crosslinking of the chitosan chains, producing an unstable nanoparticle structure
prone to rupture [77]. Conversely, increasing the TPP concentration beyond the optimal
level leads to excessive cross-linking, causing nanoparticles to become overly dense or
aggregate, which reduces encapsulation efficiency due to limited space for drug loading
and possible particle instability [77]. Therefore, although ionic crosslinking with TPP
offers a mild, solvent-free approach for preparing CLPs with excellent drug loading ca-
pacity, its limitations—particularly regarding formulation parameters and aggregation
propensity—must be carefully addressed when designing formulations for specific thera-
peutic applications.
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3.2. In Situ Coating Methods

Although conventional ex vivo coating methods are simple to perform, they are often
time-consuming and suffer from poor batch-to-batch reproducibility [78]. In recent years,
in situ coating methods, in which chitosan coating is performed simultaneously with li-
posome formation, have been developed. These methods can yield a more uniform and
tighter coating while reducing the final particle size [52,79]. Microfluidic technology is
the most representative in situ coating method. Bochicchio et al. proposed a continuous
preparation method based on microfluidic principles that enables uniform chitosan coating
during liposome formation [78]. Compared with the traditional drop-wise addition method,
this microfluidic approach exhibits significant advantages in three dimensions: time effi-
ciency, product homogeneity, and equipment requirements [78]. In terms of time efficiency,
the microfluidic method requires only 20 min to prepare 1 L of CLPs suspension, whereas
the traditional method can only produce 20 mL of product in the same time, representing
a 50-fold difference in yield [78]. Structurally, the traditional method tends to produce
aggregated precipitates between liposomes and cationic chitosan rather than an ideal en-
capsulating structure; in contrast, the microfluidic method allows continuous and uniform
interaction between the liposome suspension and the chitosan solution, ensuring complete
and uniform coverage of chitosan [78]. As a result, the polydispersity index decreases from
0.30 (traditional method) to 0.19, the zeta potential increases significantly from −20.0 mV to
+47.8 mV, and no aggregation or precipitation is observed. Moreover, this method operates
in a continuous production mode, where the feed solutions mix and react at fixed flow
rates in microchannels; it does not require large, expensive equipment and can be run
under ambient laboratory conditions, thereby overcoming the disadvantages of traditional
methods (time-consuming, large equipment, high cost) [78]. Microfluidic technology has
also advanced the clinical application research of CLPs. For example, Mirkani et al. used
microfluidic technology to synthesize methacrylated chitosan (CSMA)-coated liposomes
for ocular drug delivery [40]. Owing to the precise control over fluid mixing offered by
microfluidics, this platform achieved excellent control over particle size and surface charge:
the uncoated liposomes had a size of 154 nm, which increased to only 208 nm after CSMA
coating, and the zeta potential shifted from −8.3 mV to +36 mV, fully confirming effective
functionalization [40]. TEM imaging further confirmed the successful coating, revealing
nearly spherical, unilamellar vesicles with uniform distribution, indicative of superior col-
loidal stability conferred by the CSMA layer [40]. Through dual electrostatic and covalent
interactions, the CSMA coating specifically binds to mucin; after 4 h of incubation with
mucin, the particle size significantly increased to 369 nm and the zeta potential decreased
to +2.4 mV, demonstrating efficient mucin-anchoring and mucoadhesive ability [40]. Dex-
amethasone sodium phosphate exhibited a sustained biphasic release profile from the
CSMA-coated liposomes, achieving more efficient ocular drug bioavailability and therapeu-
tic outcomes [40]. This study fully demonstrates the advantages of microfluidic technology
for preparing functionalized liposomes.

Despite these notable advantages, the application of microfluidic technology in pro-
duction of CLPs still faces several significant limitations. Limited throughput remains
a major obstacle for industrial integration, as current platforms typically operate at milliliter-
scale flow rates and require parallelization to achieve meaningful production volumes,
which introduces challenges in flow distribution uniformity and channel-to-channel re-
producibility [80]. Material compatibility is another critical concern: PDMS, the most
common chip material, exhibits inherent hydrophobicity that causes nonspecific adsorp-
tion of hydrophobic drugs and lipids, leading to deviations in drug concentration and
batch inconsistency [81]. Moreover, organic solvents used in liposome preparation are
incompatible with PDMS, while glass or silicon alternatives are costly and complex to fabri-
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cate [82]. Device fouling during prolonged operation may reduce particle homogeneity and
encapsulation efficiency. Solvent removal from the final formulation adds further safety
concerns [80]. Additionally, chip design variability complicates the establishment of stan-
dardized manufacturing protocols [83]. Collectively, these challenges confine microfluidic
CLPs production predominantly to laboratory settings, and overcoming them is essential
for successful translation to industrial-scale manufacturing.

Table 2 provides a comparative overview of the four chitosan coating strategies dis-
cussed in this section, highlighting their respective strengths and limitations across multiple
parameters relevant to formulation development and clinical translation.

Table 2. Comparative Analysis of Synthesis Strategies for CLPs.

Electrostatic
Deposition

Layer-by-Layer
Assembly Ionic Crosslinking Microfluidic In Situ

Coating

Coating Efficiency Low Moderate High High

Reproducibility Moderate Low Moderate High

Particle Size Control Poor Poor Moderate Excellent

Scalability High Low Moderate Moderate

Manufacturing
Feasibility Simple Complex Simple Complex

Clinical Translation
Potential Low Low Moderate High

Key Limitations

prone to
coacervation and

depletion
flocculation; limited
coating uniformity

Significant particle
enlargement;

time-consuming;
aggregation at higher

layer numbers

TPP concentration
sensitivity;

aggregation; particle
enlargement

Low throughput;
PDMS nonspecific
adsorption; solvent

removal; chip
fouling; high

equipment cost

4. Modification Strategies for CLPs
Although chitosan itself possesses excellent mucoadhesive properties and biocompati-

bility, its functionality is limited in specific application scenarios, such as lack of enough
long circulatory half-life, insufficient active targeting, and decreased solubility under neu-
tral pH conditions [26,84]. To expand the application scope of CLPs, researchers have
chemically modified the chitosan to prepare a variety of functional chitosan derivatives and
have used them for liposome surface coating. These modification strategies not only retain
the inherent positive charge and mucoadhesive advantages of chitosan but also endow the
liposomes with additional features such as smart responsiveness, longer half-life and active
targeting [44,85,86].

4.1. Polymer Modification

By grafting hydrophilic polymers onto the chitosan backbone, hybrid coatings can be
constructed that combine mucoadhesive and stealth functions. PEG is the most commonly
used hydrophilic modification molecule; it is covalently linked to the amino or hydroxyl
groups of chitosan to form PEG–chitosan copolymers. Liposomes coated with this copoly-
mer exhibit a unique “dual-function” property: the chitosan provides mucoadhesion
through positive-charge adsorption, while the extended PEG chains form a hydration layer
on the liposome surface that effectively resists plasma protein adsorption, thereby delaying
clearance by the reticuloendothelial system [87,88]. For example, Deygen et al. provided
a classic and representative example of this dual-function coating strategy. They applied
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a branched PEG–chitosan copolymer as a stabilizing additive to anionic liposomes [89].
The study demonstrated that anionic liposomes complex with PEG–chitosan through elec-
trostatic interactions, leading to surface charge neutralization. Notably, the PEG–chitosan
copolymer generated two protective shields for the liposomes: on one hand, the PEG
chains formed a hydration layer that effectively reduced plasma protein adsorption; on the
other hand, complex formation increased the liposome size and enhanced surface steric
hindrance, thereby significantly improving storage stability of the liposomes. This work
directly demonstrated that the PEG–chitosan copolymer serves as an effective liposomal
stabilizer, providing both electrostatic and steric stabilization. Moreover, polymer modifica-
tion can increase the mucoadhesion of CLPs. For instance, the CSMA-coated liposomes
prepared by Mirkani et al. showed significantly longer fluorescence retention time in
an ex vivo bovine conjunctival tissue retention assay compared with uncoated liposomes
and CLPs [40]. In another study, PEG–chitosan was used to coat oral insulin liposomes;
the results showed that the formulation significantly prolonged intestinal mucosal retention
time while resisting degradation by pepsin and trypsin [90,91].

4.2. Targeting Modification

Conjugation of small targeting ligand molecules onto chitosan can confer active tar-
geting ability to liposomes toward specific cells or tissues. Folic acid has a low molecular
weight and low immunogenicity; the folate receptor is highly overexpressed on the surface
of various tumor cells but expressed at very low levels on normal cells, making it one of
the most commonly used ligands for tumor-targeted drug delivery systems. For example,
Le et al. reported the synthesis of a chitosan–polyethylene glycol–folic acid (CTS-PEG-FA)
conjugate and its application as a functional coating for liposomes [38]. CTS-PEG-FA-coated
liposomes served as carriers for quercetin, exerted active targeting functions in vivo, specif-
ically recognized the folate receptor overexpressed on tumor, promoted receptor-mediated
drug endocytosis, significantly increased drug accumulation at the lesion, and exhibited
promising cytotoxic effects [38]. This study provided strong evidence for the application of
multifunctional chitosan coatings in targeted drug delivery. In addition, galactose, RGD
peptide, and aptamers have been successfully conjugated to chitosan for targeting the
asialoglycoprotein receptor on hepatocyte surfaces, integrin αvβ3, and various biomarkers,
respectively. Wei et al. developed galactosylated chitosan-modified liposomes (GC@Lipo)
that selectively bind to the ASGPR highly expressed on the membrane of hepatocellular
carcinoma cells, delivering oleanolic acid to the lesion and significantly enhancing the
antitumor efficacy of the drug [92]. Notably, the multiple active sites on the chitosan
backbone allow covalent conjugation of multiple ligands, enabling multi-target synergistic
targeting or dual-function design. Iftode et al. constructed dual-peptide-functionalized
carboxymethyl CLPs loaded with dexamethasone for active targeted therapy of inner
ear diseases. Carboxymethyl chitosan (CMCS) was co-functionalized with Tet1 peptide
(targeting specific inner ear cells) and TAT peptide (promoting cell penetration). Infrared
spectroscopy confirmed successful functionalization of CMCS with both peptides [53].

4.3. Smart Responsive Modification

The introduction of crosslinkable or responsive chemical groups, or the loading of
responsive particles, enables the chitosan coating to respond to different physiological
conditions [85]. In recent years, a diverse array of stimuli-responsive CLPs has been
developed, responding to endogenous stimuli (such as redox gradients, pH changes,
and enzyme) or exogenous stimuli (including temperature, light, and magnetic fields) [93].
These smart systems enable spatiotemporally controlled drug release, improved therapeutic
efficacy, and reduced systemic toxicity.
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4.3.1. pH-Responsive Modification

pH-responsive CLPs have attracted considerable interest. Chitosan itself loses its
positive charge and becomes less soluble when pH > 6.5. Researchers have introduced
pH-sensitive groups so that the chitosan coating remains stable at neutral pH but undergoes
conformational change or degradation in an acidic microenvironment, thereby triggering
rapid drug release. Dong et al. firstly used chitosan quaternary ammonium salt to coat
luteolin-loaded liposomes, constructing an acid-responsive targeted drug delivery system
(H-L-NPs) [94]. In vitro and in vivo experiments demonstrated that the system had higher
solubility, could target and adsorb negatively charged Helicobacter pylori, released drugs
earlier and faster in an acidic environment, and exhibited stronger gastric mucoadhesion
than intestinal adhesion. In addition, the system increased the permeability of the bacterial
cell membrane, facilitating drug entry into cells [94].

4.3.2. Redox-Responsive Modification

Redox-responsive systems exploit the notable differences in redox potential between
healthy physiological conditions and pathological sites, such as tumors or inflamed tis-
sues [95]. Introducing thiol groups onto chitosan (thiolated chitosan) allows the formation
of a disulfide crosslinked network on the liposome surface, significantly enhancing me-
chanical stability and dilution resistance [96]. Thiolated CLPs exhibit far better stability
in digestive fluid than ordinary CLPs [97]. Mazzotta et al. synthesized a novel folic acid-
cysteine-thiolated chitosan (FTC) dual-functional derivative with active targeting capability
and redox responsiveness, and used it to coat liposomes [98]. The disulfide bonds of the
thiol groups provided a tight physical barrier until the complex reaches the target site,
while the cysteine moiety served as an effector group for different redox potentials [98].
Meanwhile, Arshad et al. developed cholic acid-grafted thiolated chitosan-coated nanolipo-
somes (CA-CS-TGA-NLs) for loading azathioprine. The coating enhanced mucoadhesive
potential, with a mucoadhesion time of 180 ± 13 min, increased intestinal penetration by
2.84-fold, and improved the oral bioavailability of azathioprine [99].

4.3.3. Enzyme-Responsive Modification

Enzyme-responsive modification represents another emerging strategy. Since chitosan
can be specifically degraded by lysozyme—a natural enzyme present in various body
fluids—the Lef@Lip@CS uses lysozyme in body fluids as its smart “switch” [49]. In vitro
bacteriostatic experiments showed significant differences before and after enzyme addition,
with 6-h inhibition rates of 72.46% and 100%, and biofilm removal rates of 51% and 71%,
respectively [49].

4.3.4. Thermo-Responsive and Photo-Responsive Modification

Thermo-responsive groups have also been integrated with CLPs. And photo-
responsive and near-infrared (NIR)-responsive components have been designed for spa-
tiotemporally controlled drug release. Wang et al. developed a photothermal respon-
sive drug carrier by loading resveratrol in CLPs and coating them with gold nanoshells
(GNS@CTS@Res-lips) [100]. The GNS@CTS@Res-lips function as effective photothermal
agents under NIR irradiation, enabling localized temperature elevation for combined
chemo-photothermal therapy [100].

4.3.5. Magnetic-Responsive Modification

CLPs can acquire magnetic responsiveness by incorporating magnetic nanoparticles
(MNPs) into the liposomal system. The carboxymethyl chitosan-coated magnetic cationic
liposomes serve as smart nanocarriers for targeted corticosteroid delivery to auditory hair
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cells [57]. The magnetic nanoparticles and dexamethasone phosphate are loaded in the
aqueous core [57]. This system has demonstrated efficacy in preserving mitochondrial
function in an in vitro model of hearing loss, thereby preventing gentamicin- and cisplatin-
induced cellular senescence and cytotoxicity [57]. Future studies should focus on in vivo
investigations to evaluate the targeting ability of magnetic CLPs toward lesions under
an external magnetic field, enabling spatiotemporally controlled drug release and enhanced
therapeutic efficacy.

The development of these diverse smart-responsive CLPs represents a significant
advancement toward precision medicine, offering spatiotemporally controlled drug release,
improved therapeutic efficacy, and reduced systemic toxicity.

4.4. Enzyme Modification

Conjugation of active biological enzymes can endow the chitosan coating with unique
bioactivities. Park et al. designed bromelain-modified CLPs. They first prepared highly
mucoadhesive CLPs using 0.1% chitosan solution, and then covalently coupled brome-
lain (a protease complex extracted from pineapple stems) onto the chitosan surface to
generate Bro-CS-Lip. When the enzyme density reached 9.2 nmol/mg lipid, Bro-CS-Lip
showed a 6.50-fold increase in apparent permeability in a Caco-2 monolayer model com-
pared to CLPs and a 2.53-fold increase in a Caco-2/HT29 co-culture model (simulating
a mucus-secreting environment). Confocal Z-stack imaging confirmed that Bro-CS-Lip
could penetrate deeply into the cell layer, whereas CLPs were largely trapped in the mucus
matrix. Based on the above evidence, Bro-CS-Lip exhibit significant advantages in oral
drug delivery: their positively charged surface achieves mucoadhesion and formulation
protection through electrostatic interactions, and bromelain conjugation can effectively bal-
ance and overcome the mucus barrier, markedly enhancing the transmembrane transport
efficiency and bioavailability of drugs [101].

5. Biomedical Applications of CLPs
CLPs, owing to their excellent stability, mucoadhesive properties and functionalizable

surface characteristics, have been extensively investigated for drug delivery via various ad-
ministration routes. This system has achieved significant progress in anti-infective therapy,
tumor-targeted therapy and immunomodulation research (shown in Figure 2 and Table 3).

Figure 2. The Various Administration Routes and Representative Biomedical Applications of CLPs.
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Table 3. Applications of CLPs in Biomedicine.

Modification Cargo Encapsulation
Efficiencies Administration Type of Experiment Disease Model Advancement Reference

/ Exemestane (EXM)
and genistein (GNS) 70–80% Oral in vivo Breast Cancer

1. synergistic effect of EXM and
GNS; 2. excellent physical and
chemical stability; 3. controlled

drug release

[102]

Bile salt Ganciclovir and
resveratrol

Ganciclovir: 68.4 ±
5.9%; resveratrol:

88.5 ± 6.1%
Ocular in vivo Ocular viral

infection

1. higher transcorneal flux and
permeability coefficient;

2. non-irritant properties; 3.
anti-inflammatory

[103]

/ Exemestane (EXM)
and genistein (GNS) 70–80% Oral in vivo Breast Cancer

1. synergistic effect of EXM and
GNS; 2. excellent physical and
chemical stability; 3. controlled

drug release

[102]

Bile salt Ganciclovir and
resveratrol

Ganciclovir: 68.4 ±
5.9%; resveratrol:

88.5 ± 6.1%
Ocular in vivo Ocular viral

infection

1. higher transcorneal flux and
permeability coefficient;

2. non-irritant properties; 3.
anti-inflammatory

[103]

/ Ciprofloxacin and
5-fluorouracil / Oral in vitro

Colorectal cancer
and bacterial

infections

1. gastrointestinal stability;
2. mucoadhesion; 3. low hemato-
toxicity; 4. antibacterial activity

[104]

D-tocopherol
polyethylene glycol,

cholesteryl
hemisuccinate

Temozolomide 78.85 ± 2.62% Nasal mucosal in vitro Glioblastoma

1. pH-sensitive release; 2. superior
mucoadhesion; 3. optimized CNS

accumulation with minimal
systemic exposure

[105]

/ Usnic acid / / in vitro Multidrug-resistant 1. antimicrobial efficacy;
2. biofilm control [106]

Lactose-leucine
based microspheres Ambrisentan / Pulmonary

inhalation in vitro Pulmonary arterial
hypertension

1. prevent fusion during drying
and reconstitution; 2. sustained
drug release; 3. optimal targeted
lung deposition; 4. minimized

systemic distribution.

[107]
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Table 3. Cont.

Modification Cargo Encapsulation
Efficiencies Administration Type of Experiment Disease Model Advancement Reference

Glucose oxidase Copper sulfide / Nasal mucosal in vivo Glioblastoma

1. Cu2+-mediated Fenton-like
reaction; 2. lipid peroxidation and

the onset of
ferroptosis; 3. immunogenic cell

[108]

Bile salt Olmesartan 87.36 ± 1.07% Nasal mucosal in vivo Alzheimer’s disease
1. sustained drug release;

2. increased flux and permeability;
3. improved brain bioavailability

[109]

Fucoidan Rutin / Oral in vivo Hyperuricemia Enhanced bioavailability and
targeting function of rutin [110]

Microneedle capsules Insulin / Oral in vitro Diabetes

1. sustained
drug release; 2. decreased gastric
degradation; 3. facilitated delivery

to the intestine

[111]

Quaternized Mometasone furoate / Nasal mucosal in vivo Allergic rhinitis mucoadhesion and mucosal
retention [112]

/ Ghrelin 53.2 ± 0.7% Nasal mucosal in vivo /

1. excellent physical and chemical
stability; 2. mucoadhesion; 3.

increased permeability; 4. cerebral
delivery

[113]

Tween MMK-1931 81.66% Oral in vivo Ehrlich ascites
tumour

1. sustained and controlled
drug release;

2. better anti-tumor efficacy
[114]

Catechol Resveratrol (RES)
and carnosine (CAR) 82.39 ± 1.54% Cutaneous in vivo Skin aging

1. increase the transdermal
penetration; 2. sustained drug

release; 3. skin anti-aging
[115]
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5.1. Oral Delivery

Oral administration is the most convenient route of drug delivery; however, drugs
face multiple barriers in the gastrointestinal tract, including gastric acid degradation, en-
zymatic breakdown, the mucus barrier and hepatic first-pass metabolism [116,117]. Due
to the electrostatic interaction between the positive charge of chitosan and the negatively
charged proteins of the mucus layer, CLPs can prolong their retention time on the gas-
trointestinal mucosa. In addition, chitosan possesses a certain penetration-enhancing effect
and can promote drug absorption by opening intercellular tight junctions. İpekci et al.
developed a CLP system loaded with Nadolol for the treatment of hypertension. They
coated liposomes at different chitosan-to-lipid ratios (0.1–0.4 w/w). The optimized coated
liposomes (L1C-NDL) showed a particle size of approximately 160.10 ± 3.17 nm, a PDI
of 0.19 ± 0.01, an encapsulation efficiency of 56.01 ± 3.70%, and a drug loading capacity
as high as 61.47 ± 2.03%. Enzymatic degradation studies demonstrated that the chitosan
coating significantly improved the stability of liposomes in gastric medium, and higher
in vitro release rates were observed under pH 6.8 conditions. More importantly, the Caco-2
cell monolayer model confirmed that the transport of CLPs from the apical to the basolat-
eral side was markedly enhanced, with cell viability exceeding 95%, showing good oral
absorption potential [27].

5.2. Ocular Delivery

The main challenges for ocular drug delivery include rapid tear washout, the corneal
barrier, and the limited surface area for drug absorption [118,119]. Due to the strong
electrostatic interaction between chitosan and the negatively charged mucin on the oc-
ular surface, CLPs can significantly prolong the retention time of drugs on the ocular
surface [120]. Badran et al. combined CLPs with thermosensitive in situ gels (ISG) to
construct a novel ophthalmic delivery system loaded with metoprolol (MT-CLPs) for glau-
coma treatment. The zeta potential of the system changed from negative to positive after
chitosan coating, enhancing electrostatic adhesion to the mucosa. The CLPs-loaded ISG
underwent rapid sol–gel transition at physiological temperature. In vivo experiments
showed that this system enhanced corneal permeability of the drug, significantly reduced
intraocular pressure without irritative reactions [121]. Furthermore, bile salt-modified
liposomes (bilosomes) have also shown unique advantages in ocular drug delivery in
recent years. Shalaby et al. co-loaded the antiviral drug ganciclovir (GCV) and the natural
anti-inflammatory and antioxidant resveratrol (RES) into bilosomes, and further introduced
a chitosan coating to enhance ocular adhesion. The results showed that the optimized
formulation achieved the best ocular delivery of both GCV and RES, with transcorneal
fluxes reaching 2.31 ± 0.17 µg/cm2·h and 3.27 ± 0.28 µg/cm2·h, respectively. The chitosan
coating not only improved the ocular surface retention but also acted synergistically with
the bile acid components of the bilosomes: the bile acids in the bilosomes effectively regu-
lated tight junctions between corneal epithelial cells to increase corneal permeability, while
chitosan provided long-lasting mucoadhesion. Together, they enabled precise, efficient and
synergistic delivery of antiviral and anti-inflammatory drugs [103].

5.3. Transdermal Delivery

Transdermal administration can avoid the first-pass effect associated with oral delivery
and provide stable plasma drug concentrations; however, the stratum corneum barrier of
the skin restricts the transdermal absorption [122]. The positive charge of chitosan facilitates
electrostatic interactions with the negatively charged skin surface, promoting adhesion of
liposomes to the stratum corneum, while the deformability of liposomes helps them to
penetrate the skin barrier [123]. Lee et al. employed CLPs to deliver the photosensitizer
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indocyanine green (ICG) for topical photodynamic therapy (PDT) of melanoma. Their
study not only demonstrated that the chitosan coating significantly improved the stability
and transdermal permeability of ICG, but also effectively enhanced its accumulation in
target cells and the photodynamic killing effect, thereby providing a feasible transdermal
delivery strategy for non-invasive treatment of melanoma and offering strong evidence
for the application potential of CLPs in transdermal drug delivery [124]. Eid et al. further
extended the application scenario of CLPs in transdermal therapy to diabetic skin wound
repair. They constructed citicoline-loaded CLPs (CT-CS-LPs) with an average particle
size of 211.6 nm, encapsulation efficiency of 50.7%, and surface potential of +32.1 mV;
the carrier exhibited significant sustained-release behavior in vitro. In a diabetic rat skin
wound model, the wounds treated with CT-CS-LPs healed significantly faster than those in
the untreated group and the CLP group. The mechanism involved effective regulation of
the inflammatory response, promotion of re-epithelialization, neovascularization, fibroblast
proliferation and connective tissue remodeling, which acted synergistically to achieve faster
wound healing [125]. Owing to their deformability and positive-charge-mediated skin
penetration, CLPs show excellent prospects for the local treatment of chronic wounds,
including diabetic ulcers.

5.4. Nasal Delivery

Intranasal administration can deliver drugs directly to the brain via the olfactory and
trigeminal nerves, bypassing the blood–brain barrier, and thus represents an important
strategy for the treatment of central nervous system diseases. However, the mucociliary
clearance mechanism of the nasal mucosa severely limits the residence time of drugs in the
nasal cavity [126,127]. Chitosan coating can overcome this obstacle by enhancing the adhe-
siveness of formulations to the nasal mucosa. Kapoor et al. prepared CLPs of amantadine
for nose-to-brain delivery to treat Parkinson’s disease. The chitosan coating significantly
enhanced the retention time of the formulation in the nasal cavity. In vitro drug release
showed a sustained release profile, with a cumulative release of 71.01% over 24 h. Ex vivo
goat nasal mucosa experiments demonstrated that the permeability of CLPs of amantadine
was 3.22-fold higher than that of the drug solution [128]. For the treatment of glioblastoma
(GBM), Jain et al. further combined chitosan coating with pH-responsive liposomes to
develop a temozolomide nasal delivery system (SpH-TMZ-CS-LIPO) [105]. This system
employed cholesterol hemisuccinate to construct a pH-sensitive lipid bilayer that trig-
gered rapid drug release (cumulative release 92–94%) in the acidic GBM microenvironment
(pH 4.5–5.5) while remaining stable at a physiological pH. The chitosan coating significantly
enhanced the nasal adhesiveness of the liposomes, increasing the ex vivo goat nasal mu-
cosal permeation flux by 1.39-fold compared with free drug. Cellular uptake experiments
showed that the uptake of SpH-TMZ-CS-LIPO in U87MG glioma cells was 4.6-fold higher
than that of free temozolomide, and the IC50 value was reduced to 0.396 ± 0.105 µg/mL,
representing a more than 33-fold improvement in efficacy. After nasal administration in
rats, this liposomal formulation achieved a peak concentration of 260.82 µg/mL in the brain,
and the brain AUC was more than 22-fold higher than that of free temozolomide. The drug
targeting efficiency reached 177.2%, and the direct nose-to-brain transport percentage was
94.3%, confirming that the drug was delivered to the brain mainly via the direct nose-to-
brain pathway rather than through systemic circulation. Therefore, by tailoring the chitosan
coating technology and liposomal bilayer composition, it is possible to further integrate
intelligent responsiveness and precise targeting control on the basis of enhanced nasal
mucoadhesion, thereby markedly increasing intracerebral drug accumulation and thera-
peutic efficacy, and providing a safe and highly efficient new approach for the non-invasive
administration of drugs against brain diseases.
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5.5. Pulmonary Delivery

Pulmonary administration can deliver drugs directly to the lungs, achieving higher
local drug accumulation and lower systemic exposure, and is particularly suitable for
lung tissue targeting [129]. However, conventional liposomes are prone to structural
disruption and drug loss due to fusion and leakage during the spray-drying process for
preparing dry powder inhalers [130]. Chitosan coating, by virtue of its cationic nature
wrapping around the liposome surface, can effectively maintain the structural integrity of
liposomes during drying and reconstitution. At the same time, electrostatic interactions
between chitosan and the pulmonary mucosa enhance drug retention and targeting in the
lungs [131]. Ali et al. developed a breath-activated, ambrisentan (AMB)-loaded CLPs dry
powder inhaler (Ambri-Chitosomes) for the treatment of pulmonary arterial hypertension
(PAH) [107]. Given that the therapeutic target of AMB—the pulmonary arterioles—is in
direct contact with the alveoli, pulmonary delivery is expected to improve local efficacy
while significantly reducing systemic toxicity. They encapsulated AMB in liposomes, then
surface-coated them with chitosan to protect the liposomes during drying. The Ambri-
Chitosomes were subsequently encapsulated in lactose-leucine carrier microspheres and
finally processed into an inhalable dry powder formulation using nano-spray drying
technology. After reconstitution, the Ambri-Chitosomes had a particle size of approximately
190 nm and a mass median aerodynamic diameter (MMAD) of about 1.9 µm, indicating
good pulmonary inhalability. In vitro release studies showed sustained drug release for up
to 48 h and good biocompatibility with A549 lung epithelial cells. In vivo pharmacokinetic
results in rats demonstrated that, compared with oral AMB, the inhaled Ambri-Chitosomes
significantly increased drug accumulation and retention time in the lungs while markedly
reducing systemic exposure. These findings prove that CLPs can achieve sustained drug
release and optimized pulmonary delivery after inhalation administration. Therefore, as
a lung-targeted delivery system, they hold promise for the local treatment of pulmonary
arterial hypertension, pulmonary infections, and lung cancer.

5.6. Anti-Infective Therapy

CLPs can be used to deliver antibiotics or other antibacterial active ingredients against
bacterial and fungal infections. Conventional anti-infective therapy faces multiple chal-
lenges, including poor drug stability, low oral bioavailability, difficulty in penetrating
bacterial biofilms, and rising antibiotic resistance [132]. Chitosan coating, by virtue of its
positively charged surface, mucoadhesive properties and controlled-release characteristics,
offers a promising formulation strategy to overcome these difficulties [133]. Wen et al.
prepared moringin-loaded CLPs (MR-CS-LPs) to inhibit Staphylococcus aureus. In vitro
antibacterial assays showed that the minimum inhibitory concentration (MIC) of MR-CS-
LPs was as low as 0.125 mg/mL, demonstrating potent antibacterial activity. Further
mechanistic studies revealed that this liposomal system destroyed the cellular wall and
membrane integrity of S. aureus, causing leakage of cellular contents, while inducing
oxidative stress-mediated apoptosis and effectively inhibiting biofilm formation [134].
To address the treatment dilemma of multidrug-resistant (MDR) infections, Coriolano et al.
developed usnic acid (UA)-loaded CLPs (Lipo-UA-Chi) and systematically evaluated their
antibacterial, anti-biofilm and hemocompatibility properties, both alone and in combi-
nation with polymyxin B (PMB). The chitosan coating not only solved the problems of
poor UA solubility and high toxicity, but also, through strong electrostatic interactions
between its positively charged surface and bacterial lipopolysaccharides, enhanced the
affinity of the liposomes towards drug-resistant bacteria, thereby significantly improving
the antibacterial activity of UA. In checkerboard microdilution assays against clinical MDR
isolates of Pseudomonas aeruginosa and Acinetobacter baumannii, the combination of
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Lipo-UA-Chi and PMB showed additive or synergistic interactions for all tested strains.
The combination reduced the MIC of PMB by up to 128-fold and that of Lipo-UA-Chi by
up to 4-fold, successfully reversing the initial tolerance of the resistant strains. Notably,
for a particular P. aeruginosa strain, the combination of Lipo-UA-Chi and PMB achieved
up to 100% inhibition of biofilm formation and up to 81.3% eradication of preformed
mature biofilms. Moreover, all tested concentrations exhibited non-hemolytic behavior,
indicating good safety [106]. In addition, nystatin is a highly effective antifungal drug,
but its poor solubility and low permeability severely limit its clinical efficacy. Sulastri et al.
used chitosan and sodium alginate to coat nystatin liposomes via layer-by-layer self-
assembly technology, successfully constructing a multilayer polyelectrolyte delivery system
against Candida albicans. By optimizing the chitosan/alginate ratio, the optimal formu-
lation NA7-Ch3-Nys-Lip showed a significant increase in encapsulation efficiency from
61.61 ± 1.60% to 83.77 ± 2.00%, with a particle size between 200–300 nm, a positive zeta
potential, and a well-defined spherical morphology confirmed by transmission electron
microscopy. Compared with uncoated nystatin liposomes (MIC 1.456 µg/mL), NA7-Ch3-
Nys-Lip exhibited a much lower MIC of 0.732 µg/mL, demonstrating the strongest antifun-
gal activity. In vitro release studies showed that the multilayer coating achieved controlled
and sustained drug release, with only 64.17 ± 4.00% released within 24 h, markedly supe-
rior to the rapid release of uncoated liposomes (89.28 ± 2.67% within 12 h). Furthermore,
after 28 days of storage at 4 ◦C, the particle size, zeta potential and encapsulation efficiency
of the multilayer coated system showed no significant changes (p > 0.05), demonstrating
excellent long-term storage stability. This study provides an innovative strategy for the
formulation of antifungal therapy that combines high delivery efficiency with long-term
stability [135].

5.7. Tumor-Targeted Therapy

The role of chitosan-coated liposomal drug delivery systems in tumor therapy cannot
be underestimated. Researchers have endowed the delivery systems with active targeting
ability by conjugating antibodies. For example, Zhang et al. developed trastuzumab (TZ)-
conjugated chitosan iodoacetamide (CsIA)-coated liposomal nanoparticles loaded with SN-38
for targeting HER2-positive lung cancer. The nanoparticles were spherical, approximately 77
nm in diameter, and had a positive zeta potential. SN-38 was released from the nanocarriers
in a sustained manner over 24 h. TZ-conjugated nanoparticles exhibited remarkable cellular
accumulation and significantly enhanced anticancer efficacy in HER2-positive Calu-3 lung
adenocarcinoma cells, far superior to the drug solution and unconjugated nanoparticles [54].
In addition, the delivery system achieves optimal combination therapy through co-loading of
two drugs. In breast cancer research, Sharma et al. co-loaded exemestane (EXM) and genistein
(GNS) into CLPs. EXM is used for breast cancer treatment but causes bone loss, whereas GNS,
a natural isoflavone, has bone-protective effects. They co-loaded both drugs into liposomes,
coated them with chitosan, and evaluated the pharmacokinetic and pharmacodynamic
behavior in a rat breast cancer model. The results showed that the chitosan-coated EXM-GNS
liposome treatment group exhibited statistical significance (p < 0.05) in both bone health
improvement and anticancer efficacy. Micro-CT analysis revealed significant restoration
of trabecular bone structure, good bone matrix connectivity, and narrower inter-trabecular
spaces in this treatment group, indicating that the chitosan coating not only improved
drug stability and controlled-release properties but also provided additional advantages in
biocompatibility and targeting potential [102]. Furthermore, de Souza et al. developed CLPs
for the co-delivery of ciprofloxacin and 5-fluorouracil, simultaneously targeting pathogenic
Escherichia coli that induce colorectal cancer [104]. The system was spherical, with a particle
size of 114.6–194.8 nm and a zeta potential of +11.4 to +20.2 mV. It exhibited good stability
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and adhesiveness under gastrointestinal conditions and showed strong antibacterial activity
against E. coli (inhibition zone of 33–37 mm), providing a new strategy for the comprehensive
treatment of colorectal cancer.

5.8. Immunoregulation and Vaccine Preparation

CLPs also show broad application prospects in immunoregulation and vaccine delivery.
The positively charged surface of chitosan can effectively adhere to antigens and promote
their uptake by antigen-presenting cells (e.g., dendritic cells and macrophages). Its inherent
biodegradability and low immunogenicity make it an ideal vaccine adjuvant carrier, capa-
ble of co-delivering antigens and immunomodulators to the same antigen-presenting cell,
thereby synergistically enhancing specific immune responses. Xing et al. encapsulated the
immunomodulator resveratrol (Res) into quaternized chitosan (QCS)-coated liposomes to
construct a novel delivery system (QCS-Res-LP), and adsorbed ovalbumin (OVA) as a model
antigen onto the surface of QCS-Res-LP. The optimized QCS-Res-LP had a particle size of
96.3 ± 3.52 nm, a PDI of 0.280 ± 0.010, a zeta potential of 9.59 ± 0.36 mV, an encapsulation
efficiency for resveratrol as high as 76.22 ± 1.02%, and an adsorption efficiency for OVA of
88.2 ± 16.3%. QCS-Res-LP effectively promoted the co-uptake of antigen and resveratrol
by dendritic cells (50-fold higher than Res-LP), promoted the expression of CD80, CD86,
IL-2 and IL-12 in dendritic cells, and caused no hemolytic reaction. In OVA-immunized
mice, QCS-Res-LP significantly increased the levels of OVA-specific IgG antibodies and
cytokines in serum, inducing a mixed Th1/Th2 immune response [136]. Moreover, Chuang
et al. used a novel single-step microfluidic synthesis strategy to prepare trimethylchitosan
(TMC)-covalently-coated liposomes (named chitosomes) for anthrax vaccine delivery [52].
Flow cytometry showed that covalently TMC-coated chitosomes exhibited 16.5-fold higher
cellular endocytosis efficiency than uncoated liposomes [52]. In a BALB/c mouse model,
covalently TMC-modified chitosomes significantly improved the induction efficiency of
anti-protective antigen IgG antibodies compared with hydrogen-bonded coated chitosomes
and the group vaccinated with anthrax vaccine adjuvant alone, with humoral immunity
being dominant [52]. This single-step microfluidic method offers the advantages of speed,
low cost, easy automation and scale-up, providing a highly feasible and reproducible plat-
form for the development of next-generation CLP-based drugs and vaccines. Therefore,
as a multifunctional vaccine delivery platform, CLPs, through diversified strategies such
as quaternization modification, antigen adsorption and co-delivery with immunomodula-
tors, and single-step microfluidic preparation, can play a unique role in enhancing antigen
uptake efficiency, activating antigen-presenting cell function, and inducing durable and bal-
anced immune responses. They represent an ideal paradigm for advancing next-generation
vaccines, especially recombinant protein subunit vaccines and mucosal vaccines.

6. Challenges
Despite the considerable advances achieved in the development of CLPs, several

critical hurdles remain before these systems can progress from laboratory research to clinical
application. These challenges span safety, stability, and manufacturing, each requiring
systematic investigation and resolution.

6.1. Safety

Although chitosan is generally regarded as biocompatible and biodegradable, the
safety profile of CLPs is influenced by multiple factors beyond the polymer itself,
and a thorough safety evaluation is essential for clinical translation. The cationic nature of
chitosan, while beneficial for electrostatic coating and mucoadhesion, introduces potential
safety concerns that must be carefully addressed.
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6.1.1. Cytotoxicity and Hemolysis

The positive surface charge of CLPs can induce concentration-dependent cytotoxicity.
For example, Chen et al. reported that positively quaternary CLPs exhibited cytotoxicity at
coating concentrations above 6 mg/mL [137]. Hemolytic activity is also closely correlated
with surface charge. Negatively charged liposomes generally do not cause hemolysis
and are considered safe toward erythrocytes; however, CLPs exhibit increased hemolytic
activity that correlates with the magnitude of positive zeta potential [138,139]. This charge-
dependent hemolytic effect underscores the need to optimize coating density and surface
charge to balance efficacy with hematological safety.

6.1.2. Immunogenicity and Complement Activation

The interaction of cationic CLPs with the immune system is more complex than often
assumed. Chitosan-based nanoparticles can activate innate immune responses, and sys-
temic toxicity is primarily driven by complement activation followed by neutrophil in-
filtration [140]. Furthermore, upon exposure to biological fluids, CLPs rapidly adsorb
plasma proteins, forming a corona that profoundly influences their immunogenicity [141].
The protein corona can promote opsonization by adsorbing immunoglobulins and comple-
ment proteins, thereby accelerating macrophage uptake and then triggering inflammatory
activation [142]. It can also shield surface-conjugated targeting ligands, compromising
active targeting efficiency [143]. Corona formation can redirect biodistribution toward the
reticuloendothelial system, increasing off-target toxicity [144]. These adverse effects under-
score the critical need for effective anti-corona strategies under physiologically relevant
conditions to facilitate the successful clinical translation of CLPs.

6.1.3. Long-Term Toxicity

A systematic review of in vivo toxicity studies on chitosan-based nanoparticles has
reported generally favorable safety profiles. However, a comprehensive 2024 meta-analysis
of more than 20 preclinical and clinical studies found that PEGylated chitosan nanoparticles
induced anti-PEG antibodies in 8% of recipients [145]. This immunogenic response triggers
the accelerated blood clearance, in which antigen–antibody reactions reduce bioavailability
and exacerbate off-target accumulation in the liver and spleen, posing long-term safety
concerns [146]. It should be noted, however, that these findings are derived primarily from
studies on chitosan nanoparticles rather than specifically from CLPs. Consequently, the long-
term toxicity, repeated-dose safety, and degradation behavior of CLPs—particularly those
involving chemically modified chitosan derivatives—remain to be thoroughly investigated.

6.2. Stability

Stability remains a critical challenge limiting the clinical application of CLPs. Although
chitosan coating significantly improves liposomal stability compared with uncoated formu-
lations [30], several stability-related issues persist throughout the product lifecycle.

6.2.1. Physical Stability

Liposomes are thermodynamically metastable and prone to aggregation and fu-
sion during storage [147]. Chitosan coating reduces particle aggregation through steric
hindrance and electrostatic repulsion, but long-term storage stability remains a con-
cern [148,149]. Coated liposomes have demonstrated better resistance to aggregation
than uncoated ones when stored at ambient temperature for up to 45 days; however,
extending storage stability to commercial timeframes (typically 12–24 months) requires
further optimization [31,58]. The inherent fragility of phospholipid membranes presents
additional challenges for industrial-scale production [150].
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6.2.2. Chemical Stability

Phospholipids, particularly those containing unsaturated fatty acid chains, are sus-
ceptible to oxidative degradation, which can compromise membrane integrity, alter drug
release profiles, and reduce therapeutic efficacy [151]. Chitosan coating can mitigate but
not completely eliminate this issue [152]. Encapsulation efficiency and drug retention
must be carefully monitored, as drug leakage can occur during storage, especially under
suboptimal conditions [153]. Sterilization adds further complexity: heat sterilization may
disrupt liposomal integrity, while filtration may be hindered by the increased viscosity
imparted by chitosan coating [154–156]. Although gamma irradiation has been explored as
a potential sterilization method for liposomal dispersions, its effects on CLPs remain to be
fully validated [157].

6.2.3. Microbiological Stability

Strict control of microbial contamination and endotoxin levels is essential [158,159].
Chitosan, being a natural polysaccharide, may introduce variability in microbial load and
endotoxin content depending on its source and purification process [160,161]. Robust
quality control parameters for sterility and endotoxin testing are therefore critical for
regulatory compliance.

6.3. Manufacture Process

The transition of CLPs from laboratory-scale research to industrial-scale production
presents substantial challenges related to characteristics of chitosan, scalability, reproducibil-
ity, and regulatory compliance.

6.3.1. Characteristics of Chitosan

The physicochemical properties of chitosan—including molecular weight, degree of
deacetylation, viscosity, purity, and source—exert a profound influence on the coating
efficiency, stability, mucoadhesion, and overall performance of CLPs [162]. Primarily, chi-
tosan from different biological sources exhibits distinct physicochemical characteristics.
Insect-derived chitosan, for example, generally has a degree of deacetylation (DDA) in
the range of 75.75–89.21%, while chitosan obtained from crustacean sources (e.g., shrimp
shells) can reach DDA values exceeding 97% [163–165]. DDA dictates charge density
and mucoadhesive potential, with higher DDA enhancing electrostatic interactions with
liposomal surfaces and mucin, thereby improving coating efficiency [64]. Furthermore,
molecular weight plays a critical role: higher molecular weight chitosan provides superior
stabilization against salt, heat, and storage, whereas lower molecular weight chitosan yields
smaller vesicles and lower viscosity, presenting a trade-off between stability and particle
size control [62,166–168]. Simultaneously, viscosity affects coating thickness and manu-
facturing steps such as filtration, and batch-to-batch viscosity variability has been shown
to alter drug release profiles, complicating process standardization [169–171]. Equally
critical is purity, since residual proteins, heavy metals (e.g., Fe, Cr, and Ni), and especially
endotoxins (>0.01 EU/mg) pose significant safety risks through the induction of inflam-
matory responses, in addition to adversely affecting formulation performance [172–174].
Collectively, the inherent variability of these chitosan characteristics—particularly across
different sources and batches—represents a critical barrier to industrial scale-up and sub-
sequent clinical translation. Overcoming this challenge requires rigorous quality control
and comprehensive batch characterization, including molecular weight, DDA, viscos-
ity, and purity testing, as essential components of regulatory documentation to ensure
reproducible manufacturing.
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6.3.2. Scalability and Reproducibility

Scaling up the production of CLPs while maintaining consistent quality is extremely
challenging. Most laboratory-scale preparation methods, such as thin-film hydration and
electrostatic deposition, are not directly transferable to industrial settings due to differences
in mixing efficiency, temperature control, and shear forces [175]. Batch-to-batch repro-
ducibility requires precise control over numerous parameters, including chitosan molecular
weight, degree of deacetylation, chitosan-to-lipid ratio, coating conditions (pH, tempera-
ture, mixing rate), and drying procedures [60]. Variations in any of these parameters can
substantially affect particle size, polydispersity, zeta potential, encapsulation efficiency,
and coating thickness [176]. The sourcing of chitosan itself introduces variability, as chi-
tosan from different origins (shrimp, crab, fungal) differs in molecular weight distribution,
purity, and batch consistency [177,178].

6.3.3. Process Control and Quality Attributes

Industrial production of liposomes demands robust, validated manufacturing methods
that consistently achieve uniform quality. For CLPs, critical quality attributes include
particle size distribution, polydispersity index, zeta potential, encapsulation efficiency,
coating thickness, degree of coating, and free chitosan content [179]. Establishing reliable
analytical methods for real-time monitoring of these attributes during manufacturing is
essential. The integration of quality-by-design principles and process analytical technology
can facilitate process control and ensure product consistency [60]. Emerging in situ coating
approaches, particularly microfluidic-based systems, offer advantages for continuous
manufacturing and scalability [80]; nevertheless, challenges such as nonspecific adsorption
of hydrophobic drugs onto chip materials (e.g., PDMS), residual solvent removal, and
maintaining consistent flow characteristics across multiple chips remain unresolved [82].

6.3.4. Regulatory Considerations

CLPs are classified as non-biological complex drugs, for which regulatory frameworks
are still evolving [180]. Although more than twenty clinical investigations have explored
chitosan-based nanoparticles for chemotherapeutic delivery, no chitosan-based co-delivery
therapy has yet received FDA or EMA approval, primarily due to production variability,
stability limitations, and the absence of standardized clinical comparators [181]. Regu-
latory classification further complicates translation, as multifunctional chitosan systems
frequently straddle drug–device and biologic categories [182]. The regulatory pathway
demands comprehensive characterization of physicochemical properties—including parti-
cle size distribution, zeta potential, encapsulation efficiency, drug release kinetics, sterility,
and stability—as well as rigorous toxicological assessments [183]. The variability inherent
in chitosan molecular weight and the limited availability of nanotoxicology standards add
additional regulatory hurdles [184]. Establishing standardized protocols for characteriza-
tion, manufacturing, and quality control is essential to facilitate regulatory approval and
clinical translation [185].

7. Conclusions
CLPs have emerged as a robust and versatile platform that addresses several major

shortcomings of conventional liposomal carriers, including insufficient colloidal stability,
rapid clearance, poor mucoadhesion, and limited target specificity. The intrinsic cationic
property of chitosan enables stable electrostatic deposition onto negatively charged liposo-
mal surfaces, forming a core–shell structure that improves stability, prolongs circulation,
and facilitates functionalization with targeting ligands and stimuli-responsive groups. Vari-
ous coating strategies—electrostatic deposition, layer-by-layer assembly, ionic crosslinking,
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and microfluidic in-situ coating—each offer distinct benefits in terms of coating efficiency,
particle size control, and scalability. These systems have demonstrated considerable pre-
clinical therapeutic potential across oral, ocular, transdermal, pulmonary, anti-infective,
tumor-targeted, and vaccine applications, with improved drug retention, controlled release,
and enhanced bioavailability.

Despite these advances, clinical translation remains constrained by several intercon-
nected challenges. Protein corona formation, insufficient long-term toxicity and immuno-
genicity data, and batch-to-batch variability in chitosan properties—such as molecular
weight, deacetylation degree, viscosity, purity, and source—compromise reproducibility
and performance. Manufacturability is hampered by the limited scalability of most labo-
ratory methods, particularly layer-by-layer assembly, whereas microfluidic systems face
throughput and material compatibility issues. Regulatory approval is further complicated
by the classification of these systems as non-biological complex drugs, and to date, no
chitosan-based co-delivery therapy has received FDA or EMA approval, despite more than
twenty clinical investigations.

Future efforts should focus on: (i) comprehensive long-term safety and immunogenic-
ity assessments; (ii) systematic characterization of protein corona effects; (iii) development
of scalable, GMP-compliant manufacturing processes with clearly defined critical quality
attributes; (iv) standardization of characterization protocols; and (v) early and ongoing
regulatory dialogue to establish clear approval pathways. Addressing these challenges
through multidisciplinary collaboration will be essential to translate the considerable
preclinical promise of CLPs into meaningful clinical outcomes.
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57. Iftode, L.; Zara Danceanu, C.M.; Cadinoiu, A.N.; Raţă, D.M.; Popa, M.; Labusca, L.; Radulescu, L. Magnetic Cationic Liposomes-
Based Delivery System Reduces Drug-Induced Cytotoxicity in an In Vitro Model of Hearing Loss. Nanomaterials 2025, 15, 1529.
[CrossRef] [PubMed]

58. Laye, C.; McClements, D.J.; Weiss, J. Formation of Biopolymer-Coated Liposomes by Electrostatic Deposition of Chitosan. J. Food
Sci. 2008, 73, N7–N15. [CrossRef] [PubMed]

59. Mazloomi, S.N.; Mahoonak, A.S.; Ghorbani, M.; Houshmand, G. Physicochemical properties of chitosan-coated nanoliposome
loaded with orange seed protein hydrolysate. J. Food Eng. 2020, 280, 109976. [CrossRef]

60. Pandey, A.P.; Karande, K.P.; Sonawane, R.O.; Deshmukh, P.K. Applying quality by design (QbD) concept for fabrication of
chitosan coated nanoliposomes. J. Liposome Res. 2014, 24, 37–52. [CrossRef] [PubMed]

61. Chen, R.H.; Win, H.P.; Fang, H.J. Vesicle size, size distribution, stability, and rheological properties of liposomes coated with
water-soluble chitosans of different molecular weights and concentrations. J. Liposome Res. 2001, 11, 211–228. [CrossRef] [PubMed]

62. Tan, H.W.; Misran, M. Characterization of fatty acid liposome coated with low-molecular-weight chitosan. J. Liposome Res. 2012,
22, 329–335. [CrossRef] [PubMed]

63. Tan, C.; Feng, B.; Zhang, X.; Xia, W.; Xia, S. Biopolymer-coated liposomes by electrostatic adsorption of chitosan (chitosomes) as
novel delivery systems for carotenoids. Food Hydrocoll. 2016, 52, 774–784. [CrossRef]

64. Liu, Y.; Bao, Y.; Liu, C.; Wang, Y.; Wang, J.; Li, J.; Li, X. Properties of DHA algal oil liposomes coated with different deacetylation
degrees chitosan: Preparation, physicochemical characterization and in vitro release. Food Hydrocoll. 2027, 184, 113276. [CrossRef]

65. Cuomo, F.; Ceglie, A.; Piludu, M.; Miguel, M.G.; Lindman, B.; Lopez, F. Loading and protection of hydrophilic molecules into
liposome-templated polyelectrolyte nanocapsules. Langmuir 2014, 30, 7993–7999. [CrossRef] [PubMed]

66. Liu, W.; Liu, J.; Liu, W.; Li, T.; Liu, C. Improved Physical and In Vitro Digestion Stability of a Polyelectrolyte Delivery System
Based on Layer-by-Layer Self-Assembly Alginate–Chitosan-Coated Nanoliposomes. J. Agric. Food Chem. 2013, 61, 4133–4144.
[CrossRef] [PubMed]

67. Tan, X.; Liu, Y.; Wu, X.; Geng, M.; Teng, F. Layer-by-layer self-assembled liposomes prepared using sodium alginate and chitosan:
Insights into vesicle characteristics and physicochemical stability. Food Hydrocoll. 2024, 149, 109606. [CrossRef]

68. Meier, N.; Berten-Schunk, L.; Roger, Y.; Hänsch, R.; Hoffmann, A.; Bunjes, H.; Dempwolf, W.; Menzel, H. Characterization of Thin
Polymer Layer Prepared from Liposomes and Polyelectrolytes for TGF-β3 Release in Tissue Engineering. Macromol. Biosci. 2025,
25, e2400447. [CrossRef] [PubMed]

69. Tang, L.; Yang, X.; Yin, Q.; Cai, K.; Wang, H.; Chaudhury, I.; Yao, C.; Zhou, Q.; Kwon, M.; Hartman, J.A.; et al. Investigating the
optimal size of anticancer nanomedicine. Proc. Natl. Acad. Sci. USA 2014, 111, 15344–15349. [CrossRef] [PubMed]

70. Javan, M.; Ajabi Zareian, D.; Mojarad-Jabali, S. Deep Tumor Penetration Using Nanoparticle Delivery Systems: Programmed
Design Strategies and Emerging Evaluation Platforms. Int. J. Nanomed. 2026, 21, 563233. [CrossRef] [PubMed]

71. Chen, M.X.; Li, B.K.; Yin, D.K.; Liang, J.; Li, S.S.; Peng, D.Y. Layer-by-layer assembly of chitosan stabilized multilayered liposomes
for paclitaxel delivery. Carbohydr. Polym. 2014, 111, 298–304. [CrossRef] [PubMed]

72. Correa, S.; Choi, K.Y.; Dreaden, E.C.; Renggli, K.; Shi, A.; Gu, L.; Shopsowitz, K.E.; Quadir, M.A.; Ben-Akiva, E.; Hammond,
P.T. Highly scalable, closed-loop synthesis of drug-loaded, layer-by-layer nanoparticles. Adv. Funct. Mater. 2016, 26, 991–1003.
[CrossRef] [PubMed]

73. Pires, I.S.; Suggs, J.R.; Carlo, I.S.; Yun, D.; Hammond, P.T.; Irvine, D.J. Surfactant-Mediated Assembly of Precision-Size Liposomes.
Chem. Mater. 2024, 36, 7263–7273. [CrossRef] [PubMed]

74. Cheon, J.-W.; Shim, C.-K.; Chung, S.J.; Kim, D. Effect of Tripolyphosphate (TPP) on the Controlled Release of Cyclosporin A from
Chitosan-coated Lipid Microparticles. J. Korean Pharm. Sci. 2009, 39, 59–63.

75. Malagutti, E.; Pinho, S.G.B.; Thomazini, M.; Tapia-Blácido, D.R.; Martelli Tosi, M. Optimizing Encapsulation of Active Compounds
of Carrot By-Product in TPP-Chitosomes. Foods 2024, 13, 2604. [CrossRef] [PubMed]

76. Ramezanzade, L.; Hosseini, S.F.; Akbari-Adergani, B.; Yaghmur, A. Cross-linked chitosan-coated liposomes for encapsulation of
fish-derived peptide. LWT 2021, 150, 112057. [CrossRef]

https://doi.org/10.3390/pharmaceutics18111360

https://doi.org/10.3390/ijms26030922
https://www.ncbi.nlm.nih.gov/pubmed/39940692
https://doi.org/10.1002/bab.2740
https://www.ncbi.nlm.nih.gov/pubmed/40069999
https://doi.org/10.1016/j.ijbiomac.2025.147682
https://www.ncbi.nlm.nih.gov/pubmed/40957514
https://doi.org/10.1016/j.ijbiomac.2025.148548
https://www.ncbi.nlm.nih.gov/pubmed/41161457
https://doi.org/10.3390/nano15191529
https://www.ncbi.nlm.nih.gov/pubmed/41090873
https://doi.org/10.1111/j.1750-3841.2008.00747.x
https://www.ncbi.nlm.nih.gov/pubmed/18577008
https://doi.org/10.1016/j.jfoodeng.2020.109976
https://doi.org/10.3109/08982104.2013.826243
https://www.ncbi.nlm.nih.gov/pubmed/23941613
https://doi.org/10.1081/lpr-100108463
https://www.ncbi.nlm.nih.gov/pubmed/19530934
https://doi.org/10.3109/08982104.2012.700459
https://www.ncbi.nlm.nih.gov/pubmed/22881198
https://doi.org/10.1016/j.foodhyd.2015.08.016
https://doi.org/10.1016/j.foodhyd.2026.113276
https://doi.org/10.1021/la501978u
https://www.ncbi.nlm.nih.gov/pubmed/24946085
https://doi.org/10.1021/jf305329n
https://www.ncbi.nlm.nih.gov/pubmed/23566223
https://doi.org/10.1016/j.foodhyd.2023.109606
https://doi.org/10.1002/mabi.202400447
https://www.ncbi.nlm.nih.gov/pubmed/39803844
https://doi.org/10.1073/pnas.1411499111
https://www.ncbi.nlm.nih.gov/pubmed/25316794
https://doi.org/10.2147/ijn.S563233
https://www.ncbi.nlm.nih.gov/pubmed/42005708
https://doi.org/10.1016/j.carbpol.2014.04.038
https://www.ncbi.nlm.nih.gov/pubmed/25037355
https://doi.org/10.1002/adfm.201504385
https://www.ncbi.nlm.nih.gov/pubmed/27134622
https://doi.org/10.1021/acs.chemmater.4c01127
https://www.ncbi.nlm.nih.gov/pubmed/39156714
https://doi.org/10.3390/foods13162604
https://www.ncbi.nlm.nih.gov/pubmed/39200531
https://doi.org/10.1016/j.lwt.2021.112057
https://doi.org/10.3390/pharmaceutics18111360


Pharmaceutics 2026, 18, 1360 28 of 32

77. Jonassen, H.; Kjøniksen, A.-L.; Hiorth, M. Stability of Chitosan Nanoparticles Cross-Linked with Tripolyphosphate. Biomacro-
molecules 2012, 13, 3747–3756. [CrossRef] [PubMed]

78. Bochicchio, S.; Dalmoro, A.; Bertoncin, P.; Lamberti, G.; Moustafine, R.I.; Barba, A.A. Design and production of hybrid nanoparti-
cles with polymeric-lipid shell-core structures: Conventional and next-generation approaches. RSC Adv. 2018, 8, 34614–34624.
[CrossRef] [PubMed]

79. Otake, K.; Shimomura, T.; Goto, T.; Imura, T.; Furuya, T.; Yoda, S.; Takebayashi, Y.; Sakai, H.; Abe, M. One-Step Preparation
of Chitosan-Coated Cationic Liposomes by an Improved Supercritical Reverse-Phase Evaporation Method. Langmuir 2006, 22,
4054–4059. [CrossRef] [PubMed]

80. Rachamala, H.K.; Roy, S.; Marepally, S. Precise Engineering of Lipid-Based Delivery Systems Using Microfluidics for Biomedical
Applications. Biophysica 2026, 6, 19. [CrossRef]

81. Bonacorsi, S.; Angeloni, L.; Moliterno, M.; Saito, G.; Oddone, I.; Secci, D.; Raimondi, S. Channel-size enlarging strategy for
liposome production scale-up: A simplified approach. Int. J. Pharm. 2025, 684, 126181. [CrossRef] [PubMed]

82. Liu, Y.; Chen, X.; Tang, T.; Chen, X.; Fang, X. Smart delivery system based on microfluidic Nanomaterials. Prog. Mater. Sci. 2027,
163, 101771. [CrossRef]

83. Eugster, R.; Orsi, M.; Buttitta, G.; Serafini, N.; Tiboni, M.; Casettari, L.; Reymond, J.-L.; Aleandri, S.; Luciani, P. Leveraging
machine learning to streamline the development of liposomal drug delivery systems. J. Control. Release 2024, 376, 1025–1038.
[CrossRef] [PubMed]

84. Edo, G.I.; Ndudi, W.; Ali, A.B.M.; Yousif, E.; Zainulabdeen, K.; Akpoghelie, P.O.; Isoje, E.F.; Igbuku, U.A.; Opiti, R.A.; Athan
Essaghah, A.E.; et al. Chitosan: An overview of its properties, solubility, functional technologies, food and health applications.
Carbohydr. Res. 2025, 550, 109409. [CrossRef] [PubMed]

85. Biswas, U.K.; Bose, A.; Ghosh, B.; Sharma, S. An insight into chemically modified chitosan and their biological, pharmaceutical,
and medical applications: A review. Int. J. Biol. Macromol. 2025, 303, 140612. [CrossRef] [PubMed]

86. Trivedi, S.; Belgamwar, V. Fabrication and optimization of chitosan-g-m-PEG-NH2 copolymer for advanced glioblastoma therapy
using surface engineered lentinan loaded nanovesicles for nasal delivery. Int. J. Biol. Macromol. 2024, 273, 133125. [CrossRef]
[PubMed]

87. Seo, Y.; Lim, H.; Park, H.; Yu, J.; An, J.; Yoo, H.Y.; Lee, T. Recent Progress of Lipid Nanoparticles-Based Lipophilic Drug Delivery:
Focus on Surface Modifications. Pharmaceutics 2023, 15, 772. [CrossRef] [PubMed]

88. Ait Bachir, Z.; Huang, Y.; He, M.; Huang, L.; Hou, X.; Chen, R.; Gao, F. Effects of PEG surface density and chain length on
the pharmacokinetics and biodistribution of methotrexate-loaded chitosan nanoparticles. Int. J. Nanomed. 2018, 13, 5657–5671.
[CrossRef] [PubMed]

89. Deygen, I.M.; Seidl, C.; Kölmel, D.K.; Bednarek, C.; Heissler, S.; Kudryashova, E.V.; Bräse, S.; Schepers, U. Novel Prodrug
of Doxorubicin Modified by Stearoylspermine Encapsulated into PEG-Chitosan-Stabilized Liposomes. Langmuir 2016, 32,
10861–10869. [CrossRef] [PubMed]

90. Shalaby, T.I.; El-Refaie, W.M. Bioadhesive Chitosan-Coated Cationic Nanoliposomes with Improved Insulin Encapsulation and
Prolonged Oral Hypoglycemic Effect in Diabetic Mice. J. Pharm. Sci. 2018, 107, 2136–2143. [CrossRef] [PubMed]

91. Costa, C.; Liu, Z.; Martins, J.P.; Correia, A.; Figueiredo, P.; Rahikkala, A.; Li, W.; Seitsonen, J.; Ruokolainen, J.; Hirvonen, S.-P.; et al.
All-in-one microfluidic assembly of insulin-loaded pH-responsive nano-in-microparticles for oral insulin delivery. Biomater. Sci.
2020, 8, 3270–3277. [CrossRef] [PubMed]

92. Wei, X.; Yang, D.; Xing, Z.; Cai, J.; Wang, L.; Zhao, C.; Wei, X.; Jiang, M.; Sun, H.; Zhou, L.; et al. Hepatocyte-targeted delivery
using oleanolic acid-loaded liposomes for enhanced hepatocellular carcinoma therapy. Biomater. Sci. 2023, 11, 3952–3964.
[CrossRef] [PubMed]

93. Raikwar, S.; Jain, A.; Saraf, S.; Tiwari, A.; Panda, P.K.; Jain, S.K. Chapter 8—Environmental stimuli-sensitive chitosan nanocarriers
in therapeutics. In Chitosan in Biomedical Applications; Hasnain, M.S., Beg, S., Nayak, A.K., Eds.; Academic Press: Cambridge, MA,
USA, 2022; pp. 189–209.

94. Dong, H.; Guan, A.; Yang, S.; Wang, L.; Zhao, L.; Chen, H.; Wei, H.; Luo, P.; Huang, Y. An pH-responsive liposome for the targeted
treatment of Helicobacter pylori. Mater. Today Bio 2025, 34, 102194. [CrossRef] [PubMed]

95. Raza, A.; Hayat, U.; Rasheed, T.; Bilal, M.; Iqbal, H.M.N. Redox-responsive nano-carriers as tumor-targeted drug delivery systems.
Eur. J. Med. Chem. 2018, 157, 705–715. [CrossRef] [PubMed]

96. Li, R.; Deng, L.; Cai, Z.; Zhang, S.; Wang, K.; Li, L.; Ding, S.; Zhou, C. Liposomes coated with thiolated chitosan as drug carriers of
curcumin. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 80, 156–164. [CrossRef] [PubMed]

97. Gradauer, K.; Barthelmes, J.; Vonach, C.; Almer, G.; Mangge, H.; Teubl, B.; Roblegg, E.; Dünnhaupt, S.; Fröhlich, E.; Bernkop-
Schnürch, A.; et al. Liposomes coated with thiolated chitosan enhance oral peptide delivery to rats. J. Control. Release 2013, 172,
872–878. [CrossRef] [PubMed]

98. Mazzotta, E.; Marazioti, A.; Mourtas, S.; Muzzalupo, R.; Antimisiaris, S.G. Liposomes Coated with Novel Synthetic Bifunctional
Chitosan Derivatives as Potential Carriers of Anticancer Drugs. Pharmaceutics 2024, 16, 319. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18111360

https://doi.org/10.1021/bm301207a
https://www.ncbi.nlm.nih.gov/pubmed/23046433
https://doi.org/10.1039/c8ra07069e
https://www.ncbi.nlm.nih.gov/pubmed/35548606
https://doi.org/10.1021/la051662a
https://www.ncbi.nlm.nih.gov/pubmed/16618144
https://doi.org/10.3390/biophysica6020019
https://doi.org/10.1016/j.ijpharm.2025.126181
https://www.ncbi.nlm.nih.gov/pubmed/40962082
https://doi.org/10.1016/j.pmatsci.2026.101771
https://doi.org/10.1016/j.jconrel.2024.10.065
https://www.ncbi.nlm.nih.gov/pubmed/39489466
https://doi.org/10.1016/j.carres.2025.109409
https://www.ncbi.nlm.nih.gov/pubmed/39892276
https://doi.org/10.1016/j.ijbiomac.2025.140612
https://www.ncbi.nlm.nih.gov/pubmed/39909251
https://doi.org/10.1016/j.ijbiomac.2024.133125
https://www.ncbi.nlm.nih.gov/pubmed/38897498
https://doi.org/10.3390/pharmaceutics15030772
https://www.ncbi.nlm.nih.gov/pubmed/36986633
https://doi.org/10.2147/ijn.S167443
https://www.ncbi.nlm.nih.gov/pubmed/30288039
https://doi.org/10.1021/acs.langmuir.6b01023
https://www.ncbi.nlm.nih.gov/pubmed/27583632
https://doi.org/10.1016/j.xphs.2018.04.011
https://www.ncbi.nlm.nih.gov/pubmed/29689252
https://doi.org/10.1039/d0bm00743a
https://www.ncbi.nlm.nih.gov/pubmed/32490443
https://doi.org/10.1039/d3bm00261f
https://www.ncbi.nlm.nih.gov/pubmed/37102693
https://doi.org/10.1016/j.mtbio.2025.102194
https://www.ncbi.nlm.nih.gov/pubmed/40893376
https://doi.org/10.1016/j.ejmech.2018.08.034
https://www.ncbi.nlm.nih.gov/pubmed/30138802
https://doi.org/10.1016/j.msec.2017.05.136
https://www.ncbi.nlm.nih.gov/pubmed/28866151
https://doi.org/10.1016/j.jconrel.2013.10.011
https://www.ncbi.nlm.nih.gov/pubmed/24140721
https://doi.org/10.3390/pharmaceutics16030319
https://www.ncbi.nlm.nih.gov/pubmed/38543212
https://doi.org/10.3390/pharmaceutics18111360


Pharmaceutics 2026, 18, 1360 29 of 32

99. Arshad, M.; Sarwar, H.S.; Sarfraz, M.; Jalil, A.; Bin Jardan, Y.A.; Farooq, U.; Sohail, M.F. Cholic Acid-Grafted Thiolated Chitosan-
Enveloped Nanoliposomes for Enhanced Oral Bioavailability of Azathioprine: In Vitro and In Vivo Evaluation. ACS Omega 2024,
9, 32807–32816. [CrossRef] [PubMed]

100. Wang, M.; Liu, Y.; Zhang, X.; Luo, L.; Li, L.; Xing, S.; He, Y.; Cao, W.; Zhu, R.; Gao, D. Gold nanoshell coated thermo-pH dual
responsive liposomes for resveratrol delivery and chemo-photothermal synergistic cancer therapy. J. Mater. Chem. B 2017, 5,
2161–2171. [CrossRef] [PubMed]

101. Park, H.; Kim, E.R.; Jeong, H.E.; Jung, H.-S. Bromelain-Decorated Chitosan-Coated Nanoscale Liposomes for Enhancement of
Mucus Permeation and Oral Drug Delivery. ACS Appl. Nano Mater. 2025, 8, 23478–23487. [CrossRef]

102. Sharma, S.; Kawish, S.M.; Gupta, P.; Jain, S.; Ahmad, S.; Iqbal, Z.; Vohora, D.; Kohli, K. Co-delivery of Exemestane and Genistein
via Chitosan Coated Liposomes for Enhanced Antitumor Effect and Bone Loss Prevention in Breast Cancer Therapy: In Vivo
Evaluation. AAPS PharmSciTech 2025, 26, 174. [CrossRef] [PubMed]

103. Shalaby, K.; Elmowafy, M.; Ali, H.M.; Alenazi, R.A.; Massoud, D.; Salama, A.; Soliman, G.M.; Darwish, A.A.A.; Safwat, M.A.
Development of ganciclovir/resveratrol coloaded bilosomes for improvement of ophthalmic delivery and therapeutic efficacy.
J. Liposome Res. 2026, 36, 129–141. [CrossRef] [PubMed]

104. de Souza, J.B.; da Silva, J.R.; Maia, P.B.D.; de Lacerda Coriolano, D.; de Andrade, M.C.M.; Galembeck, A.; de Almeida Campos,
L.A.; de Castro, M.; Cavalcanti, I.M.F. Nanotechnology approach to combat cancer-inducing Escherichia coli: Co-delivery of
5-fluorouracil and ciprofloxacin by chitosan-coated liposomes. Int. J. Biol. Macromol. 2025, 332, 148499. [CrossRef] [PubMed]

105. Jain, A.; Nijhawan, H.P.; Yadav, K.S. DoE-Optimized Chitosan-Coated pH-Sensitive Liposomes for Targeted Nose-to-Brain
Delivery of Temozolomide. AAPS PharmSciTech 2026, 27, 179. [CrossRef] [PubMed]

106. de Lacerda Coriolano, D.; Barbosa de Souza, J.; Vieira Maciel, M.A.; Lima, K.F.A.; de Almeida Campos, L.A.; Cavalcanti, I.M.F.
Usnic acid chitosan-coated liposomes synergistic activity with polymyxin B against multidrug-resistant Pseudomonas aeruginosa
and Acinetobacter baumannii clinical In Vitro. Future Microbiol. 2026, 21, 381–389. [CrossRef] [PubMed]

107. Ali, M.S.; Elhabak, M.; Ibrahim, S.S.; Elmowafy, E.; Farouk, F.; Osman, R. Breath-activated nanomedicine: Ambrisentan-loaded
chitosomes for pulmonary arterial hypertension. Int. J. Pharm. 2026, 687, 126370. [CrossRef] [PubMed]

108. Zhou, Q.; Fu, Q.; Li, S.; Kugeluke, Y.; Sun, Y.; Sun, Z. Chitosan-coated copper sulfide liposomes enhance
chemo/immuno/chemodynamic therapy via enhanced ferroptosis-mediated glioma cell death. Int. J. Biol. Macromol.
2026, 354, 151193. [CrossRef] [PubMed]

109. Moubarak, G.A.; Salama, A.H.; Ali, A.A.; Galal, A.F.; Fouad, S.A.; Eid, H.M. Intranasal delivery of chitosan-coated bilosomes for
repurposing Olmesartan in Alzheimer’s disease therapy: Formulation, optimization, pharmacokinetic and pharmacodynamic
evaluation. J. Pharm. Sci. 2026, 115, 104241. [CrossRef] [PubMed]

110. Han, J.Y.; Liu, Y.D.; Ding, H.; Pang, Y.H.; Shen, X.F. Fucoidan/chitosan coated nanoliposomes enhancing URAT1 targeting of
rutin for alleviating hyperuricemia. Int. J. Biol. Macromol. 2026, 335, 149263. [CrossRef] [PubMed]

111. Gopal, K.; Chellathurai, M.S.; Sofian, Z.M.; Aramwit, P.; Mahmood, S. Design and Evaluation of Chitosan-Coated Liposomal
Microneedle Capsules for Oral Insulin Delivery: A Proof of Concept. Macromol. Biosci. 2026, 26, e00661. [CrossRef] [PubMed]

112. Jiang, M.; Yuan, H.; Zhang, W.; Dong, Y.; Zhang, Y.; Yin, T.; He, H.; Gou, J.; Wang, Y.; Tang, X. Quaternized chitosan-coated
liposomes enable pH-independent nasal mucoadhesion and a sustained local depot for mometasone furoate. Eur. J. Pharm.
Biopharm. 2026, 222, 115033. [CrossRef] [PubMed]

113. de Barros, C.T.; Alves, T.F.R.; Crescencio, K.M.M.; Asami, J.; Hausen, M.A.; Duek, E.A.R.; Chaud, M.V. Chitosan-Coated
Liposomes for Intranasal Delivery of Ghrelin: Enhancing Bioavailability to the Central Nervous System. Pharmaceutics 2025,
17, 1493. [CrossRef] [PubMed]

114. El-Dakroury, W.A.; Zewail, M.B.; Mansour, M.A.; Mohammed, O.A.; Doghish, A.S.; Senbel, A.; Sallam, A.M.; Gebril, M.I.;
Abouzid, K.A.M.; Noshy, M.; et al. A novel furo[2,3-d]pyrimidine-based chalcone derivative (MMK-1931) loaded chitosomes as
a potential cancer therapy in an Ehrlich ascites tumour model. J. Drug Target. 2025, 33, 1914–1931. [CrossRef] [PubMed]

115. Wang, X.; Lv, L.; Liu, T.; Yang, F.; Han, X.; Guan, Q. Catechol chitosan coated dual-loaded liposomes based on oxidation and
saccharification mechanisms for enhancing skin anti-aging effects. Int. J. Biol. Macromol. 2024, 256, 128342. [CrossRef] [PubMed]

116. Kubiatowicz, L.J.; Pourafzal, N.; Zhu, A.T.; Guo, Z.; Fang, R.H.; Zhang, L. Nanomedicine for Oral Delivery: Strategies to
Overcome the Biological Barriers. Small Methods 2026, 10, 2500624. [CrossRef] [PubMed]

117. Azman, M.; Sabri, A.H.; Anjani, Q.K.; Mustaffa, M.F.; Hamid, K.A. Intestinal Absorption Study: Challenges and Absorption
Enhancement Strategies in Improving Oral Drug Delivery. Pharmaceuticals 2022, 15, 975. [CrossRef] [PubMed]

118. Akhter, M.H.; Ahmad, I.; Alshahrani, M.Y.; Al-Harbi, A.I.; Khalilullah, H.; Afzal, O.; Altamimi, A.S.A.; Najib Ullah, S.N.M.; Ojha,
A.; Karim, S. Drug Delivery Challenges and Current Progress in Nanocarrier-Based Ocular Therapeutic System. Gels 2022, 8, 82.
[CrossRef] [PubMed]

119. Yang, Y.; Lockwood, A. Topical ocular drug delivery systems: Innovations for an unmet need. Exp. Eye Res. 2022, 218, 109006.
[CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18111360

https://doi.org/10.1021/acsomega.4c03369
https://www.ncbi.nlm.nih.gov/pubmed/39100346
https://doi.org/10.1039/c7tb00258k
https://www.ncbi.nlm.nih.gov/pubmed/32263689
https://doi.org/10.1021/acsanm.5c04136
https://doi.org/10.1208/s12249-025-03163-y
https://www.ncbi.nlm.nih.gov/pubmed/40579610
https://doi.org/10.1080/08982104.2026.2614785
https://www.ncbi.nlm.nih.gov/pubmed/41527185
https://doi.org/10.1016/j.ijbiomac.2025.148499
https://www.ncbi.nlm.nih.gov/pubmed/41161456
https://doi.org/10.1208/s12249-026-03416-4
https://www.ncbi.nlm.nih.gov/pubmed/41981351
https://doi.org/10.1080/17460913.2026.2654380
https://www.ncbi.nlm.nih.gov/pubmed/41944173
https://doi.org/10.1016/j.ijpharm.2025.126370
https://www.ncbi.nlm.nih.gov/pubmed/41218731
https://doi.org/10.1016/j.ijbiomac.2026.151193
https://www.ncbi.nlm.nih.gov/pubmed/41780775
https://doi.org/10.1016/j.xphs.2026.104241
https://www.ncbi.nlm.nih.gov/pubmed/41802492
https://doi.org/10.1016/j.ijbiomac.2025.149263
https://www.ncbi.nlm.nih.gov/pubmed/41297333
https://doi.org/10.1002/mabi.202500661
https://www.ncbi.nlm.nih.gov/pubmed/41734279
https://doi.org/10.1016/j.ejpb.2026.115033
https://www.ncbi.nlm.nih.gov/pubmed/41747874
https://doi.org/10.3390/pharmaceutics17111493
https://www.ncbi.nlm.nih.gov/pubmed/41304829
https://doi.org/10.1080/1061186x.2025.2530651
https://www.ncbi.nlm.nih.gov/pubmed/40641061
https://doi.org/10.1016/j.ijbiomac.2023.128342
https://www.ncbi.nlm.nih.gov/pubmed/37995794
https://doi.org/10.1002/smtd.202500624
https://www.ncbi.nlm.nih.gov/pubmed/40522197
https://doi.org/10.3390/ph15080975
https://www.ncbi.nlm.nih.gov/pubmed/36015123
https://doi.org/10.3390/gels8020082
https://www.ncbi.nlm.nih.gov/pubmed/35200463
https://doi.org/10.1016/j.exer.2022.109006
https://www.ncbi.nlm.nih.gov/pubmed/35248559
https://doi.org/10.3390/pharmaceutics18111360


Pharmaceutics 2026, 18, 1360 30 of 32

120. Dmour, I. Absorption enhancement strategies in chitosan-based nanosystems and hydrogels intended for ocular delivery: Latest
advances for optimization of drug permeation. Carbohydr. Polym. 2024, 343, 122486. [CrossRef] [PubMed]

121. Badran, M.M.; Alomrani, A.H.; Almomen, A.; Bin Jardan, Y.A.; Abou El Ela, A.E.S. Novel Metoprolol-Loaded Chitosan-Coated
Deformable Liposomes in Thermosensitive In Situ Gels for the Management of Glaucoma: A Repurposing Approach. Gels 2022,
8, 635. [CrossRef] [PubMed]

122. Siafaka, P.I.; Özcan Bülbül, E.; Okur, M.E.; Karantas, I.D.; Üstündağ Okur, N. The Application of Nanogels as Efficient Drug
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