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Research on liposome-composite hydrogel microspheres (LHMs) drug delivery systems, primarily
composed of drugs, liposomes, and hydrogels, has garnered growing scientific interest. LHMs exhibit
biosafety, modifiability, a wide range of loaded drug categories (water-soluble or fat-soluble), controlled
and sustainable drug release capability, and specific cell-targeted performance, which compensate for the
shortcomings of conventional drug delivery methods due to the complementary advantages of liposome
and hydrogel microspheres. In this review, we systematically analyze the existing literature on LHMs and
provide a comprehensive overview of their preparation methods. Specifically, we detail the fabrication
techniques for liposomes, including thin-film hydration, solvent injection, multiple emulsion, reverse-phase
evaporation, gradient, freeze-drying, supercritical fluid, and microfluidic approaches as well as
methodologies for LHMs, such as microfluidics, electrospraying, 3D printing, reverse-phase
microemulsion, and physical adsorption. We also summarize the optimization approaches for LHMs
properties when combining liposomes and hydrogel microspheres. Finally, we present the applications and
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1. Introduction

To address the inherent limitations of conventional drugs,
various drug delivery systems have been developed.’™ Despite
these advancements, conventional drug delivery systems still
encounter persistent challenges, such as the need to mitigate
drug toxicity, prolong therapeutic efficacy, reduce dosing fre-
quency, and enhance patient compliance.*”® With continuous
research on nanocomposite drug delivery systems, many lim-
itations of drugs have been solved while providing some novel
functions to the delivery systems.

In 1965, Bangham et al. pioneered the dispersion of phos-
pholipids in water, leading to the discovery of spherical struc-
tures observed under electron microscopy, which were termed
“liposomes”. These structures primarily consist of a phospho-
lipid bilayer forming spherical vesicles with an aqueous core.”
The amphiphilic nature of liposomes, arising from the hydro-
philic head and hydrophobic tail of phospholipid molecules,
enables the encapsulation of hydrophilic drugs within the
aqueous core and lipid-soluble drugs within the bilayer.®
Despite their ability to encapsulate drugs and address certain
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challenges of LHMs. We hope that this review will foster more insights into LHMs in drug delivery fields.

pharmaceutical limitations, liposomes exhibit inherent draw-
backs, such as the cytotoxicity of positively charged liposomes,
rapid hepatic clearance, susceptibility to digestive enzymes, and
instability.”'® These limitations have hindered the advancement
of liposome-based drug delivery systems, prompting increasing
research interest in the development of liposome-composite
hydrogel delivery systems as a potential solution.

Hydrogels are three-dimensional polymeric networks charac-
terized by their biodegradability and hydrophilicity. These materi-
als exhibit exceptional water absorption and retention capacities,
closely mimicking the natural extracellular matrix, thereby facil-
itating cellular growth and promoting the regeneration of
damaged tissues.'"'> Notably, their excellent biocompatibility
and resistance to enzymatic degradation make them an optimal
choice for gastrointestinal tract repair.® The tunable porous
structure of hydrogels provides a stable matrix for drug or cell
encapsulation, effectively preventing rapid metabolic breakdown
while enabling sustained and controlled release.'* Furthermore,
the remarkable plasticity of hydrogels enables their application in
advanced fabrication techniques, including three-dimensional
(3D)/four-dimensional (4D) printing,'® microfluidics, and electro-
spinning into nano-microspheres.'® This versatility, combined
with their intrinsic biomimetic properties, underscores their
potential as a multifunctional platform for tissue engineering
and drug delivery systems.

Drug delivery systems integrating liposomes with hydrogels
have garnered significant attention owing to their unparalleled
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and synergistic properties.
advancements in LHMs drug delivery systems, which incorpo-
rate liposomes, hydrogels, and encapsulated therapeutic
agents.'”'® Although liposomes offer substantial advantages as
drug carriers, their inherent limitations, including rapid meta-
bolic clearance in vivo and suboptimal stability in vitro, remain
significant challenges."””*° In LHMs, hydrogels -effectively
address these limitations by enhancing stability and prolonging
drug release, thereby expanding the therapeutic applications of
liposomes while introducing novel functionalities.

LHMs demonstrate significant potential for diverse applica-
tions in medicine and biotechnology, offering substantial value
in both research and clinical practice.>** In this review, we
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systematically summarize the preparation methodologies of
liposomes and LHMSs, their performance optimization strate-
gies, and their associated applications (Fig. 1A-D). Further-
more, we critically examine the current challenges and future
perspectives of this advanced drug delivery system.

2. Preparation of liposomes and LHMs
2.1 Preparation of liposomes

Liposomes are vesicular structures formed through the hydra-
tion of phospholipid molecules, which self-assemble in an
aqueous phase to create bilayer structures.**>* Liposomes are
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Fig. 1 Schematic of the preparation methodology, optimization process, and applications of LHMs as drug delivery systems. (A) Methods for liposome
preparation. (B) Construction of LHMs drug delivery systems. (C) Optimization of liposomal and hydrogel components in LHMs utilizing environmentally
responsive materials. (D) Therapeutic applications of LHMs in preclinical disease models. (E) Formation process of unicompartmental liposomes, including drug
loading, small molecule-mediated targeted modification, and their fundamental structures. (F) Classification of unilamellar liposomes. IR 780, IR-780 iodide; COFs,
covalent organic frameworks; LAP, lithium phenyl(2,4,6-trimethyloenzoyl)phosphinate; PNIPAM, poly(N-isopropylacrylamide); LHMs, liposome-composite
hydrogel microspheres; SUVs, small unilamellar vesicles; LUVs, large unilamellar vesicles; GUVs, giant unilamellar vesicles. Created using Biorender.com.
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classified into unilamellar and multilamellar vesicles based on
the number of lipid bilayers and the presence of a shared
aqueous core. Unilamellar vesicles, also known as single-
compartment liposomes, consist of a single phospholipid
bilayer that encapsulates an aqueous core. Their formation
and modification processes are schematically illustrated in
Fig. 1E. These unilamellar systems are further subdivided into
three categories based on size: (i) small unilamellar vesicles
(SUVs, <100 nm), commonly referred to as nanoliposomes; (ii)
large unilamellar vesicles (LUVs, 100 nm-1 pm); and (iii) giant
unilamellar vesicles (GUVs, >1 um), as shown in Fig. 1F.
Multilamellar vesicles (MLVs), in contrast, are characterized
by multiple concentric phospholipid bilayers separated by
aqueous compartments. Their size typically ranges from tens
of nanometers to several micrometers depending on the pre-
paration method employed.'®?%2”

Liposomes are primarily composed of phospholipid molecules,
with commonly used phospholipids, including soy lecithin, egg
lecithin, marine phospholipids, and milk phospholipids.***° The
addition of cholesterol regulates the fluidity of the phospholipid
bilayer membrane, reduces membrane permeability, protects
phospholipids from oxidation, and promotes lipid chain accumu-
lation and bilayer formation.***' The preparation methods
encompass traditional approaches, such as thin-film hydration,
solvent injection, multiple emulsions, reverse phase evaporation,
gradient methods, and freeze-drying, as well as advanced technol-
ogies, such as supercritical fluid technology and microfluidic
technology. Although numerous liposome preparation strategies
have been described, each method has advantages and disadvan-
tages (Table 1). Consequently, careful selection and judicious
integration of these methods, tailored to the specific application
context, are essential to maximize efficiency and achieve optimal
outcomes.

2.1.1 Thin-film hydration method. The thin-film hydration
method is widely employed in laboratory settings for liposome
preparation owing to its operational simplicity.**** In this
process, phospholipids, cholesterol, other lipid components,
and the target drug are initially dissolved in an organic solvent
system, typically comprising chloroform, methanol, and/or

Table 1 Advantages and disadvantages of liposome preparation methods
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ethyl ether. Subsequently, a homogeneous lipid film is formed
on the inner surface of a rotary evaporation flask through
solvent removal under reduced pressure. Upon the addition
of the aqueous-phase medium and subsequent rotation under
controlled conditions, the lipid film undergoes hydration,
resulting in liposome formation. Although this method offers
procedural simplicity, it is characterized by certain limitations,
including heterogeneous particle size distribution and rela-
tively low drug encapsulation efficiency.

In addition, the type of organic solvent, the type and propor-
tion of surfactant, the cholesterol content, the time, and the
temperature of mixing affect the properties of liposomes.>* For
instance, the physical characteristics of liposomes demonstrate
substantial dependence on the solvent system employed. Speci-
fically, the utilization of a chloroform-ether binary solvent sys-
tem tends to produce LUVs, while the application of pure
chloroform often results in smaller multilamellar vesicles.*

Mirveis et al.*® developed a liposomal formulation by dis-
solving soybean phosphatidylcholine, cholesterol, and DSPE-
PEG2000 in chloroform at a molar ratio of 2:1:0.16. The
organic solvent was completely evaporated at 45 °C and 120 rpm
to form a homogeneous lipid film. Subsequently, the film was
hydrated with arsenic trioxide-containing PBS for 20 minutes,
followed by ultrasonication, 10 freeze-thaw cycles, and centrifuga-
tion. The resulting liposomes exhibited an encapsulation efficiency
of 77.3 £ 5.7%, a particle size of 108.0 nm, and a zeta potential of
—2.95 mV. These liposomes were further functionalized by mixing
with an anti-nucleolin aptamer solution, where the aptamer was
immobilized on the liposome surface through either physical
adsorption or chemical coupling. This functionalization imparted
liposomes with the ability to target nucleolin-overexpressing can-
cer cells. Moreover, the cytotoxicity of the aptamer-conjugated
liposomes on the HT-29 cancer cell line was significantly reduced
compared to the arsenic trioxide treatment alone.

2.1.2 Solvent injection method. Solvent injection techni-
ques include ether and ethanol injection methods.’” When
similar operational principles are shared, these methods are
distinguished by the choice of organic solvent. In the ether
injection approach, phospholipids, cholesterol, and the target

Methods Advantages

Disadvantages

Thin-film hydration

method (EE ~ 60-80%)

Solvent injection One-step; yields SUVs (<100 nm); ethanol or ether
method injectable

Multiple emulsion High EE for hydrophilic drugs; scalable

method

Reverse-phase High EE for hydrophilic drugs; suitable for LUVs
evaporation (100-1000 nm)

Gradient method
Freeze-drying method
Supercritical fluidics

Active drug loading and high encapsulation rate
Sterile, pyrogen-free product; long-term stable
Solvent-free; tunable size (100-150 nm); scalable

technology
Microfluidic Monodisperse liposomes (20-100 nm, PDI < 0.1); high
technology throughput (>1 L h™?)

Simple, laboratory-scale; high EE for lipophilic drugs

Forms MLVs (1-5 um); low EE for hydrophilic drugs; requires
post-homogenization

Dilution risk; residual organic solvent; limited lipid solubility
in ethanol

Multi-step; residual solvent; broad size distribution

Residual solvent; protein/peptide inactivation risk; complex
protocol

Sensitive to lipid type/size; requires precise pH/ion gradient
Requires cryo-/lyo-protectants; high cost; multi-step process
High equipment cost; critical parameter control (P, T)

Channel clogging; high cost; requires flow-rate/temperature
optimization

EE: encapsulation efficiency; MLVs: multilamellar vesicles; SUVs: small unilamellar vesicles; LUVs: large unilamellar vesicles; PDI: polydispersity

index.
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drug are dissolved in the ether. The resulting organic phase is
then gradually introduced into a preheated phosphate buffer
(50-60 °C) under continuous magnetic stirring. The subsequent
evaporation of ether facilitates the formation of drug-loaded
liposomes.*® The ethanol injection method employs ethanol
as the solvent, where the organic phase is injected into the
aqueous phase to form liposomes. Residual ethanol contri-
butes to drug stabilization and encapsulation. Although this
method is operationally simple and achieves a relatively high
encapsulation rate, it suffers from limitations, such as a slow
preparation speed and incomplete solvent removal. Conse-
quently, it is primarily suitable for small-scale laboratory
applications.?**°

Li et al.** prepared a homogeneous mixture of yolk phos-
phatidylcholine, cholesterol, DSPE-PEG2000, butyrate, and
4-octyl itaconate (4-OI) at a ratio of 100:25:60:50:10. The
mixture was dissolved in ethanol to form a clear solution.
This ethanolic solution was subsequently added dropwise into
the PBS buffer under continuous magnetic stirring, resulting in
10% (v/v) ethanolic dispersion. The dispersion was then subjected
to spinning and centrifugation at 12000 rpm for 20 minutes,
yielding liposomes with a mean particle size of 121.59 + 0.29 nm
and an encapsulation efficiency of 62.62 + 2.49%. As a pivotal
metabolite in the tricarboxylic acid cycle, 4-OI demonstrates
significant therapeutic potential by inhibiting the release of high
mobility group box 1 protein and suppressing the expression of
Gasdermin E N-terminal fragment-mediated cytokines.*> This
compound specifically targets intestinal epithelial cells as an
effective pyroptosis inhibitor, thereby preventing pyroptotic cell
death in the intestinal epithelium. This protective mechanism
facilitates mucosal repair in patients with ulcerative colitis, effec-
tively reducing intestinal inflammation and promoting tissue
integrity restoration.*"

2.1.3 Multiple emulsion method. The multiple emulsion
method is fundamentally based on the formation of a multi-
layered emulsion system achieved by dispersing the primary
emulsion (commonly referred to as colostrum) in a distinct
continuous phase. These systems are characterized as highly
dispersed, as well as multi-phase structures with heterogeneous
particle size distributions. Among the various types of multiple
emulsions, water-in-oil-in-water (W/O/W) and oil-in-water-in-oil
configurations represent the two most prevalent and widely
studied forms.****

The preparation process involves dissolving phospholipids
and cholesterol in organic solvents, followed by their incorpora-
tion into the drug solution intended for encapsulation. This
mixture is then emulsified to form a primary oil-in-water (O/W)
emulsion. Subsequently, the primary emulsion is dispersed
into a large volume of aqueous phase to create a W/O/W
multiple emulsion system. Liposomes are ultimately obtained
through organic solvent removal under controlled temperature
conditions. This well-established technology has been successfully
implemented in the production of marketed pharmaceutical
products and demonstrates excellent scalability for industrial
manufacturing.*” Notably, liposomal cytarabine exemplifies the
therapeutic advantages of this technology. As an effective
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treatment for lymphomatous meningitis, this formulation
demonstrates enhanced therapeutic efficacy compared to conven-
tional preparations. Through targeted modification, it reduces
drug metabolism and degradation while improving pharmacoki-
netic properties, ultimately leading to reduced cytotoxicity and
improved clinical outcomes.*®

2.1.4 Reverse-phase evaporation. The reverse-phase eva-
poration technique is a widely utilized method for liposome
preparation. In this process, lipids are initially dissolved in an
organic solvent, which is subsequently brought into contact
with an aqueous phase containing the target substance for
encapsulation. The system’s phase behavior varies depending
on the organic solvent’s miscibility with water: it forms a single-
phase system when using water-miscible solvents (e.g., ethanol)
or a two-phase system when employing water-immiscible sol-
vents (e.g., diethyl ether). In single-phase systems, phospholi-
pid molecules disperse uniformly in the aqueous medium,
while in biphasic systems, these molecules spontaneously
arrange into a monolayer at the organic-aqueous interface.””
The liposome formation process involves several sequential
steps: first, water-in-oil (W/O) microemulsions are generated
through ultrasonic treatment; second, organic solvents are
eliminated using a rotary evaporator; and finally, phospholipid
molecules reorganize into vesicular structures in aqueous med-
ium. The resulting suspension is then passed through a poly-
carbonate filter membrane, yielding uniform monolamellar
liposomes with controlled size distribution.*®

Liu et al.* utilized this approach to synthesize liposomes
(nano-Pt/VP@MLipo) with a diameter of approximately 140 nm,
a zeta potential of —16.7 mV, an encapsulation efficiency of
48.2%, and a drug loading capacity of 15% for platinum
nanoparticles. By integrating mouse macrophage membranes
into the liposomal structure, they conferred biomimetic and
targeting capabilities, which significantly reduced the inherent
toxicity of nano-Pt. Furthermore, these engineered liposomes
were designed to serve as catalytic oxygen suppliers, enhancing
the efficacy of tumor photodynamic therapy. This innovative
strategy resulted in substantial inhibition of invasive 4T1 tumor
growth and pulmonary metastasis while significantly prolong-
ing the survival of the treated animals.

This versatile method is universally applicable to various
lipids, lipid mixtures, and small molecules, demonstrating
exceptional capabilities in encapsulating genes, organic solvent-
resistant drugs, and water-soluble compounds. However, a nota-
ble limitation lies in the temperature requirements during the
preparation process, particularly during ultrasonication and
organic solvent evaporation under reduced pressure, which may
potentially denature heat-sensitive substances.”®

2.1.5 Gradient method. The gradient method leverages the
concentration or chemical nature differential between the
interior and exterior of liposomes to facilitate drug encapsulation.
Notably, this approach encompasses three established techni-
ques: the pH gradient method,>® acetate gradient method®* and
ammonium sulfate gradient method.”® Among these, the pH
gradient method involves preparing an internal buffer solution
containing specific acidic components (e.g., citrate and tartaric

This journal is © The Royal Society of Chemistry 2025
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acid), followed by adjusting the external pH of liposomes using
techniques such as dialysis or column chromatography to approx-
imate physiological pH, thereby establishing a pH gradient across
the liposomal membrane.>® Under controlled temperature condi-
tions, the target drug is mixed with pre-formed blank liposomes
possessing the established gradient. In this system, the drug exists
in a lipophilic neutral form in an external neutral pH environ-
ment, enabling its passive diffusion across the lipid bilayer. Once
inside the liposome aqueous phase, the drug undergoes protona-
tion, converting to an ionic form that is effectively trapped within
the liposomal core. This innovative process achieves efficient drug
encapsulation. Furthermore, both the ammonium sulfate gradi-
ent method and the calcium acetate gradient method operate on
analogous principles for liposome preparation.

Hwang et al.>> demonstrated that the encapsulation efficiency
of liposomal diclofenac approached 100% when employing a
calcium acetate gradient, while the pH gradient method yielded
a 5-50% encapsulation efficiency for FITC-insulin liposomes. This
suggests that weakly acidic drugs can be effectively loaded into
liposomes via an acetate gradient, while the pH gradient method
is particularly suitable for liposomal peptide preparation.

The nucleotide analogue dimeric aminobenzimidazole, a
STING agonist,*® faces the challenges of low serum stability
and poor cell membrane permeability. To address these issues,
Zhang et al.’” successfully encapsulated dimeric aminobenzi-
midazole in liposomes using the ammonium sulfate gradient
method, achieving a particle size below 150 nm. This reduced
particle size minimizes rapid clearance by the reticuloendothe-
lial system, thereby extending its circulatory time in the blood-
stream. Furthermore, the lower surface charge of these
liposomes decreases nonspecific binding to plasma proteins,
enhancing both circulation duration and cellular permeability.

2.1.6 Freeze-drying method. The freeze-drying method is
utilized to produce heat-free and stable sub-micron liposomes.*®
In this process, lipids and water-soluble additives are initially
incorporated into W/O emulsions, followed by freeze-drying. For
instance, lipids and water-soluble carrier materials (e.g., sucrose)
are dissolved in a tertiary butyl alcohol/water co-solvent system to
form isotropic monolayers of liposomes. These are then filtered
and sterilized using a sterile filter head, after which they are
collected in freeze-drying containers. The resulting lyophilized
product is subsequently rehydrated in an aqueous solution to
generate a homogeneous suspension of liposomes.>® Notably, the
freeze-drying method enables drug loading at lower temperatures,
significantly enhancing the storage stability of temperature-
sensitive compounds, such as proteins, peptides, antibiotics, and
vaccines.®

Tanaka et al.®* employed this method to prepare mRNA-lipid
nanoparticles by encapsulating in vitro transcribed messenger
RNA (IVI-mRNA) into LNPs, thereby advancing mRNA-based
therapeutic research. This approach addresses the challenges
associated with IVT-mRNA because it is susceptible to enzymatic
degradation in extracellular fluids and its hydrophilic nature
hinders efficient cell membrane penetration.®® To overcome these
limitations, the researchers developed a “post-encapsulation”
technique that involves mixing the IVI-mRNA solution with

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

lyophilized empty LNPs, followed by brief heating. This strategy
mitigates the inherent shortcomings of IVI-mRNA and signifi-
cantly extends its storage stability.

2.1.7 Supercritical fluidics technology. Supercritical flui-
dics (SCFs) have garnered significant attention as environmen-
tally friendly alternatives in the development of drug delivery
systems. A schematic representation of the SCFs is illustrated in
Fig. 2A. SCFs exhibit unique physicochemical properties
that combine the characteristics of both liquids and gases,
including high density and gas-like low viscosity, which facil-
itates superior mass transfer efficiency.®*®* Among various
SCFs, carbon dioxide has emerged as the most extensively
utilized supercritical fluid owing to its cost-effectiveness, non-
toxic nature, and relatively low critical pressure and tempera-
ture. The application of supercritical carbon dioxide as a non-
toxic medium presents a viable alternative to conventional
organic solvents in various pharmaceutical applications, parti-
cularly in drug particle engineering and nano-encapsulation
technologies. These technologies include the supercritical anti-
solvent process and the gas anti-solvent method.®®

Irinotecan, a semi-synthetic derivative of camptothecin, is
primarily employed in the treatment of colorectal cancer and
small cell lung cancer. However, its clinical utility is significantly
limited by its extremely short half-life, necessitating continuous
intravenous infusion to maintain therapeutic efficacy, which may
lead to cumulative toxicity.°® To address this limitation, Moham-
madi et al.®” developed polyethylene glycol (PEG)-modified lipo-
somes encapsulating irinotecan hydrochloride using supercritical
fluid technology. The hydrophilic and flexible properties of PEG
chains effectively prevent phagocytic uptake. Moreover, PEG
forms a polymer layer on the liposome surface, which enhances
surface hydrophilicity and induces mutual repulsion between the
polymer coating and blood components. This shielding of surface
charge prolongs the circulation time of liposomes in the blood-
stream and indirectly extends the half-life of irinotecan hydro-
chloride. Compared to traditional methods, liposomes prepared
using SCF technology exhibit smaller sizes and higher encapsula-
tion efficiencies while eliminating the need for hazardous sol-
vents. This technology is not only easy to operate but also highly
suitable for large-scale industrial applications and can be readily
adapted to industrial GMP processes.®”*®

2.1.8 Microfluidic technology. Microfluidic chips represent
innovative instrumentation platforms widely used in synthetic
chemistry and biology, commonly referred to as microfluidic
reaction systems. This technology enables material synthesis by
precisely controlling the flow of minute liquid volumes through
micron-sized channels. By utilizing microfluidic devices, high
pressures are converted into intense shear forces, facilitating the
preparation of liposomes without the need for ultrasound or
toxic chemicals.>”® Furthermore, this technology offers precise
control over reaction conditions. When the Reynolds number
within the microchannel is significantly below 1, the fluid flow is
predominantly laminar, with inertial forces dominating. Under
such conditions, fluid mixing primarily relies on the passive
diffusion of molecules, resulting in the rapid and efficient
transfer of materials and heat. However, surfactants are often
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required to ensure smooth fluid flow and maintain stability,
which may increase the risk of product contamination.”®

Gu et al.”* successfully synthesized baicalin-loaded liposomes
using a microfluidic technique, achieving an exceptional encap-
sulation efficiency of 95.323 £ 0.481% and a uniform particle
size distribution of 62.32 + 0.42 nm. Compared to the free
baicalin monomer, the fluorescence intensity of BCL-LPs in the
zebrafish liver region gradually decreased as the concentration
of baicalin increased. This observation indicates a significant
suppression in the expression of the proto-oncogene krasviz,
further demonstrating the enhanced anti-tumor efficacy of
baicalin-loaded liposomes in the zebrafish model.

2.2 Construction of LHMs drug delivery systems

Hydrogels are three-dimensional polymer networks characterized
by their exceptionally high water content (typically exceeding 90%)
and serve as multifunctional platforms. Through structural and
functional design, hydrogels have been successfully employed in a
wide range of biomedical applications.”” However, when lipo-
somes are utilized for drug loading, they encounter challenges
such as limited drug-loading capacity, inadequate resistance to
enzymatic degradation, and short storage stability.”>’* These
limitations can be effectively addressed by homogeneously dis-
persing liposomes within the prepolymer solution of a hydrogel.
This approach not only enhances the drug-loading capacity,
stability, and bioavailability of the drug in vivo but also imparts

J. Mater. Chem. B

a degree of resistance to enzymatic degradation, reduces enzyme-
induced damage, and enables dual-controlled release capabilities.
Subsequently, the addition of a specific cross-linking agent under
suitable conditions (e.g., temperature, pH, and light) induces a
reaction between the prepolymer and the cross-linking agent,
leading to the rapid formation of a three-dimensional hydrogel
network.>”>”® Although the integration of liposomes and hydro-
gels confers dual sustained-release properties on the drug, there
remains room for improvement in the delivery mode.

With the continuous advancement of hydrogel microsphere
preparation technologies, various LHMs have been developed to
address various disease models. Compared to single liposomes,
LHMs exhibit enhanced stability and drug delivery efficiency,
significantly prolonging the duration of drug action. Their
controlled and sustained drug release capability ensures pro-
longed therapeutic activity at the target site, thereby reducing the
frequency of administration and improving patient compliance.
As a tissue engineering scaffold, hydrogel not only promotes cell
proliferation, differentiation, and migration but also exhibits
excellent biocompatibility, thereby minimizing drug-induced
damage to healthy tissues and improving treatment safety.”” %

The synthesis strategies of LHMs primarily encompass
microfluidics, electrospraying, 3D printing, and the reversed-
phase microemulsion method. Microfluidic technology enables
high-precision preparation by generating uniform droplets,
making it particularly suitable for constructing complex
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structures with targeted functionalities. Electroray technology
utilizes high-voltage static electricity to atomize liquid into
microspheres, which is advantageous for drug loading and
sustained-release applications. 3D printing offers the capability
for personalized manufacturing although it is associated with
relatively high equipment costs. The reversed-phase micro-
emulsion method involves the inversion of oil-water phases
to form nanoscale vesicle cells, which exhibit excellent stability
and controllability. Each of these methods presents distinct
advantages and limitations. Therefore, in practical applica-
tions, the selection of an appropriate technical route should
be based on specific requirements and objectives.

2.2.1 Microfluidics. Microfluidics is a cutting-edge technique
that enables the precise manipulation of fluids within micron-
sized channel systems. By accurately regulating flow rates, this
method facilitates the generation of droplets with uniform particle
sizes and excellent dispersion. Subsequently, these droplets can
be cured or polymerized to form microspheres using techniques
such as ultraviolet (UV) curing or the addition of cross-linking
agents.”>3% A schematic diagram illustrating the preparation of
microspheres using microfluidics is presented in Fig. 2B. This
approach offers precise control over the particle size, shape, and
surface properties of the microspheres, ensuring a highly control-
lable and reproducible preparation process. Consequently, micro-
fluidics is particularly suitable for fabricating LHMs (liquid-core
microcapsules) with complex structures (e.g:, core-shell configura-
tions) and diverse functionalities.®*®*

Li et al.”® engineered liposomes by incorporating chondro-

genic affinity peptides that specifically target chondrocytes,
thereby endowing the liposomes with active chondrocyte-
targeting capabilities. In their subsequent experiments, the
researchers developed LHMs through a multi-step process:
first, the modified liposomes were combined with methacry-
second, oil-in-water droplets were

lated hyaluronic acid;
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generated using microfluidics; and finally, the droplets were
cross-linked and cured under UV light. As depicted in Fig. 3,
this methodology outlines the construction of the LHM’s drug
delivery systems. In this framework, methacrylated hyaluronic
acid serves as a drug reservoir, leveraging its porous structure to
not only enhance the loading capacity of the mitochondrial
autophagy activator, urocortin A, but also to facilitate con-
trolled drug release.

2.2.2 Electrospraying. Electrospraying is an advanced tech-
nique utilizing electrostatic forces to fabricate nanoparticles.?*%¢
In this process, a drug-polymer solution is ejected through a
magnetically charged nozzle into a collector. As the solution
reaches the collector, the solvent evaporates, leaving the dry
nanoparticles behind. The underlying mechanism can be sum-
marized in three key steps: first, the drug-polymer solution is
introduced through a charged nozzle; second, an electric field is
established by applying a voltage between the nozzle and the
collector; and third, under the influence of the electric field, the
solution is atomized into fine droplets, which solidify into dry
nanoparticles (typically <200 nm in size) upon solvent evapora-
tion during their trajectory toward the collector.®”

The characteristics of the resulting nanoparticles, including
size and morphology, are influenced by various electrospray
parameters, such as applied voltage, flow rate, nozzle-to-
collector distance, solvent type, and the properties of the polymer
solution (e.g, type, viscosity, and electrical conductivity). By
optimizing these parameters, particularly voltage and flow rate,
researchers can precisely control microsphere particle size and
encapsulation efficiency. However, despite its advantages, electro-
spraying presents several limitations, including high equipment
costs, operational complexity, stringent material requirements,
low production yield due to its slow preparation process, and
safety concerns arising from the use of highly volatile solvents,
which may also contribute to environmental contamination.®®
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Strasdat et al.®® developed fluorescent drug-loaded micro-
spheres using two distinct techniques: the electrostatic dropping
method and the electrospray method. These methodologies were
employed to investigate the release characteristics of lipophilic
drugs within hydrogel microspheres. In the electrostatic drop-
ping approach, fluorescent drug-encapsulated liposomes were
combined with a 1% sodium alginate solution. The mixture was
subsequently crosslinked and solidified by introducing it drop-
wise into a continuously stirred CaCl, solution. This process was
conducted under a constant 5 kV electrostatic potential for
30 minutes. Conversely, the electrospray method involved ato-
mizing the mixture directly into the CaCl, solution to form
microspheres. The experimental results demonstrated signifi-
cant variability in drug transfer rates, with larger microspheres
(~330-1360 pm) exhibiting prolonged transfer durations (24-
57 minutes), while smaller beads (<50 um) showed accelerated
transfer kinetics (~ 1.4 minutes).

2.2.3 3D printing. The primary methods for 3D printing
LHMs encompass light-curing techniques (e.g., Stereo Litho-
graphy Apparatus and Digital Light Processing), inkjet printing,
and extrusion-based approaches (e.g., Direct Ink Writing and
Fused Deposition Modeling). Light-curing printing®®°" offers
superior resolution, typically achieving micron-scale precision,
and enables the fabrication of complex geometrical structures.
Nevertheless, this technique is constrained by several factors:
the uniformity of the light source affecting print accuracy,
limited resolution capabilities, elevated equipment costs that
hinder large-scale production, and the necessity for specialized
operational expertise. Huang et al.®* utilized digital light pro-
cessing technology, a light-curing 3D printing method, to
develop a digital light processing printing platform based on
a full peptide hydrogel. By optimizing critical parameters, such
as blue light exposure time and layer thickness, they achieved
the fabrication of complex structures, including hexagonal
petals, microporous scaffolds, and ear models. The printing
process exhibited a resolution of 0.5 mm and an error of
0.122 mm, demonstrating high efficiency and accuracy in 3D
structure fabrication.

Inkjet printing®® demonstrates high resolution and flexibil-
ity, making it particularly suitable for fabricating intricate two-
or three-dimensional structures. However, material viscosity
constraints can lead to nozzle clogging issues, necessitating
frequent maintenance and cleaning procedures. Extrusion
printing,”* while being a well-established technology with
comparatively lower equipment costs, exhibits reduced mold-
ing accuracy relative to light-curing techniques, typically oper-
ating at speeds in the range of 0.1-0.2 mm s~ '. Notably, this
method enables the fabrication of LHMs with sophisticated
internal structures and functional complexities (Fig. 2C).

The 3D printing of LHMs represents an advanced fabrica-
tion technology that involves multiple critical steps. Initially, a
hydrogel precursor solution incorporating liposomes must be
prepared, typically comprising hydrogel materials, liposomes,
and various biologically active components. This hybrid
solution is subsequently subjected to layer-by-layer deposition
using 3D printing technology, where precise control is
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maintained under specific environmental conditions, includ-
ing temperature regulation, light intensity, and chemical cross-
linking agents, to achieve the desired geometric configurations
and structural features. The principal advantages of this tech-
nology include precise modulation of drug or bioactive mole-
cule release kinetics and spatial distribution while preserving
their biological efficacy. Furthermore, 3D printing facilitates
personalized medicine through the customization of implants
or dressings tailored to specific anatomical shapes and func-
tional requirements.”>®

Eugster et al.®” employed 3D printing technology to fabricate
injectable LHMs designed for the localized treatment of
abdominal peritoneal diseases, including peritoneal carcino-
matosis, postoperative adhesions, and peritoneal fibrosis.
Furthermore, the study developed a sustained-release 3D-
printed composite system incorporating the tyrosine kinase
inhibitor gefitinib. This innovative approach aimed to address
the pharmacokinetic challenges associated with gefitinib, such
as its rapid systemic clearance and limitations in intraperito-
neal administration, thereby enhancing its therapeutic efficacy.

2.2.4 Reverse microemulsion method. The reverse micro-
emulsion method involves inverting the aqueous and oil
phases, rendering the aqueous phase continuous while disper-
sing the oil phase.’® The resulting microemulsions are encap-
sulated with surfactants, forming nanoscale vesicular pools.
The dispersion of these vesicles in the oil phase indicates the
formation of O/W microemulsions. Microemulsions typically
consist of four components: a surfactant, a co-surfactant, an
aqueous phase and an oil phase. They have a smaller particle
size and larger specific surface area, as well as superior stabi-
lity, controllability and tunability.”**%°

Wang et al'® utilized this method to fabricate LHMs
incorporating haemagglutinating factors, offering an alternative
to traditional dressings by promoting rapid hemostasis and
enhancing wound healing. In their study, sodium alginate and
silk peptide served as the aqueous phase, while Ca** was
employed as the cross-linking agent. By modulating the silk
peptide concentration, the microspheres exhibited a remarkable
water absorption rate of 1050% and a pore size of 19.59 nm.

2.2.5 Physical adsorption. The physical adsorption method,
as the name implies, involves the adsorption of drug-loaded
liposomes onto hydrogel microspheres. Although this method is
straightforward and easy to implement, its drug release kinetics
and resistance to enzymatic degradation remain inferior com-
pared to microspheres fabricated through homogeneous mixing.
In a related study, Han et al.*®* developed a 3D-printed porous
bioceramic scaffold (B-TCP) inspired by the “lotus seedpod”
structure, which was integrated with liposomal hydrogel micro-
spheres loaded with desferrioxamine (DFO) to accelerate bone
defect repair. Ge]MA microspheres and DFO liposomes were
prepared using the microfluidic technique and the inverse
evaporation heating method, respectively. Subsequently, DFO
liposomes were adsorbed onto GelMA microspheres to form
GML composite microspheres, which were then injected into
B-TCP scaffolds. Follow-up studies revealed that this composite
scaffold enhanced the osteogenic differentiation of bone marrow
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mesenchymal stem cells (BMSCs) and exhibited significant
angiogenic potential.

In summary, each fabrication strategy exhibits distinct
merits and constraints. Microfluidic and electrospraying tech-
niques enable the reproducible preparation of monodisperse
microspheres with sub-micron precision; however, their elevated
equipment costs and limited scalability impede routine large-
scale production. 3D printing technology can achieve persona-
lized manufacturing of complex structures, but the equipment
and technical threshold are high. The reverse phase microemul-
sion method has good controllability and stability, but the
process is complicated and may involve organic solvents. Finally,
the physical adsorption method is simple to operate, but its
performance is relatively poor.

3. Performance optimisation of LHMs
drug delivery systems

3.1 Selection of materials, concentrations and preparation
conditions on LHMs

The selection of constituent materials, optimization of concen-
trations, and manipulation of preparation conditions are pivo-
tal factors that markedly influence the drug-loading efficiency
of LHMs delivery systems. Among these parameters, the judi-
cious selection of phospholipid species plays a decisive role in
determining liposomal stability, membrane fluidity, and per-
meability characteristics. Furthermore, precise adjustment of
membrane material concentration and strategic modifications
significantly impact the physical properties of lipid mem-
branes, consequently affecting the particle size distribution
and colloidal stability of liposomes.>® Regarding the hydrogel
matrix in LHMs drug delivery systems, the choice of synthetic
material exerts profound effects on both drug release kinetics
and biocompatibility profiles. Therefore, a comprehensive eva-
luation of material properties, including encompassing biosaf-
ety, water absorption capacity, chemical stability, physical
resilience, and biocompatibility, is imperative during the selec-
tion process. %'

3.1.1 Factors affecting liposome synthesis. The phospholi-
pids used in synthetic liposomes fall into two main categories:
natural phospholipids and synthetic phospholipids. Natural
phospholipids are mainly represented by lecithin (phosphatidyl-
choline (PC)), which is primarily derived from egg yolk and soya
beans and is neutral; synthetic phospholipids mainly include
DPPC (dipalmitoylphosphatidylcholine), DPPE (dipalmitoylphos-
phatidylethanolamine), and DSPC (distearylphosphatidylcholine),
which are famous for their strong stability, high antioxidant
property, and good stability of finished products.*®

Cholesterols and phospholipids constitute the fundamental
structural components of liposomes and play a pivotal role in
modulating membrane fluidity, thus serving as a “fluidity
buffer” for the liposomal system. Notably, various wall materials
exhibit distinct effects on liposomal encapsulation efficiency.**
For instance, Gtadkowski et al.'°® demonstrated that liposomes
incorporating soy sterols exhibited markedly enhanced rigidity
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and elevated phase transition temperatures in their hydrophobic
regions compared to cholesterol-containing formulations. How-
ever, excessive cholesterol proportions may compromise liposome
integrity. Elevated cholesterol content reduces phospholipid
concentration, leading to impaired membrane formation, reduced
structural stability, and increased susceptibility to membrane
damage. Comparative studies using phytosterols, which are struc-
turally analogous to cholesterol (e.g., leguminous stanols, f-
sitosterol), revealed superior encapsulation efficiency in identical
formulations compared to cholesterol-based systems.'%”

Furthermore, the incorporation of auxiliary wall materials,
specifically Tween 80, resulted in a notable reduction in particle
size as the concentration of Tween 80 increased. This reduction
was accompanied by a significant enhancement in the embed-
ding efficiency of liposomes.'®® Additionally, the surface mod-
ification of liposomes using hydrophilic polymers, such as PEG,
has been demonstrated to extend the retention time of lipo-
somes in the circulatory system. This modification also mini-
mizes the recognition and subsequent clearance of liposomes
by the mononuclear phagocyte system.'°>'° Moreover, the
composition and concentration of the hydrogel microsphere
matrix play a crucial role in influencing both the drug release
rate and the biocompatibility of the system.

3.1.2 Factors affecting hydrogel synthesis in LHMs. The
selection of different hydrogel matrices (e.g., chitosan, gelatin,
alginate, and GelMA) and application of different concentra-
tions affect the degree of cross-linking, swelling, and biode-
gradability of the hydrogel, which in turn influence the drug
release characteristics.”'" Specifically, the concentration of the
hydrogel matrix determines both the cross-linking density and
mechanical strength of the hydrogel. A high concentration may
result in excessive density, impairing drug release and cell
permeation. Conversely, a low concentration may lead to insuf-
ficient mechanical strength, compromising the effective immo-
bilization of liposomes.>

Preparation conditions, such as temperature, pH, and cross-
linking agents, play a critical role in determining the structure
and properties of liposome composite hydrogel microspheres.
For instance, temperature directly influences both the stability
of liposomes and the cross-linking degree of hydrogels during
preparation. Variations in pH can alter the charge state and
stability of liposomes, as well as the solubility and degradation
behavior of hydrogels.'” Furthermore, by adjusting the type or
concentration of hydrogel cross-linking agents, the cross-
linking density of hydrogel microspheres can be optimized.
This optimization not only enhances their mechanical strength
and water absorption properties but also increases drug load-
ing capacity to a certain extent.'*?

Both liposome and hydrogel microsphere surfaces can be
functionalized with specific antigens, antibodies, or ligands to
achieve active or passive-targeted drug delivery.'*® Such targeted
modifications facilitate precise drug delivery, minimize toxic
side effects, and enhance therapeutic efficiency.''* Depending
on their solubility, drugs can be categorized as either water-
soluble or fat-soluble. Water-soluble drugs are encapsulated
within the aqueous core of liposomes, while fat-soluble drugs
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Fig. 4 Environmentally responsive modification of liposomes or hydrogels in LHMs. (A) Schematic of the mechanisms underlying heat-triggered content
release from liposomes with distinct lipid compositions. In TSP-modified liposomes containing DOPE, the thermal behavior of TSP-modified liposomes is
governed by the thermal activity of temperature-sensitive polymers (TSPs). The phase transition of TSP exerts structural pressure on the liposome
membrane, inducing a transition from a bilayer to a hexagonal phase and ultimately leading to liposome disintegration. TSPs, temperature-sensitive
polymers; TSLs, temperature-sensitive liposomes; Tc, transition temperature; LCST, lower critical solution temperature; HT, hyperthermia.123 Repro-
duced with permission. Copyright 2022, Elsevier B.V. (B) Phase transition of temperature-sensitive hydrogels at room temperature and 37 °C.1%*
Copyright 2020. Reproduced with permission from Wiley. (C) TEM image of the DHA-MLP NPs.*2% DHA, dihydroartemisinin. Copyright 2016. Reproduced
with permission from Elsevier B.V. (D) Schematic for preparing a composite CMC microsphere containing poly(NIPAAm) and MNP. CMC, carboxymethyl
chitosan; MNP, magnetite nanoparticle; APS, diammonium peroxodisulphate.*?® Copyright 2018. Reproduced with permission from Elsevier B.V.
(E) Schematic representation of PS5-DoxL preparation and its targeting mechanism.*?” Copyright 2022. Reproduced with permission from Elsevier B.V.
(F) Schematic representation of RC microsphere pH responsiveness. RC: rotameric cross-linker.}?® Copyright 2017. Reproduced with permission

from Wiley.
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are embedded within the lipid bilayer or adsorbed onto the
liposome surface."™®

The preparation process of LHMs typically involves two
sequential stages. Initially, drug-loaded liposomes are fabri-
cated and subsequently modified to incorporate specific func-
tionalities, including targeting capabilities and environmental
responsiveness. In the subsequent stage, the prepared lipo-
somes are integrated with a hydrogel matrix to form composite-
structured microspheres. We have systematically reviewed and
summarized recent advancements in the development of LHMs
drug delivery systems, as comprehensively tabulated in Table 2.

3.2 Environmental response characteristics

To confer personalized environmental response properties to
LHMSs, the modification of either liposomes or hydrogel micro-
spheres is imperative. Here, we delineate various modification
techniques applied to these components, ensuring that the
entire delivery system acquires specific environmentally
responsive characteristics.

3.2.1 Temperature sensitive. Temperature-sensitive modi-
fication of liposomes is mainly achieved by both post-insertion
and addition of temperature-sensitive polymers (TSP) to the
organic phase, where the TSP is immobilised by the addition of
lipid-soluble anchoring units for thermally triggered release of
the drug at a specific temperature (Fig. 4A). Post-insertion
method: the polymer is inserted into pre-formed liposomes;
this method is convenient and fast but is limited to the outer
surface of the liposome containing TSP, and this method allows
the drug to enter the liposome by remote loading, but the
presence of TSP may limit the remote loading of the drug as
this usually requires heat. Addition of TSP to the Organic
Phase: If TSP is soluble in the organic phase, it can be added
to the lipid mixture, and this approach allows the polymer to
modify both the inner and outer surfaces of the liposome,
resulting in a sharper and more intense thermally triggered
release at the polymer’s lower critical solution temperature
(LCsT).">?

Fu et al'*® developed a temperature-sensitive liposomal
nano-inducer, NIL-IM-Lip, which was modified with the photo-
thermal agent IR 780 and loaded with the IDO 1 inhibitor 1-MT.
This innovative system was designed to activate photothermal
therapy, thereby inducing an immunogenic cell death effect.
Simultaneously, the encapsulated 1-MT was utilized to modulate
the tumour lymph node immune microenvironment by alleviat-
ing Treg inhibition and reversing the immunosuppressive
environment. Additionally, 1-MT contributed to the activation
of T cells and NK cells, promoting the remodelling of the tumour
lymph node immune microenvironment. This dual-action
approach significantly enhanced the efficacy of tumour immu-
notherapy by synergistically combining photothermal therapy
and immune modulation.

Temperature-sensitive modification of hydrogels begins
with the judicious selection of monomers and polymers."*°
Notably, pNiPAAm has emerged as one of the most extensively
investigated temperature-sensitive systems, exhibiting an LCST
at approximately 32 °C. To engineer hydrogels with the desired
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properties, hydrophilic or hydrophobic monomers are incorpo-
rated into the polymer matrix through chemical or physical cross-
linking methodologies, thereby forming a three-dimensional
cross-linked network. The modulation of the polymer’s LCST
allows for precise control over the hydrogel’s hydrophilicity and
responsiveness to thermal stimuli. In a seminal study conducted
by Zhao et al.,"** a biodegradable triblock copolymer, PLLA-PEG-
PNIPAm, was meticulously designed and synthesized. This
advanced polymer was subsequently employed to fabricate
nanofiber-based temperature-responsive gel microspheres through
self-assembly, specifically targeting cardiac regeneration. The
unique property of this polymer lies in its ability to exhibit
liquid-like characteristics at ambient temperature while rapidly
transforming into a stable three-dimensional hydrogel matrix
under physiological conditions. Post-transplantation, nanofiber-
based temperature-responsive gel microspheres significantly
enhanced cardiomyocyte survival and improved functional cardiac
recovery (Fig. 4B).

3.2.2 Magnetic sensitivity. Magnetic materials with particle
sizes ranging from 10 to 20 um have been successfully inte-
grated into liposomes using various methods, including physi-
cal encapsulation,”" chemical coupling,'** embedding"** and
co-precipitation.”® These materials encompass monomers
(e.g., pure iron, cobalt, and nickel), alloys (e.g., iron-nickel
alloys and iron-aluminium alloys), oxides (e.g., Fe;0,, FeO,
Fe,03;, MO, and BaO), and hybrid magnetic materials. The
incorporation of these magnetic components endows lipo-
somes with targeting and localization capabilities under the
influence of external magnetic fields,'®"3"13413

Li et al.’®® developed an innovative synthesis of magnetic
dihydroartemisinin nanoliposomes (DHA-MLPs) through an
optimized thin-film dispersion-sonication technique. This
novel formulation ingeniously combines Fe;O, nanoparticles
with dihydroartemisinin (DHA), demonstrating remarkable
anticancer efficacy (Fig. 4C). The synthesized DHA-MLPs exhib-
ited an average particle size of 209.10 + 4.92 nm, a zeta
potential of —37.13 + 1.01 mV, and a high drug encapsulation
efficiency of 82.12 £+ 0.91%. Additionally, the saturation mag-
netization strength (M,) was measured to be 11.84 emu g~ " at
room temperature. The study further revealed that the magne-
tized liposomes significantly enhanced the targeting ability,
biocompatibility, and tumor inhibition effect of DHA compared
to their non-magnetized counterparts.

Methods for preparing magnetic hydrogels:*® (1) blending
method: in this approach, magnetic nanoparticles are thor-
oughly mixed with the hydrogel precursor, followed by the
initiation of the polymerization reaction. The uniform distribu-
tion of nanoparticles within the hydrogel matrix ensures con-
sistent magnetic properties throughout the material. (2)
Grafting method: this technique utilizes functionalized mag-
netic nanoparticles grafted with specific functional groups.
These modified nanoparticles are co-polymerized with mono-
mers, forming covalent bonds that integrate the magnetic
particles into the hydrogel network. The covalent linkage
enhances the stability and durability of the magnetic hydrogel.
(3) In situ precipitation method: the hydrogel is first immersed

4
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in a concentrated solution containing the desired metal ions
until swelling equilibrium is achieved. Subsequently, the hydrogel
is treated with an alkaline solution, which induces the precipita-
tion of magnetic nanoparticles within the hydrogel matrix. This
method allows for precise control over nanoparticle size and
distribution. (4) Swelling method: this method involves incubating
the pre-formed hydrogel in a magnetic fluid. This is particularly
suitable for the development of microgels because the swelling
process facilitates the incorporation of magnetic nanoparticles
into the hydrogel network. The simplicity and scalability of this
method make it attractive for various biomedical applications.

Rodkate et al.'*® successfully synthesized hydrogel micro-
spheres incorporating magnetite nanoparticles (FeCl; and
FeCl,-4H,0) using PNIPAM and CMC as the matrix. Synthesis was
achieved through oil-in-water emulsion polymerization combined
with cross-linking techniques, which were specifically designed to
enable precise control over drug release (Fig. 4D). The experimental
results demonstrated that the microspheres containing magnetite
nanoparticles exhibited an M; of 54.5 emu g~ ', which was approxi-
mately 15 times higher than that of microspheres without magnetic
nanoparticles. Furthermore, it was revealed that the M; value
decreased with an increase in the content of organic components,
highlighting the critical role of composition in determining the
magnetic properties of the material.

3.2.3 pH-sensitivity. pH-sensitive modifications, whether
applied to liposomes or hydrogels, are achieved by incorporat-
ing pH-responsive materials, thereby endowing these systems
with specific pH-sensitivity. The principal methodologies for
fabricating pH-sensitive liposomes can be categorized as fol-
lows:"***%¥ (1) phospholipid-based systems, (2) polymer-
anchored architectures, (3) N-isopropylacrylamide-based copo-
lymer assemblies, (4) poly(ethylacrylic acid) formulations, (5)
polyphosphoric acid ester constructs, (6) poly(ethylene glycol)
derivative-based systems, and (7) poly(2-ethylpropylacrylic acid)
compositions.

Sonju et al.'*” successfully developed pH-sensitive liposomes
(PS 5-DoxL) encapsulating peptide mimetic-doxorubicin (5-Dox)
with a particle size of 170.34 £+ 3.75 nm, a zeta potential of
—24.57 + 4.68 mV, and a high drug encapsulation efficiency of
88.45 *+ 1.50%. The drug release profile of PS 5-DoxL was
evaluated under simulated physiological conditions at pH 6.5
and pH 7.4 for 6 hours (Fig. 4E). The study revealed that
approximately 64% of 5-Dox was released under acidic condi-
tions (pH 6.5), compared to only 48% under neutral conditions
(pH 7.4). These findings indicate that the liposomes exhibit
enhanced drug release efficiency in acidic environments, high-
lighting their potential for targeted drug delivery in pH-
dependent applications.

The preparation of pH-responsive hydrogels typically
involves the incorporation of pH-sensitive chemical bonds or
structures, enabling the hydrogels to modulate their physical or
chemical properties in response to varying pH environments.
Primary preparation methods include®” (1) the introduction of
pH-sensitive chemical bonds, (2) the use of pH-sensitive mono-
mers, and (3) the utilization of pH-sensitive polymers. For
instance, Kureha et al.'*® developed cyclodextrin-crosslinked
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microspheres featuring decoupled thermal and pH-responsive
volume transitions. These microgels control their swelling/
shrinking behavior by regulating the aggregation/depolymeri-
zation state of y-cyclodextrin within the RC network (Fig. 4F).
Moreover, the aggregation and depolymerization of the RC
network, and consequently the swelling capacity of the micro-
gel, can be similarly modulated by adjusting the pH value.

3.2.4 Photosensitive liposomes. Photosensitive liposomes
are meticulously engineered by incorporating photosensitive com-
ponents that meet stringent criteria, including stability under
physiological conditions, superior biocompatibility, and compatibil-
ity with liposomal structures. Several strategies have been developed
to integrate these photosensitive components into liposomes, as
outlined below:"**'*® (1) direct insertion: ie., during hydration of
the lipid membrane, the photosensitive component is mixed with
the lipid, thus forming liposomes. (2) Post-assembly: pre-formed
liposomes are exposed to the photosensitive component, which is
subsequently embedded into the liposomal membrane through
diffusion or post-insertion techniques. (3) The photosensitive com-
ponent is anchored to the outer membrane of the liposome via
covalent bonding or non-covalent interactions, ensuring its immo-
bilization on the liposomal surface. The mechanism of light-
triggered release primarily involves photoisomerization and confor-
mational changes in the photosensitive components, as well as
photothermal effects that induce thermally triggered release.
Furthermore, critical factors, such as light wavelength, intensity,
and duration, must be carefully considered because they signifi-
cantly influence the kinetics of the release process.

Enzian et al.’*' embedded four photosensitisers (BPD, Ces,
AlPcS, and 5,10-DiOH) in liposome membranes. Upon light
excitation at a wavelength of 420 nm, these photosensitizers
generated singlet oxygen species and other reactive oxygen
species. This oxidative activity induced chain scission and
lipolysis of the liposome membranes, thereby facilitating the
release of the encapsulated drug. The results demonstrated that
liposomes containing 5,10-DiOH achieved more than 80%
fluorescein release within just 2 minutes under 420 nm light
excitation. Notably, 5,10-DiOH exhibited significantly higher
efficiency compared to the other three photosensitizers.

Photosensitive hydrogels are synthesized through the inte-
gration of photosensitive precursors and photoinitiators, facil-
itating cross-linking or depolymerization reactions between
free radicals and functional groups under specific light condi-
tions, such as UV or blue light irradiation.'**"** Although these
hydrogels can modulate material microstructure through pre-
cise control of spatial cross-linking or depolymerization,
thereby influencing cell behaviors, including attachment,
migration, and differentiation, it is noteworthy that UV irradia-
tion may generate free radicals. These free radicals possess the
potential to induce DNA damage and cellular dysfunction.'**

Pourbadiei et al.*® successfully synthesized a copolymer by
integrating azobenzene derivatives with N-isopropylacrylamide,
which served as a dual-responsive component to light and heat.
They further developed a Paclitaxel-loaded DAS@SCD/NIPAZO
hydrogel by establishing a host-guest interaction between
B-cyclodextrin and azobenzene groups. This hydrogel exhibited
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a 34% higher drug release rate under 365 nm light irradiation
compared to the control without light at the same temperature.

3.2.5 Immunoliposome. Immunoliposomes are engineered
by conjugating antibodies to the liposome surface through two
primary mechanisms: covalent and non-covalent coupling.'*®*”
Covalent coupling typically involves the formation of a stable
thioether bond, which is achieved through reactions, such as the
conjugation of a thiol group with a maleimide moiety, which
firmly anchors the antibody or other ligands to the liposome
surface. In contrast, non-covalent coupling leverages interactions
between a hydrophobic anchoring moiety and functional groups,
facilitating ligand binding to the liposome surface to achieve
active tissue targeting.

Rahman et al."*® developed chimeric nanobodies (cNB) by
isolating peripheral blood mononuclear cells from immunized
alpacas to generate nanobodies targeting human epidermal
growth factor receptor 2 (HER2). Subsequently, the cNB were
combined with lipids at a specific ratio using ultrasonication
and extrusion techniques to formulate immunoliposomes (cNB-
LP) with a uniform particle size of 100 nm. These cNB-LPs
demonstrated efficient drug-loading capacity and selective tar-
geting of HER2-overexpressing cancer cells, exhibiting signifi-
cant therapeutic efficacy in both in vitro and in vivo experiments.

After implementing the aforementioned optimization strat-
egy, it is imperative to conduct a comprehensive validation of
the delivery system. This validation process should encompass
a thorough investigation of the system’s drug-loading effi-
ciency, release kinetics, biocompatibility, and pharmacody-
namic characteristics through both in vivo and in vitro
experiments. These evaluations are crucial to ensure that the
delivery system satisfies the practical requirements for clinical
applications. Furthermore, the delivery system should be sys-
tematically refined and enhanced based on experimental find-
ings to optimize its performance. The modification strategies
and related response materials are shown in Table 3.

After implementing the aforementioned optimization strategy,
it is imperative to conduct a comprehensive validation of the
delivery system. This validation process should encompass a
thorough investigation of the system’s drug-loading efficiency,
release kinetics, biocompatibility, and pharmacodynamic charac-
teristics through both in vivo and in vitro experiments. These
evaluations are crucial to ensure that the delivery system satisfies
the practical requirements for clinical applications. Furthermore,
the delivery system should be systematically refined and enhanced
based on experimental findings to optimize its performance.

Table 3 Modification strategies for LHMs and related responsive materials
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4. Biomedical applications
4.1 Cardiovascular disease

In the treatment of cardiovascular disease, there are several diffi-
culties, including drug efficacy and tolerance, short drug half-lives,
drug combinations that increase efficacy but increase the risk of
adverse events, and difficulty in measuring drugs (peptides, such as
angiotensin 1-7, angiotensin 1-9, or alamandine, are difficult to
isolate from biological samples owing to the similarity in molecular
structure), and studies have shown that high cholesterol is an
important risk factor for cardiovascular disease."**">°

AST exhibits multiple therapeutic properties, including anti-
oxidant, anti-proliferative, anti-apoptotic, and anti-inflammatory
effects. However, its clinical application is limited by poor bioa-
vailability, low solubility, and chemical instability."* To address
these challenges, Liu et al'*' developed an innovative drug
delivery system utilizing AST NSC/HSA-PEG liposomes@SA/
CMCS. This system overcomes AST’s inherent limitations and
demonstrates targeted delivery to intestinal epithelial cells
through neonatal Fc receptor binding, enabling sustained release
in the intestinal environment. Importantly, this formulation
effectively prevents diet-induced hypercholesterolemia associated
with a high-fat-high-cholesterol diet. Furthermore, the liposome
composite hydrogel has shown therapeutic potential in cardio-
vascular applications by ameliorating mitochondrial dysfunction
in myocardial infarction regions and promoting angiogenesis,
thereby significantly improving myocardial function."

4.2 Bone and cartilage diseases

The treatment of bone and cartilage diseases, particularly osteoar-
thritis, faces two critical challenges: maintaining long-term joint
cavity lubrication and preserving the morphology of cells delivered
to the joint space."**'*>'>* Conventional drug delivery approaches,
including oral administration and intravenous injection, are often
associated with suboptimal drug bioavailability and systemic
adverse effects. In comparison, localized administration strategies,
particularly intra-articular injection, alleviate these shortcomings;
however, they require repeated administration owing to the rapid
clearance of the delivery vehicle and premature release of ther-
apeutic agents, which ultimately compromises therapeutic efficacy
and increases the risk of adverse events.'**'>

LHMs are the perfect solution to these problems. They have
a self-renewing lubrication layer, and liposomes coated on the
surface of the hydrogel microspheres or inside the micro-
spheres provide continuous lubrication during friction, thus

Response types Modification strategy

Representative responsive materials

Temperature Co-dissolve TSP in the organic phase
Magnetic Physical encapsulation/embedding of MNPs
pH pH-sensitive lipid or polymer insertion
Light Direct insertion of photosensitizers into the
Immuno

Covalent coupling of antibodies via maleimide-thiol chemistry

PNIPAAm (LCST % 32 °C)

Fe;04, FeO, Fe,03, MO, BaO
DOPE-CHEMS (pH-sensitive lipid)
BPD, Ce6, AlPcS,, 5,10-DiOH
Anti-HER2 cNB

phospholipid bilayer

TSP: temperature-sensitive polymer; LCST: lower critical solution temperature; ECM: extracellular matrix; MNPs: magnetic nanoparticles; cNB:
camelid nanobody; DOPE-CHEMS: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine/cholesteryl hemisuccinate.
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reducing joint wear and tear while enabling sustained release
of the drug and promoting cartilage repair (Fig. 5A and B)."*°
Notably, Jahanmard et al.'*® embedded liposomes in GelMA
microspheres using electrospray technology and found that the
composite structure was able to withstand certain mechanical
shear forces during surgical replacement. Research has shown
that GelMA/liposomes increase pro-inflammatory cytokines,
stimulate osteogenesis, and promote the differentiation of
mesenchymal stem cells.

4.3 Wound repair

LHMs are gaining prominence in the field of wound repair owing
to their versatile therapeutic potential.”>"*’ In the management of
chronic wounds, such as diabetic foot ulcers**® and pressure
ulcers," LHMs have demonstrated efficacy in promoting accel-
erated wound healing while concurrently mitigating infection
rates and reducing the likelihood of recurrence. In burn wound
care, LHMs facilitate the establishment of a moist wound environ-
ment endowed with antimicrobial properties, thereby enhancing
the epithelialization process. Furthermore, in post-surgical wound

A-Lipo/PHM  A-Lipo/PAHM B
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care, LHMs significantly diminish the risk of postoperative infec-
tions, underscoring their clinical utility.

Diabetic wounds tend to develop into complex and severe
chronic wounds, which are difficult to treat, slow to heal and have
numerous obstacles to the healing process, such as bacterial
infections, ulcers, necrosis and other complications; liposomes
combined with hydrogels and loaded with drugs can inhibit the
inflammatory response and promote angiogenesis and tissue remo-
delling, thus speeding up the wound healing process.”>'**'** Guo
et al®® developed nanoliposomal composite hydrogel microspheres
(PPD-Lipo@HMs) incorporating the natural active compound 20(S)-
protopanaxadiol (PPD) through microfluidic technology. The PPD-
Lipo@HMs demonstrated significant biological activity by stimulat-
ing vascular endothelial growth factor expression, thereby promot-
ing endothelial cell migration, neovascularization, and tissue
regeneration. Notably, the aggregation of PPD-Lipo@HMs forms
microsphere folds that effectively cover damaged tissues, facilitating
fibroblast and endothelial cell attachment, spreading, and prolifera-
tion. This unique structural feature contributes to the accelerated
healing of diabetic wounds (Fig. 5C and D).
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Fig. 5 Therapeutic potential of LHMs in bone and cartilage disorders, promoting wound healing in a full-thickness skin injury model of diabetic patients.
(A) 3D reconstruction images, coronal, sagittal, and transverse images of the mouse knee microCT. (B) Representative X-ray films of the mice's knee joints
in anterior-posterior and lateral views.*?° Copyright 2024. Reproduced with permission from Wiley. (C) Representative pictures of wound healing in
different treatment groups on days 0, 3, 7, 10 and 14. (D) Schematic of the wound healing process.2* Copyright 2024. Reproduced with permission from

Spring Nature.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. B


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01369k

Open Access Article. Published on 13 august 2025. Downloaded on 06.09.2025 20.29.24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

4.4 Sensorineural hearing loss

Achieving safe and efficient drug delivery across the blood-labyrinth
barrier to the inner ear remains a significant challenge in the
prevention and treatment of sensorineural hearing loss. Hydrogel-
based composite drug delivery systems have emerged as a promis-
ing solution, demonstrating dual capabilities of facilitating targeted
inner ear delivery and overcoming the blood-labyrinth barrier
restriction while maintaining sustained drug release.'®> Notably,
injectable hydrogel microspheres (GM@PDA®@Lipo-Ebselen) with
bioadhesive properties have shown therapeutic efficacy through
their adherence to the round window membrane in murine
models. These microspheres effectively reduced reactive oxygen
species production, mitigated mitochondrial dysfunction, and
minimized the loss of hair cells and synaptic connections. Conse-
quently, they demonstrated significant improvement in noise-
induced hearing loss in murine subjects.""”

4.5 Anti-tumour therapy

The primary challenges in drug-based tumor treatment include
the high heterogeneity of tumor cells, immune evasion, and the
development of drug resistance, as well as significant side
effects and high treatment costs.'®® LHMs partially mitigate
these issues. They can be utilized for localized tumor therapy by
encapsulating antitumor drugs, enabling precise and sustained
drug release, remodeling the tumor microenvironment, redu-
cing systemic toxicity, and simultaneously increasing targeted
drug concentrations to enhance therapeutic efficacy.'®*'°

The CRISPR/Cas9 nuclease system'®® is widely regarded as
one of the most promising genome editing technologies for
cancer therapy. Previous studies have often employed viruses
for delivery; however, clinical translation remains a significant
challenge when using viral vectors. To address this issue, Chen
et al.*®” developed a novel composite delivery system comprising
a polyethyleneimine hydrogel core and a cationic liposome shell.
In this system, the polyethyleneimine hydrogel encapsulates the
Cas9 protein, while the cationic liposomes deliver the genetic
material. Leveraging the host-guest interaction between cyclo-
dextrin and adamantane, a mechanically soft structure was
constructed that effectively preserved protein activity. Notably,
this composite delivery system demonstrated significant inhibi-
tion of tumor growth and a substantial reduction in tumor
volume compared to the control groups.

4.6 Vaccine delivery

In clinical applications, vaccines face many challenges. Most
synthetic peptides are poorly immunogenic and therefore
require adjuvants to enhance their ability to stimulate an
immune response; in addition, proteins are extremely sensitive
to organic solvents, which may impair their natural antigenic
properties, resulting in altered immunogenicity and adverse
immune responses.’®'%® To address these limitations, we imple-
mented an innovative approach by utilizing the LHMs drug
delivery system for effective vaccine encapsulation and delivery.

Machluf et al.”® developed an innovative vaccine delivery
system by encapsulating recombinant hepatitis B surface
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antigen (HBsAg)-loaded liposomes within calcium alginate-
based microspheres, which were subsequently surface modified
with polylysine. Their experimental results demonstrated that this
composite microsphere system effectively achieved sustained
antigen release and maintained an antigen depot effect. Notably,
this novel delivery platform significantly reduced the required
vaccine dosage while eliminating the necessity for booster immu-
nizations, thereby representing a promising approach for vaccine
development.

For different diseases, either the modification of liposomes
or the modification of hydrogels confers specific functions to
the LHMs drug delivery system. This improves the efficiency of
drug administration and avoids to some extent the shortcom-
ings when used alone (Table 4).

5. Current challenges

LHMs, an advanced drug delivery system that integrates nano-
technology with hydrogel technology, demonstrate significant
potential in the field of drug delivery. Nevertheless, several
challenges persist in their practical applications.

5.1 High technical barriers

The preparation of LHMs is a complex and multifaceted process.
Although liposome preparation and modification technologies
are well-established, the fabrication of nanoscale hydrogel micro-
spheres continues to face significant technical hurdles. For
instance, microfluidic devices, which are inherently limited in
scalability for large-scale batch production, often exhibit incon-
sistencies in performance, resulting in significant batch-to-batch
variability.”>''”"**® The second critical aspect concerns the inter-
facial compatibility issue between liposomes and hydrogels.
Beyond conventional integration approaches that involve either
the encapsulation of liposomes within the hydrogel matrix or
their surface adsorption onto hydrogel microspheres, establishing
robust chemical bonding between drug-loaded liposomes and
hydrogel microspheres while simultaneously endowing the sys-
tem with precise environmental responsiveness remains a signifi-
cant scientific challenge.*"”

5.2 High production costs

The fabrication of liposomes and their hydrogel-based
composites necessitates the utilization of diverse essential raw
materials. Liposome preparation predominantly employs phos-
pholipids, cholesterol, and DSPE-PEG2000,>° while hydrogel
matrices are typically constructed using biomaterials, including
gelatin,'® GeIMA'® and chitosan."” The synthesis process
further requires the use of organic solvents (e.g., chloroform and
methanol)'® and crosslinking agents (e.g., CaCl,)."”® To confer
intelligent responsiveness to the delivery system, specific mod-
ifications to either the liposomes or the composite microspheres
are necessary,””*" which inevitably increases production costs.
Therefore, the development of novel raw materials is crucial to
reducing costs and streamlining the preparation process.
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Table 4 Modification strategies for LHMs and related responsive materials

View Article Online

Review

Modification Specific functions Application

GelMA Controlled-release Osteoarthritis, bone injury
Sodium alginate pH-sensitive Myocardial injury

CMCS, HSA pH-sensitive, enhance targeting Hypercholesterolemia
BSPMA Structural support and microenvironment regulation Diabetic wound
Internalizing RGD Enhance targeting Tumor

Alginate-poly(r-lysine) Controlled-release

5.3 Stability and safety issues

Liposomes, owing to their unique structural composition, exhibit
high susceptibility to degradation by gastric acid, bile salts, and
pancreatic lipase within the gastrointestinal tract following oral
administration as drug delivery vehicles. This vulnerability often
results in the structural disintegration of the liposomes and
subsequent payload leakage.'”* In contrast, hydrogels demon-
strate digestive behaviors that are predominantly governed by
their compositional properties and the activity of specific digestive
enzymes (e.g., amylase, trypsin, pepsin, and pancreatic lipase).
Furthermore, their performance in the gastrointestinal tract is
influenced by variations in environmental parameters, including
pH and ionic strength."”” Drug-loading LHMs have significantly
improved anti-digestive ability. However, as more materials are
compounded, their safety becomes increasingly complex. More-
over, the storage conditions for LHMs may not be altered owing to
the inherent nature of certain drugs. Consequently, it is particu-
larly challenging to modify the storage conditions of the drug by
altering the properties of the carrier while ensuring that the
properties of the loaded drug remain unchanged.

5.4 Targeting and delivery efficiency

Although LHMs drug delivery systems demonstrate the potential
for targeted drug delivery, their delivery efficiency and targeting
accuracy in complex in vivo environments require further optimi-
zation in practical applications. Specifically, the distribution and
residence time of these microspheres within the body must be
fine-tuned to ensure precise drug delivery to lesion sites."*""** For
example, for the treatment of disc degeneration, there is a need to
ensure that LHMs can fully reach and act in the nutrient-restricted
microenvironment of the disc. To cope with the complexity of the
in vivo environment, LHMs can be designed for use in specific
microenvironments. However, how to do this in a way that
ensures accuracy at the lesion site is still a challenge.'”

5.5 Intelligent response

LHMs have the following shortcomings in intelligent response:
the response sensitivity is insufficient for accurate perception
of environmental changes; the preparation process is complex,
limiting large-scale production; and some materials are
cytotoxic.'”*"7® The following solutions can be adopted: opti-
mize materials (e.g., develop new temperature-sensitive poly-
mers) to improve response efficiency; enhance stability through
interfacial chemical bonding; simplify the process by employ-
ing modular design; and ensure safety by selecting non-toxic
materials and conducting long-term toxicity studies.

This journal is © The Royal Society of Chemistry 2025
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To address these challenges, it is essential to optimize the
composition and structure of liposomes to minimize the risks
of rupture and fusion while exploring novel stabilizers or cross-
linking agents to enhance the stability of both liposomes and
hydrogels. The development of novel targeting ligands or
modification methods aims to improve the targeting of LHMs.
This includes thoroughly studying the distribution and reten-
tion mechanisms of microspheres in vivo, optimising delivery
strategies, reducing the body’s immune response and toxicity,
conducting long-term toxicity studies and safety assessments, and
ensuring the safety of the entire delivery system. Additionally,
optimizing preparation processes and reducing costs involve
researching new methods and equipment, improving production
efficiency and product quality, using synthetic materials to replace
traditional ones, lowering production costs and expanding appli-
cations. Introducing environmentally responsive hydrogels or
modified liposomes into drug delivery systems, designing intelli-
gent drug delivery systems that automatically adjust the release
rate and dose of drugs in response to changes in internal
and external environments, thereby improving the accuracy of
treatment.

6. Conclusions and outlook

Liposomes, whether loaded with water-soluble or fat-soluble
drugs, can be modified to significantly extend their circulation
time in the bloodstream, thereby enhancing drug bioavailability
and mitigating toxic effects. However, liposomes exhibit certain
limitations. For instance, they are susceptible to degradation using
the digestive system when administered orally. Furthermore, when
directly injected into bone joints, liposomes fail to simultaneously
achieve the dual objectives of slowing bone wear and controlling
drug release. Hydrogels exhibit superior biocompatibility com-
pared to liposomes. By immobilizing drug-loaded liposomes
within the three-dimensional network of hydrogels through
mechanisms such as physical adsorption, embedding, non-
covalent interactions, or chemical cross-linking, the drug loading
capacity and bioavailability are significantly enhanced. Moreover,
the composite drug delivery system enables precise control and
sustained release of therapeutic agents while effectively resisting
digestive degradation, thereby significantly reducing the adminis-
tration frequency.

LHMs represent a groundbreaking class of drug delivery
systems with substantial research potential and promising
applications. Advances in materials science and nanotechnology,
coupled with ongoing technological innovation and practical
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experimentation, are expected to drive the evolution of these
systems toward greater efficiency, safety, and intelligence. Con-
sequently, LHMs are anticipated to gain broader adoption and
promotion in the fields of drug delivery and tissue engineering.
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