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Abstract

Liposomal drug delivery systems have evolved into clinically relevant platforms for de-
livering small molecules, biologics, and vaccines. Nevertheless, a persistent translational
gap remains between promising laboratory-scale formulations and reproducible pharma-
ceutical products. This review provides a practical framework linking liposome formula-
tion, physicochemical characterization, manufacturing, and stability to pharmaceutical
translation. Particular emphasis is placed on relationships between critical process param-
eters and critical quality attributes, including vesicle size, polydispersity index, zeta po-
tential, morphology, lamellarity, encapsulation efficiency, drug loading, and in vitro re-
lease behavior. Preparation and cargo-loading strategies are discussed across conven-
tional research-scale methods and approaches with potential for scalable manufacturing.
Microfluidic production of conventional liposomes is distinguished from the manufacture
of structurally distinct RNA-loaded lipid nanoparticles. Purification strategies and ana-
lytical determination of encapsulation efficiency are examined, with attention to the dis-
tinction between separation techniques and quantitative analytical methods. Lamellarity
is highlighted as a structural determinant of encapsulation capacity, membrane organiza-
tion, and release behavior, with complementary assessment by cryo-TEM, 3P-NMR, and
small-angle X-ray scattering. Quality-control challenges associated with aggregation, fu-
sion, cargo leakage, phospholipid hydrolysis, oxidation, and sterilization are also consid-
ered. Dry-state stabilization through lyophilization and spray drying is discussed for its
potential to improve long-term stability and reduce cold-chain dependence. Ligand-tar-
geted liposomes introduce additional requirements for surface characterization and bio-
logical evaluation, while approved products and investigational formulations illustrate
achievements and limitations in clinical translation. Overall, this review emphasizes the
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importance of establishing relationships between formulation composition, processing,
structural organization, stability, and functional performance to support more reproduc-
ible development and informed pharmaceutical translation.

Keywords: liposomes; physicochemical characterization; microfluidic manufacturing;
lamellarity; encapsulation efficiency; pharmaceutical stability; lyophilization; spray
drying; lipid nanoparticles

1. Introduction

Liposomes remain one of the most established and influential nanocarrier systems in
pharmaceutical science, representing a rare example of a platform that has progressed
from fundamental biophysical observation to clinically relevant therapeutic application.
Their importance lies not only in their long developmental history but also in their con-
tinuing adaptability across multiple drug delivery systems, including small molecules,
biologics, vaccines, and nucleic acid-based systems. The modern scientific foundation of
this field was established by Bangham and colleagues, who described the spontaneous
formation of closed phospholipid lamellae in aqueous media, structures that later became
recognized as liposomes [1]. Since this seminal discovery, liposomes have evolved from
model membrane systems into highly versatile carriers capable of encapsulating both hy-
drophilic agents within their aqueous core and lipophilic compounds within the lipid bi-
layer, thereby offering substantial formulation flexibility [2,3]. The principal structural
classifications of liposomes, including unilamellar, multilamellar, and multivesicular sys-
tems, are shown in Figure 1.
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Figure 1. Schematic illustration of the major liposome types: small unilamellar vesicles (SUVs; 20—
100 nm), large unilamellar vesicles (LUVs; 100-1000 nm), multilamellar vesicles (MLVs; >500 nm),
and multivesicular vesicles (MVVs; >1000 nm). SUVs and LUVs consist of a single phospholipid
bilayer enclosing an aqueous core and differ primarily in their size. MLVs exhibit multiple concen-
tric bilayers, whereas MVVs contain multiple internal aqueous compartments within a single outer
bilayer. The inset shows the organization of the phospholipid bilayer, with hydrophilic head groups
oriented toward the aqueous environment and hydrophobic acyl chains forming the core of the
bilayer.
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At the molecular level, liposome formation is driven by the self-assembly of am-
phiphilic lipids in aqueous environments. One of the most widely used theoretical con-
cepts for interpreting this behavior is the critical packing parameter (CPP), which links
the lipid molecular geometry to the supramolecular structures that are likely to form [4].
CPP is expressed as Equation (1):

CPP =
ap X1 (1)

Equation (1): critical packing parameter equation where v is the hydrocarbon chain
volume, a, is the effective polar headgroup area, and [ is the critical hydrophobic chain
length.

In general, lipids with geometries that favour near-cylindrical packing are more
likely to assemble into bilayers, which can then close to form vesicular structures, such as
liposomes. In contrast, other geometric arrangements may favor micellar or non-lamellar
phases, as shown in Figure 2. However, liposome formation is not solely dictated by mo-
lecular geometry. Hydration conditions, ionic strength, temperature, lipid purity, and the
presence of membrane additives all influence bilayer curvature, lamellarity, membrane
order, and colloidal stability. This means that liposome assembly must be understood as
the outcome of both thermodynamic tendencies and formulation conditions [2,4].

The functional properties of liposomes are strongly dependent on their lipid compo-
sition. Phospholipids provide the structural framework of the vesicles, whereas choles-
terol is frequently incorporated to regulate membrane fluidity, improve bilayer packing,
reduce permeability, and enhance the retention of encapsulated cargo. More sophisticated
formulations may also include PEGylated lipids to prolong circulation, charged lipids to
alter interfacial behavior, and helper lipids that support loading efficiency and intracellu-
lar delivery. Beyond conventional lipid additives, modification of membrane composition
can directly alter bilayer biophysical behavior and cellular interactions. For example, the
incorporation of a-linolenic acid into phospholipid liposomes increased membrane fluid-
ity and promoted site-restricted fusion with the cell plasma membrane, illustrating how
lipid composition can influence not only vesicle structure but also the mechanism of cel-
lular delivery [5]. These compositional refinements have substantially expanded the phar-
maceutical scope of liposomes and related lipid-based carriers. Simultaneously, it is cru-
cial to differentiate classical liposomes from the more recently developed lipid nanoparti-
cles employed in mRNA delivery. Although these systems are historically related and
share certain design principles, they are not structurally identical and should not be con-
sidered interchangeable in scientific discourse [6,7].

Despite decades of progress, the translation of liposomal systems from laboratory
formulations to reproducible pharmaceutical products remains a challenge. Liposomes
are highly sensitive colloidal assemblies, and even subtle changes in their physicochemi-
cal properties can markedly affect their behavior. Parameters such as vesicle size, size dis-
tribution, lamellarity, surface charge, membrane composition, lipid oxidation, and phase
behavior can influence storage stability, cargo leakage, interaction with biological fluids,
biodistribution, and therapeutic outcomes [8]. Consequently, promising biological activ-
ity alone is insufficient for successful development unless it is supported by rigorous
physicochemical characterization and a clear understanding of the relationship between
formulation attributes and product performance [2,7-9]. This challenge helps explain why
the literature contains a large number of liposomal formulations with encouraging pre-
clinical findings, whereas only a limited subset achieves meaningful clinical translation
[3,10,11].

This translational gap underscores the importance of quality-oriented liposome char-
acterization during formulation development. In practice, liposome research sometimes
places disproportionate emphasis on therapeutic applications while giving insufficient
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attention to the analytical rigor needed to define formulation quality. Physicochemical
characterization is fundamental not only for descriptive purposes but also for ensuring
formulation rationality, reproducibility, scalability, and eventual pharmaceutical applica-
bility. Attributes such as vesicle size, polydispersity index (PDI), zeta potential, and en-
capsulation efficiency are particularly important because they directly affect structural in-
tegrity, physical stability, release behavior, and biological interactions. Therefore, a mean-
ingful interpretation of these parameters is essential not only for comparing formulations
but also for understanding how liposomal systems may be optimized for distinct thera-
peutic purposes and routes of administration [2,7].
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Figure 2. Critical packing parameter (CPP) and lipid self-assembly. Schematic illustration of how
lipid molecular geometry governs the formation of supramolecular structures. (A) Cone-shaped li-
pids with relatively large head groups and smaller hydrophobic tails favor micelle formation (CPP
< 1/3). (B) Cylindrical lipids with balanced headgroup and tail dimensions favor the formation of
planar bilayers and liposomes (CPP = 1). (C) Inverted cone-shaped lipids with relatively small head-
groups and large hydrophobic tails promote the formation of inverted non-lamellar structures, such
as the inverse hexagonal phase (Hu) (CPP > 1). The critical packing parameter (CPP =v/a, x Ic) relates
the hydrophobic tail volume (v), optimal headgroup area (a,), and critical chain length (Ic), provid-
ing a theoretical framework for predicting the lipid self-assembly behavior.

Accordingly, the primary objective of this review is to connect the fundamental prin-
ciples of lipid self-assembly with the practical requirements for developing functional lip-
osomal drug delivery systems. Although the literature extensively describes the therapeu-
tic promise of nanomedicine, there remains a clear need for a consolidated and applica-
tion-oriented framework that emphasizes the physicochemical characterization required
for successful liposome formulation. In this context, the present review systematically ex-
amines key characterization parameters, particularly vesicle size, polydispersity index,
surface charge, and encapsulation efficiency, and discusses how these attributes govern
structural integrity, physical stability, and in vitro release behavior. In addition, it high-
lights how the rational manipulation of these properties can be used to tailor liposomal
systems for different therapeutic goals and routes of administration. Ultimately, this re-
view aims to provide a practical and scientifically grounded reference for formulation sci-
entists and researchers working to advance lipid-based therapeutics from bench-scale de-
sign to pharmaceutical applications.
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2. Liposome Preparation and Manufacturing Strategies

The transition of liposomes from laboratory constructs to clinically relevant drug de-
livery systems has been largely driven by advances in formulation technology. Although
all liposome preparation methods rely on the self-assembly of amphiphilic lipids in an
aqueous environment, the manner in which this assembly is initiated strongly influences
the vesicle size, lamellarity, encapsulation efficiency, and batch reproducibility. Conse-
quently, the formulation strategy is not simply a technical detail; it is a crucial determinant
of product quality and translational potential. In contemporary liposome development,
there is an increasing emphasis on methods that support process control, scalability, and
manufacturing reproducibility, particularly for formulations intended for clinical or in-
dustrial use.

2.1. Conventional Research-Scale Preparation Methods

Among conventional approaches, thin-film hydration remains the most widely used
method in small-scale liposome research because of its simplicity, flexibility, and compat-
ibility with a wide range of lipid compositions. In this method, lipids are first dissolved
in an organic solvent, commonly chloroform or a chloroform-methanol mixture. The sol-
vent is then removed under reduced pressure to produce a thin lipid film along the wall
of the container. When this film is hydrated with an aqueous phase, typically at a temper-
ature above the phase transition temperature of the principal lipid components, the dried
lipids swell and self-assemble into vesicular structures, usually multilamellar vesicles
[12,13].

The major advantage of thin-film hydration is its practicality. It is experimentally
straightforward, requires relatively simple equipment, and can be adapted for both hy-
drophilic and lipophilic drug loading. For this reason, it remains highly valuable during
early-stage formulation screening and proof-of-concept studies. Despite its utility, the
method has notable limitations. The vesicles produced tend to be large, multilamellar, and
heterogeneous, with a wide range of sizes. This variability often renders them unsuitable
for direct therapeutic use, particularly when systemic delivery is required [12,14].

Accordingly, liposomes produced by thin-film hydration frequently require a subse-
quent post-formation size-reduction step. Extrusion is one of the most commonly used
approaches. In extrusion, preformed liposomes are passed through polycarbonate mem-
branes with defined pore sizes, allowing a reduction in vesicle diameter and narrowing
of particle size distribution. Importantly, extrusion should be regarded primarily as a
post-formation size-reduction and homogenization technique, rather than a primary for-
mulation method. It does not generate liposomes de novo but instead refines already
formed vesicles to improve size uniformity and, in many cases, promotes the production
of more homogeneous unilamellar populations. Compared with probe sonication, extru-
sion is generally considered less destructive and less likely to induce metal contamination
or severe local overheating, although lipid loss and filter-related material retention may
still occur [15]. Despite its utility, the combination of thin-film hydration followed by ex-
trusion remains labour-intensive and difficult to translate directly into large-scale manu-
facturing because of batch variability and limited process continuity.

Other established preparation methods provide particular advantages depending on
the nature of the therapeutic cargo. Reverse-phase evaporation, for example, involves the
formation of a water-in-organic-solvent emulsion, followed by the gradual removal of the
organic phase, producing vesicles with a relatively large internal aqueous volume and
high encapsulation efficiency for hydrophilic compounds. This is an important advantage
when proteins, nucleic acids, or other water-soluble molecules are incorporated. How-
ever, the requirement for organic solvents and emulsification exposes the formulation and
encapsulated cargo to conditions that may be undesirable for sensitive biomolecules and
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introduces an additional solvent-removal requirement [16]. Detergent-removal methods
provide another approach in which lipids are initially solubilized as mixed lipid—deter-
gent micelles and subsequently reorganize into vesicles as the detergent is progressively
removed, for example, by dialysis, dilution, chromatography, or adsorption. These meth-
ods can produce relatively homogeneous unilamellar vesicles and are particularly useful
when membrane-associated proteins are incorporated into the bilayer. Nevertheless, they
are comparatively time-consuming, and complete removal of residual detergent can be
technically challenging [17].

In addition to these established approaches, dual asymmetric centrifugation (DAC),
also referred to as dual centrifugation (DC), has emerged as an alternative technique for
rapid, small-batch liposome preparation. Unlike conventional centrifugation, DAC com-
bines rotation around a primary axis with an additional rotation of the sample container
around a secondary axis, generating intensive mixing and shear forces within a closed
vial. Typically, concentrated lipid mixtures are homogenized with an aqueous phase to
form a viscous vesicular phospholipid gel (VPG), which can subsequently be diluted to
obtain a liposomal dispersion [18]. Massing et al. first demonstrated the applicability of
DAC to liposome preparation, producing vesicles with a mean diameter of approximately
60 nm and a calcein entrapment efficiency of 56% under optimized conditions [18]. Sub-
sequently, Hirsch et al. extended this technique to siRNA-loaded liposomes, reporting
entrapment efficiencies ranging from 43% to 81%, depending on batch size, encapsulated
compound, and liposome composition [19]. More recently, Koehler et al. demonstrated
the suitability of dual centrifugation for rapid, parallel formulation screening, including
the preparation of multiple lipid compositions without prior formation of a molecularly
mixed lipid film [20]. Gleue et al. further applied this approach to the screening and de-
velopment of pH-responsive liposomal formulations [21]. These findings highlight the
potential of DAC for efficient laboratory-scale preparation, encapsulation of hydrophilic
compounds, and formulation optimization. Nevertheless, liposome characteristics remain
sensitive to processing parameters, particularly lipid concentration, rotational speed, ho-
mogenization time, and mixing aids, while the application of liposomes to industrial-scale
manufacturing requires further evaluation.

Despite their continued importance in laboratory research, many conventional sol-
vent- and detergent-based preparation methods have several limitations from a transla-
tional perspective. Liposome formation frequently occurs under bulk-processing condi-
tions, in which local solvent composition, lipid concentration, temperature, and mixing
conditions may not be uniformly controlled. Consequently, vesicle size, size distribution,
lamellarity, and encapsulation efficiency may vary between preparations. Furthermore,
many conventional techniques require additional processing steps, such as solvent or de-
tergent removal, sonication, homogenization, or extrusion, increasing processing time
and providing additional opportunities for material loss and batch-to-batch variability.
These limitations become increasingly important during scale-up, when reproducing the
same mixing and self-assembly conditions achieved at the laboratory scale can be difficult.
Such challenges have encouraged the development of manufacturing technologies in
which nanoparticle self-assembly can be controlled more precisely [22,23].

2.2. Scalable and Translational Manufacturing Approaches

To address the limitations of conventional batch methods, increasing attention has
shifted toward solvent-displacement and continuous-flow approaches that offer im-
proved reproducibility and greater scalability. One of the simplest among these is ethanol
injection. In this method, lipids dissolved in ethanol are rapidly introduced into an aque-
ous phase, and the sudden reduction in solvent quality drives spontaneous vesicle for-
mation. Ethanol injection is operationally simpler than thin-film hydration and avoids the
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need to first generate and rehydrate a dried lipid film. It is also more amenable to scale-
up and can be performed with fewer manual steps. However, conventional ethanol injec-
tion may produce liposomes with relatively broad size distributions, and downstream re-
moval of residual ethanol remains an important consideration, particularly for pharma-
ceutical applications [24].

The proliposome approach is a distinct formulation strategy that addresses some of
the storage limitations of aqueous liposome dispersions. Proliposomes are dry, free-flow-
ing precursor systems, typically powders or granules, in which phospholipids and drugs
are deposited onto water-soluble carrier materials, such as sugars or sorbitol. They do not
constitute liposomes themselves; rather, they generate liposomal vesicles upon contact
with an aqueous medium through hydration of the lipid-coated carrier surface [25,26].
The principal rationale for this approach is its improved stability. Conventional aqueous
liposomal dispersions are susceptible to aggregation, fusion, phospholipid hydrolysis,
and oxidation during storage, all of which may compromise the vesicle integrity and drug
retention. Maintaining lipid components in a dry state until hydration can reduce these
degradation processes and facilitate their incorporation into solid dosage forms. Common
preparation methods include the slurry technique, spray drying, freeze drying, and fluid-
bed coating, each of which produces solid intermediates with different particle character-
istics and reconstitution behavior [25]. Although proliposomes have been investigated for
several administration routes, they are particularly attractive for oral delivery because of
their compatibility with solid dosage form manufacturing and potential for improved
storage stability. Nevertheless, their development requires optimization of both the dry
precursor and the subsequent hydration process, because vesicle size, homogeneity, and
drug-loading characteristics after reconstitution cannot be assumed to be equivalent to
those obtained using conventional liposome preparation [26,27].

Microfluidic mixing represents a significant advance toward the controlled and re-
producible manufacturing of lipid-based nanocarriers. In this approach, lipid-containing
organic and aqueous phases are combined under controlled flow conditions, allowing sol-
vent exchange and lipid self-assembly. Microfluidic configurations, including hydrody-
namic-flow-focusing and staggered-herringbone mixers, enable adjustments to pro-
cessing parameters such as total flow rate (TFR), flow-rate ratio (FRR), lipid concentration,
and solvent composition, which can influence particle size, size distribution, and formu-
lation reproducibility [22,23]. Although these manufacturing principles are applicable to
different lipid-based nanocarriers, the mechanisms of particle formation and resulting
structures differ between conventional liposomes and RNA-loaded lipid nanoparticles
(RNA-loaded LNPs). These applications are discussed separately in the following subsec-
tions.

2.3. Advances in Microfluidic Manufacturing of RNA-Loaded Lipid Nanoparticles

Microfluidic technology has played an important role in advancing the manufactur-
ing of RNA-LNPs by enabling controlled and reproducible nanoparticle formation. Alt-
hough LNPs share several lipid components with conventional liposomes, they differ in
their structural organization and mechanisms of cargo incorporation. Conventional lipo-
somes consist of one or more phospholipid bilayers enclosing aqueous compartments,
whereas RNA-loaded LNPs generally exhibit a more complex internal lipid—-RNA organ-
ization rather than the well-defined aqueous core characteristic of classical liposomes [28].
RNA-LNP formulations typically comprise four major lipid components: an ionizable li-
pid, a helper phospholipid, cholesterol, and a PEGylated lipid. Under acidic formulation
conditions, ionisable lipids become protonated and positively charged, facilitating elec-
trostatic interactions with negatively charged RNA and promoting its incorporation dur-
ing nanoparticle assembly [29].
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In microfluidic manufacturing, an ethanolic lipid solution is rapidly mixed with an
acidic aqueous phase containing RNA. The resulting solvent exchange promotes lipid self-
assembly, whereas interactions between protonated ionizable lipids and RNA facilitate
nanoparticle formation and encapsulation. Critical processing variables, including TFR,
FRR, lipid concentration, solvent composition, aqueous-phase pH, and mixer geometry,
can influence particle size, size distribution, encapsulation efficiency, and structural or-
ganization. By providing greater control over mixing conditions, appropriately optimized
microfluidic systems can improve manufacturing consistency and reduce batch-to-batch
variability compared with conventional bulk-mixing approaches [30,31].

The pharmaceutical significance of controlled mixing became particularly evident
during the development of mRNA vaccines for SARS-CoV-2. For example, the LNPs used
in the Pfizer-BioNTech BNT162b2/COMIRNATY vaccine were manufactured using im-
pinging-jet mixing systems operated in parallel to support large-scale production. Alt-
hough these turbulent mixing systems differ technically from conventional chip-based
microfluidic devices, both approaches rely on the rapid and controlled mixing of lipid and
aqueous streams to regulate nanoparticle assembly [32,33]. Furthermore, the paralleliza-
tion of microfluidic platforms has demonstrated the potential to increase RNA-LNP pro-
duction throughput while maintaining particle characteristics and biological activity [34].
Nevertheless, challenges involving equipment requirements, process optimization, resid-
ual solvent removal, downstream purification, and industrial scale-up remain important
considerations. These developments highlight the translational potential of controlled-
flow manufacturing while emphasizing that RNA-loaded LNPs are structurally distinct
from conventional liposomes.

2.4. Microfluidic Production of Conventional Liposomes

Beyond its application to RNA-loaded LNPs, microfluidic technology has been ex-
tensively investigated for the controlled and scalable production of conventional liposo-
mal vesicles. Unlike RNA-LNP manufacturing, where lipid—nucleic acid interactions con-
tribute substantially to nanoparticle formation, conventional liposome production pri-
marily relies on the self-assembly of amphiphilic lipids into bilayer structures following
controlled solvent exchange. Microfluidic hydrodynamic focusing is among the earliest
approaches used for this purpose, in which a lipid-containing organic stream is focused
by adjacent aqueous streams to regulate solvent diffusion and vesicle formation. Early
studies by Jahn et al. demonstrated the feasibility of producing size-controlled liposomes
using microfluidic flow conditions [35,36]. Subsequent investigations by Kastner et al.
demonstrated the importance of TFR and FRR in controlling liposome characteristics, sup-
porting the application of microfluidic manufacturing for reproducible vesicle prepara-
tion [37].

Further developments have expanded the pharmaceutical applicability of microflu-
idic liposome manufacturing beyond particle-size control. Kastner et al. demonstrated the
preparation of propofol-loaded liposomes using a chaotic-advection micromixer, achiev-
ing drug incorporation of approximately 41 mol% and tunable vesicle sizes ranging from
50 to 450 nm [38]. Similarly, Forbes et al. developed a microfluidic manufacturing ap-
proach for protein-loaded liposomes that incorporated in-line purification and at-line par-
ticle-size monitoring [39]. This integrated strategy highlighted the potential for combining
vesicle formation with downstream processing and analytical monitoring to improve
manufacturing efficiency.

A particularly important advancement was demonstrated by Webb et al., who inves-
tigated the scale-independent microfluidic production of protein-loaded liposomes using
staggered-herringbone and toroidal mixing configurations [40]. Their study demonstrated
controlled liposome manufacturing from small laboratory-scale preparations to
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processing rates of 200 mL/min while maintaining defined physicochemical characteris-
tics, including vesicle size, polydispersity, protein loading, and release behavior. These
findings provided experimental evidence supporting the feasibility of translating micro-
fluidic liposome manufacturing toward good manufacturing practice (GMP)-relevant
production scales. In addition, Roces et al. demonstrated the continuous microfluidic
manufacturing of PEGylated liposomes followed by remote loading of doxorubicin, pro-
ducing vesicles with sizes of approximately 80-100 nm, polydispersity indices below 0.2,
and encapsulation efficiencies of at least 90% [41]. These studies highlight the potential of
combining controlled vesicle fabrication with established active-loading strategies to
manufacture pharmaceutically relevant liposomal formulations.

Nevertheless, the relationship between manufacturing conditions and liposome per-
formance extends beyond conventional particle-size measurements. Solvent selection, li-
pid composition, FRR, and loading conditions can influence vesicle characteristics and
formulation behavior. More recently, Lindsay et al. investigated the influence of solvent
selection during microfluidic manufacturing on the in vivo performance of liposomal dox-
orubicin [42]. Although formulations produced using different solvents exhibited broadly
comparable vesicle sizes, polydispersity, and encapsulation efficiencies, differences in
drug biodistribution were observed, emphasizing that conventional physicochemical at-
tributes alone may not fully predict biological performance. Despite continued advances,
limitations associated with equipment requirements, channel fouling, solvent removal,
downstream purification, and process validation remain important considerations. Over-
all, these investigations demonstrate the potential of microfluidic manufacturing to im-
prove the reproducibility and scalability of conventional liposomes while highlighting the
importance of understanding the relationships between process parameters, critical qual-
ity attributes (CQAs), and pharmaceutical performance. The principal preparation and
processing approaches discussed above are compared in Table 1, while Figure 3 schemat-
ically illustrates thin-film hydration, ethanol injection, and microfluidic mixing.
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Table 1. Comparative Overview of Liposome Formation and Post-Formation Processing Methods.
Approach Classification Principle Main Advantages Main Limitations References
Frequently produces heterogeneous and
Thin-film hy- Hydration of a dry lipid film to Simple, versatile, and widely used in labora- . Y proc g
. . . multilamellar vesicles; often requires further [13]
dration form liposomal vesicles tory research . . o . .
size reduction; limited direct scalability
. Solvent displacement following in- _, . . . Residual ethanol requires removal; vesicle
Ethanol injec- - e Simple preparation process; avoids dry-film . e
. ] jection of an ethanolic lipid solu- . ) size and size distribution depend strongly [24]
tion e .. formation; relatively amenable to scale-up .. L
= tion into an aqueous phase on mixing conditions
Reverse-phase g Formation of a water-in-organic-  Relatively high aqueous-volume entrap- ~ Organic solvent exposure; additional sol-
verse-pha . . . s . ,
ova orftion ,5 solvent emulsion followed by =~ ment; suitable for encapsulating hydrophilic vent-removal steps; potentially unsuitable [16]
P ;:‘: gradual solvent evaporation compounds for sensitive therapeutic cargo
g Formation of liposomal vesicles . . . .
5 . L . Can produce relatively homogeneous unila- Time-consuming; complete detergent re-
Detergent re- & from mixed lipid—detergent mi- . . . . .
> . mellar vesicles; useful for incorporating ~ moval may be challenging; residual deter- [17]
moval g celles through progressive deter- . . . . .
! membrane-associated proteins gent may compromise formulation quality
£ gent removal
—
A~ High-shear homogenization of . . . . . . .
& . g . Rapid small-batch preparation; closed-vial =~ Specialized equipment required; vesicle
Dual asymmet- concentrated lipid mixtures . . . . .
. . . . processing; efficient encapsulation of hydro- characteristics depend on processing param-
ric centrifuga- through dual-axis rotation, pro- . . .y . . [18-21]
. . . .., philic compounds; suitable for parallel for- eters; limited evidence supporting indus-
tion ducing a vesicular phospholipid . . . .
. . mulation screening trial-scale manufacturing
gel that is subsequently diluted
. Formation of liposomal vesicles Potentially improved storage stability; com- Vesicle characteristics depend on reconstitu-
Proliposome  Dry precursor for- . . . . . . » o . .
. upon hydration of a dry lipid-con- patible with solid dosage forms; reduced de- tion conditions; additional formulation opti-  [25,26]
approach mulation strategy . o L .
taining precursor pendence on aqueous storage mization and characterization required
. Additional processing step; potential lipid
. . Passage of preformed liposomes . . . . P . g brP P
. Post-formation size- . . Reduces vesicle diameter and narrows size and material loss; limited throughput with
Extrusion . . through membranes with defined . = ] . . . [15]
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Figure 3. Comparison of liposome formulation methods. Schematic overview of three commonly
used liposome preparation techniques. In thin-film hydration, lipids are dissolved in an organic
solvent, evaporated to form a thin film, and subsequently hydrated to produce multilamellar vesi-
cles (MLVs), which are then passed through a porous polycarbonate membrane during extrusion to
reduce vesicle size and obtain more uniform unilamellar vesicles (SUVs/LUVs). In the ethanol in-
jection method, a lipid solution in ethanol is rapidly introduced into an aqueous phase, leading to
spontaneous vesicle formation through solvent displacement. In microfluidic mixing, organic and
aqueous phases are combined within microchannels under controlled flow conditions, enabling the
rapid and reproducible self-assembly of liposomes with narrow size distributions. These ap-
proaches differ in terms of process control, scalability, and particle uniformity, with microfluidic

systems offering the highest level of reproducibility and tunability.

3. Cargo-Loading Strategies: Passive and Active (Remote) Loading

The therapeutic performance of liposomal systems depends not only on vesicle com-
position and structure but also on the efficiency with which the cargo is incorporated and
retained until delivery to the target site. Drug-loading strategies are generally classified
as passive or active, depending on whether the compound is entrapped during vesicle
formation or introduced into pre-formed liposomes under a driving gradient [43,44].

3.1. Passive-Loading Strategy

Passive loading is the simplest and most widely used strategy during liposome prep-
aration. Lipophilic molecules are typically dissolved in the organic lipid phase and parti-
tion into the forming bilayer, whereas hydrophilic compounds are dissolved in the aque-
ous hydration medium and become entrapped within the internal aqueous core during
vesicle closure. Despite its convenience, passive loading is often limited for hydrophilic
drugs because encapsulation depends strongly on the trapped aqueous volume, which is
typically low in conventional liposomal systems. Consequently, passive loading often re-
sults in low encapsulation efficiencies unless high lipid concentrations or specialized for-
mulations are employed [45-47].
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3.2. Active-Loading Strategy

Active or remote loading represents one of the most pharmaceutically important ad-
vances in liposome formulation, particularly for weakly basic or amphipathic drugs. In
this approach, the drug is loaded into pre-formed liposomes by exploiting a transmem-
brane gradient, most commonly a pH gradient or an ammonium sulfate gradient. The
uncharged form of the drug diffuses across the lipid bilayer, after which it becomes pro-
tonated or forms a poorly permeable complex within the intraliposomal environment.
This process results in efficient intravesicular trapping, often accompanied by precipita-
tion or gel-like drug condensation, thereby markedly improving encapsulation efficiency,
retention, and formulation stability.

Compared with passive loading, remote loading offers major pharmaceutical ad-
vantages, including higher drug-to-lipid ratios, reduced premature leakage, and im-
proved shelf-life stability. These benefits have made it a key enabling strategy in clinically
translated liposomal products, most notably in liposomal doxorubicin formulations such
as Doxil. Accordingly, remote loading should be regarded not merely as a method to im-
prove encapsulation efficiency but as a central formulation strategy that has significantly
advanced the clinical utility of liposomal drug delivery systems [24,48,49].

Overall, the selection of an appropriate cargo-loading strategy should be guided by
the physicochemical properties of the therapeutic compound, the lipid composition, and
the intended pharmaceutical application. Passive loading offers a straightforward ap-
proach for incorporating therapeutic agents during vesicle formation, whereas active
loading enables efficient drug incorporation into preformed liposomes through trans-
membrane gradients. Both strategies influence encapsulation efficiency, drug retention,
and release behavior, highlighting the importance of selecting and optimizing loading
conditions to achieve the desired pharmaceutical performance.

4. Critical Physicochemical Attributes and Analytical Characterization

Physicochemical characterization is central to liposome development because the
therapeutic performance of a formulation depends not only on its composition but also
on how its structural and interfacial properties are measured, interpreted, and controlled.
In practice, liposomes that appear similar at the level of lipid composition may behave
very differently if they differ in size distribution, surface charge, lamellarity, drug entrap-
ment, or release profile. For this reason, characterization should not be treated as a routine
checklist performed after formulation but as an integrated analytical framework that links
composition and process variables to product quality, stability, and biological function.
Recent quality-by-design discussions in the liposome field have reinforced this point by
treating parameters such as size, polydispersity, zeta potential, encapsulation efficiency,
and release behavior as CQAs that must be defined early and controlled throughout de-
velopment [50,51].

4.1. Relationships Between Critical Process Parameters and Critical Quality Attributes

The physicochemical characteristics of liposomal formulations are influenced not
only by lipid composition and drug properties but also by the manufacturing conditions
employed during vesicle formation and subsequent processing. Within the quality-by-
design framework, critical quality attributes (CQAs) are physical, chemical, biological, or
microbiological characteristics that must be maintained within appropriate limits to en-
sure the desired product quality. Critical process parameters, in contrast, are manufactur-
ing variables whose variability can affect CQAs and therefore require appropriate moni-
toring or control. Establishing relationships between process parameters and CQAs is

https://doi.org/10.3390/pharmaceutics18111412


https://doi.org/10.3390/pharmaceutics18111412

Pharmaceutics 2026, 18, 1412

13 of 40

essential for developing reproducible manufacturing processes and ensuring consistent
pharmaceutical performance [52,53].

The influence of manufacturing conditions on liposome properties varies according
to the preparation technique. In conventional thin-film hydration, hydration temperature,
duration, and agitation conditions may affect lipid film dispersion, vesicle formation, la-
mellarity, and particle size distribution. Subsequent extrusion introduces additional vari-
ables, including membrane pore size, processing temperature, applied pressure, and the
number of extrusion passes, which can influence vesicle size, polydispersity, and lipid
recovery. Similarly, reverse-phase evaporation and detergent-removal techniques require
control over emulsification or detergent-removal conditions, respectively, because these
parameters can affect vesicle formation, encapsulation efficiency, and residual solvent or
detergent content. For ethanol injection, injection conditions, phase ratios, and mixing in-
tensity influence solvent exchange and liposome assembly, potentially affecting vesicle
size, size distribution, and drug incorporation [54,55].

Microfluidic manufacturing offers opportunities to establish more systematic rela-
tionships between processing variables and liposomal CQAs. In particular, TFR, FRR, li-
pid concentration, solvent composition, and mixer geometry influence the mixing envi-
ronment and subsequent vesicle formation. Forbes et al. investigated the influence of mi-
crofluidic operating parameters and formulation composition on the integrated produc-
tion and purification of protein-loaded liposomes. Their findings highlight the importance
of evaluating manufacturing conditions alongside particle size, polydispersity, and cargo
encapsulation rather than treating these attributes as independent formulation outcomes
[39].

Beyond vesicle formation, downstream processing and cargo loading introduce ad-
ditional variables that may influence final product quality. For example, during active
drug loading, the transmembrane pH or ion gradient, incubation temperature, loading
duration, and drug-to-lipid ratio can affect encapsulation efficiency, drug retention, and
release behavior. Likewise, purification, solvent removal, and dry-state processing may
influence vesicle integrity, particle size distribution, and chemical stability. Consequently,
the identification of relevant critical process parameters should consider the entire manu-
facturing process rather than individual preparation steps alone [52,53].

Table 2 summarizes the principal manufacturing variables associated with the fabri-
cation methods discussed in Section 2 and their potential relationships with liposomal
CQAs. Importantly, the listed parameters should be regarded as candidates for criticality
assessment, since their actual criticality depends on the formulation, intended application,
manufacturing scale, and experimentally established effects on product quality. Establish-
ing and evaluating these relationships provides a foundation for process optimization,
scale-up, and pharmaceutical translation [52,53]. The application of statistical experi-
mental design and emerging data-driven approaches to liposome formulation optimiza-
tion is discussed in the following subsection.
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Table 2. Relationships Between Manufacturing Process Parameters and Liposomal CQAs.

Fabrication Method Potential Critical Process Parameters CQAs Potentially Affected Mechanistic Relationship Reference
Hydration temperature, time, agitation . . . Hydration conditions affect lipid swelling, bilayer detach-
Thin-film hydration y p & Vesicle size, PDI, lamellarity, EE y .p 'g y [54,56]
rate ment, and vesicle formation
Extrusion Membrane pore size, pressure, temper- Vesicle size, PDI, lamellarity, lipid re- Passage through membranes modifies vesicle dimensions and [16,55]
ature, number of passes covery may alter bilayer organization ’
Reverse-phase evapo- Emulsification intensity, aqueous-to-or- Vesicle size, EE, morphology, residual Emulsion formation and solvent evaporation influence aque- [54,55]
ration ganic ratio, solvent-removal conditions solvent ous entrapment and vesicle assembly ’
Detergent-to-lipid ratio, detergent-re- Vesicle size, PDI, lamellarity, residual Detergent depletion controls the transition from mixed mi-
Detergent removal . . [17]
moval rate, temperature detergent celles to bilayer vesicles
Dual asymmetric cen- Lipid concentration, rotational speed, Vesicle size, PDI, EE, formulation re-  Dual-axis rotation generates intensive mixing and shear [18-21]
trifugation homogenization time, mixing aids producibility forces, promoting vesicle formation and drug encapsulation
Injection rate, aqueous-to-organic ratio, . . . Solvent dilution and mixing kinetics govern lipid self-assem-
Ethanol injection J L. q ) & Vesicle size, PDI, EE, residual ethanol & & P [24]
mixing intensity, temperature bly
. Drying temperature, drying conditions, Drug retention, residual moisture, re- Drying and carrier properties affect lipid integrity and subse-
Proliposomes ; . . . . D . . [25,26]
coating or carrier-loading conditions constituted vesicle size and PDI quent vesicle formation
Microfluidic mixing TER, FRR, liPi-d con§entration, solvent Vesicle size, PDI, EE, Tr}orphology, re- Controlled solvent exchar?ge and mixing influence vesicle nu- [37.38,42]
composition, mixer geometry producibility cleation and growth
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4.2. Design of Experiments and Al-Assisted Formulation Optimization

The development of liposomal formulations involves the simultaneous optimization
of multiple formulation and process variables that influence CQAs. Design of experiments
(DoE) provides a systematic statistical framework for evaluating these relationships while
reducing reliance on traditional one-factor-at-a-time approaches. Commonly employed
strategies include factorial designs, response surface methodology, and Box-Behnken and
central composite designs, which allow the assessment of individual factors, interactions,
and nonlinear effects. In liposome development, these approaches have been applied to
optimize lipid composition, cholesterol content, processing conditions, vesicle size, en-
capsulation efficiency, and drug release behavior. For example, Kastner et al. employed
DoE to investigate the effects of total flow rate and flow-rate ratio during microfluidic
liposome manufacturing, demonstrating the importance of processing conditions in con-
trolling vesicle characteristics [37]. Similarly, Khute and Jangde applied a Box-Behnken
design to optimize venlafaxine-loaded liposomes by evaluating formulation variables
against particle size, encapsulation efficiency, and drug release responses [57].

More recently, artificial intelligence (Al), particularly machine learning (ML), has
emerged as a complementary approach for exploring complex formulation—process rela-
tionships that may be difficult to describe using conventional statistical models alone. Un-
like traditional DoE approaches, which generally rely on predefined experimental designs
and fitted response models, ML algorithms can identify nonlinear patterns within larger
multidimensional datasets and support the prediction of formulation outcomes. Eugster
et al. (2024) demonstrated this potential by developing ML models using a dataset com-
prising more than 1300 microfluidically produced liposome formulations [58]. Their mod-
els predicted liposome formation, particle size, and relevant manufacturing parameters,
with experimental validation supporting their applicability to formulation development.
Subsequently, Buttitta et al. (2025) investigated more than 300 experimental conditions
involving microfluidically manufactured liposomes based on clinically inspired composi-
tions [59]. Their study demonstrated the application of predictive models and a computa-
tional simulation tool to facilitate formulation-space exploration and guide experimental
optimization.

Further progress has been achieved through the integration of ML with process ana-
lytical technologies (PAT). Lee et al. (2026) developed an in-line PAT-assisted ML frame-
work incorporating physicochemical membrane characteristics to predict liposome parti-
cle size [60]. The model achieved a root mean square error of 7.18 nm, with an error of
7.53 nm during external validation under previously unseen experimental conditions.
These findings illustrate the potential of combining real-time process measurements with
predictive modeling to support liposome manufacturing and quality control.

Despite these advances, Al-assisted formulation development remains dependent on
the availability, quality, and representativeness of experimental datasets. Predictive per-
formance may decrease when models are applied to lipid compositions, processing con-
ditions, or therapeutic cargos outside their validated domains. Furthermore, accurate pre-
diction of physicochemical properties does not necessarily establish biological perfor-
mance or long-term formulation stability. Therefore, ML should be considered comple-
mentary to DoE, mechanistic understanding, and experimental validation rather than a
replacement for these established approaches. Their integration within a quality-by-de-
sign framework may support more efficient formulation screening, process optimization,
and the development of reproducible liposomal pharmaceutical products.
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4.3. Vesicle Size and Polydispersity Index

Having established the relationships between manufacturing process parameters
and liposomal quality attributes, the following subsections discuss the principal physico-
chemical characteristics of liposomal formulations and the analytical techniques used for
their evaluation. Among all liposomal attributes, vesicle size is one of the most influential
factors because it affects circulation behavior, tissue distribution, cellular uptake, drug
release, sterilization feasibility, and long-term physical stability. The size of nanoparticles
also determines how a formulation interacts with filtration membranes, biological barri-
ers, and the mononuclear phagocyte system. Accordingly, vesicle size is routinely meas-
ured during formulation optimization and batch release testing, most commonly by dy-
namic light scattering (DLS), which remains the standard method for the rapid size anal-
ysis of liposomes in suspension [51,61].

DLS measures the fluctuations in scattered light intensity produced by the Brownian
motion of suspended particles. These temporal fluctuations are mathematically related to
the translational diffusion coefficient, from which the hydrodynamic diameter is calcu-
lated through the Stokes—Einstein relationship. Importantly, the obtained value is the hy-
drodynamic diameter, not the dry geometric diameter, meaning that the measurement
reflects not only the vesicle itself but also the solvent layer and any associated interfacial
structures surrounding it. Because DLS is based on the scattered light intensity, larger
particles or aggregates contribute disproportionately to the signal. As a result, DLS is
highly sensitive to even a small fraction of oversized particles, which makes it extremely
useful for detecting aggregation; however, the data must be interpreted with caution, es-
pecially in polydisperse samples [51,62].

The polydispersity index provides complementary information by describing the
breadth of the size distribution derived from the DLS correlation function. In liposome
research, lower PDI values generally indicate a narrower and more homogeneous vesicle
population, whereas higher values suggest heterogeneity, coexistence of multiple subpop-
ulations, or incipient aggregation. Although the exact acceptance threshold depends on
the application and measurement protocol, PDI values below approximately 0.2 are com-
monly interpreted as reflecting a relatively narrow distribution, whereas values above
about 0.3 usually indicate broader heterogeneity that may compromise reproducibility
and predictability [51,56,63]. However, these thresholds should not be treated as absolute.
Sample dilution, refractive index assumptions, viscosity input, dust contamination, and
the presence of non-spherical structures can all affect the DLS output. Therefore, DLS is
best used as a high-throughput and highly informative screening method, but not as the
sole basis for structural conclusions. Nanoparticle Tracking Analysis (NTA) serves as a
single-particle technique that complements DLS in the characterization of liposome size.
In NTA, alaser is used to illuminate the sample, and a camera captures the light scattered
by individual particles as they undergo Brownian motion [64]. By tracking the movement
of each particle, the diffusion coefficient is determined, and the hydrodynamic diameter
is subsequently calculated using the Stokes-Einstein equation. In contrast to DLS, NTA
offers a number-based size distribution along with particle concentration, which enhances
the resolution of polydisperse samples and facilitates the detection of aggregates [64].
Tunable resistive pulse sensing (TRPS) is a single-particle technique employed in conjunc-
tion with DLS for the characterization of liposomes [65]. In TRPS, particles suspended in
an electrolyte are propelled through a nanopore with adjustable size. Each particle’s pas-
sage through the pore results in a temporary decrease in ionic current, with the signal’s
magnitude being directly proportional to the particle’s volume [65]. By calibrating with
standard particles of known dimensions, TRPS yields number-based size distributions
and particle concentrations, and it is capable of measuring the surface charge of individual
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particles. Consequently, it serves as a valuable complementary method for evaluating lip-
osome heterogeneity and stability [65].

4.4. Zeta Potential and Interfacial Stability

Zeta potential is widely used to assess the effective surface electrostatic behavior of
liposomes in dispersion and remains one of the most informative physicochemical param-
eters for predicting colloidal stability [66]. More precisely, it represents the electrokinetic
potential at the slipping plane, which is the conceptual boundary separating the liquid
layer that moves with the particle from the surrounding bulk medium. Because this po-
tential reflects the net result of the surface charge, ion adsorption, and structure of the
electrical double layer, it provides indirect but valuable insights into the interparticle in-
teractions in colloidal systems [67]. Consequently, the zeta potential is often interpreted
as an indicator of the balance between repulsive and attractive forces and, thus, the likeli-
hood of aggregation, fusion, or sedimentation during storage [66,67].

Measurement is typically performed using electrophoretic light scattering (ELS),
where an applied electric field induces particle motion, and the resulting electrophoretic
mobility is determined optically, commonly via laser Doppler velocimetry or phase anal-
ysis light scattering [68,69]. This experimentally measured mobility is then converted into
zeta potential using theoretical models, such as the Smoluchowski or Henry equations,
depending on the particle size and medium properties [69]. In liposomal systems, zeta
potential is highly sensitive to formulation and environmental variables, including lipid
composition (e.g., presence of charged phospholipids), pH, ionic strength, buffer compo-
sition, adsorption of proteins or other biomolecules, and the incorporation of surface mod-
ifiers such as PEGylated lipids [70]. Consequently, zeta potential values are not intrinsic
constants but context-dependent measurements [71]. A formulation that appears strongly
charged in low-ionic-strength media may exhibit significantly reduced apparent zeta po-
tential in physiologically relevant buffers or protein-containing environments owing to
charge screening and surface adsorption phenomena [70].

In practical terms, liposomes exhibiting a high absolute zeta potential are often con-
sidered less prone to aggregation because electrostatic repulsion counteracts attractive
van der Waals forces [72]. A threshold value of approximately +30 mV is frequently cited
as indicative of good electrostatic stabilization; however, this guideline should be inter-
preted with caution and not as a universal criterion [6]. Many pharmaceutical liposomes
achieve excellent physical stability at substantially lower absolute zeta potential values
through steric stabilization mechanisms, particularly when PEGylated lipids or other sur-
face-active polymers are present [73]. This consideration is especially important for so-
called “stealth” liposomes, which are intentionally designed to possess near-neutral sur-
face charge in order to minimize opsonization and prolong systemic circulation [70,73].
Conversely, highly cationic liposomes may demonstrate strong colloidal stability in vitro
while presenting significant biological liabilities, including increased protein adsorption,
rapid clearance by the mononuclear phagocyte system, and elevated cytotoxicity [74].
Therefore, zeta potential should be interpreted as a formulation-dependent indicator of
behavior rather than as a definitive pass—fail parameter for stability or performance.

4.5. Morphology and Structural Visualization

Although DLS and zeta potential provide population-level information, microscopy
is needed to directly visualize liposome architecture. Morphological characterization is
particularly important when the goal is to distinguish unilamellar from multilamellar ves-
icles, confirm spherical versus irregular geometry, detect aggregation, or evaluate cargo-
induced structural changes. In this context, cryogenic transmission electron microscopy
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(cryo-TEM) has become the gold standard for lipid-based nanomedicine characterization
[75].

The strength of cryo-TEM lies in its ability to preserve vesicles in a near-native hy-
drated state through rapid vitrification. This avoids many of the dehydration and staining
artefacts associated with conventional TEM, such as collapse, flattening, or the “cup-
shaped” appearance often seen with negative staining. By locking the lipids in a glassy ice
layer, cryo-TEM reveals vesicle shape, internal structure, and sample heterogeneity at
high resolution. This is especially critical for complex lipid-based systems, including pay-
load-rich vesicles or mRNA lipid nanoparticles, where direct structural confirmation is
essential to correlate with biological performance [75]. Despite these advantages, the ac-
cessibility of cryo-TEM remains limited by the high cost of specialized instrumentation,
technically demanding cryogenic sample preparation, and the need for trained personnel
[75]. Conventional negative-staining TEM offers a more accessible and relatively rapid
alternative for morphological assessment, although sample preparation may introduce
structural artefacts [76]. Therefore, cryo-TEM is particularly valuable when detailed infor-
mation on vesicle morphology and lamellarity is required, while the choice of imaging
technique should also consider instrument availability and analytical requirements.

Atomic force microscopy (AFM) offers complementary insights, particularly in the
analysis of surface topography and nanomechanical properties. In contrast to cryo-TEM,
AFM is especially effective for quantifying the roughness, stiffness, and deformation be-
havior of membranes. Consequently, it serves as an invaluable tool for examining elastic
or deformable vesicular systems designed for topical delivery. However, it is important
to note that this method is limited to surface analysis and is affected by sample immobili-
zation [75].

Beyond direct imaging, complementary spectroscopic approaches can provide func-
tional information on membrane organization and lipid—-membrane interactions. Laurdan
fluorescence can be used to assess changes in lipid bilayer fluidity, whereas Forster reso-
nance energy transfer (FRET) can detect lipid mixing and membrane-fusion-associated
structural changes. For example, incorporation of a-linolenic acid into phospholipid lipo-
somes produced a concentration-dependent increase in membrane fluidity and promoted
fusion with model and cellular membranes, demonstrating how alterations in lipid com-
position can directly influence liposomal membrane behavior and cellular interactions [5].

4.6. Purification of Liposomal Formulations

Following liposome formation, purification is often required to remove unencapsu-
lated drug, residual organic solvent, free proteins or nucleic acids, and other low-molec-
ular-weight components from the external aqueous phase. This step is particularly im-
portant before determining encapsulation efficiency, since inadequate separation of free
and liposome-associated cargo may result in overestimation of the amount effectively in-
corporated within the formulation. An ideal purification method should therefore effi-
ciently separate unencapsulated material while minimizing vesicle disruption, cargo leak-
age, dilution, and lipid loss.

Several techniques are commonly employed depending on the physicochemical
properties of the liposomes and their cargo. Dialysis provides a simple size-based ap-
proach in which small free molecules diffuse across a semipermeable membrane while
liposomes are retained, although the process can be relatively slow and may require large
volumes of exchange medium. Size-exclusion chromatography separates liposomes from
smaller solutes according to hydrodynamic size and can provide rapid and relatively gen-
tle purification, but sample dilution and limited processing capacity may restrict its use at
larger scales. Ultracentrifugation and centrifugal ultrafiltration are also widely used at the
laboratory scale; however, high centrifugal forces, membrane interactions, or
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concentration effects may alter vesicle properties or reduce product recovery. In contrast,
ultrafiltration and tangential-flow filtration (TFF) are increasingly attractive for transla-
tional manufacturing because they permit simultaneous concentration, diafiltration, re-
moval of free cargo, and buffer exchange while offering greater scalability and process
control. Experimental studies have demonstrated effective removal of unencapsulated
drug, proteins, and residual solvents using TFF while maintaining high liposome recovery
and largely preserving vesicle characteristics [77,78]. The purification strategy must there-
fore be selected according to liposome size, cargo properties, formulation stability, and
intended manufacturing scale, since the separation process itself can influence the appar-
ent encapsulation efficiency and final product quality.

4.7. Encapsulation Efficiency and Drug Loading

Following appropriate separation of unencapsulated cargo, encapsulation efficiency
(EE%) and drug loading (DL%) provide two of the most practical measures of formulation
performance. Although the terms are sometimes used interchangeably, they describe dif-
ferent concepts. Encapsulation efficiency refers to the fraction of the initial drug dose that
becomes associated with or entrapped within the liposomes, whereas drug loading de-
scribes the amount of incorporated drug relative to the carrier mass, usually total lipid.
Both are important: a high EE% indicates efficient capture of the input drug, whereas an
appropriate DL% determines whether the formulation is clinically and technologically
meaningful [51,79].

The analytical challenge in EE determination is the accurate differentiation and quan-
tification of encapsulated and non-encapsulated drug without significantly disrupting the
liposomal vesicles. The optimal approach depends strongly on the physicochemical prop-
erties and localization of the cargo. For hydrophilic compounds, which are typically en-
trapped within the aqueous core, unencapsulated drug remains in the external aqueous
phase and must be removed efficiently without inducing leakage from the vesicles. For
lipophilic drugs, which preferentially partition into the lipid bilayer, the apparent EE may
be high, although drug incorporation can alter membrane packing, fluidity, and phase
behavior and thereby influence formulation stability. For amphiphilic or ionisable com-
pounds, distribution between the aqueous core, lipid bilayer, vesicle interface, and exter-
nal medium may be more complex, further complicating accurate determination of EE
[79].

Determination of EE generally involves two complementary analytical steps: separa-
tion of free drug from liposome-associated drug, followed by quantitative measurement
of the drug. The separation techniques described in the preceding section, including size-
exclusion chromatography, dialysis, and centrifugal ultrafiltration, can also be employed
for analytical purposes. However, their application in EE determination requires particu-
lar attention to potential analytical biases, including incomplete separation, drug adsorp-
tion, vesicle leakage, and sample losses. Comparative studies have demonstrated that sub-
stantially different EE values may be obtained for the same liposomal formulation de-
pending on the separation procedure used [79,80]. Consequently, the selected method
should be evaluated for separation efficiency, drug recovery, and preservation of liposo-
mal integrity, and EE values should be interpreted in relation to the analytical procedure
rather than assumed to be directly comparable across different studies.

Following separation, the free, encapsulated, or total drug must be quantified using
a suitable analytical technique. High-performance liquid chromatography (HPLC) is
among the most robust approaches because it provides high sensitivity and selectivity
and can distinguish the drug from lipids, formulation excipients, and potential degrada-
tion products. In a conventional workflow, free drug may be measured in the separated
external fraction, whereas total or encapsulated drug is quantified following disruption
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of the liposomes using an appropriate solvent or detergent. More advanced chromato-
graphic approaches can integrate separation and quantification within a single analytical
procedure. For example, column-switching HPLC has been developed for simultaneous
determination of free and encapsulated doxorubicin following direct injection of liposo-
mal formulations, while nanoparticle-exclusion chromatography (nPEC) enables chroma-
tographic separation and quantification of free drug from intact liposomal nanoparticles
with minimal sample pretreatment [81,82].

UV-visible spectrophotometry provides a simpler and more accessible alternative
when the encapsulated drug possesses adequate UV or visible absorbance and interfer-
ence from lipids and other formulation components can be controlled. Drug concentration
is typically determined from a validated calibration curve after separation of free drug or
disruption of purified liposomes. UV-based methods have been successfully applied to
determine drug loading and encapsulation in liposomal formulations, including ciprof-
loxacin-containing liposomes [83]. Nevertheless, UV-Vis generally offers lower analytical
selectivity than chromatographic methods and may be affected by spectral overlap from
excipients, degradation products, or light scattering from intact vesicles. Appropriate for-
mulation blanks, calibration procedures, and liposome disruption where necessary are
therefore important for reliable quantification. Accordingly, the reliability of an EE value
depends not only on the method used to separate free and encapsulated drug but also on
the analytical technique used for subsequent quantification [79].

4.8. In Vitro Release Behavior

In vitro release testing provides a functional link between structure and performance
by indicating how rapidly and to what extent the encapsulated cargo leaves the liposomal
system under defined conditions. In principle, release studies are intended to distinguish
immediate leakage, surface-associated burst release, and sustained release from the vesi-
cle interior or bilayer domain. However, in practice, release data are highly method-de-
pendent, and the experimental setup can strongly influence the observed profile [51].

An effective release study must consider the biological context of the formulation.
Factors such as media composition, sink conditions, pH, ionic strength, temperature, pro-
tein content, and the separation method employed during sampling can all influence re-
lease behavior. Liposomal formulations are often tested at physiological pH and temper-
ature; however, additional conditions may be relevant depending on the target environ-
ment, such as acidic pH to mimic endosomal compartments or protein-containing media
to model serum interactions. It is also important to distinguish true drug release from
vesicle instability or methodological leakage caused by dialysis membranes, dilution ef-
fects, or repeated sampling. Accordingly, release experiments should be designed as
mechanistic tests rather than purely descriptive curves [50,51].

Mathematical modelling can strengthen the interpretation of in vitro release profiles,
provided that the selected model is appropriate for the formulation and experimental con-
ditions. The models discussed here are in vitro release kinetic models that describe the
cumulative amount or fraction of drug released from liposomes over time, rather than
pharmacokinetic or pharmacodynamic (PK/PD) models. Commonly applied models in-
clude zero-order, first-order, Higuchi, Hixson—Crowell, Korsmeyer-Peppas, Gompertz,
and Weibull models, which differ in their mathematical assumptions and applicability to
particular release mechanisms. However, liposomes may exhibit biphasic or multiphasic
release profiles, particularly when an initial burst is followed by slower release from the
vesicle interior or lipid bilayer, or when release is triggered by external stimuli. Model
fitting is therefore useful for quantitative comparison but should not be interpreted as
definitive evidence of the underlying release mechanism or as a direct prediction of in
vivo PK/PD behavior. For example, AlMajed et al. evaluated several mathematical models
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for ultrasound-triggered drug release from targeted liposomes and demonstrated that
model performance varied with ultrasound frequency and experimental conditions, with
different models providing the best fits under different release conditions [84].

Overall, physicochemical characterization is not a set of disconnected measurements.
Size and PDI indicate whether the vesicles are formed reproducibly; zeta potential pro-
vides insight into interfacial behavior and colloidal stability; cryo-TEM and AFM help
confirm morphology and structural integrity; encapsulation efficiency and drug loading
reveal how successfully the system carries the intended payload; and release testing con-
nects these properties to the functional performance. When interpreted together rather
than in isolation, these parameters provide an analytical basis for rational liposome de-
velopment and meaningful comparisons across formulations [50,51,75], as summarized in
Figure 4.
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Figure 4. Physicochemical characterization workflow for liposomal systems. Schematic hub-and-
spoke representation of key analytical techniques used to evaluate the critical quality attributes of
liposomes. Dynamic light scattering (DLS) provides vesicle hydrodynamic diameter and polydis-
persity index (PDI), while electrophoretic light scattering (ELS) determines electrophoretic mobility,
from which zeta potential is calculated. Cryogenic transmission electron microscopy (cryo-TEM)
enables direct visualization of vesicle morphology and lamellarity. Encapsulation efficiency (EE%)
quantifies the proportion of the initially added drug retained within or associated with liposomes
after removal of unencapsulated drug, whereas drug loading (DL%) represents the amount of drug
relative to the mass of the drug-loaded carrier. In vitro release studies assess drug release profiles
under defined experimental conditions. Structural techniques, such as 3P nuclear magnetic reso-
nance (NMR) spectroscopy and small-angle X-ray scattering (SAXS), provide complementary in-
sights into lipid bilayer organization, structural features, and lamellar arrangement. Together, these
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analytical methods provide an integrated framework for assessing liposomal formulation quality,

stability, and performance.

5. Lamellarity as a Structural and Functional Determinant

Lamellarity is a fundamental structural attribute that strongly influences the phar-
maceutical performance, drug-loading behaviour, and release kinetics of liposomal deliv-
ery systems. It is most appropriately defined as the number of concentric lipid bilayers
surrounding the internal aqueous compartment and exists on a structural continuum that
includes unilamellar, oligolamellar, multilamellar, and multivesicular architectures. Lip-
osomes are broadly classified according to both size and lamellarity into unilamellar ves-
icles (ULVs), oligolamellar vesicles (OLVs), multilamellar vesicles (MLVs), and mul-
tivesicular vesicles (MVVs/MVLs), as shown in Figure 1. Within the unilamellar class,
small unilamellar vesicles (SUVs) and large unilamellar vesicles (LUVs) are the most com-
monly discussed pharmaceutical categories. Current reviews note that SUVs are widely
used in parenteral products because their single-bilayer structure is generally better suited
to systemic administration, while MLVs and MVVs provide expanded lipophilic mem-
brane domains and may support depot-like behavior and altered release profiles [2].

The functional importance of lamellarity is especially evident in its control over en-
capsulation space and diffusional resistance. Unilamellar vesicles, by virtue of their single
bilayer and comparatively high aqueous-core-to-lipid ratio, are generally favorable for
predictable transport behavior and encapsulation of hydrophilic solutes within a defined
internal compartment. In contrast, multilamellar vesicles exhibit a well-known “onion-
like” arrangement of multiple concentric bilayers. Although this architecture reduces the
effective aqueous trapped volume available per mole of lipid, it simultaneously increases
the number of hydrophobic domains available for the incorporation of lipophilic drugs.
Therefore, multilamellar systems may be advantageous when the formulation objective is
prolonged retention or sustained local release rather than maximal aqueous loading effi-
ciency [2,85].

From a mechanistic standpoint, lamellarity directly affects release kinetics through a
diffusional barrier effect. In multilamellar vesicles, an encapsulated molecule must trav-
erse sequential bilayers and intervening aqueous spaces before reaching the surrounding
medium, which can substantially retard drug escape compared with that in a unilamellar
system. This principle is one reason why multilamellar and multivesicular formulations
are often considered attractive for sustained-release and depot applications. Multivesicu-
lar vesicles add a further level of internal complexity: rather than containing concentric
shells, they are composed of multiple non-concentric internal aqueous compartments sep-
arated by lipid membranes, often described as a honeycomb-like internal organization.
This multicompartmental structure can improve cargo retention and provide additional
protection for sensitive payloads against premature degradation or redistribution [86,87].

Among the available analytical tools, 3'P nuclear magnetic resonance (NMR) remains
one of the most chemically informative non-destructive methods for assessing lamellarity
in phospholipid dispersions. Because phosphorus is an intrinsic constituent of phospho-
lipid headgroups, 3P-NMR can probe membrane organization directly. When a mem-
brane-impermeable paramagnetic shift reagent, such as manganese (II) or certain lantha-
nide ions, is added to the external medium, the resonance arising from phospholipids ex-
posed on the outer leaflet is selectively shifted or broadened, whereas phospholipids lo-
cated in internal, bilayer-protected environments remain comparatively unperturbed. In
principle, the relative intensities of the affected and unaffected signals can therefore pro-
vide an estimate of the fraction of externally accessible lipid and, by inference, the average
lamellarity of the vesicle population. This general strategy has long been used as evidence
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for unilamellarity in extruded vesicles, including the foundational work of Mayer and co-
workers [15,85].

Simultaneously, 3P NMR-based lamellarity analysis should not be presented as en-
tirely assumption-free. Frohlich et al. showed that the outcome can depend on experi-
mental conditions, including buffer composition, ion concentration, reagent identity, and
vesicle geometry, and concluded that *P-NMR may not always yield correct lamellarity
values if these factors are not carefully controlled. For this reason, 3P-NMR is highly val-
uable, but is best interpreted in conjunction with orthogonal structural methods rather
than as a standalone absolute measure in all cases [85].

Small-angle X-ray scattering (SAXS) provides a complementary population-averaged
structural method, particularly valuable for detecting lamellar order and repeat spacing.
In multilamellar systems, the periodic stacking of bilayers gives rise to characteristic Bragg
reflections, from which the lamellar repeat distance and related structural parameters can
be extracted. By contrast, predominantly unilamellar systems produce broader scattering
patterns with reduced long-range-order features. Modern SAXS analysis has been devel-
oped specifically for multilamellar vesicle systems and is sufficiently sensitive to resolve
structural features even when only a limited number of diffraction orders are present,
making it particularly useful for monitoring lamellar organization and batch consistency
in manufacturing-oriented studies [88-90].

As discussed in the morphology section, cryo-TEM remains the most direct method
for visual confirmation of lamellarity at the level of individual vesicles. Its main strength
is that it can visually distinguish single-bilayer vesicles from oligolamellar, multilamellar,
or more complex internal topologies that may be obscured in ensemble measurements,
such as DLS. Recent work on lamellarity-controlled liposomes continues to use cryo-
EM/cryo-TEM precisely for this confirmatory purpose, often alongside quantitative acces-
sibility or fluorescence-based assays, because it reveals whether the measured population
is structurally homogeneous or contains mixed vesicle classes [85,91].

However, because electron microscopy samples only a limited number of particles,
it is most powerful when paired with bulk quantitative measures. In this context, cap-
tured-volume analysis remains a practical functional indicator of lamellarity. Perkins et
al. emphasized that liposome systems can be described by interrelated parameters, in-
cluding captured volume, vesicle size distribution, average lamellae number, and shape,
and detailed methods for quantifying captured volume as a meaningful descriptor of the
internal aqueous space. Likewise, Mayer et al. correlated trapped volume with vesicle
preparation history and ¥P-NMR evidence of unilamellarity in extruded systems. Accord-
ingly, when the experimentally measured internal aqueous volume falls substantially be-
low the theoretical value expected for a unilamellar vesicle of comparable size, the result
can serve as a practical indication that a significant fraction of the lipid is partitioned into
internal lamellae rather than contributing to a single central aqueous core [15,90,92].

6. Quality Control and Liposomal Integrity

The clinical value of a liposomal formulation depends not only on its initial physico-
chemical profile but also on its ability to preserve that profile throughout storage,
transport, sterilization, and administration. Accordingly, quality control in liposomal
drug delivery is centred on maintaining vesicle integrity over time and under relevant
processing conditions. From a practical perspective, liposomal instability can be divided
into two broad categories: physical instability, which involves changes in vesicle organi-
sation, such as aggregation, fusion, leakage, or size drift, and chemical instability, which
involves the chemical degradation of membrane lipids, primarily through hydrolysis and
oxidation, and, in some cases, degradation of the encapsulated payload [93]. These two
forms of instability are closely linked, as chemical degradation of membrane components
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may accelerate physical destabilisation, whereas physical changes in bilayer organization
may expose lipids to hydrolytic or oxidative damage. The principal chemical degradation
pathways of phospholipids, including hydrolysis and oxidation, and their consequences
for bilayer integrity and cargo retention are illustrated in Figure 5. Therefore, quality con-
trol strategies for liposomes must be built around both structural preservation and chem-
ical integrity [94].
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Figure 5. Chemical degradation pathways in liposomal systems. Schematic representation of the
principal chemical degradation mechanisms affecting phospholipid bilayers. (A) Hydrolysis: Cleav-
age of phospholipid ester bonds through non-enzymatic reactions with water or enzyme-mediated
processes, particularly phospholipase A2 (PLA2)-catalysed hydrolysis at the sn-2 position, resulting
in the formation of lysophospholipids and free fatty acids. These products can destabilize the phos-
pholipid bilayer, disrupt membrane integrity, and promote cargo leakage. (B) Oxidative degrada-
tion: Free radical-mediated oxidation of unsaturated phospholipid acyl chains in the presence of
molecular oxygen, leading to the formation of lipid hydroperoxides and secondary degradation
products, including aldehydes. These reactions alter bilayer organization, increase membrane per-
meability, and promote cargo leakage. Both degradation pathways can compromise the physico-
chemical stability of liposomal formulations during storage, handling, and exposure to biological

environments.

6.1. Physical Instability: Aggregation, Fusion, and Leakage

Physical stability is primarily defined as the ability of liposomes to maintain their
original size distribution, lamellarity, and colloidal dispersion state. Because liposomes
are regarded as metastable assemblies with relatively high interfacial free energy, they are
susceptible to aggregation, flocculation, fusion, and drug leakage. Liposome stability is
influenced by surface charge and medium composition. Improved storage stability has
been reported for some negatively charged formulations, but the effect depends on lipid
composition and the surrounding medium, including ionic strength and salt composition
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[95-98]. In one comparative study, aggregation and fusion were distinguished directly;
Ca? was shown to promote coalescence or fusion, whereas La** was shown to promote
aggregation [99]. In practice, physical instability is often detected first through an increase
in mean particle size, broadening of the size distribution, or visible sedimentation or phase
separation [95,98].

The classical colloid framework used for interpretation has been based on the balance
between attractive van der Waals forces and repulsive forces, particularly electrostatic re-
pulsion. In the studies retrieved here, this balance was shown to be strongly medium-
dependent. In one study, the experimentally obtained zeta potentials were shown to agree
with Gouy-Chapman behavior only under selected ionic conditions, and the experimen-
tally observed stability was shown to deviate from theoretical expectations at low ionic
strength in some cases [95,97]. Interpreting zeta potential is most effective when it is com-
bined with direct stability tests, rather than being used as an independent indicator.

To improve physical stability, steric stabilization is often introduced, most commonly
through PEGylation. The presence of a hydrophilic PEG layer can reduce nonspecific in-
teractions with biological components and prolong liposome circulation. However, re-
peated administration of PEGylated liposomes may trigger the accelerated blood clear-
ance (ABC) phenomenon, in which subsequent doses are cleared from the bloodstream
more rapidly than the initial administration [100,101]. This phenomenon is commonly as-
sociated with an immune response in which the first administration induces anti-PEG im-
munoglobulin M (IgM) antibodies that recognize subsequently administered PEGylated
liposomes, promoting complement activation and their uptake by the mononuclear phag-
ocyte system, particularly in the liver and spleen [100,101]. Nevertheless, ABC is influ-
enced by formulation characteristics and dosing conditions and is not exclusively deter-
mined by anti-PEG IgM levels. For example, a study involving maleimide-terminated
PEGylated liposomes demonstrated accelerated clearance upon repeated administration
despite lower anti-PEG IgM production compared with conventional PEGylated formu-
lations [102]. Therefore, although PEGylation can improve colloidal stability and circula-
tion persistence, its potential immunological consequences should be considered during
repeated administration. Importantly, ABC represents an in vivo biological response ra-
ther than a direct manifestation of physical instability during storage.

In addition to PEGylation, physical stability is influenced by lipid phase behavior,
cholesterol content, vesicle size, and storage conditions. In one storage study, the lipo-
somes that mimicked platelet composition were found to be the most stable, and a net
charge was associated with an extremely low likelihood of aggregation [95]. Across the
literature retrieved here, the main practical message was that formulation variables and
storage medium could shift a liposome from apparently stable to clearly unstable
[95,97,98].

6.2. Chemical Stability: Hydrolysis and Oxidation

Chemical instability involves degradation of the lipid components of the bilayer, par-
ticularly through hydrolysis and oxidation. These changes may occur without detectable
changes in vesicle size. For example, Zuidam and colleagues observed no changes in pH,
vesicle size, or extent of oxidation following a standard autoclaving cycle, whereas phos-
pholipid hydrolysis increased and encapsulated compounds leaked under certain exper-
imental conditions [103]. This finding highlights the importance of assessing chemical in-
tegrity and cargo retention alongside physical stability.

In addition to non-enzymatic hydrolysis, phospholipids may undergo enzymatic
degradation upon exposure to biological environments containing phospholipases. In
particular, phospholipase Az (PLA?) catalyses the hydrolysis of the ester bond at the sn-2
position of glycerophospholipids, generating lysophospholipids and free fatty acids. The
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accumulation of these products can alter lipid bilayer organization, increase membrane
permeability, and promote premature release of encapsulated drugs [104]. However, sus-
ceptibility to enzymatic hydrolysis depends on lipid composition, membrane properties,
and enzyme activity. Hansen et al. demonstrated that PLA2-mediated liposomal degrada-
tion is influenced by phospholipid acyl-chain length, surface charge, temperature, and
lipid-to-enzyme ratio [105]. Although enzymatic hydrolysis may compromise liposomal
integrity in biological environments, this mechanism has also been investigated as a strat-
egy for enzyme-triggered drug release at target sites [1].

Dry-state preservation, particularly lyophilisation, offers a strategy for improving
storage stability, but its success depends on suitable protective excipients and optimized
freezing, drying, and reconstitution conditions [106-110]. These formulation and pro-
cessing considerations are discussed in Section 7.

6.3. Sterilization Challenges in Liposomal Formulations

Sterility is an essential requirement for parenteral liposomal formulations; however,
terminal sterilisation can compromise liposome integrity. Zuidam and colleagues demon-
strated that autoclaving was feasible for selected liposomal formulations, although phos-
pholipid hydrolysis and leakage of encapsulated compounds depended on the experi-
mental conditions and cargo properties [103]. Sterile filtration remains an important op-
tion when vesicle size and formulation properties permit it. Zourna and colleagues
showed that filtration performance was strongly influenced by process conditions, lipo-
some size, and size distribution [111]. Sterilisation should therefore be incorporated into
formulation development rather than considered only as a final manufacturing step.

Overall, quality control of liposomal formulations should be understood as an inte-
grated effort to preserve vesicle structure, lipid chemistry, cargo retention, and microbio-
logical quality throughout manufacturing and storage. Physical stability testing should
monitor aggregation, fusion, particle-size changes, and leakage, whereas chemical stabil-
ity studies should assess phospholipid hydrolysis, oxidation, and cargo degradation. Dry-
state stabilisation may further extend product stability, while sterilisation must be selected
and optimized to avoid compromising liposome integrity [95,97-99,103,111-116].

7. Drying Techniques for Long-Term Stability

Long-term storage remains a major challenge for liposomal formulations because the
aqueous environment can promote vesicle aggregation and fusion, drug leakage, phos-
pholipid hydrolysis, and oxidative degradation [95,97-99]. Conversion of liposomal dis-
persions into a dry state can reduce molecular mobility and water-mediated degradation
and is therefore widely investigated as a strategy to improve product stability and shelf
life [112-114]. However, dehydration without appropriate protection can itself cause ves-
icle fusion and leakage, making the selection of protective excipients and drying condi-
tions essential [112-114,117,118].

Freeze-drying (lyophilisation) and spray drying are two approaches to dry-state sta-
bilisation of liposomal formulations. Freeze-drying removes water through ice sublima-
tion followed by secondary drying, whereas spray drying involves atomisation of a liquid
dispersion into a heated drying gas [115]. The following subsections discuss these tech-
niques and their applications to liposomal systems, with selected examples from related
lipid nanoparticles.

7.1. Freeze-Drying (Lyophilisation)

Lyophilisation consists of three principal stages: freezing, primary drying, and sec-
ondary drying. During freezing, the formation of ice excludes liposomes and dissolved
solutes from the growing ice phase, concentrating them within the remaining unfrozen
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fraction. These concentration effects may increase liposome-liposome interactions and in-
duce fusion, aggregation, membrane disruption, or leakage. During primary drying, ice
is removed by sublimation, whereas secondary drying further reduces residual moisture.
Both freezing and dehydration can modify membrane phase behaviour, making optimi-
zation of the complete freeze-drying cycle essential for preservation of vesicle integrity
[112-114,119].

Among the most widely investigated stabilizers are trehalose and sucrose. Early ex-
perimental work demonstrated that trehalose can preserve freeze-dried liposomes and
inhibit dehydration-induced membrane fusion [112,113]. Subsequent studies demon-
strated that carbohydrate-mediated stabilization involves both interactions between sug-
ars and phospholipid headgroups and the formation of a highly viscous amorphous glass
that limits molecular mobility in the dry state [117,118]. The importance of these mecha-
nisms is reflected in studies showing that sucrose can reduce vesicle enlargement and
drug leakage during lyophilisation of paclitaxel-loaded liposomes and can protect lipo-
somes containing drugs located within the bilayer, although protection of hydrophilic
cargo within the aqueous core may be more challenging [108,119].

The success of lyophilisation depends on the complete formulation rather than the
choice of sugar alone. Freezing rate, lipid composition, cholesterol concentration, PEG
content, cryoprotectant-to-lipid ratio, buffer composition, and residual moisture may all
influence the final product. Van Winden and colleagues demonstrated that freezing rate
significantly affected retention of an encapsulated marker following freeze-drying and re-
hydration [116] whereas a Quality-by-Design investigation of simvastatin-loaded lipo-
somes identified interactions among lipid composition, cryoprotectant concentration,
freezing conditions, vesicle size, drug retention, lipid phase-transition temperature, and
residual moisture [120]. These findings emphasize the need to treat lyophilisation as a
formulation- and process-specific operation rather than applying a universal cycle to dif-
ferent liposomal products.

The translational importance of this approach has become particularly apparent with
the development of lipid-based vaccines and nucleic-acid therapeutics. The COVID-19
pandemic demonstrated the clinical potential of mRNA delivered by lipid nanoparticles
but also highlighted the logistical difficulties associated with temperature-sensitive lipid—
RNA formulations. More recent experimental studies have therefore investigated whether
lyophilisation can reduce dependence on frozen storage.

Meulewaeter and colleagues demonstrated that optimized continuous freeze-drying
of mRNA-LNPs preserved transfection activity for at least 12 weeks at 4, 22, and 37 °C,
with formulation composition and buffer selection strongly influencing stability [121]. Ai
and colleagues reported a lyophilized SARS-CoV-2 mRNA-LNP vaccine that retained
physicochemical characteristics and biological activity during six months of storage at 25
°C and remained immunogenic in animal models and human evaluation [122]. A 2025
formulation-screening study, conducted primarily with polyA-loaded LNPs as surrogates
and followed by testing with eGFP-mRNA, identified trehalose-PVP combinations as
promising stabilizers. However, the eGFP-mRNA formulation showed reduced encapsu-
lation efficiency following lyophilisation, highlighting the need to distinguish preserva-
tion during storage from damage incurred during the drying process [123].

Dry-state stabilization is also relevant to conventional liposomal vaccine adjuvants,
not only mRNA-LNPs. AS01B is a liposome-based adjuvant used in Shingrix®, and exper-
imental thin-film freeze-drying of AS01B-containing formulations using sucrose main-
tained the particle-size distribution of the liposomal adjuvant after reconstitution [124].
This distinction is important because it demonstrates that the principles of dry-state sta-
bilization apply both to classical liposomal systems and to newer non-bilayer lipid nano-
particles.
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7.2. Spray Drying

Spray drying provides an alternative approach in which a liquid liposomal disper-
sion is atomised into a heated drying gas, resulting in rapid solvent evaporation and for-
mation of dry particles [115]. Unlike conventional batch freeze-drying, spray drying is a
continuous process and can be readily scaled by increasing feed throughput or equipment
capacity. It can also be used to engineer particle size, morphology, density, and aerody-
namic properties, making it particularly attractive for pulmonary and mucosal formula-
tions.

However, the atomisation and drying processes expose liposomes to shear, air-liquid
interfaces, dehydration, and thermal stress, all of which may alter bilayer structure or pro-
mote leakage and aggregation. Appropriate excipient selection is therefore essential. Tre-
halose has been extensively investigated because its glass-forming properties can protect
the liposomal membrane during rapid dehydration.

A representative experimental example is the cationic liposomal adjuvant CAFO01.
Ingvarsson and colleagues compared several excipients during spray drying and found
that trehalose and lactose provided better preservation of liposome size than mannitol;
importantly, optimized spray drying with trehalose also preserved the in vivo adjuvant
activity of CAF01 [125]. More recent work with CAF04 liposomes showed that mixtures
of trehalose and dextran could protect cationic liposomes during spray drying while al-
lowing a relatively high liposome content in the dried powder [126].

The translational potential of this approach has also been demonstrated in vaccine
delivery. In 2024, Rodrigues and colleagues produced DPPC/DC-Chol liposomes contain-
ing pneumococcal surface protein antigens by microfluidic manufacturing followed by
spray drying with trehalose. The resulting nanocomposite microparticles preserved pro-
tein activity and generated broad protective immune responses following pulmonary im-
munization in mice [127]. This illustrates how two advanced manufacturing approaches
discussed in this review —controlled microfluidic liposome formation and dry-state pro-
cessing —can be integrated into a single formulation workflow.

8. Translational Considerations

Lyophilization and spray drying address the same fundamental challenge of convert-
ing physically and chemically vulnerable aqueous lipid dispersions into more stable solid
products, but their pharmaceutical characteristics differ. Lyophilization generally subjects
the formulation to limited thermal stress and is well established for sensitive biological
products, but conventional freeze-drying is relatively slow and requires careful optimiza-
tion of freezing and drying conditions. Spray drying is considerably faster and readily
compatible with continuous manufacturing, but atomization, thermal exposure, and air—
liquid interfaces impose additional stresses on lipid bilayers and biological cargo
[108,112,121-128].

Successful drying should therefore not be judged solely by the physical appearance
of the lyophilized cake or powder. Following reconstitution, CQAs should be compared
with those of the original dispersion, including particle size, PDI, zeta potential, morphol-
ogy, encapsulation efficiency, cargo integrity, and biological activity. For lyophilized sys-
tems, residual moisture, glass-transition behavior, and solid-state characteristics should
also be assessed because these parameters influence molecular mobility and long-term
storage stability [108,115,121-123,128,129].

Taken together, these studies demonstrate that dry-state processing should be inte-
grated into formulation development rather than regarded simply as a final manufactur-
ing operation. When formulation composition, protective excipients, and process param-
eters are appropriately optimized, lyophilization and spray drying can preserve liposo-
mal structure and biological functionality, extend shelf life, simplify transportation, and
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potentially reduce dependence on cold-chain infrastructure. The development of dried
liposomal adjuvants and thermostable mRNA-LNP vaccines illustrates the direct transla-
tional relevance of these technologies to contemporary lipid-based medicines [112,121-
127].

9. Ligand Targeting and Clinical Translation of Liposomal Systems

9.1. Ligand-Targeted Liposomes: Formulation Design, Characterization, and
Translational Challenges

Ligand-targeted liposomes have been developed to improve the selective interaction
of liposomal drug delivery systems with cells expressing specific surface receptors. Unlike
conventional non-targeted liposomes, whose biodistribution is largely governed by vesi-
cle composition, size, surface characteristics, and interactions with biological environ-
ments, ligand-functionalized liposomes incorporate recognition molecules designed to
promote receptor-specific binding and, where applicable, cellular internalization. Com-
mon targeting ligands include antibodies and antibody fragments, peptides, aptamers,
carbohydrates, and small molecules such as folic acid. Early studies by Kirpotin et al.
demonstrated the preparation of sterically stabilized anti-HER2 immunoliposomes using
antibody fragments conjugated to PEGylated lipids, establishing the importance of ligand
attachment and surface presentation for receptor recognition [130]. Similarly, Gabizon et
al. investigated folate-functionalized PEGylated liposomes and demonstrated enhanced
binding to folate receptor-expressing cells, providing experimental evidence for receptor-
mediated targeting using small-molecule ligands [131].

The incorporation of targeting ligands generally involves the conjugation of recogni-
tion molecules to functionalized phospholipids, often through polyethylene glycol (PEG)
spacers extending from the liposomal bilayer. Covalent conjugation strategies, including
thiol-maleimide coupling, enable the attachment of suitable antibodies, peptides, and
other functional molecules to reactive lipid derivatives. Alternatively, ligand-PEG-lipid
conjugates can be incorporated into preformed liposomes through post-insertion tech-
niques. Zalipsky et al. demonstrated the preparation of PEG-grafted liposomes bearing
peptide and oligosaccharide ligands, while Ishida et al. developed a post-insertion ap-
proach for incorporating antibody-conjugated PEG-lipids into preformed liposomal for-
mulations with minimal drug leakage under the investigated conditions [132,133]. These
strategies illustrate the importance of selecting conjugation methods that preserve ligand
functionality while minimizing disruption of the liposomal membrane.

The physicochemical characteristics and biological performance of ligand-targeted
liposomes depend on several formulation variables, including ligand density, molecular
orientation, PEG spacer length, and accessibility of the targeting moiety. Kirpotin et al.
demonstrated that the attachment position and density of anti-HER2 antibody fragments
influenced immunoliposome binding and internalization [130]. Similarly, Gabizon et al.
found that the presence and molecular weight of PEG chains influenced folate receptor
binding, highlighting the potential for steric shielding when targeting ligands are insuffi-
ciently exposed beyond the polymer coating [131]. Consequently, ligand density and sur-
face presentation must be optimized to achieve receptor recognition without compromis-
ing colloidal stability or introducing excessive interactions with biological components.

Experimental studies have also demonstrated that receptor-mediated targeting does
not necessarily increase the total amount of liposomal material accumulating within a tu-
mor. Mamot et al. reported that epidermal growth factor receptor (EGFR)-targeted immu-
noliposomes enhanced cellular internalization and antitumor activity despite comparable
overall tumor accumulation to non-targeted formulations [134]. Similarly, Kirpotin et al.
demonstrated that HER2-directed antibody targeting increased cellular internalization
without significantly increasing total tumor localization in the investigated animal models
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[135]. These findings emphasize an important distinction between tissue-level accumula-
tion and receptor-mediated cellular delivery. Therefore, enhanced cellular uptake should
not be interpreted as definitive evidence of improved tumor targeting or therapeutic effi-
cacy without appropriate in vivo evaluation.

From a pharmaceutical development perspective, ligand functionalization intro-
duces additional characterization and manufacturing requirements. Alongside conven-
tional CQAs, including vesicle size, polydispersity, zeta potential, morphology, encapsu-
lation efficiency, and drug release, targeted formulations require assessment of ligand
conjugation efficiency, surface density, receptor-binding activity, and batch-to-batch con-
sistency. Surface modification may also influence protein adsorption, circulation behav-
ior, and immune recognition. For example, Guan et al. demonstrated that certain peptide-
functionalized liposomes exhibited increased adsorption of natural IgM, resulting in al-
tered immunocompatibility and clearance behavior [136]. Furthermore, the clinical inves-
tigation of HER2-targeted liposomal doxorubicin (MM-302) demonstrated the feasibility
of translating antibody-functionalized liposomes into human studies, although subse-
quent development encountered limitations in clinical efficacy [137]. Overall, ligand-tar-
geted liposomes offer opportunities to improve receptor-specific drug delivery, but their
successful pharmaceutical translation requires integrated optimization of surface chemis-
try, physicochemical stability, manufacturing reproducibility, and biological perfor-
mance.

9.2. Clinical Translation of Liposomal Drug Delivery Systems

The successful clinical translation of several liposomal formulations demonstrates
the pharmaceutical importance of controlling vesicle composition, structural characteris-
tics, drug loading, and manufacturing reproducibility. One of the earliest examples is
PEGylated liposomal doxorubicin (Doxil), for which Gabizon et al. demonstrated pro-
longed circulation and accumulation in malignant exudates, providing important clinical
evidence for the advantages of sterically stabilized liposomes [138]. Subsequent advances
expanded the therapeutic applications of liposomal systems beyond conventional anti-
cancer drug encapsulation. For example, the NAPOLI-1 trial demonstrated the clinical
benefit of nanoliposomal irinotecan in combination with fluorouracil and folinic acid in
previously treated metastatic pancreatic cancer [139]. Similarly, the CPX-351 formulation
(Vyxeos), which co-encapsulates daunorubicin and cytarabine at a fixed synergistic molar
ratio, demonstrated improved clinical outcomes compared with conventional chemother-
apy in patients with secondary acute myeloid leukemia [140]. The clinical evaluation of
inhaled liposomal amikacin further demonstrated the potential of liposomal formulations
for localized pulmonary drug delivery [141].

Despite these advances, the transition from experimental liposomes to approved
pharmaceutical products remains challenging. Several investigational formulations have
reached clinical trials, including thermosensitive liposomes, cationic liposomal systems,
and ligand-targeted formulations. For example, thermosensitive liposomal doxorubicin
(ThermoDox) was evaluated in the Phase IIIl HEAT trial in combination with radiofre-
quency ablation for hepatocellular carcinoma [142]. EndoTAG-1, a cationic liposomal
paclitaxel formulation, was investigated clinically for its potential interaction with tumor
vasculature [143]. Meanwhile, MM-302 and SGT-53 provide clinical examples of receptor-
targeted liposomal delivery systems [137,144]. However, successful preclinical develop-
ment and early clinical feasibility do not necessarily translate into regulatory approval or
improved therapeutic outcomes. Table 3 summarizes representative approved liposomal
products and selected investigational formulations evaluated in clinical trials, illustrating
the diversity of formulation strategies and their translational outcomes.
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Table 3. Representative approved liposomal products and investigational formulations evaluated

in clinical trials.

Product Active Ingredient Main Application Initial Approval References
A. Regulatory-approved liposomal products
PEGyl li 1 -
Doxil/Caelyx Gylated ‘posoma doxo Cancer FDA 1995 [145]
rubicin
AmBisome Liposomal amphotericin B Systemic fungal infections FDA 1997 [146]
Visudyne Liposomal verteporfin Photodynamic therapy FDA 2000 [147]
Myocet Non-PEGylated. ll.pOsomal Metastatic breast cancer EU 2000 [148]
doxorubicin
Multivesicular liposomal . .
Exparel . . Postsurgical analgesia FDA 2011 [149]
bupivacaine
Onivyde Liposomal irinotecan Pancreatic cancer FDA 2015 [139]
Vyxeos Liposomal daun(?rublcln Acute myeloid leukemia FDA 2017 [140]
and cytarabine
Arikayce Liposomal amikacin ~ ~eiractory MAC pulmo- FDA 2018 [141]
nary disease
B. Selected investigational liposomal formulations evaluated in clinical trials
ThermoDox Thermosensmvcﬁ: 1.1posomal Hepatocellular carcinoma Phe}se III. HEAT t1j1al,' failed to. meet [142]
doxorubicin its primary efficacy endpoint
EndoTAG-1 Cationic .hposomal Pancreatic cancer Randomized Phase II trial pub- [143]
paclitaxel lished
. e Phase I published; subsequent
MM-302 HER2-targeted .hPosomal HER2-positive breast can- Phase II IERMIONE trial termi- [137]
doxorubicin cer e .
nated after futility analysis
Transferrin receptor-tar- ..
SGT-53 geted liposomal p53 gene-  Advanced solid tumors Phase [ clinical study completed [144]

delivery complex and published

10. Conclusion and Future Perspectives

Liposomes have evolved from simple phospholipid vesicles into versatile pharma-
ceutical delivery systems capable of incorporating small molecules, biologics, vaccines,
and nucleic-acid therapeutics. Nevertheless, successful liposome development remains
technically demanding because formulation performance depends on interactions among
multiple variables. Lipid composition, preparation method, cargo-loading strategy, vesi-
cle size, size distribution, surface properties, lamellarity, encapsulation efficiency, release
behavior, and stability collectively influence the quality and functionality of the final
product.

A major challenge remains the translation of promising laboratory formulations into
reproducible and scalable pharmaceutical products. Conventional preparation methods
remain valuable for formulation screening and mechanistic studies, although some re-
quire batch processing and post-formation manipulation that can complicate scale-up.
Controlled-flow and microfluidic technologies offer opportunities to regulate vesicle for-
mation more consistently, but their advantages depend on formulation-specific optimiza-
tion and appropriate process controls. Scalability should therefore be considered from the
early stages of development, with manufacturing parameters linked explicitly to the
CQAs they influence. Advances in RNA-loaded lipid nanoparticle manufacturing may
inform this process, provided that the structural and functional distinctions between these
carriers and conventional liposomes are maintained.

Physicochemical characterization should establish meaningful relationships between
formulation composition, processing conditions, structural organization, stability, and
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functional performance. Measurements such as particle size, PDI, zeta potential, morphol-
ogy, encapsulation efficiency, and drug release are most informative when interpreted
together. Complementary analytical approaches are particularly important for complex
attributes such as lamellarity, membrane organization, and cargo localization, for which
no single technique provides a complete structural description.

Future research should also place greater emphasis on standardization and compa-
rability. Differences in sample preparation, measurement conditions, purification proce-
dures, release media, and data interpretation can produce substantially different results
even for similar formulations. More consistent experimental and reporting practices
would support reproducibility and meaningful comparison between studies. Establishing
how CQAs relate to pharmaceutical performance and biological function should take
precedence over reporting favorable numerical values without sufficient methodological
or functional context.

Long-term stability represents another major translational priority. Aggregation, fu-
sion, cargo leakage, phospholipid degradation, and sensitivity to sterilization can alter an
otherwise optimized formulation during storage and manufacturing. Stability should
therefore be incorporated into formulation design from the outset. Lyophilization and
spray drying can improve storage stability and potentially reduce cold-chain dependence,
but these benefits require formulation-specific evidence. Successful dry-state processing
should be demonstrated through preservation of vesicle characteristics, cargo integrity,
and relevant biological activity after reconstitution and throughout storage.

Ligand-targeted liposomes introduce additional opportunities and development re-
quirements. Surface functionalization can improve receptor-specific binding and cellular
internalization, but these effects do not necessarily translate into greater tissue accumula-
tion or improved therapeutic outcomes. Ligand density, orientation, accessibility, and
binding activity must therefore be evaluated alongside conventional quality attributes,
manufacturing consistency, and interactions with biological environments. The experi-
ence of approved liposomal products and investigational formulations emphasizes that
pharmaceutical translation requires evidence of clinical benefit together with reproduci-
ble product quality; promising preclinical performance alone is insufficient.

Looking forward, a systematic quality-by-design approach can support the identifi-
cation and control of critical material attributes and process parameters that affect product
quality. Scalable manufacturing, purification, complementary characterization, stability
testing, and dry-state processing should be integrated throughout development. Future
progress will depend on a clearer mechanistic understanding of how composition and
processing influence structure, cargo behavior, stability, and biological performance. Con-
necting these elements from early formulation design through manufacturing and storage
can support the development of more reproducible liposomal products and strengthen
their progression toward clinical application.
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