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Liposome formulations are established nanoparticle-based drug delivery systems that improve the efficacy and safety
of therapeutic agents. They are important modalities for addressing unmet medical needs, and both innovator and generic
products have been developed. In addition, surface-modified liposomes are being developed as next-generation targeted
delivery systems. However, liposomes are complex molecular assemblies in which membrane structure, encapsulated drug,
particle size, morphology, and surface properties are interrelated. Variations in factors such as lipid composition,
manufacturing processes, scale, storage conditions, and surface modification can affect drug retention, release behavior,
pharmacokinetics, and other product-related functions. Therefore, rigorous quality characterization is required to support
comparability assessments associated with manufacturing changes, scale-up, and generic product development.
Conventional analytical methods for liposome formulations often rely on measurements that inherently reflect ensemble-
averaged properties of the constituent particle population, and therefore provide bulk descriptors such as mean particle
size and drug encapsulation efficiency. These ensemble-averaged methods, including dynamic light scattering and drug
release assays, are essential for routine quality control, but may not fully capture particle-level heterogeneity.

This study established a single-particle analytical framework based on AFM, including a chemically modified substrate
immobilization strategy, as a complementary approach. Individual liposomes were analyzed using morphological
parameters such as particle height and area-equivalent diameter. The results showed that liposome morphology and size
are governed by multiple interrelated factors, including lipid composition, physicochemical modifications, environmental
conditions, and encapsulation state. Although these factors were examined using controlled model systems, morphological
changes observed in real formulations reflect their combined effects, making it difficult to attribute such changes to a single
dominant cause. This limits straightforward mechanistic interpretation, but it also indicates that the AFM-based single-
particle approach can capture composite physicochemical changes in liposome formulations as particle-level heterogeneity,
which may not be apparent from ensemble-averaged measurements.

To link structural properties with function, an in vitro drug release evaluation system was developed by combining
dynamic dialysis, liquid chromatography, and kinetic modeling for doxorubicin-loaded liposomes, enabling correlation
between AFM-derived morphology and drug release behavior. The applicability of the developed AFM method was further
evaluated using liposomal products with different types and manufacturing histories. AFM detected differences in size and
morphological distributions that were not clearly reflected in parameters obtained by ensemble-averaged methods,
including dynamic light scattering and drug release assays. Cryo-electron microscopy was also applied as a comparator;
however, under the tested conditions, it did not clearly resolve the formulation-dependent differences in size and
morphological distributions observed by AFM. AFM was also applied to surface-modified liposomes as a model for
targeted formulations. After optimizing measurement conditions, differences in surface modification levels were reflected
in AFM-derived morphological distributions.

Overall, this study established an AFM-based single-particle analysis framework for liposomal drug products and
clarified its applicability, limitations, and complementary role relative to ensemble-averaged methods. The results provide
analytical concepts and technical considerations for evaluating particle-level heterogeneity that may not be apparent from
ensemble-averaged measurements. The framework developed here is expected to contribute broadly to quality evaluation
strategies for nanoparticle-based pharmaceuticals beyond liposomal systems, including lipid nanoparticles and related
advanced drug delivery platforms. These findings may also serve as technical reference information for future regulatory-

science discussions on the quality evaluation of nanoparticle-based medicinal products.



