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Multiphase Lipid Nanoparticles: Exploiting Topological Frustration for Enhanced Nucleic Acid
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Lipid nanoparticles (LNPs) represent a prototypical class of soft colloidal carriers for nucleic acid (NA) delivery. Despite their
widespread use, current formulations suffer from inefficient cytosolic delivery, largely due to endosomal sequestration. This
limitation calls for a deeper understanding of how internal phase behavior and structural frustration in complex lipid assemblies
can be harnessed to control biological function.

Here, we introduce a design framework for non-lamellar, multiphase LNPs that exploits topological mismatch and packing
frustration to generate defect-rich internal architectures. By combining glycerol monooleate (GMO), a curvature-promoting
lipid, with both cationic and ionizable species, we induce phase separation into coexisting domains with distinct local curvature
and packing symmetry. This results in heterogeneous nanoparticles characterized by a high density of internal interfaces and
topological defects, arising from geometric and electrostatic incompatibilities.

The resulting colloidal structures were investigated through a multiscale characterization approach, including DLS, {-potential,
SAXS/SANS, and cryo-EM, complemented by QCM-D and neutron reflectometry (NR) to probe interfacial interactions with
biomimetic lipid membranes. These measurements reveal composition-dependent multiphasic organization of the LNPs and
show that increasing the degree of multiphasicity and defect density correlates with enhanced interaction with lipid bilayers.
These defect-rich LNPs exhibit an alternative delivery pathway involving direct plasma membrane fusion, in contrast to
conventional endocytosis-dominated mechanisms. Functional assays in HEK293 cells confirm enhanced delivery and
transfection efficacy of both siRNA and mRNA.

This work positions LNPs as tunable soft colloidal systems in which phase coexistence, interfacial curvature, and topological
defects can be engineered to modulate function. More broadly, it highlights the role of multiphase, non-equilibrium
nanostructures in dictating interactions at biological interfaces, providing new design principles for colloidal carriers.
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Multiphase structure of lipid nanoparticles (LNPs) characterized via (4) SAXS and (B) cryo- EM; (C) Confocal microscopy image of
HEK293 cells incubated with LNPs loaded with mRNA encoding GFP; (D) NR curves of biomimetic membranes incubated with LNPs
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