Nanomedicine for brain drug delivery: from design to microfluidic and 3D neurospheroid models
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The development of effective nanomedicine strategies for the treatment of central nervous system (CNS) diseases requires reliable in
vitro models capable of reproducing the complex cellular, structural and microenvironmental features of the brain. Conventional two-
dimensional (2D) cell cultures remain widely used for the preliminary evaluation of nanocarriers, providing valuable information on
cytocompatibility, cellular uptake, drug release and therapeutic response. However, these models poorly recapitulate the three-
dimensional architecture of neural tissues, the interactions among different CNS cell populations and the dynamic conditions
encountered in vivo. In this context, advanced in vitro platforms, including three-dimensional (3D) neurospheroids and microfluidic
brain-on-chip systems, represent promising tools for improving the physiological relevance of nanomedicine studies. Neurospheroids
reproduce key features of a 3D cellular organization, including cell—cell interactions and spatial gradients of oxygen, nutrients and
metabolites, and are particularly relevant for investigating tumor growth, nanoparticle penetration and therapeutic efficacy. Conversely,
microfluidic brain-on-chip platforms enable the controlled spatial organization of multiple cell types under dynamic flow conditions,
allowing the investigation of cellular crosstalk, transport phenomena and nanocarrier behavior in a more biomimetic microenvironment
(1).Within this framework, two distinct nanoparticles were investigated for applications in CNS-related diseases: glutathione-
functionalized waterborne polyurethane nanoparticles (WPU-GSH), developed for brain tumor treatment, and myelin-derived
nanovesicles (MyVes), developed for neurodegenerative disorders.

WPU-GSH nanoparticles were characterized as polymeric nanocarriers designed to exploit the redox conditions of the tumor
microenvironment and enable controlled drug delivery (2). Their biological performance was evaluated in different CNS-relevant cell
types, including neuronal cells, astrocytes and microglia, through conventional in vitro assays assessing cytocompatibility, cellular
uptake and drug release. To overcome the limitations of conventional monoculture systems, the WPU-GSH system was further
validated in advanced in vitro models, including a microfluidic brain-on-chip platform and 3D glioblastoma neurospheroids, providing
a more physiologically relevant framework to investigate nanoparticle transport, cellular interactions, and therapeutic efficacy.

MyVes, myelin-derived nanovesicles developed as bioinspired nanocarriers as a therapeutic strategy for neurodegenerative diseases
(3,4). Their interaction with different CNS cell populations, including neurons, astrocytes and microglia, was evaluated to assess their
biological compatibility and cellular response. In addition, a microfluidic brain-on-chip platform was developed to provide a dynamic
and multicellular environment for the investigation of MyVes and their interactions with neural cells (5).

Overall, this work highlights the value of integrating functionalized and bioinspired nanocarriers with increasingly complex in vitro
models for the preclinical investigation of CNS-directed nanomedicines. The complementary use of 2D cultures, 3D neurospheroids
and microfluidic platforms enables the characterization of nanocarrier performance across different levels of biological complexity,
from cell-specific responses to multicellular organization and dynamic transport. This integrated approach may provide more predictive
preclinical evidence and support the rational development and translation of nanomedicine strategies for CNS diseases.
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