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Abstract

Microfluidics is emerging as a transformative platform in nanomedicine, offering unprecedented
control over particle formation, encapsulation efficiency, and scalable manufacturing, overcoming
the limits of conventional bulk methods in terms of size distribution, reproducibility, and GMP-
compliant production [1]. However, identifying a single, versatile process capable of handling both
synthetic nanocarriers and biological vesicles remains a steep challenge. Our work addressed this by
following microfluidics as a unifying thread across three levels of complexity in drug delivery system
design. First, we rationally optimized the microfluidic nanoprecipitation of silk fibroin nanoparticles
(SFN), combining Design of Experiments, machine learning and computational fluid dynamics to
establish a transparent and scalable production workflow [2]. Building on this, we engineered a
hybrid carrier-in-carrier nanoplatform, encapsulating SFN within extracellular vesicles (EVs) through
a GMP-compatible microfluidic process, obtaining stable core-shell nanoparticles whose biological
identity programmed selective cellular targeting [3]. Finally, we explored microfluidics for the loading
of EVs with a therapeutic cargo, showing that encapsulation efficiency is governed by EV:drug ratio
and mixing kinetics. We also outlined the next generation of microfluidic chip designs, and the
strategies required to overcome the limitations of current microfluidic approaches to EV loading [1].
Taken together, these results show that microfluidics is not a single technique, but a platform
language, able to scale from the rational design of simple nanoparticles to the still-unsolved
challenge of loading biological vesicles with precision.
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