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Abstract: Human umbilical cord mesenchymal stem cell (hUC-MSC)-derived small extracellular vesicles (SEVs) serve
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as core cell-free regenerative therapeutics, featuring low immunogenicity, multi-barrier penetrability, multi-pathway
synergistic regulation, and superior administration safety, which deliver innovative intervention strategies for refractory
inflammatory, degenerative and neurodevelopmental disorders. Native unmodified SEVs are restricted by critical
translational bottlenecks, including non-directional enrichment of bioactive cargos, excessive residual impurities post-
isolation, poor compatibility across diverse administration routes, and the absence of full-chain quality control frameworks.
An interdisciplinary research team co-established by the Institute of Biophysics, Chinese Academy of Sciences, Zhongke
Bio-Manufacturing Innovation Center and Zhongke Jianlan Medical Research Institute developed an original integrated
technical platform combining pre-epigenetic reprogramming directional modification and four-stage gradient GMP
modular purification. By regulating epigenetic signals of the ESCRT sorting cascade, the system remodels the cargo
spectrum of vesicular proteins, cytokines and regulatory non-coding RNAs, enabling directional production of three
functional sEV subtypes: mucosal anti-inflammatory repair subtype, systemic immunomodulatory subtype, and soft tissue
& cartilage regeneration subtype. Meanwhile, a GLP-standardized full-dimensional testing system matching seven clinical
delivery routes (nebulized inhalation, intranasal delivery, ophthalmic administration, intravenous infusion, intra-articular
injection, local lesion delivery, subcutaneous injection) was constructed. This review systematically elaborates the
preparation principle, multi-dimensional physicochemical characterization and full-chain CMC quality specifications of
engineered hyperactive sEVs, dissects molecular intervention mechanisms in five categories of severe refractory diseases
including critical pulmonary injury, autism spectrum disorder, neurodegenerative diseases, osteoarthritis and systemic
autoimmune disorders, and validates in vivo safety and therapeutic efficacy via real-world clinical cohort data. We
comprehensively analyze current technical barriers restricting industrialization and clinical translation of engineered sEVS,
and propose iterative research strategies including targeted membrane modification, multi-center large-sample randomized
controlled clinical trials, and standardized full-industry-chain construction, providing systematic theoretical support and
practical basis for standardized development of extracellular vesicle therapeutics, preclinical pharmacology & toxicology
evaluation, and regulatory registration transformation.
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