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Abstract: Exosomes are 30-150 nm extracellular vesicles secreted by nearly all living cells, serving as essential
carriers for intercellular communication. The glycocalyx on exosome surfaces, mainly composed of glycans from
glycoproteins and glycolipids, acts as a critical "glycocode" that governs target recognition, cellular internalization,
immune modulation, and signal transduction. However, the inherent high heterogeneity of native exosome glycans

severely restricts their clinical translation, especially as drug delivery vehicles, due to insufficient targeting, low
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intracellular delivery efficiency, and rapid clearance by the immune system in vivo. Exosome glycan editing, an
emerging interdisciplinary technology integrating glycobiology, synthetic biology, chemical biology, and
nanotechnology, enables precise manipulation, modification, or de novo reconstruction of exosome glycan structures,
offering a revolutionary strategy to optimize exosome performance and expand their therapeutic applications. This
review systematically summarizes the compositional characteristics, advanced analytical techniques, and core
biological functions of exosome glycans. It elaborates on three major glycan editing strategies: host cell engineering (in
vivo editing), in vitro direct modification, and synthetic biology reconstitution, highlighting their technical principles,
advantages, and recent breakthroughs. The review further dissects the regulatory mechanisms of edited glycans on
exosome biological behaviors, including targeting specificity, endocytic pathways, immunogenicity, and cargo loading
(e. g., miRNAs). It also comprehensively presents the application prospects of glycan-engineered exosomes in the
treatment of tumors, inflammatory diseases, neurodegenerative disorders, and metabolic diseases. Nevertheless, the
field still faces critical challenges, such as uncontrollable exosome heterogeneity, limited precision of glycan editing,
high costs of large-scale preparation, and the lack of standardized quality control and regulatory systems for clinical
translation. Future directions will focus on the integration of CRISPR gene editing, cell-free synthesis, microfluidics,
and Al-assisted glycan design to develop microenvironment-responsive intelligent glycan editing, elucidate the
molecular mechanisms of glycan-cargo crosstalk, establish unified industrial standards, and accelerate clinical
translation. This review emphasizes that interdisciplinary convergence is indispensable for achieving precise
programming of exosome glycan functions, which will greatly boost the development of exosome-based precision

medicine and biotherapeutics.

Exosome Glycan Editing: From ‘Sugar Code’ to Precision Therapy

Native Exosome Host Cell Engineering Engineered Exosome Targeting & Uptake
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Fig.1 Core molecular network underlying glycan-mediated targeted recognition, immune regulation and signal transduction of

exosomes. Key molecules, including lectins, Siglecs, ASGPR and DC-SIGN, as well as their downstream effector pathways, are

illustrated to highlight the central role of glycans as "glycocodes" in intercellular communication.
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Fig. 2 Three major strategies and technical routes for exosome glycan editing. In vivo host cell engineering: Parental cells are

genetically or metabolically engineered to mass-produce exosomes with predefined glycoforms; Direct ex vivo modification:

Purified exosomes are functionally and rapidly remodeled via enzymatic catalysis, click chemistry or microfluidic techniques;

Synthetic biological reconstruction: Customized exosomes are de novo assembled with the highest precision using chassis cells, cell-

free synthesis or membrane fusion systems. The synergistic combination of the three approaches enables precise and functional

glycan engineering of exosomes.
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Table 1 Quantitative comparison of core dimensions among three major glycan editing strategies
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Fig. 3 Comparison of native versus glycan-edited exosomes in targeting, endocytosis, and efficacy. Native exosomes (left) enter

recipient cells via macropinocytosis and are predominantly routed to lysosomes for degradation, resulting in low cargo delivery

efficiency. Glycan-edited exosomes (right) undergo receptor-specific recognition mediated by mannose, galactose, sLex and other

glycan moieties, which switches their internalization route to clathrin-mediated endocytosis, thereby enabling lysosomal escape and

efficient cytosolic cargo delivery.
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