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Fig.1 Development process of cerebral vessels
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HIEE KA HEH4S (bone morphogenetic protein 4); VEGF: L% M 4 KK F (vascular endothelial growth factor); VEGFR: [fil % A4 K
T2k (vascular endothelial growth factor receptor); DII4: Deltakfifii{A4 (delta-like ligand 4) ., A<[EI{ili fiiBioRender.com# il .
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Fig. 2 Vascularization using biological self-organization methods
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iPSCs: S ZAET AN (induced pluripotent stem cells) ; hESCs: AJEMG T 40Jfd (human

embryonic stem cells); HUVECs: Ak Bz 400 (human umbilical vein endothelial cells) ; DOX: ZP§¥ 2 (doxycycline); ETV2: A
ETSZ:{A&2 (human ETS variant 2) ; FGF2: MZF4E40 I8 4= K I8 F2 (fibroblast growth factor 2) ; VEGF: ML P B2 4K B F (vascular
endothelial growth factor) ; BMP4: FJEA K&K A: 14 (bone morphogenetic protein 4); CHIR: — i Wntifl 3767 ; bFGF: #slth AT 4E4
M P (basic fibroblast growth factor) ., 7<[&l{ii i BioRender.comZfl .
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Table 1 Experimental design of biological self-organization methods
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iPSCs: T2 R8T 41 (induced pluripotent stem cells) ; hiPSCs: ANFEFZAE T4 (human induced pluripotent stem cells); hESCs: A
WG T 4 (human embryonic stem cells) ; HUVECs: A Bt # ik N & 4 i (human umbilical vein endothelial cells) ; DOX: £ PG &
(doxycycline); ETV2: AETSZAEA2 (human ETS variant2); VEGF: I A 4K KF (vascular endothelial growth factor) .
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Fig. 3 Vascularization using tissue engineering strategies
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Abstract Brain organoids are three-dimensional (3D) neural cultures that self-organize from pluripotent stem
cells (PSCs) cultured in vitro. Compared with traditional two-dimensional (2D) neural cell culture systems, brain
organoids demonstrate a significantly enhanced capacity to faithfully replicate key aspects of the human brain,
including cellular diversity, 3D tissue architecture, and functional neural network activity. Importantly, they also
overcome the inherent limitations of animal models, which often differ from human biology in terms of genetic
background and brain structure. Owing to these advantages, brain organoids have emerged as a powerful tool for
recapitulating human-specific developmental processes, disease mechanisms, and pharmacological responses,
thereby providing an indispensable model for advancing our understanding of human brain development and
neurological disorders. Despite their considerable potential, conventional brain organoids face a critical limitation:

the absence of a functional vascular system. This deficiency results in inadequate oxygen and nutrient delivery to
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the core regions of the organoid, ultimately constraining long-term viability and functional maturation. Moreover,
the lack of early neurovascular interactions prevents these models from fully recapitulating the human brain
microenvironment. In recent years, the introduction of vascularization strategies has significantly enhanced the
physiological relevance of brain organoid models. Researchers have successfully developed various vascularized
brain organoid models through multiple innovative approaches. Biological methods, for example, involve co-
culturing brain organoids with endothelial cells to induce the formation of static vascular networks. Alternatively,
co-differentiation strategies direct both mesodermal and ectodermal lineages to generate vascularized tissues,
while fusion techniques combine pre-formed vascular organoids with brain organoids. Beyond biological
approaches, tissue engineering techniques have played a pivotal role in promoting vascularization. Microfluidic
systems enable the creation of dynamic, perfusable vascular networks that mimic blood flow, while 3D printing
technologies allow for the precise fabrication of artificial vascular scaffolds tailored to the organoid’s
architecture. Additionally, in vivo transplantation strategies facilitate the formation of functional, blood-perfused
vascular networks through host-derived vascular infiltration. The incorporation of vascularization has yielded
multiple benefits for brain organoid models. It alleviates hypoxia within the organoid core, thereby improving cell
survival and supporting long-term culture and maturation. Furthermore, vascularized organoids recapitulate
critical features of the neurovascular unit, including the early structural and functional characteristics of the blood-
brain barrier. These advancements have established vascularized brain organoids as a highly relevant platform for
studying neurovascular disorders, drug screening, and other applications. However, achieving sustained, long-
term functional perfusion while preserving vascular structural integrity and promoting vascular maturation
remains a major challenge in the field. In this review, we systematically outline the key stages of human
neurovascular development and provide a comprehensive analysis of the various strategies employed to construct
vascularized brain organoids. We further present a detailed comparative assessment of different vascularization
techniques, highlighting their respective strengths and limitations. Additionally, we summarize the principal
challenges currently faced in brain organoid vascularization and discuss the specific technical obstacles that
persist. Finally, in the outlook section, we elaborate on the promising applications of vascularized brain organoids
in disease modeling and drug testing, address the main controversies and unresolved questions in the field, and
propose potential directions for future research.
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