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Fig.1 Construction strategies of organoid—on—a—chip
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Fig. 2 Examples of vascularized, immunized and neuralized single—organoid—on—a—chip
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Fig. 3 Examples of multi—organoid—on—a—chip
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Fig. 4 Applications of organoid—on—a—chip
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Abstract Organoid-on-a-chip technology represents a promising interdisciplinary advancement that merges two
cutting-edge biomedical platforms: stem cell-derived organoids and microfluidics-based organ-on-a-chip systems.
Organoids are self-organizing three-dimensional (3D) cell cultures that mimic the key structural and functional
features of in vivo organs. However, traditional organoid culture systems are often static, lacking dynamic
environmental cues and suffering from limitations such as batch-to-batch variability, low stability, and low
throughput. Organ-on-a-chip platforms, by contrast, utilize microfluidic technologies to simulate the dynamic
physiological microenvironment of human tissues and organs, enabling more controlled cell growth and
differentiation. By integrating the advantages of organoids and organ-on-a-chip technologies, organoid-on-a-chip
systems transcend the limitations of conventional 3D culture models, offering a more physiologically relevant and
controllable in vitro platform. In organoid-on-a-chip systems, stem cells or pre-formed organoids are cultured in
micro-engineered environments that mimic in vivo conditions, enabling precise control over fluid flow,
mechanical forces, and biochemical cues. Specifically, these platforms employ advanced strategies including bio-
inspired 3D scaffolds for structural support, precise spatial cell patterning via 3D bioprinting, and integrated
biosensors for real-time monitoring of metabolic activities. These synergistic elements recreate complex
extracellular matrix signals and ensure high structural fidelity. Based on structural complexity, organoid-on-a-chip
systems are classified into single-organoid and multi-organoid types, forming a trajectory from unit biomimicry to
systemic simulation. Single-organoid chips focus on highly biomimetic units by integrating vascular, immune, or
neural functions. Multi-organoid chips simulate inter-organ crosstalk and systemic homeostasis, advancing
complex disease modeling and PK/PD evaluation. This emerging technology has demonstrated broad application
potential in multiple fields of biomedicine. Organoid-on-a-chip systems can recapitulate organ development
in vitro, facilitating research in developmental biology. They mimic organ-specific physiological activities and
mechanisms, showing promising applications in regenerative medicine for tissue repair or replacement. In disease
modeling, they support the reconstruction of models for neurodegenerative, inflammatory, infectious, metabolic
diseases, and cancers. These platforms also enable in vitro drug testing and pharmacokinetic studies (ADME).
Patient-derived chips preserve genetic and pathological features, offering potential for precision medicine.
Additionally, they reduce species differences in toxicology, providing human-relevant data for environmental,
food, cosmetic, and drug safety assessments. Despite progress, organoid-on-a-chip systems face challenges in
dynamic simulation, extracellular matrix (ECM) variability, and limited real-time 3D imaging, requiring improved
materials and the integration of developmental signals. Current bottlenecks also include the high technical
threshold for automation and the lack of standardized validation frameworks for regulatory adoption. Meanwhile,
the concept of a “human-on-a-chip” has been proposed to mimic whole-body physiology by integrating multiple
organoid modules. This approach enables systemic modeling of drug responses and toxicity, with the potential to
reduce animal testing and revolutionize drug development. Future advancements in bio-responsive hydrogels and
flexible biosensors will further empower these platforms to bridge the gap between bench-side research and
personalized clinical interventions. In conclusion, organoid-on-a-chip technology offers a transformative in vitro
model that closely recapitulates the complexity of human tissues and organ systems. It provides an unprecedented
platform for advancing biomedical research, clinical translation, and pharmaceutical innovation. Continued
development in biomaterials, microengineering, and analytical technologies will be essential to unlocking the full

potential of this powerful tool.
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