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    Abstract

    

    Organoid technologies have quickly become vital experimental systems for modeling human tissues in vitro. These three-dimensional structures can reproduce aspects of tissue architecture, cellular diversity, and functional organization that are difficult to capture in traditional two-dimensional cultures. Advances in lineage-specification protocols and synthetic matrix engineering have substantially improved the reproducibility and maturity of hPSC-derived organoids. As a result, hPSC-derived organoids are being used more widely across biomedical research, including developmental studies, disease modeling, drug testing, and regenerative medicine. In this review, we analyze major hPSC-derived organoid systems across various organ types and discuss their growing importance in translational research. We focus on three emerging areas. First, organoids are increasingly used as human-relevant platforms for drug discovery, enabling assessment of therapeutic efficacy, mechanisms of action, and potential toxicity in physiologically relevant settings. Second, these systems are being studied as experimental foundations for regenerative medicine, supporting research on tissue repair, gene correction, and cell-based therapies. Third, advances in engineering, such as organoid-on-chip technologies, vascularization strategies, and multi-organoid culture systems, are enhancing the reproducibility, scalability, and functional maturity of organoid models. Despite rapid progress, several challenges remain. Organoid cultures can display variability, incomplete maturation, and limited representation of the full in vivo microenvironment. Continued integration of stem cell biology, biomaterials engineering, and computational analysis will be important for overcoming these limitations. With these advancements, hPSC-derived organoids are poised to become increasingly valuable platforms linking basic developmental biology with predictive pharmacology and regenerative medicine.
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    1. Introduction

    

    Organoids are three-dimensional (3D) in vitro cellular assemblies derived from tissue-resident stem or progenitor cells, embryonic stem cells (ESCs), or induced pluripotent stem cells (iPSCs). Through intrinsic self-organization, these systems can partially recapitulate the cellular composition and functional characteristics of the tissues from which they originate (1, 2). Unlike traditional two-dimensional monolayer cultures, 3D systems more faithfully reproduce aspects of the spatial organization and extracellular microenvironment found in vivo, supporting more physiologically relevant tissue structure, signaling interactions, and functional phenotypes (3). Reflecting the rapid growth and significance of this field, organoids were named Method of the Year 2017 by Nature Methods (4). Advances in stem cell biology, targeted differentiation strategies, and biomaterial-based 3D culture systems have enabled the creation of organoids from hPSCs. These developments reduce reliance on embryonic or adult tissue samples while allowing the in vitro reconstruction of key structural and functional features of human organs (1–4).

    The translational potential of hPSC-derived organoids has expanded rapidly across many organ systems. By combining lineage specification with self-organizing developmental processes, hPSCs can produce organoid models representing all three germ layers. These include endoderm-derived organoids such as lung, liver, islet, and intestine (5–13); mesoderm-derived systems including bone marrow, vascular, and cardiac tissues (14–21); and ectoderm-derived models such as retina, brain, and skin (22–27). Overall, these platforms now support diverse applications, from developmental biology and disease modeling to therapeutic testing and regenerative research.

    Instead of seeing organoids mainly as models specific to each organ, a new view is to consider them as modular experimental systems that can be customized along several translational axes, including biological accuracy, screening capacity, and engineering integration. In this review, we therefore analyze major hPSC-derived organoid systems using this design-focused framework, showing how different tissues demonstrate unique solutions to common translational challenges.

    In this review, we examine hPSC-derived organoid systems within a translational framework that highlights three emerging roles of these models. Organoid systems have quickly progressed from proof-of-concept developmental models to widely used experimental platforms in translational biology (28, 29). Second, organoids are being investigated as regenerative building blocks, providing experimental systems for disease modeling, gene correction, and the development of cell-based therapies (30). Third, advances in bioengineering, including microfluidic platforms, organoid-on-chip technologies, vascularization methods, and quantitative functional readouts, are enhancing the reproducibility, scalability, and physiological relevance needed for translational applications (31). Collectively, these studies show that hPSC-derived organoids now serve as an intermediate experimental scale between simplified cell cultures and whole-organism physiology (Table 1) (Figure 1).

    Table 1: Translational Applications of hPSC-Derived Organoids

    
    
    
    
    
    
    
    
    
    	Organoid
    	Key Applications
    	Major Advantages
    	Current Limitations
    

    
    
    
    	Lung
    	infection modeling, inhalation toxicology
    	multicellular airway architecture
    	incomplete immune components
    

    
    	Liver
    	drug metabolism, hepatotoxicity
    	CYP450 activity
    	metabolic maturation
    

    
    	Islet
    	diabetes therapy
    	glucose-responsive β-cells
    	vascularization
    

    
    	Brain
    	neurodevelopmental disorders
    	human-specific neuronal programs
    	variability
    

    
    	Cardiac
    	cardiotoxicity screening
    	contractile physiology
    	immature cardiomyocytes
    

    
    	Skin
    	wound repair, grafting
    	epithelial-mesenchymal architecture
    	vascular integration
    

    
    	Intestinal
    	host-pathogen studies
    	crypt-villus structure
    	microbiome absence
    

    
    

    [image: Diagram showing differentiation of human pluripotent stem cells into endoderm-, mesoderm-, and ectoderm-derived organoids, including liver, lung, cardiac, vascular, brain, retinal, skin, and intestinal models. The figure highlights translational applications in drug discovery, disease modeling, and regenerative medicine.]

    Figure 1. Schematic overview of hPSC-derived organoid generation and translational applications. Human pluripotent stem cells (hPSCs) possess the capacity to differentiate into three primary germ layers. The endoderm lineage produces hepatic, pulmonary, pancreatic (islet), and intestinal organoids; mesoderm yields renal, cardiac, bone, bone marrow, and vascular organoids; and ectoderm gives rise to cerebral, retinal, and epidermal organoids. This multilineage differentiation potential enables the derivation of diverse tissue-specific organoids that serve as preclinical models for drug development and hold promise for regenerative medicine applications.

    2. Lung Organoids

    Lung organoids are a clear example of how hPSC-derived systems can bridge developmental biology with translational respiratory research (32–41). The design and assessment of these systems depend on their specific use: drug discovery focuses on scalability and consistency, while regenerative medicine emphasizes structural accuracy, functional development, and engraftment potential. hPSC-derived lung organoids have emerged as sophisticated 3D systems that recapitulate essential components of the human respiratory system, including airway and alveolar epithelial cells, and offer greater physiological relevance than 2D cultures or animal models for studying respiratory diseases and developing drugs. These different needs highlight a general concept in organoid engineering: the best level of biological complexity depends on the specific translational goal. From a translational perspective, lung organoids have been particularly informative in three settings: genetic disease modeling, infectious disease research, and inhalation toxicology, and they also support emerging regenerative applications.

    2.1 Genetic Disease Modeling

    One of the most well-established uses of lung organoids is modeling inherited respiratory disorders. Directed differentiation protocols allow the creation of both proximal and distal lung structures, making these systems versatile platforms for studying conditions such as cystic fibrosis (CF) and idiopathic pulmonary fibrosis (IPF) (31–33). In CF research, a key breakthrough was the development of functional organoid assays that measure CFTR activity. Forskolin-induced swelling assays have been used to evaluate CFTR modulators like Ivacaftor and Lumacaftor and to support personalized treatment testing (33, 34). Beyond profiling pharmacologic responses, CRISPR/Cas9 correction of CFTR mutations in hPSC lines, followed by organoid differentiation, has demonstrated the potential for ex vivo gene-correction modeling in the human respiratory system (35).

    2.2 Infectious Disease Modeling

    Lung organoids have become important platforms for studying respiratory viral infections in human tissue-like environments. During the COVID-19 pandemic, these systems were quickly adapted to model SARS-CoV-2 infection and antiviral responses in vitro, supporting both mechanistic research and therapeutic screening (36–38). Similar organoid models have also been utilized to examine influenza and respiratory syncytial virus, offering insights into host-pathogen interactions within multicellular epithelial environments that are challenging to replicate in standard monolayer systems (36–38). Because lung organoids preserve key epithelial lineages and tissue architecture, they provide a more human-relevant framework for investigating viral tropism, epithelial damage, and antiviral efficacy.

    2.3 Inhalation Toxicology

    A third major application of lung organoids in translational research is inhalation toxicology. The respiratory epithelium is directly exposed to cigarette smoke, particulate matter, and other airborne toxicants, yet conventional in vitro systems do not fully replicate the barrier organization and lineage-specific injury responses. Lung organoids enable inhalation-relevant injury and inflammation studies by allowing assessment of epithelial integrity, inflammatory signaling, and mucosal damage within a multilineage tissue environment (39). Their composition, including goblet, basal, and ciliated cells, also supports the evaluation of mucociliary dysfunction and differential susceptibility to lineage-specific effects following exposure to environmental stressors (39).

    2.4 Applications of Regenerative Medicine and Bioengineering

    In regenerative medicine, lung organoids are being studied as potential systems for tissue repair. Transplantation into injured mouse lungs has demonstrated partial engraftment and expression of alveolar markers, supporting the idea that organoid-derived cells might aid epithelial regeneration after injury (40). Meanwhile, bioengineering strategies such as 3D bioprinting and the integration of decellularized scaffolds are being explored to improve vascularization, mechanical stability, and structural support, thereby furthering the translational potential of lung organoid systems (41). Together, these studies show that lung organoids are not simply respiratory disease models but versatile translational platforms that support genetic disease research, infectious disease studies, toxicology, and regenerative medicine research.

    3. Liver Organoids

    Liver organoids are among the most advanced translational applications of hPSC-derived systems. Since the liver plays a key role in xenobiotic metabolism and systemic homeostasis, human-relevant in vitro liver models are especially valuable for drug discovery, safety pharmacology, and regenerative hepatology (42–53). hPSC-derived liver organoids mimic essential structural and functional features of hepatic tissue, including hepatocytes, cholangiocytes, and non-parenchymal cells, arranged within three-dimensional microenvironments that support metabolic activity and long-term culture stability (42). From a translational standpoint, liver organoids are mainly used in three areas: drug metabolism and hepatotoxicity testing, disease modeling, and regenerative liver therapy.

    3.1 Drug Metabolism and Hepatotoxicity

    One of the most important applications of liver organoids is in assessing drug-induced liver injury (DILI), a leading cause of late-stage drug failure. Traditional hepatocyte cultures often rapidly lose their metabolic functions, while liver organoids retain the expression of cytochrome P450 enzymes and metabolic pathways crucial for pharmacokinetic studies (42, 43). When exposed to compounds such as acetaminophen, troglitazone, and isoniazid, liver organoids exhibit typical hepatotoxic effects, including mitochondrial dysfunction and oxidative stress (44). Imaging-based assays using uniformly sized liver spheroids have enabled high-throughput toxicity screening, demonstrating greater sensitivity than conventional HepG2 or primary hepatocyte models (44).

    Advanced transcriptomic and proteomic analyses of organoids under toxic stress conditions have also provided mechanistic insights into drug responses. Importantly, the expression of key drug-metabolizing enzymes, including CYP3A4, CYP2D6, and CYP2C9, can be sustained during prolonged culture, increasing the predictive value of these models for pharmacological research (45, 46). The integration of liver organoids with microfluidic liver-on-chip platforms further improves physiological relevance by enabling controlled perfusion and dynamic metabolic evaluation (47, 48).

    3.2 Disease Modeling

    Liver organoids also serve as valuable platforms for modeling inherited metabolic disorders and chronic liver diseases. Patient-derived induced pluripotent stem cells (iPSCs) can be differentiated into organoids that retain disease-associated mutations, enabling mechanistic studies and therapeutic testing. For example, organoid models of α1-antitrypsin deficiency and Wilson’s disease have shown that CRISPR-mediated gene correction can restore normal protein expression and hepatic function in vitro (49, 50). Beyond genetic diseases, liver organoids are increasingly used to model acquired liver conditions. Exposure to transforming growth factor β (TGF-β) or free fatty acids can induce fibrotic and steatotic phenotypes, enabling mechanistic studies of liver fibrosis and metabolic liver disease and supporting antifibrotic drug screening (51, 52).

    3.3 Regenerative Hepatology

    In regenerative medicine, liver organoids are being explored as possible sources of transplantable tissue. Experimental transplantation studies in liver injury models have demonstrated partial engraftment of organoid-derived hepatocytes and improvements in liver function, emphasizing their potential as regenerative building blocks (51, 52). At the same time, efforts to standardize organoid manufacturing are advancing toward clinical application. Emerging guidelines highlight quality control criteria, including batch consistency, cellular composition, and functional validation, to support regulatory approval of organoid-based therapeutic products (53).

    Together, these applications position liver organoids as a key experimental platform connecting pharmacology, disease modeling, and regenerative hepatology. As differentiation protocols and bioengineering tools evolve, liver organoids are expected to play a central role in precision hepatology (Figure 2).

    [image: Schematic illustrating translational applications of hPSC-derived liver organoids, including hepatotoxicity testing, drug metabolism studies, disease modeling, and regenerative medicine. The figure also shows integration with liver-on-chip systems, gene editing, and multi-omics analysis.]

    Figure 2. Applications of hPSC-derived liver organoids in drug screening, toxicity modeling, and regenerative medicine. Left: hPSC-derived liver organoids enable assessment of drug-induced liver injury (DILI) using mechanistic endpoints, such as ROS generation and mitochondrial dysfunction, and are supported by high-throughput imaging. Organoids can be integrated with liver-on-chip systems to enhance experimental control and scalability. Right: Liver organoids support regenerative medicine and disease modeling, including gene-editing-based studies (e.g., Wilson’s disease) and transplantation/engraftment evaluation in animal models. They also provide platforms for antifibrotic and anti-steatotic screening and for molecular profiling, including CYP enzyme expression (e.g., CYP3A4, CYP2D6, CYP2C9) and multi-omics readouts (transcriptomics and proteomics).

    4. Islet Organoids

    Islet organoids demonstrate the dual translational potential of organoid technologies in diabetes research: enabling mechanistic studies of pancreatic endocrine biology while supporting the development of cell-based replacement therapies for glycemic control. hPSC-derived islet organoids replicate key features of pancreatic endocrine tissue, including insulin-secreting β-like cells and supporting endocrine populations organized into three-dimensional clusters that resemble native pancreatic islets (54). The translational uses of islet organoids generally fall into three main areas: endocrine disease modeling, drug discovery and metabolic pharmacology, and regenerative cell therapy.

    4.1 Endocrine Disease Modeling

    Early landmark studies showed that hPSC differentiation protocols could produce glucose-responsive β-like cells capable of secreting insulin in response to physiological glucose levels (55, 56). Later work has improved these strategies to create multilineage endocrine organoids with better maturation, including α-, β-, δ-, and other endocrine cell types that more closely resemble native human islets (57–60). These systems offer valuable experimental platforms for studying β-cell development, dysfunction, and metabolic regulation in diabetes.

    4.2 Drug Discovery and Metabolic Pharmacology

    Islet organoids have also enabled high-throughput pharmacologic screening for diabetes treatments. Organoid-based models have been utilized to identify compounds that restore β-cell function or prevent endocrine cell death. For instance, galunisertib was shown to promote β-cell survival in GLIS3 mutation-related diabetes models (61). Patient-specific iPSC-derived β-cells further facilitate the assessment of therapeutic responses in genetically defined settings, supporting precision medicine strategies. Drug responses to sulfonylureas, GLP-1 receptor agonists, and glucokinase activators have been tested in patient-derived organoid systems (62).

    Emerging multi-organoid and organ-on-chip platforms further extend these capabilities by enabling investigation of systemic metabolic interactions. For example, integrated liver-islet organoid systems have been developed to study metabolic crosstalk and evaluate the effects of systemic therapies such as metformin (63, 64).

    4.3 Regenerative Cell Therapy

    Perhaps the most transformative application of islet organoids lies in regenerative medicine. Strategies aimed at immune evasion and improved engraftment have shown encouraging results in preclinical models. For instance, PD-L1 overexpression in engineered islet organoids enabled transplantation into immune-competent diabetic mice without immunosuppression while maintaining glucose homeostasis (65). Advances in chemical reprogramming have also accelerated progress toward clinical translation. The Deng group generated chemically induced pluripotent stem cells (CiPSCs) and demonstrated the functional efficacy of derived islet tissues in nonhuman primate diabetes models (66). Subsequent work introduced a transplantation strategy beneath the anterior rectus sheath of the abdomen, improving graft survival and enabling clinical translation through investigator-initiated trials for type 1 diabetes (67, 68). More recently, endocrine-subtype-complete islet constructs containing all major endocrine cell populations have been generated, demonstrating physiologic glucose regulation and protection from hypoglycemia through α-cell-mediated glucagon signaling (69). Together, these developments establish hPSC-derived islet organoids as promising experimental platforms that integrate metabolic disease modeling, pharmacologic testing, and regenerative cell therapy.

    5. Bone Organoids

    Bone organoids illustrate the growing use of hPSC-derived systems for musculoskeletal drug discovery, marrow toxicology, and regenerative skeletal engineering.

    5.1 Skeletal Tissue Organization and Bone Marrow Niche Modeling

    Bone organoids derived from hPSCs represent an emerging frontier in skeletal tissue engineering and drug discovery. These 3D self-organizing constructs mimic key features of bone physiology, including osteogenic lineage progression, ECM mineralization, and bone marrow niche characteristics (70, 71). Compared with conventional osteoblast monocultures, hPSC-derived bone organoids offer a more physiologically relevant model for studying human bone biology in vitro.

    5.2 Drug Discovery and Marrow Toxicology

    In drug screening, bone organoids provide unique advantages for testing bone-building or anti-resorption compounds. Organoid systems have been used to evaluate the effectiveness of bone morphogenetic proteins (BMPs), parathyroid hormone analogs, and Wnt signaling modulators, offering high-throughput platforms for osteoanabolic drug discovery (72, 73). Importantly, these models respond to known osteogenic triggers with increased alkaline phosphatase activity, RUNX2 expression, and matrix calcification, demonstrating their translational relevance (74, 75). Bone organoids are increasingly moving from proof-of-concept systems to scalable platforms for drug screening. Human bone marrow organoids can sustain patient-derived hematologic cancers while maintaining key stromal-hematopoietic interactions, enabling functional drug-sensitivity testing, therapy prioritization, and target discovery/validation in a physiologically relevant environment (76). Meanwhile, standardized protocols have been developed to generate multilineage bone marrow organoids from iPSCs, increasing reproducibility and throughput for efficacy and mechanistic screening.

    For safety assessment, vascularized bone marrow-on-a-chip systems mimic clinically relevant features of marrow injury, including myelo-/erythro-toxicity and recovery patterns after exposure to chemotherapeutics or ionizing radiation (77). Related microfluidic bone marrow chips have also been used to predict hematopoietic risks of biologics and immunotherapeutics in preclinical development (78). Beyond marrow niche models, self-assembling human skeletal organoids, including “mini-joint” constructs, support disease modeling and tissue-level drug testing, offering a complementary approach for candidate validation against inflammation- and remodeling-related skeletal phenotypes (79). Recent research further consolidates these applications and provides technical roadmaps to advance bone organoids toward broader drug screening and translational applications (80, 81).

    5.3 Regenerative Skeletal Engineering

    Bone organoids are increasingly being developed as regenerative building blocks for skeletal repair, providing developmentally informed multicellular tissues that can mature and integrate in vivo. Notably, hPSC-derived cartilaginous organoids have been shown to promote scaffold-free healing of critical-size long-bone defects, supporting an endochondral-like route to bone regeneration (82). Meanwhile, advances in biofabrication are accelerating the development of practical applications. Scaffold-free, rapid creation of pre-mineralized bone organoids has been reported with improved repair in calvarial defect models, and the sequential development of vascularized and mineralized bone organoids has further enhanced cranial defect healing (83). Recent reviews summarize these advancements and highlight remaining challenges, including perfusable vascularization, mechanical strength, and scalable manufacturing for clinical use (80).

    6. Vascular Organoids

    Vascular organoids underscore the importance of engineering-enabled complexity, serving as platforms for vascular disease modeling, therapeutic testing, and the construction of more physiologically integrated organoid systems.

    6.1 Vascular Development and Organoid Formation

    Blood vessels are crucial for nearly all tissues, providing nutrients and oxygen, regulating hemostasis and inflammation, and supporting organ development and stem cell maintenance (84, 85). Therefore, recreating functional vasculature is vital for in vitro vascular biology (86). hPSC-derived vascular organoids create 3D self-organizing morphogenetic vascular structures that surpass the limitations of primary cell culture systems, offering dependable platforms for studying angiogenesis, disease modeling, and biomedical applications (87–89).

    6.2 Vascular Disease Modeling

    Pioneering work by Wimmer et al. established hPSC-derived vascular organoids that self-organize into basement membrane-enveloped capillary networks within 2-3 weeks, displaying morphological, functional, and molecular features of human microvasculature (90). After transplantation into immunocompromised mice, these organoids connected with the host circulation and developed into functional vascular networks. These organoids have also been utilized to model vascular disease. Exposure to hyperglycemia and inflammatory cytokines replicates diabetic vasculopathy phenotypes, revealing key signaling mechanisms and identifying potential therapeutic candidates (90). Additionally, iPSC-derived vascular organoids that retain patient-specific epigenetic information function as precision-medicine platforms for modeling vascular dysfunction and testing targeted interventions (91).

    6.3 Bioengineering and Multi-Organoid Integration

    Although many protocols rely on Matrigel to promote vessel sprouting, recent advances have introduced a quick five-day method for creating vascular organoids by orthogonally activating the transcription factors ETV2 and NKX3.1. This method enables controlled co-differentiation of endothelial and mural cells without ECM embedding, resulting in functional vessels capable of rescuing ischemic limbs and supporting islet grafts (92). Additionally, hPSC-derived vascular networks can serve as modular units that connect with other organoids to build tissue-vasculature integrated models (93–95). Alternatively, microfluidic platforms with vascularized organoids-on-chip enable dynamic perfusion and real-time quantitative evaluation of vascular function, supporting high-throughput drug screening in physiologically relevant settings (96, 97). As these technologies mature, vascular organoids are expected to play a central role in modeling vascular disease and enabling physiologically integrated organoid systems for translational research.

    7. Brain organoids

    Brain organoids offer human-relevant experimental systems for modeling neurodevelopment, neurological diseases, and drug responses in complex neural tissues. Created through directed differentiation of hPSC, these three-dimensional neural aggregates partially mimic early human brain development, including aspects of cortical organization, neural progenitor behavior, and neuronal network formation (98–100). From a translational perspective, brain organoids support three main research applications: modeling neurodevelopmental disorders, testing neuroactive compounds and neurotoxicity, and exploring regenerative strategies for neural repair.

    7.1 Modeling of Neurodevelopmental and Neurological Diseases

    Brain organoids have become essential tools for studying neurodevelopmental disorders that are difficult to model in animal systems. Early research showed that cerebral organoids could mimic key developmental features of the human cortex, such as progenitor zone organization and neuronal differentiation (100). These models have since been used to explore various neurological conditions, including microcephaly, autism spectrum disorders, and neurodegenerative diseases (101–103). Single-cell transcriptomic analyses have further uncovered the diversity of neuronal and glial populations produced within brain organoids, allowing comparison with fetal brain development and identifying human-specific developmental pathways (102). These abilities make brain organoids valuable systems for understanding the genetic basis of neurological diseases.

    7.2 Drug Discovery and Neurotoxicity Evaluation

    Brain organoids are increasingly used in pharmacological research. Unlike two-dimensional neural cultures, organoids enable assessment of compound effects on various cell types and tissue structures (104, 105). Disease-specific organoids derived from patient iPSCs offer platforms for testing therapeutic responses in genetically defined contexts. Crucially, organoid-based assays can detect human-specific adverse effects that are often missed in animal models. These systems have been employed to study drug-induced neuronal toxicity, neuroinflammatory responses, and vulnerabilities related to neurodegenerative disorders (106–108).

    7.3 Regenerative and Engineering Applications

    In addition to disease modeling and drug screening, brain organoids serve as experimental systems for studying neural regeneration and tissue repair. These models enable the assessment of stem cell-derived neural populations, biomaterial scaffolds, and bioactive molecules that support neuronal survival, differentiation, and circuit formation (109–111). Advances in engineering continuously enhance the physiological relevance of these models. Techniques such as vascularization, controlled patterning, and microfluidic integration improve nutrient delivery and reduce variability during long-term culture (112, 113). Incorporating multimodal functional readouts, including electrophysiology, calcium imaging, and high-content imaging, further allows for quantitative evaluation of neural activity and drug responses (114, 115). Despite these progresses, several limitations still exist. Brain organoids exhibit intercultural variability, limited maturation, and an incomplete representation of the in vivo microenvironment (116, 117).

    Overcoming these challenges through improved differentiation protocols and bioengineering strategies will be crucial for fully unlocking the translational potential of organoid-based neural models. Continued efforts toward standardization and technological refinement are expected to further strengthen the role of brain organoids as translational platforms for drug screening and regenerative medicine (Figure 3).

    [image: Diagram summarizing applications of hPSC-derived brain organoids in neurodevelopmental disease modeling, neurotoxicity testing, drug screening, and regenerative research. Engineering strategies such as vascularization and microfluidic integration are also depicted.]

    Figure 3. Applications of hPSC-derived brain organoids. Organoid-based assays enable drug screening and quantitative readouts (e.g., cell survival, differentiation markers, and tissue architecture) that are more relevant than those from 2D cultures. In regenerative medicine, organoids, combined with bioactive cues and scaffolds, are used to model injury/degeneration and to evaluate tissue restoration, maturation, and structural organization; engineering tools such as vascularization and patterning further improve nutrient delivery and assessment.

    8. Cardiac Organoids

    Cardiac organoids are increasingly valuable as translational platforms for efficacy studies, predictive cardiotoxicity testing, and mechanistic investigation of cardiac repair strategies. hPSC-derived cardiac organoids are 3D myocardial-like tissues that reproduce key structural and functional attributes of cardiac tissue, including multicellular organization, contractile behavior, and electrophysiological activity in a tissue-relevant context. By extending beyond the constraints of 2D monolayer cultures, cardiac organoids provide an informative experimental system for cardiovascular drug development, safety pharmacology, and regenerative research (118, 119).

    8.1 Drug Discovery and Pharmacology

    In drug discovery, cardiac organoids enable efficacy testing under near-physiological conditions and facilitate screening of compounds that modulate cardiomyocyte function and tissue-level phenotypes with greater biological accuracy (120–122). Their organized cellular structure supports the evaluation of pharmacodynamic responses across various endpoints, including contractile performance, calcium handling, and electrophysiological parameters, and can be adapted to genetically defined or patient-specific contexts to enhance precision medicine efforts (121, 122). For safety assessment, cardiac organoids provide a manageable platform for studying both acute and chronic cardiotoxicity, including structural damage and functional irregularities. Organoid-based models have been used to mimic responses such as myocardial injury, fibrotic remodeling, and electrical conduction issues following drug exposure (123–126). Quantitative analysis of contractility, calcium transients, and arrhythmogenic potential further enhances predictive toxicology and offers mechanistic insights into liability factors (127, 128).

    8.2 Regenerative Cardiology and Tissue Repair

    In regenerative medicine research, cardiac organoids support the mechanistic investigation of human heart development and disease and serve as test beds for tissue repair strategies. They have been applied to model cardiac failure, cardiomyopathies, and congenital cardiac defects, enabling dissection of disease mechanisms and evaluation of therapeutic hypotheses (129–131). Integration with microfluidic platforms and multi-organ-on-chip systems further enhances their utility by enabling studies of systemic drug responses and inter-organ communication (132–134) (Figure 4).

    [image: Schematic overview of hPSC-derived cardiac organoid applications in drug discovery, cardiotoxicity testing, disease modeling, and regenerative cardiology. The figure highlights functional assessment, tissue engineering, vascularization, and organ-on-chip integration.]

    Figure 4. Applications of hPSC-derived cardiac organoids. Cardiac organoid-based assays support drug discovery and patient-specific phenotypic screening with functional readouts, offering improved fidelity over 2D cultures. These models enable predictive assessment of cardiotoxicity (myocardial injury, fibrotic remodeling, and conduction abnormalities) and regenerative/disease modeling of cardiomyopathy, congenital defects, and heart failure. Engineering strategies such as vascularization and enhanced maturation improve scalability and performance, while integrated platforms facilitate modeling of systemic responses, reproducibility, and chronic dosing studies.

    Improvements in cardiac organoid engineering, including enhanced maturation protocols, vascularization strategies, and scalable manufacturing workflows, are progressively increasing reproducibility and enabling longer-term culture, both of which are prerequisites for chronic dosing paradigms and translational toxicology studies.

    9. Skin Organoids

    Skin organoids demonstrate how hPSC-derived systems can integrate regenerative reconstruction with disease modeling and drug discovery in a tissue that is both experimentally accessible and clinically relevant.

    9.1 Developmental Organization and Tissue Architecture

    hPSC-derived skin organoids leverage the ability of ectodermal and mesenchymal progenitors to self-organize into 3D skin-like tissues. Sequential modulation of BMP, bFGF, and TGF-β signaling guides hPSCs toward surface ectoderm and neural crest-derived mesenchyme, mimicking early morphogenesis. This epithelial-mesenchymal interaction promotes epidermal polarization, stratification, and the formation of appendage progenitors. Unlike two-dimensional keratinocyte cultures, skin organoids create organized epithelial and mesenchymal layers that resemble fetal human skin (135).

    9.2 Regenerative Dermatology and Wound Repair

    Skin injuries from trauma, surgery, or burns impose significant physiological and psychological burdens (136). Healing occurs through hemostasis, inflammation, proliferation, and remodeling (137, 138), during which fibroblasts reorganize the ECM and facilitate collagen deposition and maturation (139). For wounds larger than 4 cm, implantation strategies are often required (140). However, artificial substitutes are limited by poor vascularization and integration, while autologous grafts are associated with donor-site morbidity and mismatch (141).

    Skin organoids can model chronic wounds and serve as autologous graft sources for epithelial repair. Transplanted organoids integrate into host skin, guide hair follicle formation, and support growth (142). Human skin organoids containing follicles and glands form functional connections with the host epidermis, muscles, and nerves without rejection (143), and co-transplantation of epidermal and dermal layers further enhances wound closure (144, 145). iPSC-derived skin organoid technologies have recently been used in reconstructive strategies, including facial tissue reconstruction with improved graft integration and less scarring (146). For large defects, iPSC-derived constructs that resemble native skin demonstrate immune compatibility and improve re-epithelialization, barrier restoration, and hair regeneration.

    9.3 Drug Discovery and Disease Modeling

    Biomaterial innovations, such as 3D bioprinting, nanoparticles, and hydrogels, further expand therapeutic applications. iPSC-derived organoids secrete exosomes enriched in VEGF and regenerative microRNAs that enhance proliferation, differentiation, and angiogenesis (147). Because wound healing depends on precise regulation of cytokines and RNA (148), skin organoids provide valuable in vitro systems for dissecting these mechanisms and accelerating clinical translation (149). They replicate cell-cell and ECM interactions that are critical for regeneration (150).

    Skin organoids also provide regenerative options for alopecia by generating complete hair follicles for transplantation. When combined with gelatin-based hydrogels, they accelerate wound healing in frostbite by reducing inflammation and promoting ECM remodeling via the integrin α5β1-FAK pathway, thereby decreasing scarring (151). iPSC-derived skin organoids function as advanced 3D systems for drug discovery, mimicking epidermal stratification and dermal-epidermal crosstalk to enhance drug efficacy and toxicity testing (152). Li et al. modeled Enterovirus A71 infection using these organoids, showing that EV-A71 causes epidermal injury via autophagy and disruption of the integrin/Hippo-YAP/TAZ pathway. The discovery of an autophagy-related target and a viral inhibitor highlights the translational potential of skin organoids for antiviral drug development (153).

    10. Intestinal organoids

    Intestinal organoids are among the most established translational organoid platforms, supporting studies of epithelial biology, pharmacologic response, host-pathogen interactions, and regenerative repair of intestinal injury.

    10.1 Development and Epithelial Biology

    hPSCs provide a renewable source for creating intestinal lineages. Advances in 3D culture techniques have facilitated the development of hPSC-derived intestinal organoids (HIOs) that replicate native intestinal structure and function (154, 155), thus bridging the gap between 2D cultures and animal models. iPSC-derived HIOs self-organize into epithelial structures that resemble crypt-villus architecture (156). HIOs are produced by guiding hPSCs through endoderm, midgut-hindgut, and intestinal developmental stages by modulating WNT, BMP, FGF, and Notch pathways (157). These organoids comprise enterocytes, goblet cells, Paneth cells, and enteroendocrine cells that perform absorptive and secretory roles (158, 159). Improvements in biomaterials, including synthetic hydrogels and engineered matrices, further enhance maturation and stability compared to Matrigel systems (160).

    10.2 Disease modeling and pharmacologic testing

    Traditional 2D systems poorly recapitulate intestinal complexity, whereas organoid models preserve native epithelial microenvironments and enhance translational relevance. The first hPSC differentiation protocol appeared in 2011 (161), followed by the generation of region-specific colonic organoids (162). Patient-derived FAP organoids carrying APC mutations have been used to model tumorigenesis and evaluate therapeutic strategies, including geneticin-mediated restoration of APC function (163). CFTRΔF508 HIOs similarly model cystic fibrosis, in which mutation correction restores organoid swelling responses, confirming their suitability for pharmacologic testing (164, 165).

    10.3 Host-Pathogen Interactions and Antiviral Screening

    During the COVID-19 pandemic, intestinal organoids proved useful for antiviral screening, as intestinal epithelial cells express ACE2 and TMPRSS2 (166). Krüger et al. showed that ramelteon inhibited viral replication, while Han et al. identified imatinib, mycophenolic acid, and quinacrine as inhibitors, establishing HIOs as biologically relevant platforms for antiviral drug testing (166, 167).

    10.4 Regenerative Therapy for the Intestine

    Enteroids, epithelial-only cultures derived from intestinal crypts, have shown potential to promote epithelial repair in animal models (168–170). A clinical trial (UMIN000013524) is currently evaluating autologous enteroid transplantation for the treatment of inflammatory bowel disease ulcers. Persistent ulcers caused by ischemia or radiation remain difficult to treat, highlighting the need for organoid-based regenerative approaches (171, 172). Experimental transplantation studies have demonstrated that fragmented HIOs can repair injured rodent intestines and integrate into the mucosal, muscular, and vascular layers (173). More recently, innervated HIOs containing enteric neurons have been generated, displaying peristaltic activity and stable engraftment, underscoring the importance of neuroepithelial integration for functional intestinal reconstruction (174).

    11. Designing Organoid Platforms for Drug Discovery and Regenerative Medicine

    Although hPSC-derived organoids are increasingly used across many fields of biomedical research, the optimal design of these systems heavily depends on their intended use. Specifically, the needs for organoids employed in drug discovery are very different from those required for regenerative medicine. Recognizing these differences is crucial for the thoughtful development of organoid platforms that are both scientifically reliable and clinically applicable.

    In the context of drug discovery and safety pharmacology, organoid models must support reproducibility, scalability, and compatibility with quantitative screening workflows. For these applications, the primary goal is not necessarily to recreate the full structural complexity of native tissues but rather to capture key cellular functions and drug-response pathways in a format that can be reliably reproduced across experiments (175). Consequently, organoids used for pharmacological screening are often optimized for standardized culture conditions, uniform size, and compatibility with automated imaging or high-content analysis platforms. Such designs enable the evaluation of drug efficacy, mechanism of action, and toxicity in human-relevant biological systems while maintaining the throughput required for preclinical drug development. By contrast, regenerative medicine places greater emphasis on biological fidelity and functional maturity. Organoids intended for therapeutic applications must more closely resemble native tissues in their architecture, cellular diversity, and physiological function. In addition to structural complexity, these systems must demonstrate long-term stability, integration potential, and the capacity to survive and function following transplantation (176, 177). Achieving these properties often requires more sophisticated engineering strategies, including incorporating vascular networks, stromal cell support, immune components, or biomechanical cues to better replicate the in vivo microenvironment.

    These contrasting demands emphasize an important principle in organoid engineering: the most complex model is not always the most useful. Instead, organoid systems should be designed based on their specific experimental or clinical context. For drug screening, simplified and highly standardized models may offer the most reliable and scalable platforms. In regenerative medicine, however, increased tissue complexity and functional maturation become crucial for achieving therapeutic relevance. Advances in bioengineering are beginning to close this gap between scalability and physiological fidelity. Approaches such as microfluidic organoid-on-chip systems, controlled biomaterial scaffolds, and vascularized organoid constructs are enabling better control over tissue architecture and environmental cues while maintaining experimental reproducibility (175–177). These developments suggest that the next generation of organoid platforms will increasingly combine biological self-organization with engineered control, allowing researchers to customize organoid complexity to meet specific translational goals. Taken together, these considerations highlight that hPSC-derived organoids should not be regarded as a single experimental format but rather as a versatile platform technology adaptable to various biomedical applications. Matching organoid design with the needs of drug discovery, toxicology, and regenerative medicine will be crucial for maximizing their translational potential.

    11.1 Emerging Frontiers in Organoid Engineering

    hPSC-derived organoids are evolving from proof-of-concept developmental models into increasingly sophisticated translational platforms. Several emerging technological and conceptual advances are likely to define the next generation of organoid systems and expand their impact in drug discovery, disease modeling, and regenerative medicine.

    11.2 Immune and microenvironmental integration

    Incorporating immune components such as macrophages, lymphocytes, and microglia into organoid cultures will enable modeling of inflammatory diseases, host-pathogen interactions, and immunotherapy responses in human tissue-like environments. This approach also enables investigation of dynamic immune-epithelial interactions and mechanisms of immune-mediated tissue remodeling or therapeutic resistance.

    11.3 Vascularized and Multi-Organoid Platforms

    Engineering perfusable vascular networks and integrating multiple organoids within microfluidic systems will allow investigation of systemic physiology, inter-organ communication, and pharmacokinetic responses across tissue interfaces. These systems further support controlled delivery of nutrients and drugs, improving physiological relevance and enabling more accurate modeling of tissue-specific exposure.

    11.4 AI-Assisted Phenotyping and Quantitative Imaging

    Advances in machine learning and high-content imaging are enabling automated phenotypic profiling of organoid systems. These approaches facilitate large-scale drug screening, multiparametric functional analysis, and improved reproducibility across laboratories. Importantly, AI-driven analyses can uncover subtle phenotypic patterns that are not detectable by conventional readouts, enhancing sensitivity in drug-response assessment.

    11.5 Standardized and GMP-Compliant Organoid Manufacturing

    Translating organoid technologies toward clinical applications will require standardized differentiation protocols, chemically defined matrices, automated production pipelines, and rigorous quality-control frameworks compatible with Good Manufacturing Practice (GMP). Establishing these standards will be essential for ensuring batch-to-batch consistency, regulatory approval, and clinical scalability.

    11.6 Patient-Specific Precision Organoids

    The integration of patient-derived iPSCs with genome editing and multi-omics profiling will enable personalized organoid models that capture individual genetic variation and therapeutic responses, supporting precision medicine strategies. Such models provide a platform for predicting patient-specific drug efficacy and toxicity, facilitating more tailored therapeutic decision-making.

    Together, these advances are expected to transform organoid systems from experimental models into scalable platforms for predictive pharmacology, disease modeling, and regenerative therapeutics.

    
    Discussion

    

    Organoid technologies are revolutionizing preclinical research by creating experimental systems that mimic the complexity of human tissue while remaining compatible with scalable drug discovery processes. hPSC-derived organoids are emerging as advanced experimental platforms that integrate developmental biology, bioengineering, and translational medicine to enhance the predictive accuracy of preclinical studies. Overall, these organoids are transforming preclinical workflows by providing human-relevant assessments of efficacy, toxicity, and mechanisms across various tissues. Their value is maximized when combined with quantitative functional readouts, high-content imaging, and multi-omics profiling, enabling integrated decision-making that surpasses single-endpoint tests and increases confidence in target validation and translational efforts.

    Key barriers to wider adoption still exist, including batch-to-batch variability, incomplete maturation, and limited integration of vasculature, immune components, innervation, and biomechanical cues. Overcoming these challenges requires better control of initial cell states, chemically defined and adjustable matrices, and engineering solutions such as microfluidic perfusion and precise morphogen delivery, along with standardized phenotyping panels and reference materials to compare performance across labs and platforms.

    Looking ahead, scaling organoids for regulated applications will depend on comprehensive standardization, automated manufacturing processes, in-process quality checks, and fit-for-purpose acceptance criteria tailored to specific use cases (e.g., safety pharmacology versus patient-stratified efficacy testing). Integration with organ-on-chip and multi-organoid systems, combined with computational modeling and machine-learning-assisted image/omics analysis, is set to improve throughput and interpretability. Coupled with emerging consensus guidelines, these advancements should speed up regulatory approval and broaden the clinical use of organoid technologies in predictive pharmacology, toxicology, and regenerative medicine. This new approach, often called organoid-enabled translational modeling, marks a move toward human-relevant experimental platforms that connect reductionist cell-culture models to complex in vivo physiology. Future progress will probably rely on combining organoid biology with microfluidics, biomaterials engineering, and AI-driven analytics to develop more accurate human tissue models. hPSC-derived organoids are thus becoming a key experimental platform that links developmental biology, disease modeling, drug discovery, and regenerative medicine.

    In this emerging framework, organoids are best seen not as miniature organs but as programmable biological systems whose structural complexity can be adjusted to address specific translational questions. As stem cell biology, bioengineering, and computational analytics come together, hPSC-derived organoids are set to become key platforms for the next generation of translational medicine.
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