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Abstract 

As a three-dimensional in vitro model, organoid technology represents a revolutionary breakthrough 

in precision medicine. By harnessing the self-organizing capabilities of stem cells within biomimetic 

extracellular matrices, it enables the generation of miniature tissues that recapitulate key structural 

and functional characteristics of their source organs [1]. Conventional two-dimensional cell cultures 

lack tissue architecture and microenvironmental cues, whereas animal models are hindered by 

interspecies differences and inadequate representation of human pathological heterogeneity [2]. By 

effectively addressing these limitations, organoids have emerged as powerful platforms that are 

highly representative of human physiology and disease processes in oncology, genetic disorders, and 

infectious diseases. They demonstrate significant potential for use in drug screening, toxicity 

assessment, and the development of personalized treatment strategies [3,4]. Although challenges 

such as limited vascularization, lack of standardized culture protocols, and ethical considerations 

remain, the integration of multidisciplinary approaches such as AI-assisted analysis, organ-on-a-chip 

systems, and 3D bioprinting, together with increasing policy support and industrial advancement, is 

accelerating the clinical translation of organoid technology [5]. In this review, the construction 

strategies for and applications of organoid models are systematically summarized, and their value 

and limitations in disease modeling, precision medicine, and preclinical research is highlighted. 

Finally, future development pathways driven by multidisciplinary collaboration and standardization 

are outlined.  

Keywords: organoids; disease modeling; personalized medicine; 3D cell culture; drug screening; 

clinical translation  

 

1. Introduction 

Preclinical research serves as the cornerstone of drug development and disease mechanism 

elucidation. However, traditional two-dimensional (2D) cell culture and animal models have long 

been relied upon and exhibit increasingly evident limitations in translational medical research [6]. 

The 2D culture systems lack the support of an extracellular matrix and three-dimensional spatial 

organization and fail to recapitulate the physiological microenvironment and cell-cell interactions of 

native tissues [7]. Owing to fundamental interspecies differences in drug metabolism, immune 
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responses, and pathological progression, animal models have significantly compromised abilities to 

predict human physiology and disease processes [8]. In the study of highly heterogeneous diseases 

such as cancer, traditional models struggle to maintain the genomic diversity and cellular 

subpopulation architecture of primary tumors [9], whereas animal models cannot fully replicate 

immune regulatory networks and stromal signaling exchanges within the human tumor 

microenvironment [10]. These inherent shortcomings of conventional models are considered major 

contributing factors to the eventual failure of approximately 90% of drugs that enter clinical trials [6]. 

To overcome these bottlenecks, organoid technology has emerged as a groundbreaking three-

dimensional in vitro model system. Organoids are derived from adult stem cells or pluripotent stem 

cells and, through self-organization within biomimetic materials mimicking the native extracellular 

matrix, they form miniature tissues that possess the key cell types, spatial architecture, and 

physiological functions of the source organ [11]. Since pioneering work on intestinal organoids in 

2009, this technology has achieved significant breakthroughs across multiple organ systems and 

disease models [12]. In particular, the successful establishment of patient-derived tumor organoid 

(PDTO) models, which have high retention of the histological features, mutational spectra, and drug 

response heterogeneity of primary tumors, has substantially increased the physiological relevance 

and predictive accuracy of preclinical studies [13,14]. Organoids not only demonstrate unique 

advantages in modeling organ development, disease mechanisms, and drug metabolism but also 

provide a novel platform for high-throughput drug screening and the development of personalized 

treatment strategies [15]. 

This review systematically outlines the comprehensive applications and developmental 

trajectory of organoid technology in biomedical research. It first delves into the role of organoids in 

disease modeling, covering key areas such as genetic disorders, cancer biology, and infectious disease 

mechanisms. It subsequently focuses on analyzing the application prospects of organoids to 

translational medicine, including drug toxicity assessment, prediction of individualized therapeutic 

efficacy, and tissue engineering strategies in regenerative medicine（Figure 1）. Lastly, it examines 

the core challenges currently faced by this technology, such as limited vascularization and model 

standardization issues, and offers perspectives on the role of emerging technologies such as organ-

on-a-chip systems and 3D bioprinting—in the context of multidisciplinary integration—in advancing 

the functionalization and clinical translation of organoids. By synthesizing recent advances from 

basic biology, engineering, and clinical medicine, this review aims to provide a systematic reference 

for researchers, facilitating the transition of organoid technology from basic research to clinical 

application. 
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Figure 1. Disease Modeling and Drug Development Platform Based on Organoids and Organ-on-a-Chip. This 

platform integrates multidisciplinary technologies to advance precision medicine. Its primary applications 

include: A-B: Disease Modeling: Constructing models for diseases such as cancer through gene profiling and 

single-cell long-read sequencing. C-D: Drug Testing: Utilizing organoid models for pre-clinical drug efficacy 

testing (e.g., response, no response, or mild response) and drug safety testing. E: Regenerative Medicine and 

Clinical Translation: Combining AI-predictive models and clinical diagnostics to ultimately apply research 

findings in regenerative medicine for patient care. F: Biobanking: Establishing organ-on-a-chip and organoid 

models from healthy donors or patients to create biobanks for academic studies. 

2. Organoids and Organ-on-a-Chip Systems 

2.1. Organoids Systems 

With the continuous advancement of science and technology, tumor models have evolved from 

traditional two-dimensional (2D) cell culture systems to more physiologically relevant three-

dimensional (3D) models, such as tumor spheroids and organoids. Accumulating evidence has 

demonstrated that patient-derived models offer significant advantages in recapitulating tumor 

complexity and predicting clinical responses [16]. Patient-derived organoids (PDOs), which are 

derived from the three-dimensional culture of patient tumor cells in vitro, not only retain the 

molecular characteristics and heterogeneity of the primary tumor but also partially mimic its 

structural and functional properties [17,18]. Thus, PDOs show great potential use in preclinical 

personalized drug evaluation. 

Organoids are typically generated from induced pluripotent stem cells (iPSCs) or adult stem 

cells (ASCs) and can self-organize into 3D cultures that replicate the complex spatial architecture and 

physiological functions of the native tissue [19,20]. Compared with conventional 2D cultures, 

organoids exhibit organ-specific cell types and spatial organization, retain a full genetic background, 

and support long-term in vitro culture, making them highly promising for disease modeling and 

therapy research [21–23]. 

The value of PDOs is particularly evident in modeling organ physiology and pathology. A key 

advantage lies in their biological fidelity: by preserving the cellular heterogeneity and 

microenvironmental features of primary tumors, organoids can closely simulate in vivo 

pathophysiological conditions. Studies have shown that such models maintain inter- and intratumor 

heterogeneity and accurately reconstruct 3D tissue structures through cell-cell and cell-matrix 

interactions [18]. For example, PDOs retain critical tumor biological traits and can reconstruct the 

tumor microenvironment (TME) through co-culture systems, thereby overcoming the limitations of 

2D culture—such as loss of spatial information—and the species-specific discrepancies inherent in 

animal models [24,25]. 

In translational medicine, PDOs demonstrate remarkable clinical predictive power. Numerous 

studies have used organoids for drug screening, development, and personalized assessment. For 

instance, organoid models can predict clinical responses to therapies for gastroesophageal, colorectal, 

and breast cancers with high accuracy [26,27]. They are also used to evaluate the efficacy of 

structurally similar compounds and the synergistic effects of drug combinations [28]. Notably, the 

concordance between drug sensitivity testing in organoids and actual patient treatment responses 

exceeds 80% [29,30], outperforming traditional animal models in terms of predictive accuracy [31]. 

Furthermore, by integrating 3D printing and organ-on-a-chip technologies, organoid models can aid 

in surgical planning and lesion localization, further promoting clinical translation [32]. 

2.2. Organ-on-a-Chip Systems 

Organ-on-a-chip technology is an advanced, microfluidic-based in vitro model designed to 

overcome the limitations of conventional organoids in mimicking the in vivo microenvironment. 

Through the culture of cells and tissues within microscale channels, this technology enables precise 

control over physiological conditions such as fluid flow, mechanical forces, and tissue-tissue 
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interactions, thereby more accurately recapitulating organ-level physiological and pathological states 

than other models [33]. Organ-on-a-chip systems not only retain the genetic properties of the parent 

tissues but also integrate multiple tissue interactions and dynamic microenvironments, providing 

more reliable outcomes for drug evaluation. These systems have been successfully established for 

various tissues, including the liver, intestines, skin, and reproductive system, demonstrating broad 

prospects as critical tools for drug screening and biological analysis [34–37]. 

In terms of pathophysiological simulation, organ-on-a-chip platforms use microfluidic perfusion 

systems to emulate biophysical and biochemical stimuli such as vascular perfusion, mechanical 

stress, and concentration gradients. These capabilities support gas exchange, metabolic activity, and 

tissue-specific functions. For instance, lung chips can be used to model targeted viral infection 

processes and evaluate drug effects on alveolar-capillary barrier function [38], whereas 

cardiovascular chips can be used to study cellular communication disorders and oxidative stress 

responses in ischemia-reperfusion injury [39]. Moreover, by incorporating patient-specific cells and 

3D-bioprinted anatomical structures, such chips can be used to establish pathology models closely 

linked to clinical phenotypes, significantly increasing their translational value [40]. 

A key challenge and focus in the development of organ-on-a-chip technology is the construction 

of vascular and immune microenvironments. Since most tissues require vascular networks to 

maintain nutrient supply and waste removal when they exceed 400 μm in thickness in vitro, 

researchers are dedicated to developing strategies for achieving functional vascularization within 

chips [41,42]. Examples include inducing endothelial sprouting and directed migration through 

mechanical and biochemical signals in hydrogels or co-culturing fibroblasts and tumor cells to form 

vascularized microtumors [43,44]. Moreover, progress has been made in simulating immune 

microenvironments—for instance, using microfluidic devices to investigate interactions between 

tumor biopsy tissues and infiltrating lymphocytes dynamically, providing new platforms for 

immunotherapy research [45,46]. 

To improve resource utilization and model reproducibility, novel technologies such as droplet 

microfluidics have been introduced into the organ-on-a-chip field. These tools enable high-

throughput and standardized organoid culture through the generation of uniform droplets, 

significantly increasing sample utilization efficiency and experimental throughput [47]. Furthermore, 

gradient generators integrated into chip designs support the efficient evaluation of multi-

concentration drugs and combination therapies. In the future, integrating chips into automated multi-

well plate platforms is expected to achieve end-to-end standardization and automation from culture 

to detection [48]. 

The integration of biosensing and imaging technologies further increases the analytical power 

of organ-on-a-chip systems [49]. Electrochemical sensors enable real-time monitoring of key 

parameters such as pH [50], oxygen partial pressure [51], and glucose levels [52], dynamically 

reflecting the metabolic status of organoids. Advanced bioimaging techniques allow for high-

resolution, non-destructive visualization of structure and function, revealing internal dynamic 

changes within organoids [53]. Combining multi-organ chip systems with bioprinting and sensing 

technologies can simulate whole-body drug metabolism processes, overcoming the limitations of 

single-organ models and advancing personalized medicine and new drug development [54]. With 

significant advantages in simulating human physiology and drug responses, organ-on-a-chip 

technology is poised to play an increasingly central role in precision medicine and translational 

research through further integration of engineering innovations and bioinformatic methods [55]. 

2.3. Organoid Revolution 

Organoid technology has emerged as a revolutionary breakthrough in biomedicine, providing 

a powerful tool to bridge the gap between traditional tumor models and clinical research [11]. 

Conventional drug development relies heavily on in vitro cell lines and animal models, which have 

significant limitations: On the one hand, the drug development process is time-consuming and costly, 

taking, on average, more than ten years from discovery to market approval, with substantial 
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resources expended during animal testing and clinical trial phases [56]; on the other hand, these 

models fail to accurately mimic the heterogeneity of human tumors, the complexity of the tumor 

microenvironment (TME), and authentic therapeutic responses, leading to high clinical failure rates 

among drug candidates. For example, approximately 86% of liver cancer drugs fail in clinical trials, 

largely because of interspecies physiological differences and inadequate recapitulation of the TME 

[57]. 

As three-dimensional (3D) culture systems, organoids preserve the histoarchitectural features, 

genomic profiles, and cellular heterogeneity of primary tumors, significantly improving predictive 

accuracy for drug sensitivity and disease mechanisms [13]. In the case of liver cancer, PDOs not only 

simulate glandular structures and specific genetic mutations but also replicate liver-specific drug 

metabolism functions, thereby overcoming the predictive biases inherent in animal models due to 

metabolic disparities [58]. Studies have shown that the drug sensitivity prediction accuracy of 

organoids is greater than 35%. Their advantages include precise retention of individualized 

mutational profiles, support for co-culture systems to reconstruct fibrotic and immune 

microenvironments, and the enabling of efficient drug screening and mechanistic studies. 

In addressing species-specific differences, organoids demonstrate three major breakthroughs: 

First, functional substitutability—for instance, human liver organoids successfully simulate hepatitis 

C virus (HCV) infection-induced transcriptional reprogramming, a process that cannot be replicated 

in mouse models [59]. Second, dynamic monitoring capabilities—vascularized organoid-on-a-chip 

platforms—allow for real-time tracking of drug distribution kinetics, with vascular leakage features 

being significantly more strongly correlated with clinical imaging data than they are in animal 

models [60]. Third, immune interaction modeling-co-culture systems of organoids with tumor-

infiltrating lymphocytes (TILs) achieve an AUC value of 0.92 in predicting the response to PD-1 

inhibitors and are markedly superior to xenograft models [61,62]. 

Technological innovations are further advancing organoid standardization and clinical 

translation. Novel micro-patterned agarose scaffolds enable the generation of up to 8,000 

homogeneous organoids in a single batch, increasing the high-throughput screening capacity by 20-

fold [63]. Nanofiber hydrogel culture systems increase the expression of drug metabolism genes by 

4.2-fold, more closely resembling human physiological conditions than other models [64]. These 

advancements have prompted numerous pharmaceutical companies to incorporate organoids into 

their preclinical evaluation systems. 

The clinical translation pathway for organoids is now approaching a closed-loop process: biopsy 

samples can be used to establish PDO biobanks within 2–3 weeks, enabling simultaneous genomic 

sequencing and drug library screening [65]. Clinical studies have demonstrated that organoid-guided 

treatment strategies significantly improve objective response rates, with drug resistance prediction 

specificity reaching 91%, thereby avoiding ineffective treatments and reducing individual medical 

costs [66]. Although challenges remain in vascularization and immune microenvironment modeling, 

the integration of novel technologies such as organ-on-a-chip systems, single-cell sequencing, and 

CRISPR screening is continuously driving progress [67]. With the ongoing refinement and 

interdisciplinary integration of organoid culture technologies, it is anticipated that within three years, 

the use of organoids will enable the full-course prediction of individualized therapies, shorten drug 

development cycles from 12 years to 7 years, and ultimately usher in an “organoid-guided era” of 

precision medicine [68]. 

3. Advancing Organoid Technology: Culture and Quality Control 

3.1. Breakthroughs in the Core Culture Technology of Organoids 

Owing to its undefined composition and batch-to-batch variability, conventional mouse-derived 

Matrigel has become a major limiting factor in organoid standardization [69]. In recent years, 

synthetic hydrogel systems have enabled biomimetic reconstruction of the spatiotemporal 

distribution of bioactive ligands [70]. These materials promote the progression of the extracellular 
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matrix microenvironment through precise control of mechanical properties, viscoelasticity, and 

adaptable physicochemical characteristics and can incorporate growth factor sustained-release 

systems, significantly improving culture reproducibility and long-term stability. Notably, by 

preserving tissue-specific ECM components, decellularized extracellular matrix (dECM) hydrogels 

support the polarized growth and functional maturation of liver and kidney organoids, with gene 

expression profiles showing greater than 85% similarity to those of in vivo tissues [71]. 

Microfluidic organ-on-a-chip technology addresses the core limitation of nutrient/oxygen 

gradient diffusion in static culture by constructing 3D microvascular networks for co-culture with 

organoids [72]. For example, co-culturing human umbilical vein endothelial cells (HUVECs) with 

organoids on a chip can result in the formation of functional vasculature within seven days, 

increasing renal organoid filtration function threefold [73]. Moreover, functionalized scaffolds guide 

the directed extension of dorsal root ganglion neurons and improve the efficiency of synaptic 

formation [74,75,76]. These advances propel organoids from a cellular scale toward a tissue-level 

model, offering new paradigms for drug permeability testing and neurological disease modeling. 

Microfluidic technology simulates in vivo physiological conditions through dynamic perfusion 

systems, significantly increasing organoid survival and functional maturation. Multi-organ-chips 

achieve functional coupling of organoids via fluidic interconnection, modeling systemic drug 

pharmacokinetics and toxicity responses [54]. For instance, intestinal absorption followed by hepatic 

metabolism and renal excretion of a drug can be continuously monitored on-chip, providing a more 

accurate toxicity assessment model for drug development [77]. 

To address issues of organoid size/morphology heterogeneity and low throughput associated 

with manual operation, droplet-based microfluidics enables large-scale standardized production by 

generating uniformly sized organoid precursor droplets. Bioreactor-based large-scale suspension 

culture under controlled agitation significantly improves yield and batch-to-batch consistency [78]. 

Automated platforms integrating robotic liquid handling and AI-driven image analysis achieve end-

to-end automation from culture and drug dosing to phenotypic detection, greatly increasing 

experimental reproducibility and throughput [79]. 

Single-cell multi-omics technologies allow for the systematic resolution of cellular heterogeneity 

and differentiation trajectories in organoids, providing molecular guidance for culture optimization 

[80]. CRISPR-Cas9 technology enables precise editing of the organoid genome, and genome-wide 

gRNA library screening identifies key genes involved in tumorigenesis and cell fate determination 

[81]. Integrating multi-omics data with CRISPR screening results in the establishment of a complete 

genotype-to-phenotype validation pipeline, offering functional evidence for precision medicine [15]. 

Label-free techniques such as optical coherence tomography (OCT) and Raman spectroscopic 

imaging enable real-time monitoring of organoid morphology, structure, and metabolic status [82]. 

The integration of microfluidic chips with biosensors allows for real-time detection of key metabolic 

indicators, including glucose levels, oxygen levels, and pH. For example, wide-field optical redox 

imaging measures the autofluorescence intensities of NADPH and FAD to assess the treatment 

response in organoids without labels [83]. 

Transplantation of human organoids under the renal capsule or subcutaneously into 

immunodeficient mice promotes vascularization and functional maturation through the host 

environment [84]. Xeno-symbiotic models provide a unique platform for studying interactions 

between human cells and the host microenvironment, although they require concomitant 

immunosuppression to mitigate rejection [85]（Figure 2）. In summary, breakthroughs in organoid 

culture technology span matrix design, microenvironment construction, scalable production, 

functional analysis, and real-time monitoring. Together, these advances are transforming organoids 

from simple 3D aggregates into highly physiologically relevant microphysiological systems, 

providing powerful tools for disease modeling, drug screening, and personalized medicine [86]. 
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Figure 2. This schematic illustrates an integrated research strategy for modeling and deriving complete cancer 

phenotypes in vitro. The pipeline begins with the establishment of stable cell lines, which are then used to 

generate patient-derived xenograft (PDX) models in mice for in vivo validation. Subsequently, organoids are 

derived from PDX models and cultured in a three-dimensional system using defined stromal components (e.g., 

POTX, Matingel). This system recapitulates the tumor progression sequence from normal epithelium to 

adenoma and adenocarcinoma, and incorporates critical tumor microenvironment elements, including 

vasculature, mesenchymal cells, immune cells, and the extracellular matrix. By synergistically utilizing cell lines, 

PDX models, and defined stroma, this platform enables the systematic generation and study of diverse, 

comprehensive cancer phenotypes. 

3.2. Quality Assessment and Standardization of Organoids 

The reliability and reproducibility of organoid technology largely depend on the refinement of 

its quality assessment system and the implementation of standardized practices [15]. A 

comprehensive and systematic quality evaluation must cover three core dimensions—morphology, 

function, and genetic stability—to ensure that organoids accurately mimic the physiological and 

pathological characteristics of the source tissue, thereby providing a robust and reliable platform for 

scientific research and clinical translation [87]. 

Morphological assessment is the primary step in evaluating organoid quality and focuses on the 

fidelity of three-dimensional structure, size uniformity, and cellular composition [87]. Histological 

staining and light microscopy can be used to determine whether organoids form organ-specific 

spatial structures, such as crypt-villus units in intestinal organoids [12], tubule-like structures in 

kidney organoids [88], or layered features in brain organoids [89]. Quantitative imaging techniques 

can be used to measure the diameter, volume, and luminal ratio systematically and calculate within-

batch and between-batch coefficients of variation to assess culture stability [47]. 

Immunohistochemistry or immunofluorescence is used to verify whether the spatial distribution of 

key cell types faithfully recapitulates the original tissue architecture [81]. Standardization efforts 

should focus on establishing organ-specific morphological scoring systems and minimum structural 

thresholds as well as promoting automation and uniformity in imaging analysis pipelines [90]. 
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Functional assessment is critical for evaluating the biological activity and predictive value of 

organoids [11]. Organ-specific functional markers must be employed: liver organoids should be 

assessed for albumin secretion, urea synthesis, and cytochrome P450 enzyme activity [58], and 

intestinal organoids should be evaluated for mucus secretion, hormone response, and epithelial 

barrier function [91]. Additionally, drug response tests should demonstrate dose-dependent effects 

consistent with clinical patient responses to support personalized drug screening. 

Electrophysiological properties, such as rhythmic beating in cardiac organoids and synchronized 

neuronal firing in brain organoids, are also important evaluation criteria [92,93]. Standardization 

practices should involve defining organ-specific functional test panels and establishing activity 

thresholds for key indicators [94]. 

Genetic stability is the cornerstone of long-term culture and the reliable application of organoids, 

particularly for tumor organoids and long-term passaged models [13]. Whole-exome sequencing can 

be used to monitor accumulated copy number variations and single-nucleotide variants during 

passaging, whereas single-cell DNA sequencing helps reveal subclonal evolution [95]. For tumor 

organoids, regular validation of the consistency of the driver gene mutation status with that of the 

primary tumor is essential [96]. Epigenetic stability, such as passaging-induced drift in DNA 

methylation profiles, should also be systematically evaluated [97]. Standardization efforts should 

include clearly defining maximum passage numbers, establishing intervals for regular genetic 

monitoring, and employing highly sensitive methods for the quantitative tracking of critical 

mutations [78]. 

To advance the standardization of organoid technology, an international consensus framework 

is needed. First, experimental protocols—including tissue dissociation, matrix selection, culture 

medium formulation, and passaging methods—should be standardized through unified standard 

operating procedures to increase reproducibility [98]. In data reporting, the FAIR principles (findable, 

accessible, interoperable, and reusable) should be adopted to ensure complete disclosure of culture 

conditions, passage history, and analytical workflows, thereby promoting data reusability and 

transparency [99]. Furthermore, a tiered quality certification system should be established to 

distinguish between “research-grade” and “clinical-grade” organoids, accommodating differential 

quality requirements across various application scenarios [100]. In summary, organoid quality 

assessment is a multidimensional and systematic endeavor that relies on the integration of 

morphological, functional, and genetic indicators [101]. The current core challenge lies in defining 

organ-specific “minimum essential indicator sets” and validating their effectiveness through 

multicenter collaborations [102]. Moving forward, there is an urgent need to develop automated, 

high-throughput quality control platforms to facilitate the transition of organoids from experimental 

tools to standardized biological reagents. 

4. Clinical Translation of Organoids 

4.1. Application of Organoids in Clinical Diagnostics 

As three-dimensional miniature organ models, organoids demonstrate two core values in 

clinical diagnostics: assisting pathological subtyping and developing early diagnostic biomarkers. In 

pathological subtyping, organoids serve as critical tools for personalized treatment decision-making 

by preserving the histological features and molecular heterogeneity of primary tumors (Figure 3). For 

example, in colorectal cancer, patient-derived organoids (PDOs) can simulate clinical chemotherapy 

responses through in vitro drug sensitivity testing. Studies have shown that the variation in the 

sensitivity of organoids to oxaliplatin/5-FU regimens closely aligns with actual patient treatment 

responses [103]. Such “organoid drug sensitivity profiles” not only guide chemotherapy selection but 

also help identify primarily resistant subpopulations—for instance, compared with wild-type 

organoids, TP53-mutant organoids exhibit significantly greater resistance to irinotecan [104]. 

Furthermore, the abnormal bile acid metabolism observed in liver cancer organoids provides a 

quantitative indicator for pathological grading [105], whereas after their morphological consistency 
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with that of primary tumors is validated via H&E staining, gastric cancer organoids can assist in 

Lauren classification [106]. More cutting-edge explorations integrate artificial intelligence into 

organoid manufacturing processes and use deep learning to analyze correlations between organoid 

morphological features and pathological subtypes, enabling the automated classification of ovarian 

cancer organoids [107]. 

In the field of early diagnostic biomarker development, organoid-derived biomarkers 

demonstrate unique advantages. Brain organoid models reveal early abnormal tau protein 

phosphorylation patterns in Alzheimer’s disease, offering a novel in vitro validation platform for the 

ATN(I) classification system [108]. Notably, compared with traditional cell models, exosomes 

secreted by organoids carry organ-specific molecular signatures: the combination of miR-21-5p and 

miR-100-5p in intestinal organoid exosomes can differentiate Crohn’s disease from ulcerative colitis 

[109], while the EMT-related miRNA profile in thyroid cancer organoid exosomes can predict tumor 

invasiveness earlier than traditional cell models [110]. Kidney organoid studies have shown that 

injury markers dynamically induced by esculentoside A strongly correlate with those in preclinical 

animal models, confirming that these organoids can serve as reliable screening systems for 

nephrotoxicity biomarkers [111]. Through reconstructing biliary networks, liver organoids have for 

the first time captured the early biliary epithelial marker ANXA4, which is associated with primary 

sclerosing cholangitis, in an in vitro setting [112]. These findings support the use of organoids from 

mere disease models to “biomarker incubators,” as their three-dimensional microenvironments more 

authentically simulate in vivo intercellular communication and paracrine regulation [15]. 

Technological integration further expands diagnostic applications. CRISPR-edited knockout 

organoids can rapidly validate the pathological importance of candidate biomarkers, while 

microfluidic chip-cultured vascularized organoids enable dynamic monitoring of the secretion 

patterns in metastasis-related markers [113]. Through proteomic analysis, recent advances in brain 

injury organoids have revealed novel biomarker combinations, such as GFAP/IL-8, whose diagnostic 

efficacy surpasses that of traditional imaging-based classification [114]. Despite challenges such as 

insufficient vascularization, the diagnostic value of organoids in precision medicine is widely 

recognized—they not only serve as “living biobanks” that preserve patient-specific pathological 

features but also accelerate translational research through high-throughput screening [115]. With the 

integration of technologies such as single-cell sequencing, organoid-driven “spatiotemporal omics 

diagnostics” are expected to reshape clinical practice paradigms in the future [116]. 

4.2. Applications of Organoids in Disease Modeling 

Organoid technology has emerged as a vital tool in disease modeling, demonstrating strong 

application potential across multiple medical fields. Its core value lies in its ability to simulate the 

structure and function of human organs strongly, providing a precise platform for mechanistic 

studies, drug screening, and personalized medicine [15]. In oncology, patient-derived organoids 

(PDOs) preserve the heterogeneity, tissue architecture, and molecular characteristics of primary 

tumors through three-dimensional culture, making them key models in cancer research [13]. In 

colorectal cancer, PDOs can successfully predict patient resistance to chemotherapeutic agents such 

as irinotecan and oxaliplatin with an accuracy exceeding 85%. In breast cancer, PDO models based 

on ER/PR/HER2 expression profiles can guide combined strategies of endocrine therapy and targeted 

drugs [27]. Liver cancer organoids not only recapitulate the histological features of tumors but also 

simulate the evolution of drug resistance following sorafenib treatment, thereby informing 

personalized treatment plans [58]. Furthermore, the integration of organoids with microfluidic chips 

increases drug permeability and microenvironment controllability, significantly strengthening their 

utility in anticancer therapy development [113]. 

Organoids have shown outstanding performance in the study of genetic disease mechanisms 

and validating treatments. In cystic fibrosis (CF), bronchial organoids differentiated from induced 

pluripotent stem cells (iPSCs) have been successfully used for functional validation of CFTR gene 

repair and for evaluating the efficacy of CFTR modulators through ion transport assays [117]. In 
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neurodevelopmental research, brain organoids have overcome the limitations of traditional models: 

Zika virus infection models replicate the process of virus-specific attacks on neural progenitor cells, 

leading to microcephaly, and confirm the protective role of interferon lambda-1 [89]. Furthermore, 

brain organoids with SHANK3 gene mutations associated with autism exhibit abnormal synapse 

formation, offering new insights into disease mechanisms [118]. Organoids are also used to model 

rare diseases such as Rett syndrome and alpha-1 antitrypsin deficiency. When combined with 

CRISPR-Cas9 gene editing, they enable the exploration of pathogenic mechanisms and the validation 

of treatment strategies [119]. 

Organoids provide physiologically relevant models for studying host-pathogen interactions in 

infectious diseases. The mechanism through which the rotavirus invades epithelial cells by 

disrupting the tight junction protein ZO-1 [120] has been revealed in intestinal organoids, while the 

pathway through which the Helicobacter pylori CagA protein induces apoptosis has been confirmed 

in gastric organoids. In COVID-19 research, type II alveolar cells have been identified as primary 

targets of SARS-CoV-2 infection in alveolar organoids because of their high ACE2 receptor 

expression, and it has been demonstrated that viral replication can be inhibited by remdesivir [121]. 

Co-culture systems of lung organoids and immune cells have successfully simulated cytokine storms, 

providing a standardized platform for screening anti-inflammatory drugs [122]. Additionally, the 

mechanism of norovirus invasion via the CD300lf receptor [123] has been elucidated in intestinal 

organoids, and the dynamic process of Zika virus transmission along synapses leading to 

microcephaly has been replicated in brain organoids [124]. 

Liver organoids have proven highly valuable in metabolic studies of non-alcoholic fatty liver 

disease (NAFLD) and non-alcoholic steatohepatitis (NASH). The induction of fatty acid overload 

recapitulates typical pathological features such as lipid accumulation, inflammatory responses, and 

the upregulation of the fibrosis marker α-SMA [125]. In diabetes research, through glucose-

stimulated insulin secretion (GSIS) assays, the detrimental effects of SLC30A8 gene variants on β-cell 

function have been confirmed, and the proliferative effects of GLP-1 receptor agonists have been 

evaluated [126]. The development of vascularized islet organoids has further improved the 

physiological relevance of insulin secretion, increasing the predictive power of the model  [127]. 
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Figure 3. Schematic illustration of the establishment of tumor organoids. Tumor organoids can be generated 

from three primary sources: (1) cancer tissues or cancer cells obtained from patients; (2) pluripotent stem cells, 

including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs); and (3) normal tissues or 

somatic stem cells. These starting materials are cultured in three-dimensional (3D) matrices with specific culture 

media to form self-organizing structures. The resulting models encompass both normal organoids and cancer 

organoids, which recapitulate key functional units and can be utilized as floating spheroids for a wide range of 

biomedical applications. . 

4.3. Application of Organoids in Therapeutic Development and Personalized Medicine 

Organoid technology is rapidly emerging as a pivotal tool in therapeutic development and 

personalized medicine. By closely mimicking the physiological and pathological features of human 

organs, it provides a robust platform for drug screening, toxicity testing, and individualized 

treatment strategies. Owing to their three-dimensional architecture and retention of original tissue 

functions, organoids have been widely adopted to establish a new generation of high-throughput 

drug screening platforms. For instance, lung cancer organoids cultured under standardized 

conditions enable rapid drug screening, with results that strongly correlate with clinical responses 

[128]. Organoid-based screening models not only improve the predictive accuracy but also 

significantly reduce the reliance on animal testing in drug development. In fact, the U.S. FDA has 

recognized organoids as an alternative to animal models for preclinical drug sensitivity testing [129]. 

This approach is equally applicable to rare disease research—such as using patient-specific brain 

organoids to screen potential drugs for mitochondrial disorders [130] or employing iPSC-derived 

intestinal organoids to model infections and identify antimicrobial agents—demonstrating broad 

potential across diverse disease contexts [131]. 

In the context of drug metabolism and toxicity evaluation, liver organoids accurately express 

drug-metabolizing enzymes such as those in the CYP450 family, substantially increasing the 

reliability of hepatotoxicity prediction [132]. Recent studies have shown that biliary organoids can be 

used to assess drug-induced bile duct injury, effectively addressing a gap in traditional toxicology 

models [112]. Similarly, by reconstituting tubule function, kidney organoids enable sensitive 

detection of nephrotoxic biomarkers such as KIM-1, with data showing a correlation of greater than 

85% with clinical kidney injury [133]. These advances underscore the central role of organoids in drug 

safety assessment and hold promise for considerably reducing the use of animal experiments [33]. 

Patient-derived organoids (PDOs) retain the heterogeneity and microenvironmental features of 

primary tumors, offering direct evidence for personalized treatment selection. For example, gastric 

cancer PDOs can be subject to complete sensitivity testing of chemotherapeutic agents such as 5-FU 

within 48 hours, with results showing up to 92% concordance with actual patient treatment responses 

[30]. In colorectal cancer, PDOs outperform genetic testing methods in predicting resistance to 

irinotecan or oxaliplatin [28]. Moreover, co-culture systems combining organoids and immune cells 

provide a novel tool for evaluating immunotherapy efficacy, enabling the prediction of PD-1 inhibitor 

efficacy by simulating tumor-immune interactions—thereby supporting patient stratification and 

treatment optimization [134]. Representative cases have demonstrated that the response of metastatic 

colorectal cancer PDOs to the FOLFOX regimen significantly correlates with patient progression-free 

survival (PFS) [135]. In organoids resistant to oxaliplatin, overexpression of the ERCC1 gene has been 

observed, which is consistent with findings in patient clinical samples. Such studies not only validate 

the utility of PDOs as “patient avatars” but also indicate their potential to help in avoiding ineffective 

treatments, thereby reducing health care costs [136]. 

Organoids provide a highly physiologically relevant platform for functional validation in gene 

editing and cell therapy. In genetic disease research, intestinal organoids are used to evaluate the 

efficacy of CFTR gene repair, in which the lumen formation capacity directly reflects the functional 

recovery of the channel [137]. In diabetes research, the CRISPR-Cas9-mediated knockout of the GLP-

1R gene in pancreatic organoids revealed the critical role of the receptor in β-cell regeneration [126]. 
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Furthermore, liver cancer organoids successfully model tumor evolution through targeted editing of 

driver genes such as TP53, offering an ideal system for developing targeted gene therapies [138]. 

Organoids also play important roles in evaluating the safety of cell therapies. For example, bone 

marrow organoids can simulate cytokine release syndrome (CRS) induced by CAR-T-cell therapy, 

with IL-6 secretion levels being significantly correlated with clinical toxicity grading in patients [139]. 

Brain organoids are used to assess the potential off-target effects of GD2-CAR-T cells on normal 

neural tissue, providing key insights for treatment safety and optimization [140]. These applications 

considerably shorten drug development timelines and increase the predictive power of preclinical 

evaluation. 

4.4. Barriers in Translation 

While organoid technology has demonstrated significant potential in biomedical research and 

clinical translation, its development and application continue to face a series of technical and practical 

challenges. These challenges primarily revolve around physiological relevance, standardization and 

reproducibility, cost and clinical integration barriers, as well as ethical and regulatory considerations 

[15]. First, most current organoid systems lack functional vascular networks and a complete immune 

cell composition, limiting their ability to mimic the true in vivo microenvironment. The absence of a 

vasculature results in insufficient nutrient supply and hypoxia in core regions, restricting organoid 

growth and functional maturation, such as impaired filtration in kidney organoids. Although 

strategies such as hypoxia-inducible factor (HIF-1α) modulation, bioprinting, or co-culture with 

endothelial cells can partially induce vascularization, the perfusion efficiency and stability of these 

structures remain far from physiological levels. Moreover, most existing organoid models fail to 

incorporate immune components, making it difficult to recapitulate key pathophysiological 

processes such as tumor immune evasion or chronic inflammation [141]. While technologies such as 

microfluidic chips can simulate hemodynamic forces and improve microenvironment control, the 

spatial distribution and dynamic recruitment mechanisms of immune cells still require further 

optimization [33]. 

Second, the reproducibility of organoid cultures is affected by variability in cell sources, medium 

composition, matrix materials, and differentiation protocols, leading to significant differences 

between batches—even within the same laboratory [142]. For instance, regionalized assembloids of 

brain organoids still lack unified operational protocols and quality assessment criteria. 

Standardization challenges span multiple aspects, including culture systems, environmental control, 

and functional evaluation [94]. Although artificial intelligence can provide data-driven optimization 

of culture protocols, the absence of international consensus standards severely limits data 

comparability and clinical translatability. Technical fluctuations in automated large-scale culture—

such as variations in 3D printing precision and fluid control stability—further exacerbate batch 

inconsistency. 

Lastly, the specialized culture media, cytokines, and advanced equipment required for organoid 

construction and maintenance result in high costs, but extended culture periods limit their utility in 

acute disease research. From a clinical translation perspective, organoid technology faces the 

following dual hurdles: technically limited scalability and unvalidated systemic integration with host 

tissues [112]. From a regulatory standpoint, organoids lack unified good manufacturing practice 

(GMP) production standards, efficacy evaluation systems, and regulatory frameworks—whether 

intended as therapeutic products or screening tools. Additionally, the application of organoids in 

pharmacokinetic-pharmacodynamic (PK-PD) modeling remains challenging because of their 

systemic complexity [143]. 

As the complexity of organoids increases, ethical concerns are gaining attention. For example, 

brain organoids exhibiting spontaneous neural electrical activity have sparked debate regarding the 

boundaries of “consciousness” and their moral status [144]. While the application of gene editing 

technologies in organoids facilitates disease mechanism research, potential misuse—such as germline 

editing or chimera generation—also raises ethical risks [145]. Furthermore, patient-derived organoids 
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involve issues such as individual privacy protection, commercial use rights of samples, and species 

boundary considerations in animal transplantation. There is an urgent need for interdisciplinary 

dialog to establish the corresponding ethical guidelines and legal regulations  [146]. 

On the regulatory front, organoid technology faces outdated frameworks and a lack of 

standards. Internationally, there is still no clear classification or approval pathway for organoid-

based products, whether used as disease models, drug screening tools, or therapeutics [55]. Clinical 

validation of companion diagnostic organoids is also progressing slowly because of the absence of 

unified analytical performance standards. Advancing the standardization and clinical translation of 

organoid technology requires the establishment of an internationally coordinated regulatory science 

system and the adoption of mechanisms such as “regulatory sandboxes” to accelerate safe and 

effective application [147]. In summary, realizing the full clinical potential of organoid technology 

will require further breakthroughs in vascularization and immune modeling, standardization, cost 

reduction, and ethical-regulatory alignment. Multidisciplinary collaboration and the integration of 

innovative technologies are essential for addressing these challenges. 

5. Future Directions: Integration of AI and Sequencing Technologies 

5.1. AI-Powered Organoid Analysis 

Although organoid technology has made significant strides in in vitro culture, physiological 

simulation, and drug evaluation—as driven by advanced platforms such as microfluidics—the 

complexity of growth and differentiation mechanisms, drug response pathways, and associated data 

analysis challenges remain major bottlenecks hindering clinical translation. The deep integration of 

artificial intelligence (AI) with organoid models is promising for substantially increasing the 

efficiency and reliability of organoid construction, phenotypic interpretation, and clinical application 

[148]. 

Organoid research often relies on techniques such as multiplex immunofluorescence imaging 

for functional assessment. However, the inherent multifocality, heterogeneity, and three-dimensional 

structural complexity of organoids make it difficult for traditional image analysis methods to achieve 

rapid and accurate spatial feature extraction and quantification [81]. AI methods, particularly deep 

learning-based frameworks such as convolutional neural networks, provide effective tools for high-

throughput, automated morphological quantification and pharmacodynamic evaluation of 

organoids [149]. For example, combined with bright-field or label-free optical coherence tomography 

(OCT) imaging, machine learning models enable non-invasive, real-time monitoring and quantitative 

analysis of dynamic changes in organoids, significantly improving the objectivity and reproducibility 

of experimental results. Generative adversarial networks (GANs) further support the reconstruction 

of fine 3D spatial structures from unlabeled images, avoiding sample damage caused by traditional 

staining methods and enabling long-term experiments [150]. 

Beyond morphological analysis, AI has demonstrated a strong ability to integrate multimodal 

data from organoids. The massive amount of multi-omics data generated during organoid 

experiments requires efficient and standardized analytical tools. AI methods can be used to combine 

these datasets to identify cellular subpopulation heterogeneity within organoids, to track functional 

evolution trajectories, and to correlate molecular and phenotypic responses following drug treatment 

[151]. Furthermore, AI-driven quality control modules help improve the stability and reproducibility 

of organoids, providing support for their standardization and clinical translation [152]. 

In the context of personalized medicine, the linkage between organoids and patient clinical data 

has opened new paradigms for disease modeling and treatment prediction. AI-predictive models 

integrate multi-omics features of organoids with patient clinical information to construct patient-

specific drug response profiles [153]. Machine learning algorithms can identify biomarkers of drug 

sensitivity and predict the efficacy of chemotherapy or targeted therapy, which is particularly 

valuable in studies of highly heterogeneous cancers or rare diseases. Furthermore, reinforcement 

learning frameworks can simulate dynamic treatment scenarios and iteratively optimize dosing 
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strategies on organoid platforms, thereby shortening drug screening cycles and reducing reliance on 

animal testing and costly clinical studies. Notably, the U.S. FDA has introduced new guidelines 

allowing certain drugs to bypass animal testing before entering clinical trials—a policy shift that 

further underscores the importance of organoids and organ-on-a-chip models as alternative systems. 

The integration of AI with organ-on-chip technology will enable real-time monitoring and closed-

loop feedback, allowing for the dynamic adjustment of treatment strategies and advancing precision 

medicine from “static prediction” to “dynamic intervention”. In the future, as single-cell sequencing 

costs decline and edge computing technologies advance, distributed AI systems are expected to 

enable the real-time analysis of organoid data and clinical decision support [154]. Overall, the 

synergistic innovation of AI and organoid technology will profoundly transform existing paradigms 

in disease modeling, drug development, and personalized therapy, accelerating the translation from 

basic research to clinical applications. 

5.2. Application of Organoid Technology in Single-Cell and Long-Read Sequencing 

Organoid technology, when integrated with single-cell and long-read sequencing, demonstrates 

unprecedented spatiotemporal resolution, with its core value reflected in two key dimensions: 

dynamic monitoring and multi-omics integration. In terms of dynamic monitoring, real-time 

genomic analysis based on long-read sequencing technologies such as Nanopore is revolutionizing 

the application of organoid models in studying tumor evolution. For example, clonal dynamics in 

patient-derived tumor organoids under chemotherapeutic pressure can be captured using single-cell 

whole-genome sequencing to detect low-frequency drug-resistant mutations. The unique continuous 

reading capability of long-read sequencing enables the resolution of structural variations and the 

coordinated evolution of epigenetic modifications. Studies have confirmed that microfluidic chip 

systems can automate the entire process of organoid culture, digestion, and single-cell isolation. 

When combined with real-time Nanopore sequencing, this approach allows the accumulation of 

mutations in genes associated with chemotherapy resistance to be tracked, with single-base 

resolution even identifying subclonal-level chimeric mutations [155]. Furthermore, using 

combinatorial indexing strategies, dynamic single-cell multi-omics monitoring simultaneously 

captures transcriptomic and chromatin accessibility data, revealing spatiotemporal correlations 

between WNT/β-catenin pathway activation and open chromatin regions in drug-resistant cells [156]. 

This dynamic perspective provides a cellular molecular clock for understanding the evolution of 

tumor heterogeneity. 

At the multi-omics integration level, the synergistic application of spatial transcriptomics and 

single-cell sequencing overcomes the spatial limitations associated with studying 

microenvironmental interactions within organoids. For instance, spatial transcriptomics can locate 

specific niches in intestinal organoids that interact with symbiotic microorganisms, while the 

combined use of single-cell immunomics and microbiome analysis deciphers the negative feedback 

mechanism between antimicrobial peptide secretion by goblet cells and the spatial distribution of the 

microbiota [157]. State-of-the-art algorithms, which integrate single-cell transcriptomics, chromatin 

accessibility, and spatial proteomics data through deep learning frameworks, have successfully 

mapped metabolic-immune interaction networks specific to liver lobule zones in hepatic organoids 

[158]. Notably, multi-omics integration has also revealed conservation differences in developmental 

regulation: single-cell multi-omics analysis of human kidney organoids revealed that, compared with 

those in adult kidneys, renal tubular cells in organoids exhibit broader open chromatin regions and 

fetal-like enhancer-promoter interaction patterns—findings functionally validated in proximal 

tubule cell lines via CRISPR interference experiments. These findings suggest that organoids may 

more closely resemble developing tissue states than mature tissue states [159]. 

Technical challenges and solutions coexist. In dynamic monitoring, distinguishing endogenous 

mutations in organoids from artificial variations introduced during in vitro culture requires paired 

normal tissue sequencing. Multi-omics integration faces issues such as data sparsity and batch effects, 

which emerging algorithms address by using generative adversarial networks to simulate real data 
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distributions and optimize analytical workflows [152]. In the future, single-cell multi-omics platforms 

combining synthetic biology and live-cell imaging are expected to enable four-dimensional 

reconstruction of organoid development and pathological processes. These advances will propel 

organoids from static models to dynamic systems, ultimately serving the personalized predictive 

needs of precision medicine [48]. 

6. Future Perspectives 

Organoid technology is currently at a critical juncture, transitioning from basic research to 

clinical translation. Its future development will heavily rely on interdisciplinary innovation, the 

establishment of standardized systems, and deeper integration into clinical applications. Although 

challenges remain, this technology has the potential to reshape existing paradigms in disease 

research, drug development, and precision medicine [142]. Further advancements in organoid 

technology will require deep integration with engineering, computational science, and 

biotechnology. Artificial intelligence and machine learning will significantly enhance the analysis of 

high-throughput imaging and single-cell multi-omics data from organoids, enabling automated 

phenotypic recognition, drug response prediction, and mechanistic exploration. The integration of 

organ-on-a-chip and biosensing technologies will allow for the simulation of interorgan interactions 

and complex microenvironments, while real-time monitoring of metabolic activity, oxygen 

consumption, and electrophysiological parameters will provide critical data for dynamic 

pharmacodynamic evaluation [33]. Future efforts should be focused on developing more 

biocompatible biomimetic scaffold materials and addressing the integration of cross-scale, multi-

modal data to improve both the physiological relevance of organoids and the quality of the data 

generated. 

Clinical translation of organoids urgently requires internationally unified culture standards, 

quality evaluation systems, and regulatory frameworks. Regulatory agencies have begun recognizing 

the value of organoids in drug toxicity testing and personalized medicine—for instance, using 

standardized organoid protocols for hepatotoxicity assessment. Promoting industrialization will 

depend on addressing three core issues: the standardization of culture processes, the construction of 

quality control systems, and the development of large-scale production technologies [129]. 

Collaboration among industry, academia, and research institutions is key to reducing costs, 

accelerating technology adoption, and establishing international consensus guidelines. 

As foundational infrastructures for precision medicine, organoid biobanks are already playing 

important roles in various cancer fields [115]. Optimizing cryopreservation and revival techniques, 

along with establishing sample-sharing platforms, will expand their coverage of diseases and 

populations. The combination of dynamic intervention systems and real-time monitoring 

technologies is expected to enable precise regulation and continuous monitoring of organoid 

function, providing closed-loop feedback for individualized therapies [48]. However, insufficient 

vascularization and a lack of immune microenvironments remain major technical bottlenecks, 

necessitating solutions through co-culture systems, tissue engineering, and organ-on-a-chip 

technologies [112]. 

In the future, organoids are expected to serve as “living biological reagents,” fundamentally 

transforming research approaches to disease modeling, drug development, and regenerative 

medicine [87]. Their value will be demonstrated in three main aspects: replacing animal models to 

enable human-specific disease studies; integrating multi-omics data to reveal disease mechanisms 

and predict therapeutic targets; and serving as cell sources for tissue repair in regenerative medicine 

[80]. Ultimately, organoid technology will drive the transition of medicine toward an integrated 

precision system encompassing “patient-organoid-clinical” synergy. However, as organoid 

complexity increases, ethical concerns regarding the boundaries of “consciousness” and the 

implications of gene editing are becoming increasingly prominent, underscoring the urgent need for 

interdisciplinary collaboration to develop corresponding ethical guidelines and regulatory 

frameworks [48,160]. 
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7. Conclusions 

As three-dimensional physiologically relevant models, organoid technology has significantly 

overcome the limitations of traditional two-dimensional cell cultures and animal models—such as 

species-specific differences and the absence of a true microenvironment—by closely mimicking the 

structural complexity, cellular heterogeneity, and microenvironmental features of human organs. 

This breakthrough has successfully bridged a critical gap between basic research and clinical 

translation. Organoids demonstrate exceptional capabilities in recapitulating tumor pathological 

behavior and patient-specific drug responses, providing a highly reliable platform for predicting 

drug efficacy and toxicity. For instance, colorectal cancer organoids can accurately replicate 

individual tumor biology, thereby accelerating the translation from mechanistic research to clinical 

intervention. Furthermore, studies involving organoid transplantation have preliminarily 

demonstrated their potential use in tissue repair and regenerative medicine [112]. 

Organoids have not only profoundly advanced our understanding of disease mechanisms but 

have also brought revolutionary changes to personalized medicine. Patient-derived organoids have 

been used to model a wide range of pathological mechanisms successfully, from genetic disorders 

and infectious processes to cancer progression [161]. In personalized medicine, organoid platforms 

enable patient-specific prediction of drug responses, guiding the optimization of clinical 

chemotherapy, targeted therapy, and immunotherapy regimens. Moreover, by integrating iPSC-

derived models and multi-omics technologies, organoids further support end-to-end integration 

from disease modeling to the development of individualized treatment strategies, offering tailored 

solutions for rare and complex diseases [162]. 

Despite their considerable translational potential, the widespread clinical adoption of organoid 

technology still faces several challenges. Technically, insufficient standardization of culture systems 

leads to batch-to-batch variability, limited functional maturity, and the absence of vascularization 

and innervation, underscoring the urgent need to establish unified quality assessment systems across 

laboratories. Further advancements in organoid technology will require deep interdisciplinary 

integration [33]. Moreover, regulatory and industrial development remains lagging, necessitating the 

improvement of ethical frameworks, the promotion of clinical trial validation, and the formulation of 

international consensus guidelines. Moving forward, global collaboration and multidisciplinary 

cooperation—encompassing bioengineering, clinical medicine, and data science—will be essential to 

address these technical and administrative bottlenecks, ultimately enabling the scalable and 

standardized translation of organoids from experimental systems to clinical tools [86]. 

In summary, organoid technology bridges the gap between traditional preclinical models and 

human trials. Leveraging their high physiological relevance, organoids exhibit tremendous potential 

for elucidating disease mechanisms, enabling personalized drug screening, and optimizing 

regenerative treatment strategies. Future research should focus on multidisciplinary technology 

integration, the establishment of standardized systems, and the exploration of clinical translation 

pathways. Only by systematically addressing the core “3R” challenges—reproducibility, regulatory 

frameworks, and real-time monitoring—can the revolutionary role of organoids in precision 

medicine be fully realized, transforming them from research tools into clinical decision-support 

systems [55]. 
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Abbreviations 

2D Two-Dimensional 

3D Three-Dimensional 

PDTO Patient-Derived Tumor Organoid 

iPSCs Induced Pluripotent Stem Cells 

ASCs Adult Stem Cells 

PDOs Patient-Derived Organoids 

TME Tumor Microenvironment 

HUVECs Human Umbilical Vein Endothelial Cells 

NVUs Neurovascular Units 

dECM Decellularized Extracellular Matrix 

OCT Optical Coherence Tomography 

NADPH Nicotinamide Adenine Dinucleotide Phosphate 

FAD Flavin Adenine Dinucleotide 

CF Cystic Fibrosis 

CFTR Cystic Fibrosis Transmembrane Conductance Regulator 

TILs Tumor-Infiltrating Lymphocytes 

NAFLD Non-Alcoholic Fatty Liver Disease 

NASH Non-Alcoholic Steatohepatitis 

GSIS Glucose-Stimulated Insulin Secretion 

FDA U.S. Food and Drug Administration 

CRS Cytokine Release Syndrome 

CAR-T Chimeric Antigen Receptor T-Cell 

HIF-1α Hypoxia-Inducible Factor-1α 

GMP Good Manufacturing Practice 

PK-PD Pharmacokinetic-Pharmacodynamic 

AI Artificial Intelligence 

GANs Generative Adversarial Networks 

FAIR Findable, Accessible, Interoperable, Reusable 

AUC Area Under the Curve 

siRNA Small Interfering RNA 

mRNA Messenger RNA 

DNA Deoxyribonucleic Acid 
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