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ABSTRACT 

Traditional preclinical models, including two-dimensional cell cultures and animal models, often fail to predict human 
drug efficacy and toxicity, contributing to high attrition rates in pharmaceutical development. Advanced in vitro 
models—organoids, organ-on-a-chip systems, and 3D bioprinted tissues—aim to better recapitulate human physiology 
and disease. Organoids are self-organizing three-dimensional structures derived from stem cells that mimic organ 
architecture and function. Organ-on-a-chip devices integrate living cells with microfluidic systems to replicate dynamic 
mechanical and biochemical environments. Three-dimensional bioprinting enables precise spatial deposition of cells 
and biomaterials to construct tissue-like structures. This review critically examines the current state and applications 
of these technologies in preclinical drug development and disease modeling, focusing on literature through early 2026. 
Organoids have been used to model genetic diseases, infectious diseases, and cancers, and to screen drug responses. 
Organ-on-a-chip systems have demonstrated utility in toxicology and pharmacokinetic studies, with multi-organ 
platforms emerging. 3D bioprinting offers scalability and architectural control, enabling fabrication of vascularized 
tissues. Challenges include standardization, reproducibility, scalability, and validation against human physiology. 
Future directions include integration of immune components, multi-organ connectivity, and regulatory acceptance as 
alternative methods. These platforms hold promise for reducing animal use and improving drug development efficiency. 
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1 INTRODUCTION  

Drug development is hindered by poor translation from preclinical models to humans. Animal models, while valuable, 
differ in metabolism, genetics, and disease mechanisms. Two-dimensional cell cultures lack tissue architecture and cell–
cell interactions. Advanced three-dimensional models offer more human-relevant systems. Organoids, derived from 
pluripotent or adult stem cells, self-organize into mini-organs with multiple cell types and functions. Organ-on-a-chip 
devices provide dynamic culture conditions, including flow, mechanical stretch, and oxygen gradients. Three-
dimensional bioprinting enables construction of complex tissues with defined spatial organization. 

These technologies are increasingly used in academic and industry settings for disease modeling, drug screening, and 
toxicology. This review summarizes progress, applications, and challenges through early 2026. 
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2 ORGANOIDS   

Organoids can be generated from induced pluripotent stem cells or adult stem cells for many organs, including brain, 
intestine, liver, kidney, and lung. They recapitulate key aspects of organ development and disease. For example, 
intestinal organoids have been used to study cystic fibrosis and infectious diseases like SARS-CoV-2. Tumor organoids, 
or patient-derived organoids, preserve tumor heterogeneity and can predict chemotherapy responses. In drug 
development, organoid biobanks enable high-throughput screening of efficacy and toxicity. Limitations include lack of 
vasculature, immune cells, and mechanical stimuli, as well as variability between batches. 

3 ORGAN-ON-A-CHIP   

Organ-on-a-chip systems integrate microfluidics with living cells to model tissue-level functions. Examples include lung-
on-a-chip with air–liquid interface and cyclic stretch, liver-on-a-chip with perfusion, and kidney-on-a-chip with 
filtration. Multi-organ chips link multiple tissue compartments to study pharmacokinetics and systemic toxicity. These 
systems have shown promise in predicting drug-induced liver injury, nephrotoxicity, and pulmonary effects. Companies 
and regulatory agencies are exploring their use as alternatives to animal testing. Challenges include fabrication 
complexity, standardization, and validation. 

4 3D BIOPRINTING   

3D bioprinting deposits bioinks containing cells, hydrogels, and growth factors to create three-dimensional structures 
with controlled architecture. Techniques include extrusion, inkjet, and light-based printing. Bioprinted tissues can 
include vascular channels, improving nutrient and oxygen delivery. Applications include skin, cartilage, bone, liver, and 
tumor models. Bioprinted tumor models with stromal and immune cells enable study of tumor microenvironment and 
drug responses. Scalability and reproducibility are improving, but challenges remain in achieving high cell viability, 
tissue maturation, and functional integration. 

5 INTEGRATION AND MULTI-ORGAN SYSTEMS   

Combining organoids with microfluidic chips or bioprinting can create more complex models. For example, organoid-
on-a-chip systems provide dynamic flow and mechanical cues. Multi-organ platforms connect liver, heart, kidney, and 
other tissues to assess drug metabolism and toxicity. These integrated systems aim to replicate human physiological 
responses and reduce animal testing. However, they require careful design to maintain physiological scaling and cross-
talk. 

6 CHALLENGES AND LIMITATIONS   

Standardization of protocols, cell sources, and quality control is a major issue. Reproducibility across laboratories and 
batches is limited. Scaling up for high-throughput screening remains difficult, especially for organ-on-a-chip and 
bioprinted tissues. Cost and specialized equipment restrict widespread adoption. Validation against human data is 
essential; many studies are descriptive rather than predictive. Regulatory acceptance is still evolving, with agencies 
encouraging qualification of alternative methods. 

7 FUTURE PERSPECTIVES   

Future directions include incorporating immune components, vasculature, and innervation into models. Personalized 
medicine applications using patient-derived organoids for drug selection are promising. Artificial intelligence may aid 
in analysis and prediction. Multi-organ human-on-a-chip systems could replace some animal studies. Regulatory 
frameworks will need to adapt to accept these models as evidence in drug development. International consortia are 
working on standards and qualification pathways. 

8 CONCLUSION   

Organoids, organ-on-a-chip, and 3D bioprinting represent major advances in preclinical modeling, offering more 
human-relevant systems than traditional approaches. They have demonstrated utility in disease modeling and drug 
screening, but challenges in standardization, scalability, and validation remain. Continued development and regulatory 
collaboration are essential to realize their potential in reducing attrition and improving drug safety. 
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