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Abstract
Multiorgan-on-a-chip (MOoC) systems are advanced microfluidic devices that integrate multiple organ models into a single 
modular unit, each composed of cells derived from various tissues or organs. These systems enable interorgan communica‐
tion and accurately replicate physiological conditions, providing a more physiologically relevant modeling framework for 
constructing disease models and predicting drug efficacy and toxicity. MOoC systems also provide significant advantages in 
terms of flexibility, cost-effectiveness, and reproducibility, making them valuable tools for drug development and toxicity as‐
sessment. In this review, we first provide an overview of the MOoC technology, covering cell sources, stimulations, materi‐
als and fabrication techniques, and biosensors. We then examine the application of MOoC systems in disease modeling, fo‐
cusing on cancer metastasis, metabolic disorders, and cardiovascular disease. We next discuss the use of MOoC systems in 
drug toxicity evaluation and drug screening, emphasizing their role in providing comprehensive assessments of drug effects. 
Finally, we address the challenges it faces and the future perspectives of the MOoC technology. 
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1　Introduction

Biomedical research has traditionally relied on two-
dimensional (2D) cell cultures and animal models for dis‐
ease modeling and drug screening [1, 2], which have 
yielded valuable insights into disease mechanisms and 
played a vital role in therapeutic development. However, 
2D cell cultures, which grow as monolayers in Petri dishes, 
lack both the structural complexity and dynamic conditions 
of in vivo tissues. These limitations restrict their ability to 
replicate human pathophysiology, drug response, and toxin 
interactions [3]. Furthermore, primary cells have limited 
passage capabilities, whereas immortalized cell lines often 
accumulate mutations during prolonged culturing, thereby 
compromising their reliability. The static nature of these 
cultures further exacerbates these issues, as they lack essen‐
tial features such as vascular flow and interstitial dynamics, 
which are critical for mimicking the physiological microen‐
vironment. Although animal models remain the gold stan‐
dard for preclinical drug validation and represent a more ho‐
listic system to investigate drug metabolism and effects [4], 
they have significant limitations. In addition, physiological 
and genetic differences between animals and humans often 
result in inconsistencies in drug efficacy and safety, thereby 
reducing their predictive accuracy for human outcomes.

The emergence of the organ-on-a-chip (OoC) technology 
has revolutionized disease modeling and drug screening, 
representing a promising alternative to traditional cell and 
animal models [5]. These microengineered platforms repli‐
cate the structural and functional complexity of human or‐
gans by integrating living cells and biomaterials within a 
microfluidic device [6]. This setup allows precise control 
over the cellular microenvironment, enabling the study of 
human physiology and the side effects of drugs in a more 
realistic context. The OoC technology provides several key 
advantages, including a more reliable and predictive model 
for investigating drug safety and efficacy, supporting high-
throughput screening, reducing costs, and accelerating the 
drug discovery process [7]. Over the past decade, OoC sys‐
tems have rapidly evolved to target various organs, such as 
the heart [8], lung [9], kidney [10], liver [11], and gut [12]. 
As single OoC systems have matured further, researchers 
have focused more attention on multiorgan-on-a-chip 
(MOoC) or body-on-a-chip [13]. MOoC systems integrate 
multiple organ models such as the heart, liver, lung, and kid‐
ney within a single microfluidic device, allowing simulation 
of organ–organ interactions and systemic responses in vitro. 
This innovative approach addresses several limitations in‐
herent in conventional models, thus providing a more holis‐
tic view of disease progression and drug effects.

In this review, we aim to present a comprehensive over‐
view of the current applications of the MOoC technology, 
which include cell sources, stimulations, materials, fabrication 

techniques, and integrated biosensors. We will also explore 
their applications in disease modeling, drug toxicity assess‐
ment, and drug screening. Finally, we conclude by address‐
ing the current challenges and discussing potential future de‐
velopments in this field (Fig. 1).

2　Overview of MOoC

MOoC is an innovative biomedical engineering approach in 
which cells obtained from multiple human organs or tissues 
are cultured on a microchip to replicate critical functions of 
human physiological systems. A typical MOoC device in‐
cludes miniature chambers, fluidic channels, and sensors 
that accurately mimic the physiological conditions of spe‐
cific organs [14]. The selection of appropriate cell types is 
critical to the success of the system, as different cell types 
must be carefully selected based on the specific experimen‐
tal objectives. Various stimuli, such as electrical signals [15], 
mechanical stretching [16, 17], fluid flow [18], and chemi‐
cal signals [19], are applied to the microsystem to im‐
prove tissue maturation and functional performance in vitro. 
Integrated biosensors enable real-time monitoring of cellu‐
lar responses, including metabolic activity, cell viability, 
and cell death, thereby enabling the evaluation of drug ef‐
fects. The modular design of MOoC systems allows the 
customization of materials and fabrication methods, pro‐
viding researchers with the flexibility to address diverse 
experimental requirements. These features position MOoC 
as a versatile tool for exploring interorgan communication, 
drug metabolism pathways, and systemic toxicity mecha‐
nisms (Fig. 2).

Fig. 1  Schematic of the MOoC systems discussed in this review, in‐
cluding their applications in disease modeling, drug toxicity testing, 
and drug screening. Created using BioRender (https://app.biorender.
com)
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2.1　Cell sources

Cell sources for OoC systems can be classified into the fol‐
lowing three categories based on cost, availability, and tis‐
sue functionality: human primary cells, immortalized cell 
lines, and stem cells [20]. Each of these cell types has its 
own set of advantages and disadvantages.

Human primary cells are extracted from living organs, 
typically obtained from biopsy material, and have been suc‐
cessfully used in liver [21], lung [22], kidney proximal tu‐
bule [23], and neurovascular-on-a-chip systems [24]. They 
retain the donor’s genotype, rendering them suitable for 
personalized drug screening applications. However, they 
may harm the donors, and their limited proliferative capac‐
ity and phenotypic changes after being cultured for a few 
passages result in a short lifespan and restrict applicability 
in OoC studies. Immortalized cell lines can be easily cul‐
tured and are readily available for multiple passages with‐
out significant changes in phenotype, thereby allowing for 
the generation of reproducible outcomes [25]. Nevertheless, 
they cannot completely replicate the intricate organ func‐
tions observed in vivo and may not accurately represent the 
heterogeneous cellular response found in living organisms 
due to their genetic and phenotypic uniformity [26]. Stem 
cells include embryonic stem cells, induced pluripotent stem 
cells (iPSCs), and adult stem cells, among which iPSCs 
have gained increasing popularity for drug testing and dis‐
ease modeling [27]. iPSCs are generated by reprogramming 

adult cells, such as skin fibroblasts [28], adipose stromal 
cells [29], peripheral blood samples [30], and urine 
samples [31]. They can be subsequently differentiated into 
any desired cell type using small molecules or commercial 
kits. The advantages of iPSCs include noninvasive access to 
patients’ cells, convenience for investigating drug efficacy 
at a personalized level, and the avoidance of ethical issues. 
Nonetheless, the application of iPSC-derived cells may be 
limited by their immature phenotypes and may require addi‐
tional stimuli to achieve full functionality. Furthermore, the 
production of iPSCs can be expensive and technically chal‐
lenging, which may limit their widespread application in 
OoC systems.

Over the past century, cell culture has relied on static nu‐
trient environments that facilitated proliferation but often re‐
sulted in reduced tissue functionality. Recent advances us‐
ing three-dimensional (3D) extracellular matrix (ECM) hy‐
drogels within microphysiological systems have provided 
innovative platforms for investigating human biology and 
pathology. These models successfully emulate native tissue 
architecture, cell–cell communication, and essential physi‐
ological processes. Although static models demonstrate util‐
ity in replicating certain tissue-level functions, their inabil‐
ity to incorporate dynamic physiological elements, such as 
multi-tissue integration, circulatory networks, biomechani‐
cal forces, and systemic immune interactions, limits their ac‐
curacy in modeling compound biodistribution and clearance 
processes. Such limitations compromise their ability to 

Fig. 2  The MOoC platform integrates essential elements including cell sources, stimulation systems, materials, fabrication methods, and biosen‐
sors. Created using BioRender (https://app.biorender.com)
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accurately simulate drug distribution patterns, metabolic 
clearance, and potential adverse effects across different tis‐
sues. Microfluidic organ-chip platforms address these gaps 
by engineering controlled microenvironments that recapitu‐
late organ-level transport barriers, fluid shear stresses, me‐
tabolite exchange rates, and oxygen gradients, thereby sig‐
nificantly improving the physiological relevance of pharma‐
cokinetic–pharmacodynamic (PK/PD) evaluations [32].

2.2　Stimulations

Tissues cultured in OoC systems often require physical or 
chemical stimulation to promote tissue maturation and func‐
tionality. In vivo, cells are exposed to a combination of bio‐
mechanical and biochemical stimuli, such as mechanical 
stimuli, electrical stimulation, and chemical environment, 
which interact to modulate cellular responses [33]. To better 
mimic physiological conditions, OoC systems incorporate 
various mechanical stimuli, which can be categorized into 
the following three types: shear flow, compression, and 
stretch/strain [34]. Shear flow can be further classified into 
laminar flow, pulsatile flow, and interstitial flow. These me‐
chanical forces play a significant role in regulating cell be‐
haviors such as proliferation, migration, phenotype mainte‐
nance, and differentiation.

Laminar flow has been widely utilized in OoC systems to 
explore the effects of fluid forces on angiogenesis, the pro‐
cess of forming new blood vessels, and drug toxicity in 
liver-on-a-chip models [35–37]. Remarkably, laminar shear 
stress also plays a vital role in the development of intestinal 
villi morphology in gut-on-a-chip systems, demonstrating 
its importance in tissue morphogenesis [38]. Pulsatile flow 
is commonly applied in blood-vessel-on-chip systems to 
replicate the natural pulsation of blood flow within the hu‐
man circulatory system [39]. The effect of interstitial flow 
on cell motility has also been extensively investigated, with 
microfluidic systems emerging as a promising platform for 
exploring this phenomenon. For instance, interstitial flow 
has been used in lung-on-a-chip [40] and intestine-on-a-
chip [41] models to mimic biological processes and im‐
prove cell differentiation. Moreover, compression stresses 
are particularly relevant for modeling mechanically active 
tissues such as the skin [42] and cardiac tissue [43], 
whereas stretch/strain conditions are essential for simulating 
lung alveoli and intestinal peristalsis in respective chip 
models [44, 45].

Electrical stimulation is a pivotal element within OoC 
systems [46], which is recognized for its ability to improve 
tissue functionality and expedite the maturation of cardio‐
myocytes (CMs). In these systems, controlled electrical sig‐
nals are generated through electrodes and subsequently ap‐
plied to cells within the device. Platinum and gold elec‐
trodes are used to deliver electrical signals, which not only 

stimulate iPSC-derived CMs (iPSC-CMs) but also record 
electrophysiological signals in real time [47].

Beyond mechanical and electrical stimulation, the chemi‐
cal environment plays a crucial role in the generation and 
maintenance of physiologically accurate OoC systems [48]. 
Growth factors and cytokines are essential for replicating 
the tissue microenvironment. To achieve precise spatiotem‐
poral control over chemical factors within the microenviron‐
ment, researchers can use microfluidic devices that incorpo‐
rate pressure regulation at the inlet [49]. For instance, Xeno‐
pus laevis (frog) animal cap explants represent a highly inte‐
grated multicellular system that allows for long-term and 
high-speed experiments, facilitated by the control of inlet 
pressure. This approach has been confirmed to be highly ef‐
fective for investigating tissue responses to the steroid hor‐
mone dexamethasone (DEX) [50].

2.3　Materials and fabrication of OoC devices

2.3.1　Materials of OoC devices

Polydimethylsiloxane (PDMS) is a crucial material exten‐
sively utilized in OoC research [51]. It is commonly used as 
the primary structure or as a porous membrane in most de‐
vices [52]. PDMS has numerous unique advantages for 
OoC applications, including long-term biocompatibility for 
cultured cells, ease of fabrication, optical transparency for ob‐
serving and evaluating tissues, high elasticity, low toxicity, 
excellent oxygen permeability, and cost-effectiveness [53]. 
Nevertheless, PDMS does have several drawbacks, which 
have prompted researchers to explore alternative materials 
in the realm of OoC. A well-known limitation of PDMS is 
its hydrophobicity and capacity to absorb lipophilic com‐
pounds [54]. This characteristic can interfere with drug test‐
ing outcomes, resulting in inaccuracies in the evaluation of 
drug toxicity and efficacy. To improve PDMS adhesion, re‐
searchers have investigated surface or membrane coating 
with ECM proteins, such as collagen, gelatin [55], fibronec‐
tin, and hydrogels [56]. These coatings generate a natural 
environment for cell adhesion and the formation of func‐
tional tissue structures. Although PDMS is widely used in 
the OoC field, it may not be the ideal material for fabricat‐
ing OoCs dedicated to drug testing, personalized medicine, 
and absorption, distribution, metabolism, and excretion 
(ADME) modeling. A review by Campbell et al. high‐
lighted various alternative materials to PDMS for OoC ap‐
plications, each with distinct advantages [57]. For instance, 
elastomers, composed of intertwined polymer chains, pro‐
vide flexibility and stretchability and also resist the absorp‐
tion of small hydrophobic molecules, thus addressing a key 
limitation of PDMS, and are often used in heart-on-a-chip 
systems [58]. Thermoplastic polymers are another cost-
effective alternative with reduced risk of monomer leaching, 
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excellent biocompatibility, and robust mechanical proper‐
ties, although they lack the flexibility of PDMS [57]. Poly‐
methyl methacrylate (PMMA) stands out for its optical clar‐
ity and mechanical strength. In addition, epoxy is valued for 
its durability and resistance to harsh chemicals [59]. These 
materials demonstrate a diverse range of properties, cater‐
ing to the specific requirements of OoC fabrication.

2.3.2　Fabrication methods of OoC devices

The transition from laboratory prototypes to clinically vi‐
able OoC devices necessitates careful consideration of fabri‐
cation scalability. Although rapid prototyping methods 
(e.g., soft lithography and 3D printing) dominate academic 
research due to their design flexibility, they face inherent 
limitations in production throughput and reproducibility. In 
contrast, wafer-level photolithography and industrial injec‐
tion molding demonstrate proven scalability for high-
volume manufacturing, although with higher initial tooling 
costs. There are several approaches for fabricating OoC de‐
vices, including lithography [60], injection molding [61], 
etching, laser cutting processes [62], and 3D printing [63].

(i) Lithography technology, a cornerstone of semiconduc‐
tor manufacturing, is extensively used in OoC fabrication 
and can be divided into two major types, namely, photoli‐
thography and soft lithography. In ultraviolet (UV) lithogra‐
phy processes, light exposure transfers intricate 3D patterns 
from a photomask to a photoresist-coated silicon substrate 
[64]. SU-8 is a commonly used photoresist type in micro‐
fabrication. In photolithography, a photosensitive layer un‐
dergoes a chemical transformation when exposed to light, 
resulting in the hardening of specific areas but leaving oth‐
ers soft. Subsequently, the unexposed regions are baked and 
washed away in a chemical bath, and the hardened parts re‐
main adhered to the silicon wafer. Subsequent etching steps 
transfer these patterns into the underlying substrate [65]. 
Although photolithography achieves precise and high-
resolution microfabrication, its implementation requires sig‐
nificant infrastructure investment, including cleanroom fa‐
cilities and specialized equipment [66].

Soft lithography extends the capabilities of conventional 
photolithography by replicating microstructures/nanostruc‐
tures on elastomeric materials. The process begins with the 
fabrication of a master mold using high-resolution tech‐
niques such as electron-beam lithography and two-photon 
polymerization, which determine the final pattern resolution 
(as fine as 30 nm) and feature size range (10–100 nm) [67]. 
This mold subsequently transfers the patterns to PDMS 
through molding, providing cost-effective prototyping solu‐
tions, although with limited production scalability.

(ii) Injection molding is a high-throughput manufacturing 
process used for the mass production of parts through the in‐
jection of molten material into a mold [68]. This process 

typically utilizes a thermoplastic or thermosetting polymer 
that is heated to a viscous state and then forcibly injected 
into a mold cavity under high pressure. The molding pro‐
cess involves the following four sequential steps: clamping, 
injection, cooling, and ejection. The mold is first tightly 
clamped, and then the molten polymer is forced through a 
plunger into the cavity. Phase-change cooling is accelerated 
by integrated water channels. After solidification, the mold 
opens and the ejector pins. The mold is then closed, and the 
process is repeated. Compared with PDMS-based fabrica‐
tion methods, injection molding demonstrates superior per‐
formance in terms of cell loading efficiency and ECM-
mimetic capability and also maintains production scalability.

(iii) The etching technique represents a fundamental sub‐
tractive process in microfabrication, with two principal vari‐
ants, namely, wet etching (chemical solution-based) and dry 
etching (plasma-based) [69]. In a standard wet etching pro‐
tocol, researchers first deposit an etch-resistant mask (typi‐
cally a photoresist or silicon nitride) patterned by lithogra‐
phy to expose targeted substrate regions. The exposed area 
is then selectively removed by chemical immersion. Wet 
etching can generate an isotropic profile. Dry etching meth‐
ods address the isotropic limitations of wet etching by pro‐
ducing anisotropic profiles, although they require more so‐
phisticated equipment. Despite being indispensable for pro‐
totyping microfluidic platforms, their scalability for true 
industrial-scale production remains challenged due to 
throughput limitations, material selectivity constraints, and 
environmental concerns [70].

(iv) Laser cutting process is a popular method for fabri‐
cating microfluidic channels and is compatible with a range 
of materials such as plastic and glass, thereby enabling the 
creation of different patterns with various depths and widths 
on the substrate using computer-aided design. This technol‐
ogy provides the advantages of being a relatively rapid and 
straightforward process that does not require a cleanroom 
environment for fabrication [71]. Nevertheless, laser cutting 
has the drawback of requiring expensive equipment, limiting 
its use for large-scale production.

(v) The 3D printing technology has found applications 
across various industries, including healthcare, aerospace, 
automotive, and consumer products. The landscape of 3D 
printing has expanded to encompass a range of different 
technologies, such as fused deposition modeling, selective 
laser sintering, and digital light processing [72]. 3D printing 
enables the accurate and customizable fabrication of intri‐
cate structures, making it possible to generate highly accu‐
rate models of human organs and tissues. Using 3D printing 
for the development of OoC devices allows researchers to 
more faithfully replicate the complex environments of 
human organs and tissues, resulting in more accurate drug 
testing and disease modeling. Nonetheless, although 3D 
printing excels in prototyping and small-batch fabrication, 
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its scalability to industrial-scale production remains a chal‐
lenge due to printing speed, cost, and standardization. Vari‐
ous techniques are available for fabricating OoCs, with the 
choice of the fabrication method and materials dependent 
on the specific objectives of the study.

2.4　Biosensors

The integration of biosensors into OoC technology has led 
to a remarkable transformation in drug development and 
disease modeling. Biosensor devices are designed to 
promptly detect and quantify biological or chemical sub‐
stances in real time, making them highly valuable in various 
OoC models, including those focusing on metabolism, bar‐
rier function, muscle tissue, and neuronal activity [73]. Bio‐
sensors can be broadly categorized into the following three 
types based on their transduction mechanisms: optical, elec‐
trochemical/electrical, and mechanical [74, 75]. These sen‐
sors enable the precise monitoring of cellular responses, im‐
proving the accuracy and relevance of OoC systems for bio‐
medical research.

Optical biosensors have been integral to MOoC systems 
due to their high sensitivity, specificity, and dynamic sens‐
ing capabilities [76]. These sensors utilize advanced pho‐
tonic technologies to detect changes in optical absorption, 
luminescence intensity, refractive index, and incident/
reflected light angles [77]. Their wavelength-specific colori‐
metric responses enable the quantitative evaluation of vari‐
ous physiological parameters, including metabolic activity, 
cellular pathology, tissue viability, proliferation, and inter‐
cellular communication [78]. A key benefit of optical sens‐
ing lies in its oxygen-independent operation, which elimi‐
nates redox reactions. Oxygen detection typically uses fluo‐
rescent dyes or phosphorescent nanoparticles, where the 
emission characteristics (intensity/lifetime) undergo revers‐
ible modulation through oxygen-dependent collisional 
quenching [79]. Such systems enable spatial mapping by 
fluorescence lifetime imaging microscopy. For monitoring 
pH, phenol red serves as an effective optical indicator in the 
culture medium. This water-soluble compound exhibits pH-
dependent absorption spectra, transitioning from red to yel‐
low across physiological ranges. Khalid et al. successfully 
implemented this system in lung-on-a-chip systems to quan‐
tify cell death through the release of acidic byproducts [80]. 
Similarly, Shaegh et al. developed optical sensor modules 
for the dynamic measurement of pH and dissolved oxygen 
levels in the culture medium in microfluidic bioreactors and 
OoC devices [81]. Optical sensors provide remarkable ad‐
vantages for real-time monitoring applications. For in‐
stance, Shang et al. developed an anisotropic inverse opal 
substrate with periodic elliptical macropores and hydrogel 
filling, enabling self-driven actuation and self-reported feed‐
back [82]. In this system, CMs were cultured on the 

substrate, resulting in highly aligned cell organization with 
autonomic beating ability. The dynamic contraction and re‐
laxation of the CMs induced synchronous deformation in 
the inverse opal structure. These mechanical forces were op‐
tically detectable through structural color variations or spec‐
tral shifts in the engineered cardiac tissue model, thus pro‐
viding a noninvasive method for the quantification of cellu‐
lar forces. This system holds promise for applications in 
cell behavior monitoring and drug screening. By combining 
optogenetic control mechanisms with visually responsive 
bioactuators, this approach paves the way for integrated 
real-time detection and self-regulating feedback systems.

Electrochemical biosensors commonly depend on the 
binding of an analyte to its immobilized bioreceptor on the 
working electrode, with the resulting signal being compa‐
rable to that of an uncoated reference electrode [83, 84]. For 
instance, enzymatic electrochemical biosensors such as glu‐
cose and lactate sensors operate by utilizing enzyme-
catalyzed reactions to detect analyte concentrations [85]. 
The microcurrents produced during these reactions are sub‐
sequently detected and used for quantifying analyte concen‐
trations [86]. Biosensors can also be seamlessly integrated 
into OoC systems to measure transendothelial/epithelial 
electrical resistance (TEER). TEER is often used to evaluate 
the barrier function of models, such as the gut [87], lung [88], 
and blood–brain barrier (BBB) [89]. For instance, Henry 
et al. demonstrated an advanced two-channel organ chip fea‐
turing embedded electrodes for continuous, noninvasive 
TEER monitoring of cultured cell monolayers [88]. This ap‐
proach enables real-time evaluation of barrier function dy‐
namics across multiple tissue types.

Mechanical sensors play a vital role in evaluating cellular 
forces and biomechanical properties, enabling the study of 
physiological processes such as lung motion, vascular shear 
stress, intestinal peristalsis, and skin tension. These systems 
can replicate key aspects of the tissue microenvironment, in‐
cluding cyclic strain and fluid-induced shear forces. For in‐
stance, Shin et al. engineered a gut-on-a-chip microdevice 
and a Transwell-insertable hybrid chip seeded with Caco-2 
cells or intestinal organoids. By modulating basolateral 
fluid flow, they achieved functional regeneration of the in‐
testinal microarchitecture within five days, demonstrating 
how mechanical stimuli influence tissue development [90]. 
Furthermore, mechanical sensing facilitates biomechanical 
analysis, cardiac physiological research, and drug screen‐
ing. For instance, Lind et al. developed an innovative car‐
diac microphysiological device using multimaterial 3D 
printing, incorporating soft strain gauges into microstruc‐
tures that promote the self-organization of physiologically 
relevant cardiac tissues. These embedded sensors enabled 
noninvasive monitoring of contractile stresses, allowing for 
long-term observation of drug responses and tissue matura‐
tion over four weeks [91]. Similarly, Qu et al. designed a 
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microelectromechanical system-based cardiac microarray 
using human iPSC-CMs (hiPSC-CMs), where tissue con‐
traction was quantified via pillar deflection. This platform 
detected the pharmacological effects of isoprenaline and 
amiodarone, revealing a direct correlation between changes 
in drug-induced contractility and pillar displacement [92].

This incorporation of biosensors into OoC devices dem‐
onstrates significant potential for advancing drug develop‐
ment. It allows for real-time monitoring, improving the pre‐
cision of drug efficacy and safety evaluations, and contrib‐
utes to a deeper understanding of disease mechanisms.

Furthermore, we introduced the key components of OoC 
technology that have enabled the development of various 
single-organ models, such as the heart [93], liver [94], kid‐
ney [95], intestine [96], lung [97], and skin [98] systems. 
These models are commonly used for disease modeling, 
drug toxicity assessment, and drug screening. Nevertheless, 
as the human body operates as an interconnected system 
where organs interact with each other, single-organ models 
fail to completely simulate the complex in vivo microenvi‐
ronment. This limitation has driven the development of 
MOoC systems designed to address these drawbacks by rep‐
licating interorgan interactions. MOoC systems achieve this 
by integrating microfluidic channels that interconnect differ‐
ent organ models or by designing multiple organ systems 
on a single chip [99]. Common MOoC configurations in‐
clude organ pairings that replicate critical physiological in‐
teractions, such as heart–liver, heart–tumor, liver–kidney, 
liver–intestine, and lung–liver in two-organ-on-a-chip 

systems. More complex setups include three-organ-on-a-
chip systems such as cardiac–liver–lung and cardiac–liver–
skeletal; four-organ-on-a-chip systems such as heart–liver–
skeletal muscle–neuronal, intestine–liver–skin–kidney, and 
heart–liver–bone–skin; and even larger configurations such 
as seven-organ-on-a-chip systems (brain–heart–liver–lung–
pancreas–gut–endometrium) or ten-organ-on-a-chip systems 
(liver–pancreas–gut–lung–heart–muscle–brain–endometrium–
skin–kidney). The most complex MOoC systems can inte‐
grate up to 13 organs, including fat, kidney, heart, adrenal 
glands, liver, spleen, pancreas, bone marrow, brain, muscle, 
skin, gastrointestinal (GI) tract, and lungs, providing more 
comprehensive simulations of human physiological pro‐
cesses. In subsequent sections, we explore the applications 
of MOoC systems in disease modeling, drug toxicity evalu‐
ation, and drug screening.

3　MOoC for disease modeling

In recent years, the MOoC technology has gained signifi‐
cant attention as a powerful tool for disease modeling. It 
connects single OoC systems or integrates multiple organs 
onto a single chip platform [100]. MOoC devices provide a 
more physiologically relevant environment for investigating 
complex diseases. This section explores the application of 
MOoC systems in disease modeling, focusing on the con‐
struction of diverse models, the relevant organs involved, 
and the recreation of their microenvironments (Table 1). 
This section also highlights case studies on specific diseases, 

Table 1  Summary of disease models developed on MOoC platforms: disease types, distinctive capabilities, and biological insights
Disease model
Cancer

Metabolic 
disorders

Cardiovascular 
diseases

Disease
Oral squamous 

cell carcinoma 
(OSCC)

Lung cancer

Nonalcoholic fatty 
liver disease 
(NAFLD)

Diabetes

Type 2 diabetes 
mellitus (T2DM)

Jaundice

Myocardial 
infarction (MI)

MI

Description
Self-aligning TetrIs-LikE (TILE) 
modular microfluidic platform

An upstream “lung organ” and 
three downstream “distant organs”

Gut–liver interconnect via 
circulation channels

Human pancreas-on-a-chip

Coculture of primary human liver 
spheroids and islets

Blood vessel–skin–liver–lung organ-
on-a-chip

Capillary blood flow–endothelial 
cell–myocardial tissue structure

Border-zone-on-a-chip

Finding
Facilitating the integration of existing organs-on-a-

chip

Recapitulating the tumor microenvironment and lung 
cancer metastasis

Facilitating the construction of disease models, such 
as inflammatory bowel disease (IBD) and liver 
disease models

Integration with Raman microspectroscopy for real-
time insulin monitoring

A modular system where different tissues are 
actuated simultaneously, followed by controlled 
integration of tissue-specific signals

Constructing a jaundice disease model and potential 
treatment

Mimicking a physiological fluidic microenvironment 
and hypoperfusion/hypoxia conditions during MI

Cardiac tissue cultured on dual serpentine 
microchannels with differential gas perfusion to 
form an oxygen gradient; cardiac functions and 
transcription analyses being performed

Reference
[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]
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including cancer, metabolic disorders, and cardiovascular 
diseases.

3.1　Cancer

Cancer is a primary cause of death worldwide, with approxi‐
mately 10 million fatalities reported in 2022 by the Interna‐
tional Agency for Research on Cancer (IARC) [109]. Early 
diagnosis and effective treatment are crucial in clinical on‐
cology, driving researchers to focus on identifying early bio‐
markers for both detection and therapeutic intervention. 
Nevertheless, replicating the complexity of the tumor micro‐
environment that includes both biochemical and biophysical 
factors presents significant challenges when using tradi‐
tional in vivo and in vitro models [110]. The MOoC tech‐
nology represents a promising alternative by integrating 
multiple organ systems and providing a more accurate simu‐
lation of the tumor environment than conventional ap‐
proaches. Human physiology and pathophysiology often in‐
volve multiple tissues, especially in complex processes such 
as cancer metastasis, a process involving circulating tumor 
cells that colonize different organs. Predicting affected or‐
gans and designing novel treatment strategies for metastasis 
requires integrating multiple organs, a challenge addressed 
by the MOoC technology. Ong et al. developed a TetrIs-
LikE (TILE) modular microfluidic platform featuring a 
“stick-n-play” design to explore metastatic oral squamous 
cell carcinoma (OSCC) [101]. By incorporating patient-
derived primary/metastatic tumors with liver, endothelial 
modules, and tumor modules, the system used residence 
time scaling to mimic organ-specific pharmacokinetics. Re‐
markably, cyclophosphamide bioactivation by HepaRG-
derived hepatocytes improved tumor cell killing in both pri‐
mary and metastatic modules, effectively reversing the “ap‐
parent” resistance of metastatic OSCC tumors. This finding 
not only validates the ability of the platform to model organ-
specific drug metabolism but also emphasizes its potential 
for predicting the efficacy of personalized therapeutics 
(Fig. 3a).

Further advancing metastasis research, Xu et al. con‐
structed an MOoC system to mimic lung cancer formation 
and metastasis processes with an in vivo-like environ‐
ment [102]. The system was constructed using three PDMS 
layers and two thin microporous PDMS membranes. It fea‐
tured an upstream “lung organ” and three downstream “dis‐
tant organs” comprising astrocytes, osteoblasts, and hepato‐
cytes that simulate lung cancer metastasis to the brain, 
bone, and liver. The design recapitulated the key hallmarks 
of metastasis-epithelial-mesenchymal transition (EMT) and 
CXCR4/RANKL/AFP overexpression in brain, bone, and 
liver modules, consistent with in vivo observations in nude 
mice. The capacity of this system to capture both early inva‐
sion (via EMT) and organotropic colonization (through 

receptor–ligand axis activation) establishes a paradigm for 
investigating metastatic organotropism. Miller et al. devel‐
oped a microphysiological system modeling human colorec‐
tal cancer (CRC) metastasis from the colon to liver [111]. 
This two-chamber colon–liver device interconnected both 
compartments to simulate metastatic progression. The sys‐
tem maintained high cell viability and also cultured normal/
cancerous colon organoids with liver sinusoidal endothelial 
components. Researchers investigated the metastatic capac‐
ity of single cancer cells and the penetration of cancer cell 
clusters through layers of the healthy colon. The two meth‐
ods yielded consistent experimental outcomes. The adjust‐
able parameters of the platform (e.g., glucose concentration 
and hypoxia) enabled the investigation of clinically relevant 
questions (Fig. 3b). Lee et al. constructed a bone-on-a-chip 
model for osteoporosis-related bone metastasis [112]. The 
device cocultured three bone cell types (osteocyte, osteo‐
blast, and osteoclast) in different ratios. Triple-negative 
breast cancer cells (MDA-MB-231) were injected into the 
vascular channel. The authors demonstrated increased can‐
cer cell invasion under osteoporotic conditions compared 
with that under other conditions. This effect may be attrib‐
uted to the increased number of osteoclasts in the osteopo‐
rotic tissue, which is probably mediated by increased vascu‐
lar permeability that facilitates transendothelial migration. 
These advanced models bridge the gap between 2D drug 
screening and animal studies by enabling the simultaneous 
analysis of primary tumor behavior and distant organ re‐
sponses, providing critical insights for the development of 
antimetastasis drugs.

3.2　Metabolic disorders

Metabolic disorders, including obesity, coronary artery dis‐
ease, cardiovascular disease, nonalcoholic fatty liver disease 
(NAFLD), and type 2 diabetes mellitus (T2DM), are com‐
plex pathological conditions shaped by genetic predisposi‐
tion and environmental effects [113]. Among them, 
NAFLD is the most prevalent chronic liver disorder that is 
clinically defined by abnormal hepatic fat deposition [114]. 
This condition exhibits progressive pathogenesis, evolving 
from steatosis to nonalcoholic steatohepatitis (NASH) and 
potentially advancing to irreversible liver fibrosis and cir‐
rhosis. Although contemporary research implicates hepatic 
inflammation and steatosis as characteristic of disease pro‐
gression, their precise relationship remains unclear [115]. 
Recent advances in OoC technology now enable the precise 
dissection of these interactions through human-relevant 
systems.

Yang et al. developed an integrated-gut-liver-on-a-chip 
(iGLC) platform to investigate the progression of NAFLD 
under controlled metabolic stress [103]. This innovative sys‐
tem featured closed-loop circulation between intestinal and 
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hepatic compartments, exposing the cocultures to free fatty 
acids (FFAs) and revealing tissue-specific responses; the in‐
testinal cells upregulated retinol metabolism genes, and the 
hepatocytes exhibited lipid accumulation and endoplasmic 
reticulum stress markers. Remarkably, this dual-tissue inter‐
action amplified the toxicity of FFAs compared with mono‐
cultures, accurately recapitulating the clinical progression 

of NAFLD from localized lipid overload to systemic 
metabolic dysfunction. The platform’s ability to synchro‐
nously track phenotypic changes positions it as a critical 
tool for identifying early biomarkers of NASH transition 
(Fig. 3c).

Diabetes, a complex multisystem metabolic disorder, in‐
volves dysregulation across multiple organ systems [116]. 

Fig. 3  MOoC systems for disease modeling. (a) Fabrication and characterization of the back-compatible TILE system. The image illustrates the 
assembly of the TILE modules into functional perfusion systems, which include a recirculating perfusion system and a one-pass parallel perfu‐
sion system. Reproduced from [101], Copyright 2019, with permission from The Royal Society of Chemistry. (b) A visible gut–liver unidirec‐
tional device with cell chambers and channels, which can fit into a 100-mm glass Petri dish. Reproduced from [111], Copyright 2024, with per‐
mission from Wiley Periodicals LLC. (c) A photograph of an iGLC platform shows its perfusion (pink) and control (blue) layers. The lower 
panel provides a cross-sectional view of the cell culture chambers, which were seeded with Caco-2 gut cells and HepG2 liver cells, along with 
the integrated microvalves in both open and closed states. Reproduced from [103], Copyright 2023, with permission from the authors, licensed 
under CC BY 4.0. (d) The fabrication of MC-OoC and the construction of blood vessel–skin–liver–lung organ-on-a-chip as an in vitro jaundice 
disease model. Reproduced from [106], Copyright 2021, with permission from Donghua University, Shanghai, China. (e) Oxygen gradient con‐
ditions were established by gas flow through serpentine microchannel networks, with cardiac cells cultured on a fibronectin membrane. Repro‐
duced from [108], Copyright 2022, with permission from the authors, licensed under CC BY-NC
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Although current management typically involves lifestyle 
changes or medication such as metformin, its underlying 
mechanisms remain poorly understood. To address specific 
discrepancies in diabetes research, Zbinden et al. developed 
a human pancreas-on-a-chip platform featuring self-
organizing β-cell pseudoislets [104]. This PDMS-based sys‐
tem combined vasculature-mimetic perfusion with noninva‐
sive Raman spectroscopy, enabling real-time monitoring of 
insulin secretion dynamics. This innovation circumvents the 
invasive sampling limitations of animal models and also 
preserves the functionality of human islets. A major risk 
factor for T2DM is the abnormal glucose homeostasis be‐
tween the pancreas and liver. Although existing models 
have explored the interaction between islets and the liver, 
only a few have integrated primary human liver and islet 
cultures. To fill this gap, Shafagh et al. developed a micro‐
physiological multi-tissue OoC that cocultured 3D primary 
human liver spheroids and human pancreatic islets [105]. 
This device was assembled from components fabricated us‐
ing off-stoichiometric thiol-ene-epoxy (OSTE+), PMMA, 
and PDMS. The microfluidic features were etched into a 
PMMA block using CO2 laser technology, and an alumi‐
num mold was used to shape the middle layer. The compo‐
nents were securely clamped together with PMMA, ensur‐
ing effective sealing of the chambers and channels. The de‐
vice incorporated a central chamber connected to satellite 
chambers through microfluidic channels. This design en‐
ables the simultaneous actuation of different tissues and 
controlled integration of tissue-specific signals to realize re‐
ciprocal communication on a physiological timescale. In the 
liver-on-a-chip, the liver also exhibits characteristics of a 
physiological hepatic insulin response due to the interaction 
between the two organs. By integrating transcriptomic sig‐
natures with functional outputs, this model bridges the gap 
between genetic susceptibility studies and clinical pheno‐
types, providing a roadmap for screening personalized anti‐
diabetic drugs.

Lei et al. developed a nanofiber-enabled multicompart‐
ment organ-on-a-chip (MC-OoC) platform to model jaun‐
dice [106]. This MC-OoC system was used to establish a 
multiorgan model, specifically a blood vessel–skin–liver–
lung configuration that demonstrated the differential cyto‐
toxicity of bilirubin (Fig. 3d). Jaundice develops from a dis‐
order in bilirubin metabolism in the liver, resulting in el‐
evated bilirubin levels in the bloodstream. This excess bili‐
rubin binds readily to elastin in the skin, causing the charac‐
teristic yellow discoloration and also potentially damaging 
pulmonary epithelial cells. To explore a potential treatment, 
researchers applied blue light therapy at various intensities 
(405 nm), a standard clinical approach for reducing biliru‐
bin levels in patients with jaundice [117]. Results demon‐
strated a gradual improvement in cell viability, confirming 
that blue light can effectively mitigate bilirubin-induced 

cytotoxicity. This study showed that the in vitro jaundice 
model successfully mimicked the disease process, as evi‐
denced by the decline in cell viability upon bilirubin expo‐
sure and its recovery after blue light treatment. This ap‐
proach provides a paradigm for investigating metabolic 
disorders involving distant organ crosstalks, such as 
hyperbilirubinemia-induced multiorgan failure.

3.3　Cardiovascular diseases

MOoC platforms have been instrumental in investigating 
various heart diseases, particularly myocardial infarction 
(MI), a leading cause of mortality worldwide [118]. MI oc‐
curs when a coronary artery becomes occluded, resulting in 
oxygen deprivation in the downstream cardiac tissue. This 
oxygen deficit triggers sarcolemmal disruption, mitochon‐
drial dysfunction, and widespread cell death and necrosis, 
which can begin as early as 20 min after the onset of isch‐
emia [119]. Considering the complexity of these processes, 
replicating them in vitro requires highly specialized systems 
that can simulate the dynamic blood flow and cellular mi‐
croenvironments found in the heart. To address this chal‐
lenge, Ren et al. developed an MI model that exemplifies 
this progress by stimulating both the hemodynamic and bio‐
chemical aspects of ischemia [107]. Through precise dual-
channel perfusion control, the system replicated physiologi‐
cal blood flow and hypoperfusion, exhibiting cell loss and 
caspase-3 activation patterns reflecting the progression of 
clinical ischemia. Importantly, the integration of carbonyl 
cyanide p-trifluoromethoxyphenylhydrazone (FCCP)-induced 
chemical hypoxia revealed dose-dependent mitochondrial 
depolarization, a mechanism vital to reperfusion injury. 
This dual physical–chemical approach accurately mimics 
the pathological conditions of MI, addressing a key limita‐
tion of static in vitro models. Furthermore, Rexius-Hall 
et al. developed a microphysiological system to controllably 
expose engineered cardiac tissue to the interface between 
hypoxic and normoxic tissues. This system was character‐
ized by an oxygen gradient, which was used to examine the 
impact of oxygen gradients on the function of cardiac 
tissue [108]. The chip contained two serpentine microchan‐
nels, and controlled gas perfusion was used to mimic the 
oxygen gradient. Neonatal rat ventricular myocytes were 
seeded on a membrane that was microcontact-printed with 
lines of fibronectin. After three days, the cells formed an 
anisotropic myocardial tissue. By determining the effects of 
the gradient on electromechanical function and transcrip‐
tion, it was found that the gradient delayed calcium release 
and reduced systolic pressures, along with activation of in‐
flammatory cascades and increase of MI marker levels 
(Fig. 3e). These results indicate that the oxygen gradient at 
the boundary between normoxia and hypoxia induces 
unique regulatory processes, which may trigger ventricular 
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arrhythmias and potentially cause sudden cardiac death. 
The clinical relevance of the platform is emphasized by its 
ability to dissect therapeutic targets. Specifically, by isolat‐
ing endothelial–myocardial interactions under flow, it en‐
ables high-throughput testing of cardioprotective agents that 
target mitochondrial integrity or apoptosis pathways. Such 
systems are poised to accelerate drug discovery by provid‐
ing human-relevant readouts of ischemic damage and also 
circumventing species-specific limitations of animal models.

MOoC systems have revolutionized disease modeling by 
providing platforms that closely replicate human physiol‐
ogy and the intricate interactions between multiple organs. 
These advanced systems enable researchers to simulate 
complex disease states and explore organ-to-organ commu‐
nication, making them especially valuable for understand‐
ing diseases such as cancer, metabolic disorders, and cardio‐
vascular disease. Prominent case studies emphasize the ver‐
satility of MOoC systems in tailoring models for specific 
disease conditions, facilitating deeper insights into disease 
mechanisms, drug responses, and potential therapeutic inter‐
ventions. As technological advancements continue, MOoC 
platforms are poised to play an increasingly vital role in 
bridging the gap between traditional in vitro studies and 
clinical practice, ultimately improving drug development 
processes and the practice of personalized medicine.

4　MOoC used for drug toxicity

Drug toxicity plays a vital role in the progression from syn‐
thesis to the preclinical stage. Numerous drugs have encoun‐
tered regulatory scrutiny or been discontinued by manufac‐
turers after extensive preclinical and clinical trials due to un‐
anticipated toxicity in humans. The human body comprises 
interconnected tissues that operate within a complex interac‐
tive network, where the activity in one tissue can impact 
others downstream [120]. MOoC systems simulate these in‐
terconnections by linking various organs, allowing for the 
simulation of drug processing as it occurs in vivo. This sec‐
tion explores drug toxicity in MOoC systems, emphasizing 
essential elements such as drug metabolism, toxicity assess‐
ment, and interactions between organs.

4.1　Drug metabolism evaluations in MOoC 
systems

Drug metabolism is a key factor in determining the efficacy 
and safety of a drug [121]. MOoC systems simulate in vivo 
drug metabolism by integrating critical organ models, such 
as the liver, intestine, and kidney.

The liver is the largest internal organ in the human body 
and plays a vital role in the metabolism of drugs and the 
regulation of the half-life of drugs [122]. These functions can 

exert side effects due to exposure to drugs or their metabo‐
lites. Although the liver possesses remarkable regenerative 
capacities, it can sustain significant damage from chronic 
liver diseases such as viral or alcoholic hepatitis, potentially 
resulting in permanent loss of function [123]. Drug-induced 
liver injury is a major concern during drug development, 
and regulatory agencies such as the United States Food and 
Drug Administration (FDA) often issue warnings or restric‐
tions on drug use when liver toxicity concerns arise [124]. 
Animal models cannot completely replicate the in vivo ar‐
chitecture of the human liver. In recent years, advancements 
in microfluidic and microfabrication technologies have 
emerged as vital tools for investigating drug toxicity. Micro‐
fluidic OoC systems provide several advantages, including 
precise control over physiologically relevant parameters 
and the ability to replicate the characteristic features of the 
liver on a microscale. For instance, Delalat et al. developed 
a liver-on-a-chip system that cultured primary hepatocytes 
in 3D heparin-coated microtrenches for four weeks to evalu‐
ate chronic hepatotoxicity [125]. This platform has been 
confirmed effective in evaluating liver toxicity. The liver is 
essential for metabolizing xenobiotic compounds, facilitat‐
ing their elimination from the body. Therefore, liver me‐
tabolism can produce metabolites that are either more 
toxic or more effective than the original drug. Cyclophos‐
phamide is typically considered noncardiotoxic; however, 
it can produce cardiotoxic metabolites during hepatic trans‐
formation. Oleaga et al. developed a multiorgan microflu‐
idic device that integrates heart cells derived from iPSCs 
and primary hepatocytes [126]. The platform, constructed 
from PDMS using laser cutting technology, features five 
interconnected chambers. This system was used to explore 
cyclophosphamide-induced alterations in cardiac electrical 
activity, in both the presence and absence of hepatocytes. 
Their study demonstrated that cardiotoxicity was detected 
only when hepatocytes were included, thus emphasizing the 
role of hepatic metabolites. Remarkably, replacing the me‐
dium on Day 5 or 6 to eliminate hepatic metabolites al‐
lowed CMs to recover within 48 h. This cost-effective, user-
friendly heart–liver system allows for the coculture of hu‐
man CMs and hepatocytes in a serum-free defined medium 
under gravitational flow conditions, making it ideal for in‐
vestigating drug metabolism related to cardiotoxicity 
(Fig. 4a). Furthermore, Yin et al. designed a liver-heart-
organoids-on-a-chip system derived from hiPSCs, which 
features four layers as follows: the upper microwell cham‐
ber for liver organoid cultures and the bottom chamber with 
a micropillar array to form embryoid bodies with consistent 
morphology [127]. When liver and heart organoids were co‐
cultured on the chip, the liver organoids synthesized albu‐
min and urea, whereas the cardiac organoids exhibited func‐
tional beating. Clomipramine, an FDA-approved tricyclic 
antidepressant, causes significant cell death in cardiac 
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organoids, irrespective of the presence or absence of liver 
organoids. Nevertheless, the cardiac beating rate and veloc‐
ity decreased when cocultured with liver organoids, suggest‐
ing that clomipramine-induced cardiotoxicity is dependent 
on liver metabolism. This human organoids-on-chip system 
effectively mimics multiorgan physiology through the 3D 
coculture of liver and heart organoids, facilitating drug 
safety evaluation in a physiologically relevant manner. Bleo‐
mycin, an anticancer drug known for inducing lung fibrosis 
and inflammation, is believed to exert minimal effects on 

liver and cardiac organoids. Skardal et al. developed a three-
tissue OoC system comprising heart, liver, and lung organ‐
oids [128]. Each tissue construct was housed in modular mi‐
croreactors designed for plug-and-play functionality and fab‐
ricated using conventional PDMS soft lithography and mod‐
eling techniques. Spherical liver organoids were generated 
using primary human hepatocytes, stellate cells, and 
Kupffer cells, whereas spherical cardiac organoids were 
formed from iPSCs. The lung modules consisted of lung fi‐
broblasts, epithelial cells, and endothelial cells, with TEER 

Fig. 4  Drug metabolism and toxicity in MOoC systems. (a) A pumpless microfluidic system facilitates heart–liver coculture, which enables 
evaluating the metabolism and toxicity of cyclophosphamide and terfenadine. Reproduced from [126], Copyright 2018, with permission from 
Elsevier. (b) A heart–liver–lung organ-on-a-chip using bioprinting technology to evaluate the toxicity of bleomycin. Reproduced from [128], 
Copyright 2017, with permission from the authors, licensed under CC BY. (c) A liver–heart–bone–skin tissue platform interconnected via recir‐
culating vascular flow allows for “plug-and-play.” Reproduced from [129], Copyright 2022, with permission from the authors, under exclusive 
licence to Springer Nature Limited. (d) A liver-kidney-on-a-chip model investigated both the primary and secondary toxic effects of AFB1 and 
BαP on liver and kidney tissues. Reproduced from [133], Copyright 2017, with permission from the American Chemical Society. (e) Detailed 
overview of the design and operation of a gut–liver organ-on-a-chip platform. Reproduced from [138], Copyright 2017, with permission from 
the authors, licensed under CC BY
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electrodes used to monitor the real-time barrier function. 
Bleomycin was administered on Day 3 and concluded on 
Day 9. Results showed that bleomycin decreased the com‐
pactness of the cardiac organoid morphology, although it 
did not halt cardiac organoid beating in a cardiac-only sys‐
tem (Fig. 4b). These findings suggest that bleomycin does 
not directly impact cardiac organoids but rather exerts side 
effects through cellular inflammatory factors. Ronaldson-
Bouchard developed an advanced multiorgan tissue-chip 
system integrating the heart, liver, bone, and skin tissue 
niches, interconnected via a recirculating vascular flow to 
recapitulate organ-level functions [129]. Each tissue com‐
partment was maintained in its optimized culture environ‐
ment and separated from the common vascular flow by a se‐
lectively permeable endothelial barrier, ensuring physiologi‐
cal crosstalk without direct mixing. This system demon‐
strated remarkable stability, sustaining molecular, struc‐
tural, and functional phenotypes for more than four weeks. 
To investigate multiorgan toxicity and miRNA changes, 
doxorubicin was used as a test drug in this system. Results 
revealed the presence of lower concentrations of doxorubi‐
cin in the heart chamber, whereas cardiac miRNA biomark‐
ers exhibited significantly higher expression in the vascular 
circulation (Fig. 4c). This study demonstrated the potential 
of the system as a patient-specific model for the develop‐
mental testing of new therapeutic regimens and drug toxic‐
ity biomarkers.

The kidney plays a vital role in drug metabolism and 
excretion by filtering blood, removing waste products, and 
regulating electrolyte balance and fluid levels in the 
body [130]. Drug-induced nephrotoxicity is a prevalent is‐
sue that can result in acute renal failure. Hepatotoxicity and 
nephrotoxicity are two primary reasons for the withdrawal 
of drugs from the market [131]. Despite the close relation‐
ship between nephrotoxicity and liver metabolism, incorpo‐
rating this factor into preclinical testing remains challenging 
due to the lack of adequate in vitro models. To address this 
challenge, Li et al. developed a multilayer chip with HepG2 
cells on the upper layer and glomerular endothelial cells on 
the bottom layer to examine drug-induced toxic effects on 
kidney filtration [132]. Using ifosfamide (IFO) and vera‐
pamil (VER) as model drugs, they evaluated the nephrotox‐
icity of drugs after hepatic metabolism by measuring 
changes in cell viability, lactate dehydrogenase (LDH) leak‐
age, and renal cell permeability to large protein molecules. 
This platform effectively captured drug metabolism in liver 
cells, and its biomimetic design characterized nephrotoxic‐
ity influenced by hepatic metabolic processes. In addition, 
Theobald et al. designed a chip that interconnected hepatic 
and kidney model systems to directly examine liver and liver-
associated kidney toxicity [133]. Their results showed that 
compared with that in the static well-plate culture, albumin 
secretion and urea synthesis increased under microfluidic 

on-chip culture conditions. They evaluated the effects of af‐
latoxin B1 (AFB1) and benzo[α] pyrene (BαP) on both 
liver and kidney tissue samples. However, this model pri‐
marily utilizes a limited number of cell types, which may not 
completely represent the complexities of organ interactions 
(Fig. 4d). Huang et al. also constructed a three-dimensional 
liver-kidney-on-a-chip with a biomimicking circulating sys‐
tem (LKOCBCS) for drug safety evaluation [134]. This sys‐
tem featured a parallel circulation model that mimics bio‐
logical processes, allowing for the exchange of nutrients, 
compounds, and metabolites. It supported the coculture of 
3D liver and renal proximal tubules with physiologically 
relevant circulation for up to seven days, stabilizing glucose 
concentration and cell metabolism. Cyclosporine A (CsA) 
serves as a model drug to evaluate hepatotoxicity and neph‐
rotoxicity. Although this system successfully mimics nor‐
mal tissue structure and function, a gap exists between engi‐
neered and native tissues, which could be addressed by ad‐
vancing the 3D bioprinting technology. Recent develop‐
ments in the field include the integration of advanced bio‐
materials and 3D bioprinting techniques, demonstrating 
promising potential for the creation of more physiologically 
relevant kidney and liver models.

The intestine plays a pivotal role in drug toxicity research 
using the OoC technology. As the primary site for nutrient 
absorption and the initial interface for orally administered 
pharmaceuticals, the intestine requires a comprehensive in‐
vestigation of its interactions to achieve an appropriate 
evaluation of drug absorption, metabolism, and potential 
toxic effects. Intestine-on-a-chip models effectively repli‐
cate the intricate architecture and functionality of the 
human intestinal epithelium, including peristaltic move‐
ments, mucus production, and interactions with gut micro‐
biota. These models have demonstrated significant potential 
in improving the predictability of drug toxicity and re‐
sponse, making them valuable tools for nonclinical pharma‐
cotoxicology research. Moreover, gut-on-a-chip models are 
frequently used in combination with other organ chips, such 
as liver [135–137] and kidney [100] chips. For instance, 
Chen et al. developed a gut–liver coculture system to ex‐
plore the interaction between these two organ systems un‐
der both normal and inflammatory conditions [138]. Unlike 
conventional PDMS-based designs, this platform was fabri‐
cated using polysulfone by micromachining. It featured 
unique characteristics, such as separate on-board, high-
capacity, pulse-damped pumps for the circulation of culture 
medium within each individual microphysiological system 
(MPS) compartment, enabling microperfusion throughout 
the tissue. The system also included an independent oxygen‐
ation loop, improving the mass transfer on the basal side of 
the transwell through high-flow recirculation. The gut 
model incorporated enterocytes, goblet cells, and dendritic 
cells, whereas the liver model consisted of hepatocytes 
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and Kupffer cells. The functionality of the gut–liver sys‐
tem was maintained for two weeks, with gene expression 
and RNA sequencing analysis revealing the complex 
pathophysiological processes (Fig. 4e). Lucchetti et al. 
also constructed an MOoC platform that combined the 
human microbial-crosstalk (HuMix) gut-on-a-chip (GoC) 
with a dynamic liver-on-a-chip (LoC) to replicate the bidi‐
rectional interconnection between the gut and liver [139]. 
Using a colorectal cancer drug, they validated the capability 
of this platform to represent drug metabolism along the 
gut–liver axis, demonstrating it as a robust tool for 
exploring the intricate interplay between gut microbes and 
pharmaceuticals.

4.2　Drug toxicity evaluations in MOoC 
systems

Traditional toxicology models remain the primary approach 
for exploring chronic exposure. Although microfluidic sys‐
tems have been developed to integrate up to three [140] or 
four [141] organs for in vitro investigations, these platforms 
are typically limited to short-term studies of acute meta‐
bolic functions, generally within a 48-h timeframe. In con‐
trast, Oleaga et al. designed a cost-effective, flow-driven 
system that uses a rocker platform to generate shear stress 
across cell cultures [142]. This approach minimizes air 
bubble formation and promotes the even distribution of oxy‐
gen and nutrients throughout the devices. This system incor‐
porates cardiac, liver, skeletal muscle, and neuronal cultures 
in a shared medium, sustaining them for up to two weeks. 
In drug development, the ventricular myocardium is widely 
used in cardiac modeling, and the liver is critical for regulat‐
ing drug metabolism and drug half-life, potentially exerting 
side effects due to the accumulation of drugs or metabolites. 
Skeletal muscle, an essential glucose reservoir, is often af‐
fected by drugs, with side effects manifesting as tremors, 
spasms, atrophy, and muscle pain. The neuronal compart‐
ment, representing the nonfetal central nervous system 
(CNS), is included in this platform due to its sensitivity as a 
cellular system. Cardiac, liver, neuronal, and muscle tissues 
are all critical organs to evaluate in terms of toxicity, be‐
cause adverse effects on these organs can compromise the 
viability of drug candidates. After 48 h of drug exposure, 
the platform evaluates the functionality of each organ by 
measuring heart beating frequency, muscle contractibility, 
neuronal electrophysiology, and liver-specific outputs such 
as albumin and urea production. This system was used to in‐
vestigate the pharmacological toxicity of the following five 
drugs: doxorubicin, atorvastatin (ATR), valproic acid 
(VPA), acetaminophen (APAP), and a control compound, 
N-acetyl-m-aminophenol (AMAP). Remarkably, this plat‐
form is a pumpless system, making it both simple and cost-
effective to use. It is also the first system to incorporate 

both electrical and mechanical metrics for noninvasive, 
long-term monitoring of organ health, providing improved 
predictive capabilities for preclinical efficacy and toxicity 
research (Fig. 5a).

The effectiveness and safety of therapeutic candidates 
heavily depend on drug absorption and metabolism in the 
small intestine, metabolism within the liver, and excretion 
through the kidney. These processes play vital roles in the 
systemic distribution and elimination of drugs [143]. Never‐
theless, traditional in vitro models lack the systemic interac‐
tions required for accurate drug testing. To address this 
problem, Maschmeyer et al. established a four-organ cocul‐
ture microphysiological system that can be maintained for 
more than 28 days [144]. This platform integrates the fol‐
lowing four human tissue equivalents: a 3D small intestine 
model, a skin biopsy, a 3D liver model for metabolism, and 
a kidney proximal tubule compartment for excretion. These 
tissues can maintain homeostasis over weeks, supported by 
two microphysiological fluid circuits and three recon‐
structed barriers. Each fluid flow circuit is powered by an 
independent on-chip peristaltic micropump. The chip fea‐
tures six air pressure connectors, four distinct culture com‐
partments for tissues, and two reservoirs for collecting fluid 
from excretory organs. The micropump is integrated with 
the chip, and microchannels are connected to support pulsa‐
tile medium perfusion, which can substitute for the blood 
circuit. The intestinal barrier, proximal tubule barrier, and 
skin biopsy barrier are reconstructions. All tissues exhibited 
high cell viability and maintained a distinct physiological 
tissue structure throughout the coculture period. Further‐
more, an in-depth analysis of metabolism and gene expres‐
sion demonstrated the consistent establishment of homeo‐
stasis among all four tissue types for more than 28 days. 
This four-organ-chip aims to facilitate ADME profiling of 
drug candidates and conduct systemic toxicity testing of 
drug candidates through repeated dosing. Drug com‐
pounds are first absorbed by the intestine model, then pass 
to the skin and kidney equivalents via the simulated blood 
circulation, and finally reach the liver for distribution and 
metabolism within the liver. This platform effectively 
mimics drug absorption, first-pass metabolism, secondary 
metabolism, and excretion, allowing for an in-depth 
evaluation of pharmacokinetics and pharmacodynamics 
(Fig. 5b).

4.3　Multiorgan interactions in drug 
metabolism: beyond five-organ chips

Understanding the interactions between different organs 
within MOoC systems is pivotal for accurately modeling 
human physiological responses and drug effects. These sys‐
tems provide a dynamic microenvironment that integrates 
multiple organs, enabling researchers to explore how drugs 
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are metabolized and exhibit interorgan interactions that con‐
tribute to their efficacy and toxicity. For instance, Rajan 
et al. developed an innovative MOoC system comprising 
six tissue constructs. The adhesive film-based microfluidic 
chip was developed using a cost-effective rapid-prototyping 
method involving patterned adhesive films. Microfluidic 
channels were generated by cutting double-sided adhesive 
films with a computer-controlled razor plotter [145]. Each 
chip consisted of four adhesive film layers designed for 
both three- and six-organoid systems. The three-organoid 
design featured discrete chambers connected by external 
tubing, whereas the six-organoid design included five inter‐
connected chambers and an additional chamber that could 
be isolated for comparative studies. All organoids were bio‐
fabricated within the designated chamber, with the chip’s 
top side sealed using a PMMA lid. This platform was 

capable of coculturing six organoids, including liver, cardiac, 
lung, endothelium, brain, and testes organoids, and sup‐
ported cultures for up to 21 days. In particular, the system 
incorporated both human primary cells and iPSC-derived 
cells, which are arranged to mimic in vivo blood flow dy‐
namics. Liver organoids were strategically positioned up‐
stream to emulate their central role in drug metabolism. A 
key demonstration of the platform involved investigating 
the metabolism of the prodrug ifosfamide by the liver organ‐
oids, which produced chloroacetaldehyde, a toxic metabo‐
lite that caused neurotoxicity in downstream brain organ‐
oids. The study revealed a stark contrast between systems 
with or without the liver compartment. When 1 mmol/L if‐
osfamide was exposed in this system for seven days, the vi‐
ability of brain organoids decreased in the presence of liver 
organoids, which was quantified by live/dead assays. In 

Fig. 5  Drug toxicity in MOoC systems. (a) Schematic of the microfluidic platform incorporating cardiac, liver, skeletal muscle, and neuronal 
compartments, allowing for a 14-d culture period and the evaluation of five drugs simultaneously in this system. Reproduced from [142], Copy‐
right 2016, with permission from the authors, licensed under CC BY. (b) Schematic of the four-organ microfluidic chip comprising the intes‐
tine, liver, skin, and kidney compartments, alongside a top-down view of the two microphysiological fluid flow circuits that simulate the drug 
absorption, distribution, metabolism, and excretion (ADME) model. Reproduced from [144], Copyright 2015, with permission from the 
authors, licensed under CC BY 3.0 
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contrast, no significant toxicity was detected in other organ‐
oids in the absence of liver organoids. These results empha‐
size the critical role of hepatic metabolism in mediating 
drug-induced toxicity (Fig. 6a). By incorporating organoids 
in a physiologically relevant sequence, the system effec‐
tively modeled reciprocal interactions between tissues, pro‐
viding profound insights into drug metabolism, systemic 
toxicity, and interorgan crosstalk.

Human OoC systems represent a powerful tool for inves‐
tigating complex drug metabolism, human physiological re‐
sponses, and interorgan interactions under conditions that 
closely mimic in vivo conditions. Wang et al. developed a 
sophisticated human-on-a-chip platform incorporating seven-
organ models, namely, the brain, pancreas, liver, lung, 
heart, gut, and endometrium, to explore the metabolite pro‐
filing and metabolomics of tolcapone, a drug approved for 

Fig. 6  Drug interactions in MOoC systems. (a) A six-organ-on-a-chip platform used to examine the effects of ifosfamide across different 
organs. Reproduced from [145], Copyright 2020, with permission from Acta Materialia Inc. (b) The human-on-a-chip platform integrates seven 
interconnected microphysiological systems, representing the brain, pancreas, liver, lung, heart, gut, and endometrium. This system is used to 
explore the metabolite profiling and metabolomics of tolcapone. Reproduced from [146], Copyright 2019, with permission from the American 
Chemical Society. (c) Actual photographs of the two-layered pumpless body-on-a-chip device (14-chamber device) with trypan blue flowing 
through the channels and chambers. Reproduced from [148], Copyright 2016, with permission from Wiley Periodicals, Inc. 
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Parkinson’s disease (PD) treatment [146]. The structure of 
the platform was divided into the following three functional 
layers: the top layer, made from polysulfone plastic, served 
as the fluidic circuit, ensuring the controlled flow of media; 
the middle layer, constructed from polyurethane, functioned 
as a selective membrane allowing molecular exchange; and 
the bottom layer, made of acrylic, acted as the pneumatic 
control system for fluid circulation and pressure regulation. 
Despite its clinical use for PD treatment, the impact of tol‐
capone on endogenous metabolites and metabolic pathways 
within the human CNS remains insufficiently explored. 
Metabolomics was used in this system to evaluate the 
metabolic characteristics and pathways in the human brain 
by liquid chromatography–mass spectrometry (LC-MS) 
after treatment with tolcapone. Through this system, 12 me‐
tabolites of tolcapone were identified, including three newly 
reported ones, which were associated with oxidation, reduc‐
tion, and conjugation processes. The study also evaluated 
the effects of tolcapone on endogenous metabolic pathways 
in the brain OoC (Fig. 6b). This study represents a pioneer‐
ing effort combining drug metabolism, energy metabolism, 
and cell engineering to investigate complex human physiol‐
ogy and multiorgan interactions. It emphasizes the potential 
of MPS platforms in comprehensive drug effect studies and 
understanding intricate human physiological processes.

Edington et al. developed a ten-organ-on-a-chip platform 
consisting of the liver, pancreas, gut, lung, heart, muscle, 
brain, endometrium, skin, and kidney, which maintained or‐
gan functionality for up to four weeks [147]. This platform 
enabled exploring the pharmacokinetic and pharmacody‐
namic (PKPD) properties of drugs. Because traditional 
PKPD models cannot be directly applied to multiorgan plat‐
forms, quantitative systems pharmacology (QSP) approaches 
were used instead. The QSP design considers each MPS, in‐
cluding the cell numbers and types, volumes of the work 
medium, and flow patterns. This platform can be used for 
preclinical drug development, allowing long-term culture 
(four weeks) with reliable fluidic and sampling operations. 
Miller et al. described another innovative multiorgan sys‐
tem, a pumpless 14-chamber platform representing 13 dif‐
ferent tissues and organs, including both barrier and nonbar‐
rier tissue chambers, to investigate the interactive responses 
among various cell lines [148]. The barrier chamber layer 
includes the skin, GI tract, and lungs, enabling direct expo‐
sure to chemical or biological agents (Fig. 6c). These agents 
can traverse a microfabricated membrane to enter nonbar‐
rier chambers or the microfluidic circulation within the de‐
vice. The nonbarrier chambers include fat, kidney, heart, ad‐
renal glands, liver, spleen, pancreas, bone marrow, brain, and 
muscle. Using a programmable rocker platform to facilitate 
bidirectional fluid circulation, this pumpless system achieves 
flow through gravity induction. Pumpless systems provide 
several advantages, such as being economical, simplified in 

setup and operation, and preventing bubbles from entering 
the chamber. In a 14-chamber device, five cell culture lines 
sustained high cellular activity (>85%) for seven days, dem‐
onstrating the ability of the system to sustain viable cul‐
tures. This model integrates multiple tissues and organs, en‐
abling the study of interactive responses to drugs and chemi‐
cals across different organ systems in the human body, mak‐
ing it a powerful technique to evaluate the toxicity and effi‐
cacy of drugs.

5　Drug screening in MOoC systems

MOoC systems have gained significant attention in drug 
screening, particularly for small-molecule drugs, due to 
their ability to closely replicate human organ functions and 
interorgan interactions (Table 2). These platforms provide a 
more precise evaluation of drug efficacy and toxicity, bridg‐
ing the gap between traditional 2D cell cultures and animal 
models by simulating complex organ-to-organ communica‐
tion and drug responses. Although MOoC systems are not 
typically high-throughput due to their intricate designs and 
operational complexities, they serve as high-content mod‐
els, providing detailed and comprehensive insights into 
the effects of drugs under physiologically relevant condi‐
tions [149]. There is extensive evidence on the effectiveness 
of these platforms in improving the predictive accuracy of 
human drug responses, especially for small-molecule drug 
discovery [150].

Small-molecule drugs are organic compounds with a mo‐
lecular weight of less than 900 Da. Their relatively simple 
chemical structures enable easy synthesis and easy penetra‐
tion into cell membranes, allowing interactions with intra‐
cellular targets [151]. These properties allow small-
molecule drugs to inhibit protein synthesis, improve tumor 
immunogenicity, and counteract tumor-associated immuno‐
suppression, thereby improving cancer immunotherapy 
strategies [152]. Furthermore, small-molecule drugs typi‐
cally exert low off-target effects, making them a popular 
choice for cancer treatment [153]. OoC platforms are ap‐
plied to investigate the absorption, metabolism, and distribu‐
tion of small-molecule drugs, representing a more precise 
platform for drug screening, especially for CNS disorders. 
These disorders represent the second most common cause 
of death worldwide. Neurodegenerative diseases and brain 
cancers, which can affect individuals of all ages, are among 
the many that remain difficult to cure. Developing small-
molecule drug delivery systems capable of penetrating the 
BBB is critical, because this barrier prevents most therapeu‐
tic agents from reaching the brain, significantly reducing 
the success rates of the development of small-molecule 
drugs [154, 155]. Therefore, it is necessary to develop a 
stable and precise model of BBB permeability for drug 
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evaluation. In this regard, Peng et al. developed a 
microfluidic-based human blood–brain barrier (μBBB) plat‐
form to predict the uptake of small-molecule drugs and 
nanoparticles (NPs) in the brain tissue targeting the 
CNS [156]. The platform integrates eight μBBB units, each 
comprising three distinct channels, namely, a blood channel 
lined with BBB cells (endothelial cells, pericytes, and astro‐
cytes), a brain channel featuring a 3D glioblastoma multi‐
forme (GBM) model, and a medium channel for the supply 
and exchange of nutrients (Fig. 7a). Immunofluorescence 
staining demonstrated that the platform accurately repli‐
cated the spatial organization of endothelial cells, pericytes, 
and astrocytes, mimicking the structure and functional char‐
acteristics of BBB. The μBBB platform provides both high-
content and medium-throughput capabilities. Its high-
content nature is reflected in its ability to extract and ana‐
lyze detailed analytes from brain-like tissues using various 
methods, thus providing insights into drug–BBB interac‐
tions and permeability. Moreover, the platform achieves 
medium-throughput testing by incorporating multiple com‐
pounds under physiologically relevant conditions. Perme‐
ability coefficients were evaluated for various compounds, 
including high-molecular-weight dextran, the small hydro‐
philic molecule nitrofurantoin, the poorly permeable mol‐
ecule sucrose, the lipophilic small molecule caffeine, and 
transport proteins for glucose and amino acids. The ob‐
tained results were consistent with established reports, 
demonstrating that this µBBB platform can accurately pre‐
dict BBB permeability for small-molecule drugs, making 
it a powerful tool for CNS drug discovery and delivery 
studies.

Traditional high-throughput screening typically uses 2D 
cell monolayer cultures, typically performed in 96-well plates 
with liquid-dispensing and plate-handling robotics [157]. 
Nevertheless, cancer cells may lose their phenotypic charac‐
teristics over time in 2D cultures, significantly limiting the 
formation of tumor-like 3D structures [158, 159]. To over‐
come this limitation, Zhu et al. developed a dynamic micro‐
physiological system chip platform (MSCP) with multiple 
functional microstructures [160]. This innovative platform 
integrates the intestine, liver, heart, and lung into a single 
microphysiological system, enabling the simultaneous 
evaluation of multiple anti-lung cancer drugs (Fig. 7b). The 
MSCP incorporates several advanced features, including a 
microvalve array that dynamically switches between organ 
formation and blood-flow modes, allowing the integration 
of up to four spheroids, either identical or varied, into a 
high-throughput drug testing model or microphysiological 
system. The MSCP is composed of three PDMS layers (mi‐
crovalve layer, microchannel layer, and microwell layer) 
and five functional microstructures, including bubble buffer 
areas, latitudinal and longitudinal valve arrays, Galton nail 
plate-shaped micropillar arrays, and microwell arrays. The 
microvalve layer primarily consists of valve arrays oriented 
both latitudinally and longitudinally, whereas the micro‐
channel layer features four longitudinal channels for cell in‐
jection and four latitudinal channels for drug injection, 
along with their respective inlets and outlets. There are 16 
spheroid culture chambers along the longitudinal and latitu‐
dinal channels. The researchers generated high-throughput 
intestine (FHs 74 Int), liver (THLE-2), heart (HL-1), and 
lung cancer (A549) spheroids to evaluate drug absorption, 

Table 2  MOoC platforms for drug toxicity assessment and drug screening, as discussed in the text

Drug toxicity Heart-liver-on-a-chip

Liver-heart-on-a-chip

Heart-liver-lung-on-a-chip

Heart-liver-bone-skin-on-
a-chip

Liver-kidney-on-a-chip

Liver-kidney-on-a-chip

Evaluating cardiotoxicity with/without hepatocyte 
coculture; enabling noninvasive assessment of drug 
and metabolite through heart–liver crosstalk in vitro

Cardiac and liver organoids cultured in the upper 
chamber and bottom micropillar array, respectively;
liver organoids demonstrating albumin/urea synthesis;
cardiac organoids maintaining contractile function;
used for antidepressant drug assessment

Bioprinted liver and cardiac organoids integrated into a 
tissue-on-a-chip platform; combining bioengineered 
tissue models in a signal circulating perfusion system

Interconnected organs via recirculating vascular flow, 
with each tissue maintained in its optimized 
microenvironment and isolated from the shared 
circulation by selective endothelial barriers

Enabling the simultaneous assessment of hepatic drug 
metabolism and renal toxicity in a single device

A two-chamber interconnected biochip culturing liver 
and kidney cells, allowing bidirectional transport of 
drug metabolites between chambers via convective flow

Cyclophosphamide

Clomipramine

Bleomycin

Doxorubicin

Ifosfamide; 
verapamil

Aflatoxin B1 (AFB1);
benzo[α] pyrene (BαP)

[126]

[127]

[128]

[129]

[132]

[133]

Classification Description Finding Drug Reference

To be continued
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Drug 
screening

Liver-kidney-on-a-chip

Gut-liver-on-a-chip

Gut-liver-on-a-chip

Cardiac/muscle/
neuronal/liver module-
on-a-chip

Intestine-skin-liver-
kidney-on-a-chip

Six-organ-on-a-chip

Seven-organ-on-a-chip

Ten-organ-on-a-chip

Thirteen-organ-on-a-chip

Human blood–brain 
barrier (BBB) platform

Microphysiological 
system chip platform 
(MSCP)

Micropillar/microwell 
chip

3D liver–kidney organ-on-a-chip with a biomimicking 
circulating system (LKOCBCS); parallel microfluidic 
circulatory system consisting of 3D biomimetic liver 
lobule and renal proximal tubule barrier models; 
multiorgan toxicity/pharmacokinetics studies

A multiorgan platform coculturing hepatic and 
intestinal cells to investigate gut–liver axis 
interactions under both physiological and 
inflammatory conditions

A human microbial-crosstalk (HuMix) gut-on-a-chip 
(GoC) model coupled with Dynamic42 liver-on-a-chip 
(LoC) which models the gut–liver axis, enabling the 
investigation of microbial influences on drug metabolism

A modular, reconfigurable system under continuous 
flow conditions using serum-free defined medium in 
a pumpless platform for 14 days; five drugs evaluated

A system comprising two microphysiological fluid 
circuits and three reconstructed barriers, maintaining 
tissue homeostasis for more than 28 days and 
enabling ADME and systemic toxicity studies

A system integrating six humanized constructs (liver, 
cardiac, lung, endothelium, brain, and testes organoids) 
in a shared circulatory network, maintaining high 
viability for 21 days to study multi-tissue interactions

Seven interconnected microphysiological systems 
(MPSs) comprising brain, pancreas, liver, lung, heart, 
gut, and endometrium tissue models; representing the 
first comprehensive evaluation of metabolic signatures 
and pathway dynamics in a human-on-a-chip system

Ten MPS platform (liver, pancreas, gut, lung, heart, 
muscle, brain, endometrium, skin, kidney) with 
sustained multi-tissue interactions for more than four 
weeks; integrated with quantitative systems 
pharmacology (QSP) computational modeling to 
simulate the distribution of endogenous metabolites and 
in vitro pharmacokinetics; high-throughput capacity, 
long-term stability, and high degree-of-freedom (DOF)

“Body-on-a-chip” platform features: 14 chamber 
designs (13 organs), barrier tissues (skin, GI tract, and 
lungs), and nonbarrier tissues (fat, kidney, heart, 
adrenal glands, liver, spleen, pancreas, bone marrow, 
brain, and muscle); gravity-driven fluidics for 
interorgan crosstalk studies; applications: multi-tissue 
interaction analysis under a controlled microenvironment

A platform integrating eight microfluidic-based 
blood–brain barrier (μBBB) units, enabling high-
content analysis of cellular interactions and medium-
throughput screening for drug permeability studies

High-throughput 3D cancer spheroid model; four-
organ (intestine–liver–heart–lung) coculture system; 
parallel evaluation of four anti-lung cancer drugs

Containing brain tumor cells and three primary brain 
cancer cells; high-throughput biochemical and cell-
based efficacy assays; antitumor drug evaluation and 
mechanism studies

Cyclosporine A (CsA)

–

Irinotecan

Doxorubicin; atorvastatin 
(ATR); valproic acid (VPA); 
acetaminophen (APAP); 
N-acetyl-m-aminophenol 
(AMAP)

–

Ifosfamide

Tolcapone

Diclofenac (DCF）

–

Small-molecule drugs

Anti-lung cancer drugs 
(cisplatin, pemetrexed, 
doxorubicin, and docetaxel)

Twenty-four therapeutic 
anticancer drugs

[134]

[138]

[139]

[142]

[144]

[145]

[146]

[147]

[148]

[156]

[160]

[161]
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metabolism, and side effects. By staining specific proteins 
and measuring the size of the four spheroids, they estab‐
lished a microphysiological system for evaluating oral anti-
lung cancer drugs within 48 h. Furthermore, the four spher‐
oids maintained high viability for up to five days. The anti‐
cancer effects of the four drugs cisplatin, docetaxel, peme‐
trexed, and doxorubicin were evaluated using the A549 non-
small cell lung cancer epithelial cell line. Live/dead and cell 
viability assays showed that doxorubicin exhibited the 

strongest anticancer efficacy, followed by cisplatin, 
docetaxel, and pemetrexed. These results demonstrate the 
high-throughput capabilities of MSCP in rapidly and effi‐
ciently generating drug evaluation data and also maintain‐
ing physiologically relevant conditions. Lee et al. developed 
a miniaturized micropillar/microwell chip that supports pri‐
mary human cells for drug screening and enables convenient 
medium exchange by replacing the cell-containing micropil‐
lar/microwell chip with a medium-containing microwell 

Fig. 7  MOoC for drug screening. (a) The microfluidic-based human blood–brain barrier (µBBB) system mimics and predicts the uptake of 
small molecules and nanoparticles (NPs) targeting the central nervous system: (a1) a schematic side view of the μBBB; (a2, a3) immunofluores‐
cence images of the tight junction protein ZO-1 (green) and the vessel-like structure (red); (a4, a5) immunofluorescence images of astrocytes 
stained for GFAP (red) and pericytes labeled for α-SMA (green). Reproduced from [156], Copyright 2020, with permission from the American 
Chemical Society. (b) A high-throughput microphysiological system incorporating intestine, liver, heart, and lung cancer tissues, which is 
designed to investigate the effects of four different drugs simultaneously. The rightmost panel displays the drug response profiles, where com‐
pounds sequentially perfuse through intestine, liver, and heart spheroids before reaching the lung cancer spheroids. Reproduced from [160], 
Copyright 2024, with permission from the authors, licensed under CC BY-NC-ND. (c) Schematic of a micropillar and microwell chip platform 
used for anticancer drug screening. The right panel depicts the configuration of the micropillar/microwell chip, which was designed for the 
parallel screening of 12 drugs in a single assay. Reproduced from [161], Copyright 2013, with permission from the American Chemical Society
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chip [161]. This platform contained 12 regions, each with a 
6×6 miniarray, allowing the assessment of six different 
drug doses. A total of 24 therapeutic anticancer drugs were 
tested on this chip using the U251 brain cancer cell line and 
three primary brain cancer cells obtained from patients. 
Their study demonstrated that the micropillar/microwell 
chip represents a promising, high-throughput, and microscale 
alternative to traditional in vitro multi-well plate platforms, 
providing novel opportunities for rapid and cost-effective 
evaluation of drug efficacy in the early stages of clinical 
studies for individual patients with cancer (Fig. 7c).

6　Challenges and perspectives

The primary goal of MOoC systems is to accurately repli‐
cate the structure, function, and microphysiology of organs 
and their interorgan interactions in vitro, thus mimicking 
in vivo conditions. Since the introduction of the OoC con‐
cept in the 2000s, this technology has rapidly evolved and 
gained significant traction as a promising alternative to tra‐
ditional animal models in drug development [162]. Despite 
its potential, the field remains in its nascent stages and faces 
various challenges, including complexity and integration, 
lack of standardization, reproducibility concerns, and the 
need for a multidisciplinary approach.

In the MOoC system, biosensors, including optical sen‐
sors, mechanical sensors, and electrochemical sensors, hold 
the key to real-time, noninvasive monitoring of various 
physiological parameters and molecular events occurring 
within the chip. These sensors can dynamically adjust to ex‐
perimental conditions, similar to the body’s own regulatory 
mechanisms responding to changing internal states [163]. 
Nevertheless, biosensors must be scaled down to fit within 
the microfluidic channels and chambers of the MOoC with‐
out sacrificing their performance. In the future, with the ad‐
vancement of nanotechnology and microfabrication tech‐
niques, nanoscale biosensors can be developed to achieve 
high sensitivity and specificity and also to maintain a small 
footprint.

Although the OoC technology constitutes a more accu‐
rate representation of human organ environments than con‐
ventional models, it faces substantial hurdles in replicating 
the intricate interactions found within human tissues. This 
complexity involves integrating multiple cell types, ECM 
components, and the dynamic mechanical forces that char‐
acterize biological systems. MOoC systems are designed to 
incorporate various cell types within a single device, creat‐
ing a physiological environment that closely resembles 
human tissues. Importantly, these multiorgan platforms 
uniquely enable the maintenance of systemic homeostasis 
through dynamic feedback mechanisms between intercon‐
nected tissue modules, a capability demonstrated in models 

of gut–liver–kidney metabolic coordination [164]. This self-
regulatory capacity positions MOoC as a critical tool for in‐
vestigating chronic diseases and long-term drug responses 
that require weeks to months of stable culture conditions. 
Nevertheless, each cell type has specific requirements con‐
cerning the culture medium and growth characteristics, in‐
cluding growth time and maturity. Effectively assembling 
and seeding these cells to mimic their natural environments 
poses a significant challenge.

A parallel challenge lies in incorporating nervous or im‐
mune components to better mimic human pathophysiology. 
Immune cells play a vital role in the body’s responses to 
cancer and overall physiological homeostasis. Adding im‐
munocompetent elements to MOoC systems is essential for 
better recapitulating the in vivo pathophysiology. For in‐
stance, T cells, a key component of the adaptive immune 
system, are highly relevant in cancer immunotherapy. Nev‐
ertheless, integrating them into MOoC architectures is com‐
plex. Current efforts have achieved some progress in estab‐
lishing models with resident macrophages, such as in 
gut–liver axis inflammation research [138]. This model pro‐
vides insights into how local immune responses in these 
two organs can affect inflammatory conditions. It provides 
a useful platform for clarifying the underlying mechanisms 
of disease progression. The nervous system exerts a pro‐
found impact on organ function and overall homeostasis. In 
recent years, there have been some initial attempts to incor‐
porate neuronal networks into MOoC systems. For instance, 
in gut–liver–cerebral interactions in the context of PD [165], 
gut–liver MPS and brain MPS were circulated with a com‐
mon culture medium containing immune cells. This system 
demonstrated interorgan interactions in the context of PD. 
However, creating hierarchically organized neural circuits 
that can accurately recapitulate the complexity of the 
in vivo nervous system has not yet been achieved. Future 
studies should focus on developing methods to grow and in‐
tegrate more complex neural circuits into MOoC systems.

Ensuring consistency across laboratories and experiments 
is crucial for the credibility of MOoC technology. Varia‐
tions in chip fabrication, cell sourcing, and experimental 
conditions can result in inconsistent outcomes, complicating 
data comparison and validation across studies. Therefore, it 
is crucial to streamline and simplify complex MOoC sys‐
tems for drug screening. The key factors for improving stan‐
dardization include chip size, cell density, sourcing of cell 
lines, metabolic rates, monitoring methods, and detection 
parameters. By addressing these factors, the reproducibility 
of the MOoC system can be improved, fostering wider 
adoption and acceptance in pharmaceutical research and 
development.

The longevity of MOoC systems is also a pivotal factor, 
particularly for modeling chronic conditions and investigat‐
ing long-term drug effects. Chronic conditions such as 
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diabetes, cardiovascular diseases, neurodegenerative disor‐
ders, and chronic inflammation evolve over months or even 
years. To accurately simulate these disease processes, 
MOoC platforms must sustain organ-specific physiological 
functions and interorgan communication over prolonged pe‐
riods. For instance, modeling diabetic complications re‐
quires the continuous observation of metabolic and inflam‐
matory signals between multiple organ systems. Without 
this sustained functionality, it may be difficult to accurately 
capture the dynamics of disease progression and the cumu‐
lative effects of therapeutic interventions. Similarly, the 
evaluation of long-term drug efficacy and chronic toxicity 
requires sustained system stability. Drugs targeting chronic 
conditions often exert delayed therapeutic effects or adverse 
reactions that manifest over weeks or months, and MOoC 
systems must maintain functionality over such timeframes.

As the MOoC technology advances, it holds significant 
promise for transforming personalized medicine. Personal‐
ized medicine represents a paradigm shift in healthcare, fo‐
cusing on customized medical treatment based on the 
unique characteristics of each patient. This approach goes 
beyond a one-size-fits-all model by considering a patient’s 
genetic profile, environmental influences, and lifestyle fac‐
tors to develop individualized treatment plans. Recent 
breakthroughs in iPSC differentiation technology have 
made it feasible to develop personalized MOoC systems. 
Using this method, patient-derived cells can be repro‐
grammed into iPSCs and differentiated into target organs. 
Through the use of patient-specific cells, MOoCs can be tai‐
lored to examine individual responses to drugs, thus paving 
the way for more personalized and effective treatment regi‐
mens. Moreover, personalized MOoC systems are not lim‐
ited to modeling normal cellular functions; they can repli‐
cate the specific cellular environments of individual pa‐
tients, allowing for more accurate predictions of how these 
individuals will respond to various drug treatments. This ap‐
proach reduces the risks of adverse effects and increases the 
probability of successful outcomes. Furthermore, the per‐
sonalized nature of MOoC systems opens new avenues in 
the development of regenerative medicine and cell-based 
therapies. By leveraging patient-specific cells, these thera‐
pies can directly target the underlying cellular mechanisms 
of the disease, potentially resulting in more lasting and ef‐
fective treatments. Personalized MOoC systems provide a 
profound opportunity to address diseases at their root 
causes, representing a leap forward in tailored medical 
interventions.

Another promising frontier that improves the capabilities 
of MOoC systems lies in their integration with big data ana‐
lytics, artificial intelligence (AI), and emerging synthetic bi‐
ology tools. This convergence holds revolutionary potential 
for healthcare, particularly in drug discovery, precision medi‐
cine, and point-of-care diagnostics. AI-driven experimental 

optimization now enables the dynamic adjustment of fluid 
flow rates, oxygen gradients, or nutrient concentrations to 
better mimic human pathophysiology. Moreover, multi‐
modal data integration approaches enable the synthesis of 
diverse biological datasets, including imaging, omics, and 
physiological parameters, to build high-fidelity models that 
precisely capture cellular dynamics [166]. The extensive 
data generated by OoC experiments serve as a rich source 
of biological information. When analyzed through big data 
technology, these datasets can reveal previously hidden pat‐
terns and insights. AI, particularly machine learning algo‐
rithms, can further augment this data interpretation by learn‐
ing from complex datasets and producing accurate predic‐
tions [167]. The combination of MOoC systems with these 
advanced technologies could dramatically accelerate the 
pace of drug discovery [168]. For instance, AI can analyze 
the vast and intricate datasets generated from MOoC experi‐
ments, thereby pinpointing potential drug candidates more 
efficiently. Machine learning models trained on these datas‐
ets can predict the effects of drug compounds on human tis‐
sues with greater reliability, allowing researchers to evalu‐
ate the efficacy and safety of these compounds long before 
they reach the clinical trial stage. This predictive capability 
can significantly reduce both the time and financial costs as‐
sociated with drug development by identifying viable com‐
pounds early in the process and filtering out those likely to 
fail. In addition, AI can accelerate high-throughput screen‐
ing of drugs on MOoC. The integration of big data, AI, syn‐
thetic biology, and MOoC technology also promises to ad‐
vance personalized medicine [169]. By analyzing a pa‐
tient’s genetic, environmental, and lifestyle information in 
conjunction with MOoC data, AI algorithms can predict in‐
dividual responses to specific treatments. This personalized 
approach ensures that therapies are tailored to each patient, 
maximizing effectiveness and minimizing adverse effects. 
In precision oncology, AI technology combined with the 
CRISPR-Cas9 system allows the prediction of guide RNA 
(gRNA) on-target and off-target activity. This integration 
not only holds considerable promise but also has several 
challenges [170]. AI technology, particularly deep-learning-
based models, can sift through large-scale genomic se‐
quences to predict the probability of a gRNA binding to its 
intended on-target site [171]. However, accurately predict‐
ing off-target activity remains a formidable challenge. Syn‐
thetic biology provides novel methods to improve the 
AI-CRISPR-Cas9 system in precision oncology. Synthetic 
biology techniques can be used to engineer gRNAs with 
modified backbones or chemical modifications. These modi‐
fications can be guided by AI-derived insights on how to 
improve the stability and specificity of gRNA–DNA inter‐
actions [172]. In conclusion, the synergy among MOoC 
technology, AI, and programmable biological tools repre‐
sents a paradigm shift in biomedicine. This convergence 
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accelerates therapeutic development cycles, which is a true 
hallmark of next-generation biomedical innovation.

7　Conclusions

MOoC technology marks a significant breakthrough in mi‐
crofluidic systems, providing an advanced platform for simu‐
lating intricate physiological interactions and streamlining 
drug development. By incorporating multiple organ models, 
these devices deliver a more realistic representation of hu‐
man physiology, thereby improving the predictability of 
drug efficacy and toxicity.
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