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Abstract 

Human organoids-on-chips (OrgOCs) are the synergism of human organoids (HOs) technology and 
microfluidic organs-on-chips (OOCs). OOCs can mimic extrinsic characteristics of organs, such as 
environmental clues of living tissue, while HOs are more amenable to biological analysis and genetic 
manipulation. By spatial cooperation, OrgOCs served as 3D organotypic living models allowing them to 
recapitulate critical tissue-specific properties and forecast human responses and outcomes. It represents 
a giant leap forward from the regular 2D cell monolayers and animal models in the improved human 
ecological niche modeling. In recent years, OrgOCs have offered potential promises for clinical studies 
and advanced the preclinical-to-clinical translation in medical and industrial fields. In this review, we 
highlight the cutting-edge achievements in OrgOCs, introduce the key features of OrgOCs architectures, 
and share the revolutionary applications in basic biology, disease modeling, preclinical assay and precision 
medicine. Furthermore, we discuss how to combine a wide range of disciplines with OrgOCs and 
accelerate translational applications, as well as the challenges and opportunities of OrgOCs in biomedical 
research and applications. 
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1. Introduction 
Humans have long wondered about how human 

organs form and develop within a complicated 
environment throughout the entire life cycle. 
Moreover, it remains mysterious how the human 
organs are affected after the onset of disease, and to 
what extent it can be cured by drug and cell therapy. 
Our current understanding largely relies on 
conventional cell cultures and animal models. 
However, these models are greatly limited due to the 
species divergence as well as differences in organ 
architecture and function. Therefore, it is highly 
anticipated to establish highly biomimetic human 
organ models for a broad range of applications 
including biological study, disease modeling, drug 
screening, personalized medicine, etc. With the 
development of multiple disciplines including 

biomaterial, chemistry, computer and mathematics, 
scientists have presented various reliable human 
organ models [1-5]. As emerging technologies, OOCs 
and HOs have attracted worldwide attention due to 
their unique advantages. 

OOC is an in vitro microphysiological system 
that can accurately incorporate crucial microenviron-
ment parameters of living organs, including 
biochemical factors, physical factors, systematic 
interactions between multiple organs or organ-matrix, 
essentially representing organ-level ‘synthetic 
biology’. Typically, shear stress, dynamic fluid, 
mechanical tension, oxygen gradient, bioscaffolds, 
electrical and optical signals can be easily 
manipulated in a spatiotemporal controllable manner 
[6-8]. Currently, breathing lung, peristaltic intestine, 
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rhythmic heart, folded brain, and even body axis (e.g., 
liver-islet axis, gut-kidney axis, and gut-microbe- 
brain axis) have been developed to model human 
physiopathologic ecosystems, including organoge-
nesis, host-immune response, and drug-organ 
interplay [9-14]. Differ from OOC, the concept of HOs 
is proposed by researchers in stem cell biology, which 
can recapitulate many biological parameters (e.g., 
multicellular paracrine and autocrine effect, tissue- 
specific polarization and cell-matrix interactions) and 
be used for parsing cell fates during organogenesis 
and studying the mechanisms that underlie stem cell 
self-assembly, proliferation, differentiation, and 
stemness maintenance. The bionic multicellular types 
and high fidelity and maturity are the highlights of 
HOs [15-17]. Notably, gene editing, omics, artificial 
intelligence and biomaterials have reinforced the 
rising impacts of HOs in life sciences and biomedicine 
[18-24]. These burgeoning technologies expand the 
utilization of HOs and offer more possibilities for 
tissue regeneration, disease treatment, drug discovery 
and personalized medicine [25-29]. As a new 
generation of organ chips, OrgOC has just been 
proposed in recent years. The cutting-edge OrgOC 
will further promote the engineering technologies 
applicable in biomedicine by maximizing the 
potential of OOCs with higher integration and HOs 
with higher fidelity. The past few years have 
witnessed the rapid development and widespread 
application of OrgOCs. On an international scale, 
diverse OrgOCs with organ-level structures and 
functional units have been established, involving 
most parts of the body such as reproductive systems, 
endocrine systems, vascular systems, nervous systems 
and so on [30-35].  

This systemic review aims to highlight the recent 
progress of the OrgOC technology and its widespread 
applications in basic research and translational 
medicine (Figure 1). First, a snapshot of the 
remarkable hallmarks of OOCs, HOs, and OrgOCs 
that determine the physiological relevance of in vitro 
human organ models was given from different 
perspectives. Second, the biomedical applications of 
OrgOCs in biological study, tissue regeneration, 
disease modeling, disease therapy, precision 
medicine, and drug development were introduced in 
detail. Third, we discuss the current limitations and 
future perspectives of OrgOCs in biomedical 
applications. We believe that the integration of 
multidisciplinary technologies (e.g., biomaterial, 3D 
printing, gene editing, artificial intelligence, and 
multi-omics analysis) will greatly enhance the 

potential of OrgOCs in biomedical research and 
applications. 

2. Snapshot of OOCs, HOs, and OrgOCs 
Living organisms are regulated by the dynamic 

crosstalk of the inherent genetic reprograms of cells 
and the external cues. These elements can be 
spatiotemporally controlled and play a pivotal role in 
the construction of OrgOCs. OrgOCs have integrated 
OOC and HO technologies to build human 3D organ 
models with more representative tissue-specific 
properties and critical functions at an organ level. 
OOC and HO technologies represent two funda-
mentally different but complementary approaches 
toward a common goal of the biomimetic human 
organ models. The two distinct model systems have 
unique advantages, which assist in rapid deployment, 
practicality and ease of implementation for OrgOCs 
construction. The emergence of 3D in vitro cell culture 
approaches has therefore received widespread 
attention due to their high potential to overcome the 
limitations of conventional models. Notably, OrgOCs 
are promising to bridge the translational gap between 
biological and clinical research, enabling accelerated 
preclinical-to-clinical translation in medical and 
industrial fields. 

2.1 OOCs 
OOCs are in vitro human-relevant microsystems 

that recapitulate the structural and functional units of 
living organs in a microfluidic perfusion culture 
device (e.g., primary cells, cell lines, and stem cells). In 
general, the reductionist analysis of the target organ 
guides the design principles of OOCs construction. At 
first, we should understand the anatomy of the native 
organ in detail and design the microdevice to 
recapitulate the key functional unit on a chip. Then 
various biological analyses should be performed to 
identify the physiological functions in terms of 
cellular composition, structural organization and 
organ function. For instance, Ingber’s team has 
pioneered the first lung (target organ)-on-a-chip by 
reconstructing the alveolar-capillary barrier 
(functional unit) [36]. On the microchip, pulmonary 
alveolar epithelial cells and microvascular endothelial 
cells (multiple cellular compositions) can be 
co-cultured in the individual cell chamber by an in 
vivo-like interstitium (structural organization). The 
air-liquid interface with breathing motion can be 
simulated by integrating fluid shear stress (FSS) 
and cyclic stretch (CS) in the microfluidic device 
(organ-specific microenvironment).  
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Figure 1. Schematic for in vitro human organoids-on-chips models for biomedicine. Human organoids are 3D multicellular tissue constructs derived from human stem cells (e.g., 
pluripotent stem cells or adult stem cells) through self-assembly, retaining certain key features of their organ counterparts. Organ chips are microengineered microfluidic cell 
culture setups that can recreate cell microenvironment (e.g., bioflow, gradient, tissue barrier and mechanical cue) in a controlled manner. Human organoids-on-chips (OrgOCs) 
are opening up a new frontier of biomedical research by integrating organoids and organ chips technology. These physiologically relevant microsystems can be widely used in the 
biological study (e.g., organ development, vascularization, host-immune response and inter-organ communication), disease modeling (e.g., endogenous components cause, 
inorganic pollutants exposure and viral infection) and precision medicine (e.g., pharmacokinetic study, drug safety assessment and drug screening). 

 
OOCs can independently control or highly 

couple complicated microenvironmental factors, such 
as dynamic fluids, mechanical cues, 3D topography 
architecture, oxygen gradients and partitioned space, 
to mimic ecological niches of human native organs. 
These merits offered by the extracellular ecosystem 
can guide cell morphogenesis and the formation of 
functional organs. Microfluidic flow in the channels 
enables timely renewal of nutrients and discharge of 
waste, which is favorable to cell viability during 
long-term culture [37-39]. The dynamic flow can also 
provide the physiological shear stress, which 
enhances the physiological activity of the organs and 
plays a crucial role in achieving systematic interaction 
among multiple organs within the same OOCs system 
[7, 40-42]. Up to date, diverse micromachining 
technologies have been developed to fabricate 
biomedical OOCs systems, including photolitho-
graphy, etching and 3D bioprinting [43]. The mostly 

used photolithography process consists of several 
steps: 1) a photoresist coated on the substrate 
undergoes photochemical crosslinking and partially 
solidified by light exposure; 2) corrosion processing to 
obtain the substrate with defined structures; 3) filling 
the substrate with prepolymers and curing; 4) peeling 
off the polymer layer and integrating [44, 45]. Extreme 
ultraviolet photolithography and electron beam 
lithography are usually applied to fulfill the needs of 
smaller channel sizes (< 10 nm) [46, 47]. Typical 
etching is divided into wet etching and dry etching. 
Wet etching refers to the removal of materials in the 
direction of patterns under chemical etchants, while 
dry etching mainly uses the directional characteristics 
of ion bombardment and adopts reactive ion etching 
[43]. 3D bioprinting allows the direct fabrication of 
objects in a layer-by-layer pattern through 
computer-aided manufacturing [48-50]. Benefiting 
from various materials and high resolution, this 
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technique has been applied to construct nearly all 
components (e.g, cell scaffolds, microfluidic devices 
and sensory connectors) of OOCs systems [43]. 
Partitioned space can be realized within micrometer- 
sized channels by micromachining technologies, 
prompting the generation of functional interfaces/ 
barriers (e.g., maternal-fetal interface, gas-liquid 
interface, gut barriers, and blood-brain barriers) 
[51-55]. By integrating these features, a multilayer 
and/or multiple partition chip makes multicellular 
coculture in vivo-like possible, and helps to investigate 
the interaction among microorganisms, immune cells 
and other cells in numerous biological processes (e.g., 
metastasis and immune responses). 3D topography 
architecture can guide cell migration and 
differentiation in a defined orientation, such as the 
formation of muscle bundles, enteric tubes, vessel 
lumens and neural networks [56-62]. In addition, 
mechanical motion is of the essence to mimic the 
physiology of motile organs, such as lungs breathing, 
intestines moving, heart beating, and muscle 
stretching exercises. It is also beneficial in maintaining 
organ homeostasis. Prominently, the cessation of 
peristalsis contributes to bacterial overgrowth and 
ileus and inflammatory bowel disease, consistent with 
pathological findings [63]. The gradients of oxygen 
tension play an essential part in gut-microorganism 
interplay and enable the long-term culture of aerobic 
gut cells and most anaerobes. All in all, OOCs 
particularly emphasize manipulating cell behaviors 
via building human-relevant ecological niches. If 
necessary, electromagnetic or optical actuators can 
also be incorporated in the culture system of the target 
organ (e.g., cardiac contraction). 

Significant advances in the development of 
OOCs have contributed to the construction of in 
vivo-like 3D organs, and these organ models can 
recapitulate human health and disease states for a 
wide spectrum of life stages, from early development 
to maturity [64-68]. It is worth mentioning that OOCs 
can be employed in studying the early development 
of human embryos, placenta, and reproductive 
organs, which helps to unravel the beginning of life. 
Fu’s group has given stem cells the ability to arrange 
themselves in specific structures on a chip, mimicking 
the process of early embryo implantation in an 
engineered way [66]. The "mock embryo" got stuck in 
a 3D gel that mimics the uterine wall, forming a model 
of the epiblast under a constant supply of nutrients. It 
is surprising that the OOCs model can generate 
embryo-like structures with more than 90% efficiency, 
which is far beyond the traditional technology (less 
than 5%). The breakthrough highlights the 
importance of fluidized microchips and expands our 
knowledge of human embryology and reproduction. 

Up to now, many parts of the human body have been 
reproduced with OOCs, such as the brain, lung, gut, 
liver, kidney, islet, heart and cartilage [10, 11, 13, 
69-80]. These OOCs models have shown great 
promise in organ reconstitution, disease studies, drug 
screening, and so on [68, 81-85]. To gain a thorough 
understanding of the physiological and pathological 
states of the human body, there has been a steady 
increase to establish multi-organs-on-chips in a cell 
type-dependent manner. Moreover, OOCs enable 
high-resolution in situ imaging, real-time monitoring 
of responses to external and internal stimuli on the 
organ level, suggesting the great potential in 
biomedical applications and utilizations in the 
foreseeable future. 

2.2 HOs 
HOs are 3D multicellular tissue constructs that 

originated from human pluripotent stem cells (PSCs) 
or adult stem cells (AdSCs) [86]. They can recreate the 
physiological structure and function of human organs 
through self-assembly. In general, any PSCs-derived 
HOs are constructed according to the design 
principles involved with the sequential differentiation 
of stem cells. It is required to understand the germ 
layers the target organs are differentiated from. For 
instance, the human brain, heart and islet originate 
from ectoderm, mesoderm, and endoderm, respect-
ively [86-90]. The success of PSCs-derived HOs 
generation needs the timely and sequential addition 
of relevant factors to determine cell fate, accompanied 
by the self-organization of stem cells. Next, according 
to the developmental pathways of particular lineages, 
growth factors are added sequentially to establish a 
correct regional identity during stem cell 
differentiation, and organ-specific lineages in 3D HOs 
are identified based on exclusive biomarkers or 
functions. For example, human induced pluripotent 
stem cells (hiPSCs) can differentiate into heart 
organoids (target organ) by the sequential 
differentiation of the mesendoderm (germinal layer), 
the cardiac-specific mesoderm (specific direction), 
with B27 minus insulin (growth factors), glycogen 
synthase kinase 3 inhibitor CHIR99021 (growth 
factors) and Wnt inhibitor IWP2 (growth factors) [90]. 
Different from PSCs-derived HOs, the formation of 
AdSC-derived organoids is relatively simple, which 
doesn’t need to guide it through the germ layers [86]. 
Usually, we need to isolate tissue-specific stem cell 
populations from adult tissues. Then these stem cell 
populations are implanted in ECM and engendered in 
combination with particular tissue development 
components. Back in 2009, Hans Clevers’s team first 
implemented Lgr5+ stem cells-derived intestinal 
organoids isolated from murine small intestine, 
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containing a central lumen lined by villus-like 
epithelium and surrounding crypt-like domains [84]. 
Exogenous factors such as Wnt agonist R-spondin 1, 
epidermal growth factor, transgenic expression of 
Noggin as well as ECM component are pivotal 
requirements for intestinal epithelial growth and 
region-specific formation [84]. In 2011, this team, for 
the first time, adapted the culture conditions and 
established human epithelial organoids from the 
human colon, Adenoma, Adenocarcinoma and 
Barrett’s epithelium [91]. Overall, these two different 
HOs paradigms have their own advantages and 
disadvantages. PSCs-derived organoids require 
longer induction cycles and do not support passage 
cultivation. AdSC-derived organoids from patient 
tissues enable the formation of an isogenic tissue 
having identical genes, potentially paving the path 
towards patient-specific therapies and personalized 
medicine [25]. Unfortunately, organoids derived from 
tissue biopsies are often limited in their ability to 
differentiate and generally contain only certain parts 
of the organ [92]. For instance, intestinal stem cells 
from adults will only generate intestinal epithelial 
cells, nothing more. In contrast, PSCs-derived 
organoids allow for the forming of more complex 
structures such as vascularization and immune 
systems by integrating multicellular elements. 
Besides, AdSC-derived organoids lack long-term 
stability due to individual differences and high 
heterogeneity [86]. For decades, stem cells and 
developmental biology have offered a strong 
foundation upon which researchers can recreate the 
key aspects of organogenesis in vitro. HOs systems, as 
a versatile tool, show significant promise for a wide 
spectrum of biomedical applications in studying 
organ development, tissue regeneration, disease 
occurrence, drug screening and so on [93-97]. So far, 
various HOs have sprung up worldwide, covering the 
human brain, cortex, eye, gut, lung, heart, liver, 
kidney, islet and other parts [78, 98-106]. The main 
sources for generating HOs are stem cells from cancer 
biopsy or surgery. It is worth mentioning that HOs 
derived from patients can faithfully reflect the 
characteristics of the original cancer. Moreover, these 
cancer models have a robust expansion ability and 
thereby can be stably cultured and passaged. In 
comparison to traditional cell lines, HOs can preserve 
cell phenotype and genotype for a long term in vitro, 
and reveal common recurrent genetic lesions [26, 38, 
107]. HOs can be exploited to investigate many 
different aspects of tumors (early, middle, and late 
stages), including homeostasis, tumorigenesis, cancer 
transformation, and relevant mechanisms [108-112]. 
This undoubtedly prompted scientists to start a race 
against cancer, hoping to solve the long-standing 

mysteries of cancer. The breakthrough technology 
may greatly contribute to improving the current 
diagnostic and therapeutic agents, improving the 
success rate of drug development, as well as 
optimizing the clinical usage of medications.  

Every coin has two sides. Conventional culture 
techniques afford a simple and effective approach to 
generating organoids, and the technical threshold is 
relatively low for most laboratories. Unfortunately, 
their operational simplicity often comes at the 
expense of precise control. In contrast to the highly 
reproducible process of organogenesis in vivo, HOs 
models often display high heterogeneity in tissue size, 
structure, and function, which limits their 
applications to some extent [29, 113, 114]. Moreover, 
the conventional approaches highly rely on animal 
tissue-derived 3D ECM with undefined configura-
tions, poor reproducibility, and high heterogeneity 
[107, 115]. On one hand, many efforts have been made 
to replace uncertain substrates with biological scaffold 
materials such as natural or synthetic hydrogels with 
given concentration, adjustable stiffness and tunable 
morphology [116-120]. On the other hand, 
engineering technologies (e.g., micro-column/well 
chips and commercialized grooved plates) have been 
exploited to avoid using ECM [121-124]. Besides, most 
models lack blood vascular and the immune system, 
failing to faithfully reflect human biology [17, 107]. 
Usually, vascularized human organoids are produced 
by the physical mixing of organoids and endothelial 
cells, and it is difficult to form vascularized organoids 
in a physiological context [33, 125, 126]. As mentioned 
above, these limitations may hinder the manufacture 
of more representative human organoids in a precise 
way, and a deeper understanding of human 
physiology and pathophysiology as well. A 
combination of OOCs technologies is expected to 
solve these bottlenecks, and breakthroughs and 
meaningful achievements are on the way.  

2.3 OrgOCs 
Theoretically, OrgOCs are highly biomimetic in 

vitro models by combining two cutting-edge 
technologies (HOs and OOCs) in the field of life 
science and engineering. In 2019, the concept of 
OrgOCs was proposed firstly in Science, which refers 
to an "upgraded version" or an extension of OOCs. 
Nowadays, OrgOCs have been widely used in the 
fields of drug development, disease modeling and 
precision medicine [2, 127-131]. Generally, it is a 
highly technical and multidisciplinary industry, with 
a developmental procedure ranging from chip design 
and fabrication, model establishment and functional 
evaluation, and finally to biological study or drug 
testing. The construction of the OrgOCs needs to 
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follow the specific principles of organ developmental 
biology and take the feasibility and stability of the 
microdevice into account. The first step is to confirm 
cell types and space distribution and design the 
microstructures in the chip accordingly. Then, related 
biochemical microenvironmental elements should be 
incorporated into the system to induce cellular 
behaviors according to the developmental pathways 
of particular lineages. Finally, it is necessary to 
optimize the OrgOCs system by manufacturing the 
organ with desired structural and functional features. 
Together, as an extension in biotechnology, OrgOC is 
a collaborative technology of OOCs and HOs that can 
potentially address the theoretical and technical 
bottlenecks of traditional approaches.  

The aforementioned high heterogeneity has been 
known as a major issue that limits the applications of 
HOs models. Recent advances in OrgOCs technology 
suggest various methods to tackle this problem using 
microengineered culture devices. A series of OrgOCs 
with microwell structure provides an instructive cue 
to guide the formation of HOs with uniform size and 
reduced stochasticity and variability, potentially 
reducing the unreliability of experimental results 
caused by heterogeneity [30, 90, 114, 132]. 
Considering the uniformed size, controllability and 
modularity, this strategy is adjustable for size-based 
selection and also integrate into other systems for 
improved homogeneity of the organoid populations. 
Researchers have innovatively combined droplet 
microfluidic technology and wet spinning with 
OrgOCs, allowing for the in situ encapsulation and 
formation of functional human organoids with 
features of uniformed 3D structure and high 
throughput testing [113-135]. At present, many 
commercial culture plates (plastic and vitreous forms) 
have been widely used for 3D organoid formation and 
subsequent drug testing [136-138]. Many other efforts 
have also been made by integrating sensing elements 
into culture platforms for continuous monitoring, 
screening and analysis of organoids. Besides, the 
emerging 3D bioprinting technology drives the 
high-throughput and high-precision construction of 
OrgOCs. Also, artificial intelligence (AI), multi- 
organs, computer science, multiplex biosensors, 
multi-omics analysis, and gene editing can be 
incorporated into OrgOCs systems to improve the 
real-time detection and analysis of biological signals 
in a compositive manner. Prominently, OrgOCs 
technology can significantly increase reliability in the 
prediction of drug efficacy and safety, while reducing 
the cost and drug failure rate, potentially providing 
strong scientific evidence for clinical trials. These 
features are not available with conventional 2D cell 
culture and animal models, where there are obvious 

mismatches between the data derived from animal 
and human, or from in vitro static and in vivo dynamic 
conditions [38, 54, 139].  

Overall, the disruptive OrgOCs technology can 
not only recapitulate human physiology to a large 
extent but also forecast the body's response to drugs 
and different stimuli. Although the advanced OrgOCs 
systems are still far from faithfully recreating the 
functionality of native human organs, it has already 
demonstrated the unique advantages of simulating 
key aspects of human physiology and pathophysio-
logy. Their unique features make them a reliable 
platform to reduce or even replace animal 
experiments for the preclinical assessment of drugs 
[140-144]. Even so, there is still a lot of room for 
improvement in OrgOCs models, and we can expect 
that these models offer increasing possibilities to 
reproduce near-physiological complex tissues and 
organs. 

3. Progress of OrgOCs in biomedical 
applications 

In recent years, significant progress has been 
made in the field of biomedicine using self-assembled 
and engineered 3D OrgOCs models in vitro. In the 
following sections, we outline recent advances in 
OrgOCs models for biological study, disease 
modeling and precision medicine. The summary of 
the comparisons of different model systems for 
biomedicine can be seen in Table 1. In addition, we 
have provided a summary of the key elements (e.g., 
types of organoids-on-chips, organoid resources, 
co-culture cells, ECM and chip design) for the 
construction of OrgOCs models as well as the 
biomedical applications, important findings and 
unique advantages of existing OrgOCs models (Table 
2). 

3.1 Biological study 

3.1.1 Organ development  
Human organ development is precisely 

modulated by many physicochemical, biological and 
mechanical factors, and these factors could be 
recreated to construct artificial living organ systems in 
vitro. OrgOCs have been widely used to model organ 
development by actuating stem cells behaviors and 
integrating cell ecological niches with the 
development of engineering and cell biology.  

The OrgOCs platform contributes to discovering 
the underlying physical mechanisms and the intrinsic 
cell behavior during the organ development. Reiner’s 
group has modelled the physics of the folding human 
brain organoids on a microchip, presenting temporal 
dynamics similar to MRI images of fetal brains [145]. 
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The findings reveal that mechanical instability existed 
in brain development, in which cytoskeletal contract-
ion and nuclear motion contend against each other to 
balance the differential growth of organoids (Figure 
2A) [165]. Except for this intrinsic mechanical factor, 
the artificial motion is also crucial to maintain organ 
physiological functions. Jin’s group, for the first time, 
developed a gastrointestinal organoid-on-a-chip 
system with a representative in vivo-like curved 
morphology and peristalsis traits [124]. The OrgOC is 
composed of microwell arrays for human colon tumor 
organoid growth, and surrounding pressure channels 
for the control of peristalsis amplitude and cycle to 
mimic the natural rhythm in vivo. Notably, the 
proliferation of Lgr5+ cells and the expression of Ki67 
with the in vivo-like natural rhythm can be 
up-regulated 1.6-fold and 2.1-fold in the colon tumor 
organoids, compared with the traditional model [124]. 
Moreover, mechanical stimuli have impacted the drug 
uptake in the organoids, revealing the importance of 
mechanical factors in both organ development and 
drug assessment (Figure 2B) [16].  

Among many elements, spatial confinement is 

an essential one, which affects the biomanufacturing 
processes, and more importantly, guides biological 
behaviors of organoids at multiscale levels [126]. 
Lutolf’s group exploited a novel chip with crypt-like 
microchannels to model intestinal organoid 
morphogenesis [57]. In the OrgOCs model, intestinal 
stem cells can efficiently form perfusable mini-gut 
tubes with an in vivo-like spatial arrangement of a gut 
lumen, crypt-like domains and villus-like construct-
ions to that in the human body (Figure 2C) [16]. This 
spatial self-organization maintained organ lifespan 
and homeostasis, which avoided the limitations of 
regular organoids culture models in a stochastically 
developing manner. Similarly, geometric constraints 
such as 3D topology can be harnessed to promote 
in vitro stem cell self-organization along predefined 
spatial boundaries and significantly drive determin-
istic organoid formation [62]. Different from 3D 
self-assembly models, organoids also can be broken 
into single cells or small clusters and then laid flat on 
the microchannels, generating 3D intestinal/ 
pulmonary organs with typical villus and functional 
barriers [103, 151, 166-168].  

 

Table 1. The comparisons of different model systems for biomedicine. 

Models  Benefits  Limitations 
2D cell 
cultures 

• Low equipment dependency and easy to operate for researchers  
• Minoring basic structure and function, such as tissue barriers/interfaces 
• Convenient to study mechanisms of drugs or exogenous substances 
• Easy to conduct high-flux research and large-scale drug screening 

• Big differences in genetic and epigenetics information compared to human 
native tissues. 
• Fail to recreate the complexity of inter-organ interactions and drug 
pharmacokinetics 
• Cannot reflect dynamic physiological conditions and pharmacokinetics of 
organs in vivo 
• Difficult for long-term culture to maintain tissue functions 

Animal 
models 

• Systematically studying the body's response to exogenous substances 
(e.g., drugs, viruses, vaccines) and pathogenesis 
• Nonhuman primates are more representative of humans 
• Some biomedical signals contribute to human studies 

• Operation is time-consuming, cumbersome and high-cost 
• Difficult for in situ imaging and on-line monitoring 
• Difficult to reproduce human biological responses and accurately predict drug 
safety 
• No gold standard for extrapolation results from animal models to humans 
• Limited throughput 

OOCs • In vivo-like microenvironment elements (e.g., multicellular component, 
shear stress, mechanical tension, extracellular matrix, fluid)  
• Representing the human-relevant physiological and pathological features 
at the organ level 
• Minoring tissue barriers/interfaces 
• Studying cell-cell/matrix/virus/drug interaction  
• Real-time imaging and on-line monitoring 
• Highly integrating multi-techniques (e.g., biosensors, hydrogels, 3D 
bioprinting) into organ chips 

• Low throughput 
• Limited cell types can be assembled in a certain space 
• The hydrophobic PDMS absorbs hydrophobic small molecules, possibly 
affecting the accuracy and precision of drug detection 
• No gold standard for commercialization  
• Low flux for drug screening  

HOs • Simulating key features of human native organs or tissues with high 
fidelity and complex cellular components 
• Can differentiate into various organoids following given protocols 
• Long-term preservation of cell phenotype and genotype in vitro 
• Large-scale omics analysis and drug screening 
• Greatly contribute to drug discovery and guiding the medications 
• Available for studies from virus tropism to abundant cell types 

• Poorly controlled biochemical and physical environmental signals (e.g., shear 
stress, mechanical tension, gradient, fluid) 
• Lack of complicated cellular microenvironment  
• Relying on ill-defined matrices from animals (e.g. Matrigel) 
• Low success rate of generating patient-derived organoids  
• Heterogeneity of tumor organoids derived from patients  
• Outcomes aren’t stable due to individual difference 

OrgOCs • Integrating complex microenvironment components (e.g., oxygen 
gradient, biofactors) with more physiological correlation 
• High maturation and fidelity of the organoids in structure and function 
• Real-time monitoring and in situ observation  
• Alternatives of animal models for drug testing and disease modeling  
• Cost-effective and time-saving 
• Systemic responses and long-term toxicity prediction 
• Expediently realize organoid-organoid communication and 
organoid-matrix interaction 
• Accurate prediction of drug response during preclinical stages and phase 
1/2 clinical trials  
• Narrowing the gap between in vitro and in vivo states 

• Difficult to successfully construct multi-organoids under the same culture 
condition 
• Difficult to long-term coculture of different organoids in an equivalent condition 
to simulate long-term chronic diseases  
• Creating maps and standardized evaluation systems in specific disease states is 
still a problem 
• Artificial intelligence and computer simulation are needed to identify different 
forms and phenotypes of organoids in physiological and pathological states 
• Defined hydrogels are still lacking to replace traditional materials  
• The hydrophobic PDMS absorbs hydrophobic small molecules, possibly 
affecting the accuracy and precision of drug detection 
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Table 2. Summary of existing human organoids-on-chips models used for biomedicine. 

Types of 
organoids-on-chips 

Organoid 
sources  

Co-cultured cells ECM Chip design  Application 

Brain • hESCs [145] • N.A. • Collagen and 
Laminin 

• A two-dimensional 
compartment consists of a top 
membrane coupled to a media 
reservoir and a bottom 
coverslip 

• Modeling the physics of the 
folding brain 

• hiPSCs [61, 
72, 87, 114, 122, 
132, 134, 146, 
147, 148] 

• Cerebral organoids, endothelial cells and 
pericytes [61]  

• Tissue-derived 
brain extracellular 
matrix and 
Matrigel [146] 
• Matrigel, 
Collagenase IV 
and Gelatin [148] 
• CaA [134, 147] 
• Matrigel [61, 72, 
87, 114, 132] 

• A perfusable chip contained 
parallel channels [72, 87] 
• Microwell/micropillar array 
chip [114, 122, 132, 134, 147] 
• A resin chip with wells, 
coverslips and channels [61, 
148] 
• A perfusable chip system 
consists of three layers with 
five chambers without 
free-pump [146] 

• Modeling brain development in 
vitro 
• Revealing the risk of developing 
neurodevelopmental disorders due 
to environmental factors (e.g., 
nicotine, ethanol, cadmium and 
prenatal valproic acid) during 
pregnancy  
• In situ high-resolution time-lapse 
imaging and cell tracking of brain 
organoids on-chip 

Lung • Lung cancer 
tissue [136] 

• N.A. • Matrigel [136, 
149] 

• A microwell array chip [136, 
149] 

• Assessing drug sensitivity 
responses 

• Tumor-free 
tissue [103] 

• N.A.  • Collagen I  • A sandwiched chip with PET 
membrane  

• Organoid-based expansion of 
patient-derived primary alveolar 
type 2 cells for the establishment of 
preclinical models of the alveolus 

Intestine • Duodenum 
[57] 

• Macrophages, intestinal 
myofibroblasts, HUVECs and C. parvum 
oocysts  

• Collagen I and 
Matrigel  

• 3D hydrogel-containing 
microfluidic device 

• Modelling tube-shaped 
mini-intestine and long-term 
parasite infection 

• Colon [124, 
150] 

• N.A.  • Matrigel • A microfluidic chip contains 
a semi-opened microwell 
array connected by the 
medium channel and the 
surrounded pressure channel 
[124] 
• A nested array chip 
consisted of 96 units [150] 

• Culturing human colon tumor 
organoids and evaluating 
nanoparticles under peristalsis 
• Drug testing in colorectal cancer 
therapy 

• Colon [137] • Human umbilical vein endothelial cells 
and primary human lung fibroblasts  

• Matrigel, 
Fibrinogen, 
Laminin and 
Collagen IV 

• Customizable 384-well 
IFlowPlate 
 

• Establish vascularized human 
colon organoid model to explore 
the cross-talk between the 
vasculature and the organoids in 
tissue inflammation 
 

• Colon [55, 
116, 151, 152, 
153] 
• Duodenum 
[154] 
• Normal 
organoid, 
ulcerative 
colitis 
organoid, 
Crohn’s disease 
organoid, and 
colorectal 
cancer organoid 
[155] 

• Dendritic cells, T cells, mononuclear 
phagocytes [116] 
• HIMECs [151, 153] 
• HMVEC [152] 
• Human fecal microbiome [155] 

• Collagen I and 
Matrigel [55, 152, 
154, 155] 
• Matrigel, 
Collagen I and 
Hydrogel [116] 
• Collagen IV, 
Fibronectin and 
Matrigel [153] 
• Collagen IV, 
Matrigel and 
Fibronectin [151] 

• A sandwiched PDMS chip 
with membrane [151, 152, 153, 
154, 155] 
• A GOFlowChip contains 
two-layer PMMA body, 
central culture well, silicone 
gasket and glass coverslip 
bottom [116] 

• Investigating the impact of 
biomechanical and biochemical 
cues (e.g., morphogen gradient, 
flow, peristalsis, interleukin 22, 
Milk Oligosaccharides, niacinamide 
and tryptophan) on human 
intestinal morphogenesis and gut 
barrier function 
•  Molding microbiome or 
mononuclear phagocyte 
interactions with the gut epithelium  

Retina • hiPSCs [156] • Retinal pigment epithelium • HA and 
Matrigel 

• A microfluidic chip contains 
a reservoir and organoid layer, 
porous membrane layer, and 
media channel layer 

• Analysis of AAV retinal gene 
therapy vectors 
Modeling retinopathy  induced by  
anti-malarial  and antibiotic drugs 

Spine • hESCs [127] • N.A.  • Laminin  • A resin chip consists of a 
3D-printed organoid holder 
and a PC membrane 

• Modeling nociceptive circuitry for 
pain therapeutics discovery 

Breast • 
Endothelialized 
pancreatic 
cancer patient 
[157] 

• Normal human lung fibroblasts, 
endothelial cells and immune cells 

• Fibrinogen and 
Matrigel 

• A multiplexed platform 
contains AngioTube scaffolds 
and a 96-well base plate 

• Investigating progression and 
drug sensitivity in cell lines and 
patient-derived organoids 

Kidney  • hiPSCs [77, 
158] 

• Adult human endothelia and fibroblasts 
[77] 

• Fibrinogen and 
Gelatin [77] 
• Matrigel [158] 

• A perfusable millifluidic 
chip using a 3D printer  

• Exploring the effect 
of biochemical and biomechanical 
factors on vascularization and 
maturation 

Liver • hiPSCs [34, 
117, 121] 

• N.A.  • NaA, 
Fibrinogen and Cs 
[117] 

• A perfusable micropillar 
chip [34, 121] 
• All-aqueous droplet 
microfluidic device [117] 

• In situ generating 3D organoids 
and modeling nonalcoholic fatty 
liver disease  

Pancreas/islet • hiPSCs [35, 
113, 133, 159] 
• Pancreatic 
ductal 
adenocarcinom

• N.A.  • NaA and Cs 
[113]   
• CaA [133] 
• Alg/PEI [159] 
• Matrigel [160] 

• An all-aqueous microfluidic 
system [113, 133, 159] 
• A multilayer microfluidic 
chip with porous membrane 
[35] 

• Enabling stem cell organoid 
engineering to recapitulate 
organ-specific features in terms 
structure and function 
Dynamic and combinatorial drug 
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Types of 
organoids-on-chips 

Organoid 
sources  

Co-cultured cells ECM Chip design  Application 

a cancer 
patients [160] 

 • A reversibly clamped 
two-layer chamber chip 
consists of a 200-well array 
and an overlying layer of 
fluidic channels [160] 

screening of tumor organoids in an 
automated way 
 

Liver-islet axis • hiPSCs [10] • N.A.  • N.A. • A microfluidic device 
consists of two culture 
compartments connected by 
parallel network 

• Recapitulating human liver-islet 
axis for drug therapy of type 2 
diabetes  

Liver-heart axis • hiPSCs [90, 
161] 

• N.A.  • GelMA, Fibrin 
and Fibronogen 
[161] 

• A chip consists of a top layer, 
through-hole PDMS layer, PC 
membrane and bottom layer 
[90] 
• Multisensor-integrated 
microfluidic chip [161] 

• Assessment of drug responses 
such as drug metabolism and 
toxicity  

Liver-stomach- 
intestine axis 

• Primary 
hepatocytes, 
small intestine 
and corpus 
stomach [162] 

• Induced hepatic cells, HUVECs and 
primary fibroblasts  

• Decellularized 
liver extracellular 
Matrix  

• A microplate array based 
microffuidic device 

• Highthroughput drug screening 

Liver-heart-lung-test
is-brain axis  

• Primary cells, 
hiPSCs and 
adult testicular 
tissues [163] 

• Hepatocytes stellate cells, Kupffer cells, 
liver endothelial cells, cardiomyocytes, 
cardiac fibroblast, cardiac endothelium 
cells, alveolar epithelial A549 cells, lung 
fibroblasts, bronchial epithelial cells, 
HUVEC, spermatogonial stem cells, leydig 
cells, sertoli cells, peritubular cells, brain 
microvascular endothelial cells (HBMEC), 
brain vascular pericytes (HBVP), 
astrocytes, microglial, oligodendrocytes, 
and neural cells 

• Collagen I, 
human testis 
ECM, 
Poly-L-Lysine, 
Matrigel, HA and 
Gelatin 

• A composite chip consists of 
PMMA, glass and an adhesive 
film 
 
 
 

• Exploring complex drug and 
toxin interactions between 
multi-tissue types in vitro  

Liver-heart-lung-int
estine-testis-brain 
axis  

• Human 
primary cells or 
hiPSCs, fresh 
rabbit colons, 
adult testicular 
tissues and 
normal adult 
human 
testicular tissue 
[164] 

• Human primary cardiac fibroblasts, lung 
microvasculature endothelial cells, airway 
stromal mesenchymal cells, bronchial 
epithelial cells, HUVECs, rabbit colonic 
smooth muscle cells, Caco-2 cells, primary 
spermatogonia, Leydig, sertoli and 
peritubular myiod cells, brain 
microvasculature endothelial cells, brain 
vascular pericytes, astrocytes, microglia, 
oligodendrocytes, and neurons  

• Lung-specific 
ECM, Collagen I 
human testis 
ECM, HA, Gelatin 
and Fibrin  

• A PDMS-free device by 
layering PMMA and adhesive 
films with chambers, channels, 
and ports formed by laser 
cutting 

• Predicting drug efficacy and liver 
and cardiac toxicity during human 
Phase I, II and III clinical trials  

Human induced pluripotent stem cells (hiPSCs), Human embryonic stem cells (hESCs), Human umbilical vein endothelial cell (HUVEC), Human intestinal microvascular 
endothelial cells (HIMECs), Human capillary microvascular endothelial cells (HMVEC), Polydimethylsiloxane (PDMS), Poly(methyl methacrylate) (PMMA), 
HyaluronicAcid (HA), Gelatin methacryloyl (GelMA), Sodium alginate (NaA), Ca-alginate (CaA), Poly(ethylene imine) (PEI), Chitosan (Cs), polycarbonate (PC), polylactic 
acid (PLA) ,Polyvinyl alcohol (PVA), Dextran sodium sulfate (DSS), Melted poly (ethylene glycol) dimethyl ether (PEGDM), N.A. indicates that the specified feature has not 
been measured or reported. 

 
This tactic helps to study barrier-based 

functional identification, such as drug absorption and 
penetration. Besides, 3D carriers (e.g., microgels, 
capsules and fibers) with confirmed spatial 
confinement can regulate the evolutionary dynamics 
of living systems during organ development [44, 113, 
133, 134, 169]. For islet organoids within a 3D fiber 
carrier, the expression of related genes increased 
remarkably in comparison to that in conventional 
cultures [133]. The finding indicated that 3D models 
assist in the differentiation and maturation of islet 
organoids with in vivo-like microenvironments 
(Figure 2D).  

Dynamic flow by extra injection pumps or 
pump-free rotators can easily be introduced in 
microchannels of OrgOCs devices to enhance the 
physiological relevance of 3D organ. Kim’s group 
confirmed intestinal 3D villi-like morphogenesis 
occurred under fluid flow conditions, which did not 
occur when basal flow was ceased [152]. Fundamen-
tally, microfluidic periodic flow can take away 
metabolic waste, allow a constant infusion of oxygen 

and renew nutrients, avoiding necrosis in the inner 
core of the organoids, and extending their lifespans to 
a fully mature in vitro model. In OrgOC reactors 
designed by Cho’s group, a dynamic environment 
was found to greatly promote cell proliferation and 
reduce cell apoptosis in brain organoids compared to 
static culture (Figure 2E) [146]. Moreover, during 
development in vitro, the functionality of organoids 
largely depends on their maturity and complexity. 
Deng et al. reported an impressive OrgOCs platform 
to study placental development for the first time. In 
the report, the dynamic flow enhanced the expression 
of trophoblast progenitor markers and promoted 
multivarious subtypes differentiation in the placental 
trophoblast-like organoids [39]. Human islet 
organoids generated by Tao et al. contained classical 
endocrine cells (e.g., pancreatic α-, β-, γ-, and δ-cells) 
with regulating functions of blood glucose 
homeostasis under a perfused OrgOC platform 
analogous to human pancreatic islets. Significantly, 
compared to static models, islet organoids exhibited 
much stronger pancreatic-related signals, including 
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enhanced insulin secretion and Ca2+ flux. These data 
highlighted the essential role of dynamic flow in 
improving the physiological relevance of human- 
engineered islet models. Similar reports have also 
proved that dynamic fluids can enhance the specific 
organic lineages during the development of organoids 
(e.g., brain, liver, kidney and placenta) [35, 72, 121, 
170]. These studies exemplify how OOCs and HOs 
can be synergistically fabricated to achieve maximal 
physiological maturation not available when either 
technology is used alone.  

Despite great efforts, there is still a long way to 
fully recapitulate native human organs owing to the 
highly complex microenvironment and tissue-tissue 
interplay in terms of mature organ architectures and 
functions. Such a gap also poses a huge challenge for 

OrgOCs to advance the preclinical-to-clinical transi-
tion in biomedical and industrial fields. Hence, it is 
highly desirable to establish high-fidelity organoids 
with key characteristics of mature organs under both 
physiological and pathological conditions. The 
essential cues offered by the extracellular matrix 
(ECM) that render the biocompatibility and bioacti-
vity, can mediate the cellular behaviors and functions 
of certain tissues or organs. Typical animal-derived 
ECM (e.g., Matrigel and decellularized ECM) are 
often used in the OrgOC device to explore the effects 
on organ development. In the OrgOC platform, 
decellularized ECM from human brains can provide 
brain-specific cues for enhanced neurogenesis, the 
formation of larger neuroepithelial structures, and the 
organization of layered cortex (Figure 2E) [146]. Kim 

 

 
Figure 2. OrgOCs platform for human organ development in biological study. (A) Human brain organoids-on-a-chip revealed the physical mechanisms and intrinsic cell behavior 
during brain development. Adapted with permission [165]. Copyright 2019 MDPI. (B) Human colon tumor organoids-on-a-chip system with a representative in vivo-like curved 
morphology and peristalsis traits. Adapted with permission [16]. Copyright 2023 Wiley-VCH GmbH. (C) A novel chip with crypts-like microchannels to induce intestinal 
organoids morphogenesis, including perfusable mini-gut tubes, a near-physiological spatial arrangement of a gut lumen, crypt-like domains and villus-like constructions. This work 
demonstrates the importance of spatial confinement in organ development. Adapted with permission [16]. Copyright 2023 Wiley-VCH GmbH. (D) Microfluidic-based 3D 
carriers assisted in the differentiation and maturity of islet organoids under more physiological microenvironments. Adapted with permission [133]. Copyright 2021 American 
Chemical Society. (E) In OrgOCs reactors, fluid could promote cell proliferation and reduce cell apoptosis in brain organoids. Adapted with permission [146]. Copyright 2021 
Springer Nature.  



Theranostics 2024, Vol. 14, Issue 2 
 

 
https://www.thno.org 

798 

et al. found that gastrointestinal organoids cultured in 
the tissue-derived extracellular matrix displayed 
similar gene profiles to those of the native tissues 

[115]. In addition, the tissue-derived extracellular 
matrix provided a microenvironment that was 
conducive to the long-term subculture and 
transplantation of organoids. Usually, this type of 
ECM often contains complex compositions (polysac-
charides, proteins, and growth factors) and uncertain 
concentrations due to the particular source. In 
addition, ill-defined matrices ignore the important 
role of individual ECM factors in recapitulating key 
events in organogenesis and reorganization [107, 115, 
171]. In the context, Ranga et al. successfully 
decoupled the regulatory role of most factors (e.g., 
laminin, entactin, collagen, perlecan, and fibronectin) 
in Matrigel on stem cell fate decision (e.g., 
proliferation and differentiation) and neural tube 
morphogenesis (e.g., apical-basal polarity and 
phenotype identify) [172]. Notably, laminin was the 
most vital modulator among the tested ECM 
ingredients. Now researchers are trying to figure out 
the alternatives of ECM for engineering stem cell 
organoids in vitro. Typically, hydrogel materials such 
as polyethylene glycol, gelatin, and alginate have 
been developed and applied in microenvironment 
creation, near-physiological organ formation, 

pre-vascularization before organoid transplantation, 
and even therapeutic modality development. For 
example, Spence’s team demonstrated that alginate 
could support human intestinal organoid amplifica-
tion, differentiation, and maturation in vivo, which 
was indistinguishable from organoids grown in 
Matrigel [119]. Lutolf’s team found that intestinal 
stem cell activity and proliferation required a 
fibronectin-based adhesion. Laminin-based adhesion 
contributed to stem cell differentiation and organoid 
formation. Kumacheva and coworkers demonstrated 
that patient-derived breast tumor organoids 
developed in gelatin hydrogels have similar 
morphological traits, gene expression profiles, and 
drug responses to those of their native tumors and 
organoids grown in decellularized ECM [173]. Rossen 
et al. presented a sacrificial alginate scaffold strategy 
to generate therapeutic organoids [118]. Markedly, 
intramuscular injections of the vascular units could 
quickly restore vascular perfusion after injecting the 
organoids within 1 week in a mouse model of 
peripheral artery disease [118]. Indeed, burgeoning 
biomaterials with defined composition and tunable 
properties are suitable substitutes to mimic native 3D 
matrices and steer organoid morphogenesis and 
maturation by spatiotemporal control over 
microenvironmental cues. 

 

 
Figure 3. OrgOCs platform for vascularization in biological study. (A) The formation of vascularized placental-like organoids resembled first-trimester human placental 
development in a microfluidic chip platform. Adapted with permission [30]. Copyright 2022 Wiley Periodicals LLC on behalf of American Institute of Chemical Engineers. (B) 
Interstitial flows could expand the endogenous pool of endothelial progenitor cells and enhance the vascularization and maturation of kidney organoids derived from hiPSCs. 
Adapted with permission [212]. Copyright 2021 MDPI. (C) Implanting the functional neurovascular cerebral organoids on a chip induced angiogenesis by co-culturing adscititious 
endothelial cells. Adapted with permission [61]. Copyright 2022 The Royal Society of Chemistry. (D) Organoids with a perfused microvasculature reconstituted the process of 
monocyte infiltration into colon organoids in the circulatory system using customizable IFlowPlates. Adapted with permission [137]. Copyright 2020 Wiley-VCH GmbH. 
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Except for the explicit ingredients, ECM stiffness 
also varies within the microenvironment, affecting 
human organ development. For example, the shear 
modulus of the healthy human endometrium was 
assessed to be higher during the proliferative phase 
(3.34±0.42 kPa) compared to the early secretory phase 
(1.97±0.34 kPa) [174]. Indeed, it is well-known that 
lower stiffness aids the implantation of the human 
embryo. Softer ECM can directly affect key events 
during early pregnancy by enhancing the deciduali-
zation of endometrial stromal cells, promoting 
blastocyst invasion, and impacting embryo-endo-
metrial interaction [174]. Lutolf’s group found that 
high matrix stiffness greatly heightened stem cell 
expansion via a Yes-associated protein 1 (YAP1)- 
dependent signal pathway, subsequently impacting 
the differentiation and formation of intestinal 
organoids [173]. Moreover, niche hardness also leads 
to the human organs being in a pathological state, 
such as liver cirrhosis, infertility, scleroderma and 
paralysis [171, 175-180]. In another work, Anseth’s 
Lab applied allyl sulfide hydrogels to precisely 
control the matrix environment of intestinal 
organoids by changing the degree of degradation in a 
spatiotemporal manner [181]. The results demons-
trated that colony survival in dynamic hydrogels was 
dependent on matrix moduli and that crypt 
formation, size, and number per colony were 
functions of matrix softening. In addition to these, one 
physiological activity often involves the fine 
regulation of ECM, such as angiogenesis. Soft 
matrices are known to aid angiogenesis, however, stiff 
matrices serve as a strong scaffold for angiogenesis, as 
sprouts align along a VEGF gradient more readily in 
stiff than in soft ECM [126]. So, in the design 
principles of OrgOCs, building artificial scaffolds or a 
well-defined matrix is a reasonable element for 
organoid development.  

In addition to those mentioned above, bioche-
mical factors, oxygen gradients, electrical signals, and 
optical stimuli also play key roles in organ 
development [158, 182-191]. In vivo, the formation of 
the body axis involves morphogenic gradients, such 
as rostro-caudal and dorso-ventral axes that allow the 
differentiation and organization of heterogeneous 
brain architectures with different regions along the 
axis [17, 192, 193]. For instance, a sonic hedgehog 
protein gradient could specify distinct dorso-ventral 
and antero-posterior positional domains in 
developing forebrain organoids [192]. Therefore, the 
generation of factor gradients is critical for guiding 
heterogeneous tissues with spatial topography. 
Microfluidic devices can be employed to create a 
gradient by sequential diffusion of input factors [17]. 
Based on this principle, Kirkeby’s group established a 

WNT signaling gradient on a chip to model early 
neural tube development. Interestingly, the proposed 
on-chip regionalization culture system exhibited 
progressive caudalization from the forebrain to the 
midbrain to the hindbrain along the rostro-caudal axis 
[193]. Oxygen gradient is also a factor that leads to 
cellular spatial patterning during development. In 
vivo, a self-sustaining oxygen gradient exists in the 
human gut-microbiome interface [44, 68]. On one 
hand, this oxygen difference remains obligate 
anaerobe vitality and provides a stable symbiotic 
environment. On the other hand, a physiological 
oxygen gradient formed along the length of crypts 
enhances stem-cell proliferation and facilitates cell 
compartmentalization at the crypt base [185]. Besides, 
oxygen tension also directs the trophoblast 
differentiation pathway. Notably, low oxygen could 
inhibit the differentiation of human stem cell-derived 
primary cytotrophoblasts (CTBs) into syncytiotro-
phoblasts and promote the initial differentiation of 
CTBs into HLA-G+ extravillous trophoblasts [194, 
195]. Other microenvironmental factors (e.g., electrical 
signals and optical stimuli) are also involved in 
regulating cell behaviors during development, such as 
neuronal activity and muscle contraction [196-199]. 
Quadrato et al. found that sensory stimulation with 
light could modulate stem cells-derived brain 
organoids to develop spontaneous active neuronal 
networks and photosensitive neurons [196]. Notably, 
the activity-dependent gene FOS was upregulated in 
eight-month old organoids after light exposure. 
Overall, the emerging OrgOCs technology helps to 
enhance the physiological relevance of organoids to 
real organs and better understand the development of 
the body in a sophisticated and more reliable in vitro 
platform.  

3.1.2 Vascularization 
The microvascular system is a continuous 

conduit to deliver nutrients, oxygen, waste products, 
immune cells and CO2, and couples the fate of all 
organs and their functions by inter-organ interplay. In 
vivo, tissue and organ development is tightly related 
to vasculature from embryonic development at the 
early stage. In vitro, tissue is vascularized through 
vasculogenesis or angiogenesis [33, 88, 200-203]. 
Correspondingly, vasculogenesis-on-a-chip models 
can be created by mixing endothelial cells and 
fibroblasts or mesenchymal stem cells into a gel 
channel on a chip, forming in vivo-like capillaries by 
self-organization [77, 126, 204, 205]. Angiogenesis- 
on-a-chip models are built with angiogenic sprouts of 
fibroblast spheroids guided from endothelial cells, 
where these cells are inoculated on the spatially 
separated channels [206-208]. These are the most basic 
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and simplest methods to reconstruct a self-organized 
microvascular network of organs in vivo. At present, a 
series of functional organ barriers with vasculari-
zation features have been reproduced, including the 
blood-brain barrier, placental barrier and capillary 
vessel barrier [38, 51, 53, 209, 210]. Not limited to 
these, a real sense of engineered vascularized organs, 
that are vascularized organoids, are formed following 
the same strategy.  

Usually, vascularized organoids can be 
generated containing endogenous vascular cells by 
adding indispensable growth factors (e.g., VEGFA) 
during induction stages [30, 33, 126, 162, 211]. Qin’s 
group presented a novel strategy to engineer 
placenta-like organoids containing endogenous 
vascular cells (endothelial cells and pericytes) from 
hiPSCs on micropillar chips (Figure 3A) [30]. These 
vascularized placental-like organoids resemble 
first-trimester human placental development in terms 
of complex cellular components, placental villous-like 
structure, and placental-specific hormone secretory 
function [30]. Unfortunately, there is no perfusable 
vascular network in these organoid tissues. Indeed, 
most organoids derived from hiPSCs have 
organ-specific and tubular compartments that are 
largely avascular and/or immature. Even so, the 
microsystem demonstrated the morphological and 
physiological correlation of the human placenta. On 
the same microfluidic chips, Morizane and his 
coworker applied interstitial flows to expand the 
endogenous pool of endothelial progenitor cells and 
enhance vascularization and maturation of kidney 
organoids from hiPSCs [77]. These kidney organoids 
contained vascular networks with perfusable lumens 
surrounded by mural cells. The vascularized kidney 
organoids can mirror the early stages of development 
with features of glomerular vascularization and 
maturation during nephrogenesis (Figure 3B) [212]. 
OrgOCs platforms with continuous long-term 
perfusion can potentially overcome major limitations 
of traditional technology that hinder their broader 
applications.  

In addition to inducing stem cells to produce 
organoids with endogenous cellular components, it is 
also possible to design multicompartments to recapi-
tulate complex stratified 3D organs with endogenous 
stromal components, thus surpassing some of the 
limitations of traditional culture systems. One design 
principle of vascularized organoid-on-a-chip is to 
implant the functional organoids on a chip and then 
induce angiogenesis via adscititious endothelial cells. 
Ranga’s group developed a co-differentiated 
approach to generate neurovascular cerebral organ-
oids which showed vascular cells sprout, significant 
expansion and vascular network consolidation [61]. 

With the presence of the vascular cells (endothelial 
cells and pericytes), the gene expression of immature 
and deep layer neurons were 2.7 folds and 5.5 folds 
lower respectively in cerebral organoids than that in 
mono organoids mode. Strikingly, vascular cells- 
related markers were highly upregulated (Figure 3C) 
[61]. Likewise, emulating vascularized patient- 
derived tumor organoids by incorporating tumor 
organoids into microvascular beds contributes to the 
advancement in tumor progression and cancer 
therapeutics. Steven’s group has confirmed the 
angiogenic potential of patient-derived tumor 
organoids in a three-chambered OrgOCs system, 
displaying the enhanced growth and extension of 
vessels than that in the control group [116]. A typical 
penetrating vascular network can be observed from 
6-days to 22-days in a stable and expandable manner. 
Specifically, the migration of the tumor into the 
microvascular chamber was promoted by delivering 
TGFβ through the vascular network. Moreover, the 
interactions of basement membrane, vascular 
endothelium and other cell types through paracrine 
signaling can further promote the vascularization of 
organoid models. Of course, vascularized organoids 
can also be formed via physical blending and 
self-assembly of the organoids and endothelial cells 
[162].  

Signally, a perfused vascular network allows for 
the transport of cells and nutrients as well as the 
removal of waste. Despite this tremendous progress, 
this area is still in its infancy to achieve standard 
vessel networks in organoids similar to those in vivo. 
The majority of vascular networks are not adequately 
elaborate to simulate signals, such as the transport of 
immune cells and blood cells through vascular 
networks to targeted locations. Using customizable 
IFlowPlates, Zhang’s group successfully introduced 
monocytes into the vascularized colon organoids, 
reconstituting the process of monocyte infiltration 
into colon organoids in the circulatory system, 
including monocyte perfusion and attachment, 
transendothelial migration and differentiation, and 
organoid infiltration by macrophage in response to 
tumor necrosis factor (TNF-α) stimulation [137]. 
Surprisingly, macrophages were capable of 
infiltrating nearly 80% of colon organoids after TNF-α 
stimulation for 1 day (Figure 3D). Furthermore, the 
suitable regional organization and interaction 
between multi-organs can be constructed to simulate 
in vivo physiology and functionality. Although some 
successes in forming single vascularized organoids 
with an OrgOC platform have been reported, we 
argue that the vascularized organoid models facilitate 
to create multi-organoid systems featured with 
tissue-specific microvasculature through a dynamic 
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vascular network. Zhang and Radisic et al. designed a 
versatile 96-well plate combining the 3D stamping 
technique with biomaterials, in which a central tube 
channel is used for supporting a perfusable vascular 
system and self-organization of various parenchymal 
tissues [213]. Uniquely, the systematic microphysio-
logical model connected two or more tissues 
(vascularized cardiac, hepatic, breast cancer, and 
pancreatic cancer organoids) compartments through a 
common vasculature, contributing to the advance in 
cancer treatment and research.  

It is well-known that vasculature is key to organ 
development, and the absence of vasculature is 
observed to greatly limit the generation of HOs [213, 
214]. Representation of an in vivo-like vasculature 
using OrgOC platforms contributes to organoid 
growth and formation for biological and pathological 
studies as well as drug screening [129, 137, 215]. 
However, the formation of a complex network of 
blood vessels is often limited due to the limited size 
and space of the chip. More broadly, the design of 
customizable OrgOC devices with consumer-grade 
3D printers and biocompatible materials may pave the 
way to produce in vitro vascularized tissues in a 
precise and reproducible manner at a macro-scale 
level [61, 204, 216]. With the development of new 
technology, it is expected to solve long-term 
bottlenecks in how to form 3D vascularized organoids 
with comparable size to human organs, which is 
fundamental for transplants. We believe that the 
vasculature-linked, phenotypically stable human 
organoids can be efficiently constructed, which may 
broaden the clinical applications of tissue chips. 

3.1.3 Host-immune response 
Recently, one of the major paradigms shifts in 

medicine relates to the discovery of the gut 
microbiome’s role in human health and diseases. 
Moreover, accumulating evidence indicates that 
intestinal epithelium and other cell types participate 
in the complex crosstalk between gut microbiome and 
host immunity [57, 75, 217-223]. Benefiting from the 
advantages of OOCs, these elements can be 
incorporated into one microchip. Using a human 
gut-on-a-chip microsystem, Kim’s team found that 
intestinal barrier impairment orchestrated the onset of 
inflammatory host-microbiome communication [52]. 
The co-cultured immune cells and dextran sodium 
sulfate-sensitized epithelium can exacerbate the 
oxidative stress, in which the luminal microbial 
stimulation causes the secretion of inflammatory 
factors and the recruitment of immune cells. By 
contrast, an intact intestinal barrier with immune 

elements can dramatically elevate oxidative stress and 
inflammatory factor secretion in response to LPS and 
nonpathogenic E. coli at the physiological level. 
Probiotic treatment, which is thought to facilitate 
intestinal homeostasis, is found to reduce oxidative 
stress, but fails to restore barrier impairment and 
inhibit proinflammation [52]. To better model human 
gut-microbiome interplay, Sasan et al. co-cultured 
intestinal cells from normal human ileum, and 
anaerobic/aerobic human commensal gut microbiota 
from human infant stool specimens [219]. Indeed, 
compared to adult human-derived stool, lower 
bacterial richness was observed in the infant stool 
stock on a chip. In another work, Shin et al. formed 
intestinal organoids derived from the patients with 
Crohn’s disease, ulcerative colitis and colorectal 
cancer (Figure 4A) [155]. Notably, co-culture with the 
human fecal microbiome on chip in anoxic-oxic 
interface resulted in the formation of stochastic 
microcolonies without a loss of epithelial barrier 
function. Furthermore, oxygen sensors and trans- 
epithelial electrical resistance meters were induced 
into the OOCs for dynamic monitoring of intestinal 
barrier function with multiple cell types and 
individual bacterial strains. In the gut-microbiota 
ecosystem, Juge’s group examined the effect of 
human milk oligosaccharides (HMOs) on gut micro-
biome on an intestinal organoid-derived microfluidic 
chip and illustrated the potential capacity of HMOs in 
modulating immune function and gut barrier in 
adults [153]. The study demonstrated that fermented 
2’-O-fucosyllactose (2’FL), lacto-N-neotetraose, and 
combinations induce the number of bifidobacteria, 
accompanied by accumulated short-chain fatty acid, 
in particular butyrate with 2’FL. Besides, all of the 
human intestinal organoids taken from proximal, 
transverse, and distal colon biopsies showed 
upregulated claudin-5 by fermented 2’FL treatment, 
supporting the benefits of HMOs on human health 
[153]. Beebe’s group presented an in vitro microsystem 
that investigated both physical contact and dynamic 
communication between the host and pathogens at 
the human terminal bronchi [224]. The model detected 
varied immune responses to the ΔlaeA fungal mutant 
in monomicrobial and polymicrobial cultures. The 
differences in inflammatory cytokine production and 
recruitment of mononuclear phagocytes indicated the 
complex host-microbiome crosstalk. Of particular 
note, the crosstalk was altered with direct contact with 
P. aeruginosa, implying the high complexity of the 
human microbiome and infectious diseases. 
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Figure 4. OrgOCs platform for exploring inter-organ communication in biological study. (A) A colon biopsies-derived intestinal organoid chip showed the potential capacity of 
human milk oligosaccharides in modulating immune function and the gut barrier. Adapted with permission [155]. Copyright 2020 MDPI. (B) Multi-organoids-on-a-chip platform 
recapitulated human liver-islet axis in a circulatory perfusion system. Adapted with permission [10]. Copyright 2021 Wiley-VCH GmbH. (C) A series-wound liver, stomach, and 
intestinal organoids model in a high-throughput microfluidic setup was applied to assess drug metabolism and bile acid-induced regulation. Adapted with permission [162]. 
Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 
In addition to microorganism, immunosurveil-

lance of the gastrointestinal epithelium by immune 
cells (such as MNPs) also participates in the host- 
immune response, which is crucial in maintaining 
intestine homeostasis. Nevertheless, it is difficult to 
explore the interactions between human gastrointes-
tinal epithelium and immune cells with conventional 
cell cultures and animals, as these models fail to fully 
represent human tissues. Obviously, OrgOC can serve 
as a reliable alternative for these studies. For example, 

Michelle et al. reproduced physiological interactions 
between dendritic cells and epithelial cells derived 
from gastric organoids using a gut organoid chip 

[116]. Besides, a colon inflammation model was 
constructed with the innate immune function by 
simply circulating monocytes through the vasculature 
which can emulate the exact process that happens in 
the body without the need to activate the monocytes 
with M-CSF [137]. Circulating monocytes were 
differentiated into macrophages, and observed to be 
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recruited from the vasculature and infiltrate the colon 
organoids in response to TNF stimulation. This work 
demonstrated the tight relation of monocyte 
recruitment to inflammation and TNF-α release. 
Moreover, other cell types also influence the 
microbiome-host immunity system via the gut-organ 
axis [225]. For example, the brain regulates the 
secretion of signaling factors from cells in the 
gastrointestinal tract, affecting intestinal motility, 
microbiota composition, and mucosal immune 
response [225]. In recent years, there has been 
increasing evidence that the gut microbiota-host 
immune system has an impact on the physiological 
and pathological functions of other organs as well 
[226, 227]. Certainly, the interaction between the 
gut/microbiome and other organs is a two-way 
communication [225, 228]. For instance, as a vital 
participant, the microbiome and its metabolic 
products, including short-chain fatty acids (SCFA), 
directly and indirectly affect the broader gut-immune- 
liver-brain axis [229]. Griffith and coworkers deve-
loped a Transwell-based microphysiological system 
composed of the gut, liver and brain with integrated 
fluid channels [229]. In the presence and absence of 
circulating T cells and T helper cells, the concentration 
of inflammatory cytokines were reduced by 
microbiome-derived short-chain fatty acids (SCFA). 
At the same time, SCFA led to the enrichment of 
pathology-related pathways and increased expression 
of genes related to neurodegenerative pathology 
[229]. In another example, microbial metabolism can 
produce uremic toxins such as trimethylamine- 
n-oxide, p-cresol sulfate, and indole sulfate [228]. In 
turn, uremia disrupts gut microbiota composition and 
metabolism. Any interference between this two-way 
communication can lead to a variety of serious 
complications such as chronic kidney disease, 
end-stage kidney disease, and septic acute kidney 
injury [228].  

Although studying the host-immune response 
using OrgOCs are still in their infancy, we believe the 
development of OOCs will pave the way for develop-
ing OrgOCs. Additionally, OOCs can contribute to 
studying the host-microbiome interactions in other 
organs (e.g., brain, lung, amnion and placenta) [26, 30, 
230-232]. At present, the long-term culture of human 
organoids and microbial on microchips is difficult, 
and we expect that the cross-fuse of multiple techno-
logies can help the system to quickly reassemble and 
comprehensively parse the interplay. Indeed, it is not 
out of the question to elucidate the underlying 
mechanisms of host-microbiome interactions 
considering the high-integration property of OOCs. 
Initially, 3D HOs, microbiome and immune cells can 
be isolated from healthy persons or patients to 

realistically refactor essential factors of the intestinal 
ecosystem architecture. In the future, establishing 
human 3D organotypic models derived from healthy 
persons or patients are expected to be used for 
practical application. Altogether, the OrgOC method-
ology could be employed to illustrate the complex 
interactions between host cells and the microbiome 
within the human body (e.g. lung, skin, urogenital, 
etc), thereby broadening our understanding of human 
diseases and advancing drug development. 

3.1.4 Inter-organ communication 
In the body, most physiological pathways 

require continuous media circulation and physiolo-
gical communication of the organs. However, current 
OOC models usually have a single organ that 
possessed the oversimplified niche and cannot fully 
reflect the complexity, functionality and integrity of in 
vivo organs due to the lack of physiological 
interactions between organs. In order to simulate the 
complex human organs, establishing a more complex 
multi-organ-chip system is needed. In vitro, 
researchers have attempted to combine different 
organ equivalents into a human-like ecological 
environment in a dynamic micro-reactor. Multi- 
organ-chip provides a new mode to culture different 
organs in separate spaces connected by microfluidic 
channels, which incorporates a micropump to ensure 
circularly dynamic conditions, in which each tissue/ 
organ is cultured in its specific microenvironment and 
linked by continuous flows.  

At present, there is no accepted standard of how 
to equate human organs in vitro with real human 
body, which to a large extent leads to the design of 
chips being unfounded. Energy metabolism 
represents the most important biological function, as 
organisms depend on energy to carry out bodily 
behaviors. Based on this tenet, Marshall’s team 
presented and tested a new theory, allometries of 
metazoan life, that predicts the interactions among 
three fundamental aspects of life (metabolic rate, 
growth, and reproduction) [233]. Guzzardi et al. 
adopted allometric scaling methods to develop a 
simplified downscaled human body in vitro in a 
multi-compartmental chip based on the crosstalk 
between hosting livers and endothelium [234]. 
However, due to the use of extra pumps and bulk 
reservoirs, the organ volume is a very small fraction of 
the total system, and signaling molecules are 
significantly diluted. To solve this problem, Marx’s 
group presented another scaling law, that is setting 
the scaled organ compartments and related 
parameters (size, composition, and flows) of organ 
chips according to the ratio of the tissue size in vivo 

[235]. Wagner et al. designed a liver-skin-chip, each a 
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1/100 000 of the biomass of their native human organ 
equivalents, in which organ chambers were shielded 
from the bottomed microfluidics by standard 
transwells [235]. Unlike the previous reports, this 
work introduced a peristaltic micropump and an 
infinitesimal media setup into a chip, minimizing the 
fluid-to-organ ratio within the whole system and 
ensuring the tunable velocities of the media flow. 
Although these two scaling modes of human organs 
on a chip are different, we can gradually grow closer 
to the truth through scientific research and it is 
undeniable that the function of organs can be 
enhanced in a co-culture system than that in a 
mono-culture chip owing to the unique advantages of 
OOCs technology.  

As mentioned in the above section, HOs can 
better reflect the functional properties of human 
organs, so the researchers have shifted their focus to 
the construction of multi-organoid chips. Qin’s team 
recapitulated the human liver-islet axis based on 
organoids derived from hiPSCs in a circulatory 
perfusion system [10]. Notably, the co-culture system 
was found to promote insulin secretion in response to 
glucose and enhance glucose uptake in the liver. 
Furthermore, the glucose levels decreased and 
returned to normal fasting levels rapidly in the 
liver-islet axis model, which was not found in the 
mono-organoid culture. Under high glucose 
treatment, the liver-islet axis displayed impaired 
mitochondrial function and glucose transport, which 
can be alleviated by metformin. These results showed 
the capacity of the OOC system in modeling 
physiological postprandial blood glucose metabolism 
and hyperglycemia in type 2 diabetes mellitus (Figure 
4B) [10]. Yin et al. designed a sandwiched chip 
coupled hepatic and cardiac organoids separated by a 
porous membrane [90]. In this model, high viability 
and organ functions were maintained in two kinds of 
organoids. In particular, hepatic organoids displayed 
much stronger urea synthesis and metabolism-related 
CYP450 enzyme activity in the co-cultured system. 
The human body is a complex organic combination 
and every organ works with each other linked by 
blood circulation. To reflect the whole human body, 
three or more organs/organoids were implemented 
based on OOC systems [163, 164, 213]. To more 
accurately demonstrate inter-organ physiology and 
biochemistry at a multi-organ level, Jin et al. 
constructed an integrated liver, stomach, and 
intestinal organoid model in a high-throughput 
microfluidic setup, allowing to explore drug 
metabolism and the bile acid-induced regulation 

[162]. The report demonstrated a valid crosstalk 
between these organoids likely due to the secretion of 
autocrine and paracrine signals from organoids by a 

well-defined engineering strategy (Figure 4C).  
In academia, one of the main scientific concerns 

is how to develop a universal blood substitute 
medium to ensure the functionality of all organs in the 
same recycle system. Ingber group has developed a 
common blood substitute medium, which can 
maintain the viability and organ-specific functions of 
eight organs-on-chips [236]. In this microsystem, the 
organs including the intestine, liver, kidney, heart, 
lung, skin, blood-brain barrier, and brain can be well 
maintained for up to 3 weeks. Multiple organs were 
linked by vessel-like channels, which were patterned 
with human parenchymal cells and vascular 
endothelium. Moreover, the automated culture setup 
was established by the combination of liquid- 
handling robotics, a custom software package, and an 
integrated mobile microscope. This intelligent system 
allows for medium addition, perfusion, cell imaging 
and sample collection of up to microdevices inside a 
standard cell culture incubator [236]. Obviously, these 
devices have displayed the advantages of finely 
adjusting the rate and volume of dynamic flow during 
long-term culture. Up to now, only the fluid aspect is 
considered in a biomimetic multi-organoid-on-a-chip. 
In the future, aiming at individual organs with unique 
properties, more complex organ-specific micro- 
environmental factors (e.g., mechanical force, 
oxygen/concentration gradient, and matrix hardness) 
should be incorporated to better simulate the human 
system. 

3.2 Disease modeling 
Recent progress in HOs, gene editing and 

directed differentiation technologies has provided 
opportunities to develop state-of-the-art human 
disease models [18, 19]. As promising artificial living 
systems, OrgOCs enable researchers to witness and 
study various pathologic aspects of the organism in 
an unprecedented way, including disease occurrence, 
pollutants exposure, and viral infection. In this 
section, we will follow up on the latest developments 
in the field, including endogenous component causes, 
pollutant exposure and viral infection.  

3.2.1 Endogenous component causes 
Up to now, many disease-on-a-chip models have 

been developed, such as cystic fibrosis (CF), liver 
diseases, tropical enteropathy, inflammation, 
thrombosis, Parkinson’s disease and tumor metastasis 
[34, 73, 122, 129, 237, 238]. These disease models can 
undoubtedly uncover novel mechanisms, specific 
targets of disease pathogenesis and their epigenetic 
regulation mechanisms. For instance, various human 
organoids have been utilized to investigate metabolic 
diseases, infectious diseases, inheritable genetic 
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disorders and cancers [26, 31, 106, 239, 240]. Notably, 
with the advent of various genetic engineering tools, 
such as CRISPR/cas, transposase and RNAi, isogenic 
disease models with healthy donor-derived organoids 
can be constructed, enabling to elucidation of 
pathological properties and even tissue repair. To 
construct a disease model, cells can be either obtained 
from patients with particular diseases, by inducing 
genetic mutation in healthy cells, or even by adding 
the pathogenic factors during the development of 
healthy cells. 

Notably, patient-derived OrgOCs offer unprece-
dented opportunities to develop human pathological 
models with identical genetic information and high 
fidelity. Patient samples from colon, brain, prostate, 
pancreas, liver, breast, bladder, stomach, oesophageal, 
endometrial and lung cancers have already been used 
as disease models [95, 130, 155, 241-247]. It is worth 
mentioning that cancer organoids from cancer 
resections and metastasis biopsies recapitulate tumor 
histopathology and gene mutation status, allowing for 
xenotransplantations and drug screening [27, 
248-251]. In addition, many genetic disorder diseases 
can also be recreated by organoids, such as cystic 
fibrosis (CF) featured with the defective transmem-
brane conductance regulator (CFTR) function. Naren 
and his partner modeled CF-related disorders using a 
patient-derived pancreatic ductal organoids-on-a-chip 
co-cultured with islet cells (Figure 5A) [252]. In the 
study, authors examined functional correlations 
between pancreatic ductal epithelial cells (PDECs) 
and islet cells. Surprisingly, the inhibition of CFTR 
function in PDECs was found to reduce the secretion 
of insulin, suggesting the functional coupling of 
ductal cells and islets. Ingber’s group has recreated 
many features of the living human intestine by 
culturing patient-derived organoids on physiological 
gut chips [253]. Based on these works, his group made 
a breakthrough in simulating pathological states of 
the intestine, such as nutritional disease and 
inflammatory bowel disease. Typically, Bein et al. 
remodeled tropical enteropathy by culturing 
organoid-derived intestinal epithelium from patients 
with environmental enteric dysfunction (EED) in a 
nutrient-deficient medium without niacinamide and 
tryptophan on a classic sandwiched chip [154]. The in 
vitro model recapitulates the transcriptional 
signatures of EED patients and severe EED‐associated 
intestinal injury features, including villus atrophy, 
barrier dysfunction, reduced amino acid uptake and 
metabolism, and inflammation. Thus, this gut-on-chip 
model enables clinicians to explore multiple clinically 
relevant outcomes and distinguish the manifestations 
of multiple intestinal diseases from EED.  

Human stem cells-derived organoids are 

generated through the sequential addition of different 
growth factors following the intrinsic developmental 
programs. According to specific situations, several 
pathological models were established by adding 
exogenous reagents. For example, nonalcoholic fatty 
liver disease is one of the main causes of chronic liver 
diseases worldwide, and is directly associated with 
obesity, insulin resistance, and hypertension. Wang et 
al. presented a nonalcoholic fatty liver disease 
(NAFLD) model based on a perfused OrgOC system 

[34]. Under exposure to physiologically relevant free 
fatty acids, NAFLD organoids exhibited the typical 
pathological characteristics of steatohepatitis, includ-
ing abnormal lipid metabolism, triglyceride accumu-
lation, oxidative stress, inflammatory response, and 
fibrosis (Figure 5B) [34]. Another report established a 
disease model of diabetic nephropathy, one of the 
most serious chronic microvascular complications. In 
this study, Wang et al. assessed the changes in the 
glomerular barrier in phenotypic expression, reactive 
oxidative stress and barrier integrity under 
pathological conditions [254]. In addition to common 
metabolic and progressive diseases, hiPSC-derived 
organoids as an ideal cell source have been exploited 
to model infectious, genetic and nutritional diseases 
and so on [255]. These models can be used to assess 
short-term or long-term effects of drugs/stimuli on 
specific tissues/organs. All in all, these works 
demonstrate the potential of OrgOC as a useful 
platform to accelerate our understanding of 
pathological mechanisms.  

3.2.2 Inorganic pollutant exposure  
The atmospheric pollutants exposure poses 

health risks and a significant socioeconomic burden. It 
is a major concern of the new civilized world that 
deserves high attention to explore the underlying 
pathogenicity of atmospheric pollutants on human 
health, such as chemicals, inorganic nanoparticles 
(NPs) and particulate matters (PMs). OrgOCs provide 
new opportunities to comprehensively understand 
the mechanisms of atmospheric pollutants and 
monitor the biological effects of the substances t 
pollutants exposure on human organs.  

The researchers have utilized OrgOCs models to 
explore the adverse influences of chemical pollutants 
on human organs [122, 132, 147, 255]. It is worth 
discussing that prenatal exposure to environmental 
pollutants can raise the risk of developmental 
diseases. Qin’s team created many OrgOC models to 
investigate neural dysfunctions of human brain 
organoids by environmental factors exposure 
including heavy metal cadmium (Cd), nicotine, 
alcohol and valproic acid (VPA) [122, 132, 147, 255]. 
With Cd treatment, distinct cell death was observed in 
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brain organoids, even 10 days after the removal of Cd, 
indicating the long-term neurotoxicity of Cd on brain 
development [132]. The findings showed that Cd 
exposure might cause precocious and lasting neural 
impairments in neurogenesis and brain regionali-
zation during early development (Figure 5C). In 
addition to the chemicals mentioned above, cigarette 
smoke is another risk of clinical exacerbation in 
patients with chronic obstructive pulmonary disease 
(COPD), that cannot be effectively imitated in animal 
models. Scientists have developed a programmable 
microfluidic system that enables to dynamically 
mimic the whole process of smoking and model 
smoke-induced COPD exacerbations [256]. This 
approach offers an analytical tool to illustrate the 
reduced mucociliary clearance and ciliary dysfunction 

observed in the lungs of smokers, as well as the 
development of squamous metaplasia observed late 
in the pathogenesis of COPD. In the organotypic 
culture model, the key marker MMP-1 was found to 
be involved in the COPD pathogenesis response, and 
a similar phenotype (oxidant damage) can be 
observed in COPD patients and smokers [256]. Thus, 
these systems have the great potential to identify 
subtle yet potentially clinically relevant changes in 
gene expression, that might otherwise be neglected in 
studies involving individuals or other heterogeneous 
patient populations. Overall, the organ chip is not 
meant to directly extrapolate the findings to the clinic, 
but it is easier to discover specific biomarkers and 
therapeutic targets than other existing technologies.  

Inorganic nanoparticle (NP) exposure has raised 
 

 
Figure 5. OrgOCs platform for disease modeling. (A) Patient-derived pancreatic ductal organoids-on-a-chip can recapitulate cystic fibrosis-related disorders and examine the 
cell-cell functional correlation between pancreatic ductal epithelial cells and islets. Adapted with permission [250]. Copyright 2019 Springer Nature. (B) With free fatty acids, liver 
organoids from hiPSCs exhibited the typical pathological characteristics related to steatohepatitis. Adapted with permission [34]. Copyright 2020 American Chemical Society. 
(C) Heavy metal cadmium exposure might cause precocious, lasting neural differentiation and long-term neurotoxicity in brain organoid development with a chip. Adapted with 
permission [132]. Copyright 2018 American Chemical Society. 
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issues about their potential toxicity due to their 
extensive use in our daily lives [36, 237]. In recent 
years, more and more attention has been paid to the 
effects of NPs, especially ultrafine NPs (aerodynamic 
diameters < 100 nm), on human health. Ingber’s team 
has found that NP-induced ROS production was 
proportional to the level of physiological breathing 
strain applied [36]. Breathing strain could 
dramatically induce the proinflammatory activities of 
NP, and might lead to the onset of acute lung 
inflammation. Importantly, NP transport across the 
alveolar-capillary barrier was up to 4 times higher 
under physiological breathing motions (10% strain at 
0.2 Hz) than static culture. Strain induced the 
increased NP absorption via the impaired 
transcellular translocation or paracellular transport, 
rather than physical disruption of cell-cell junctions 
and convective transport [36]. The model contributes 
to analyzing the mechanisms underlying biological 
phenomena, which can't be done with traditional 
models.  

3.2.3 Viral infection  
Both clinical and animal findings showed that 

viral infection can cause a variety of diseases 

[257-261]. For example, human immunodeficiency 
virus (HIV) infection can result in long-term neuro-
psychiatric adverse effects (neurotoxicity, depression, 
anxiety, and mood disorders) on individuals [26, 83, 
260, 262]. Due to species differences in animal and 
human biology, it is highly desirable to develop a 
robust, available and humanized organ model that 
reflects human pathological features with viral 
infection. Organ chips present a rapid and effective 
tool to explore viral infection and transmission 
dynamics in a realistic manner [257, 260, 263, 264]. 
Morphological analysis of respiratory syncytial 
virus-infected airway organoids uncovered a wide 
range of impairments ranging from cytoskeletal 
rearrangements and apical extrusion of infected cells, 
to syncytia formation [265]. Zika virus (ZIKV) 
infections could lead to severe congenital 
abnormalities, as evidenced by the stunted cortical 
expansion and microcephaly in human cerebral 
organoids [230].  

Unlike common infectious diseases, severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
mutational, contagious and deadly, leading to acute 
respiratory distress, other complications, or even 
death [266-270]. Facing this pandemic, various tissue 
barriers were designed to model the viral infection. 
Zhang et al. reproduce the SARS-CoV-2 infected 
disease model using a human alveolar chip with lung 
epithelium, endothelium and immune cells [263]. In 
this work, viral infection resulted in alveolar barrier 

injury, immune cell recruitment, exacerbated inflam-
mation, and higher susceptibility to the virus was 
identified in epithelium compared to the endothe-
lium. Additionally, Kuo and his coworkers created 
distal lung organoids derived from human alveolar 
epithelial type II (AT2) or KRT5+ basal cells [271]. 
With SARS-CoV-2 infection, about 10% of AT2 and 
bassal organoids displayed prominent SARS-CoV-2 
nucleocapsid protein (NP) expression. However, NP- 
or dsRNA-positive signals mainly existed in club 
cells, accounting for 79% of NP- or dsRNA-positive 
cells in all infected cells. Overall, these studies 
implicate club cells as a target of infection in addition 
to AT2 cells.  

Clinical evidence validates that the intestine is 
another target organ for SARS-CoV-2 infection. Based 
on the OOCs model, Qin’s group further explored the 
effect of SARS-CoV-2 on human gastrointestinal 
injury [272]. Under the virus infection, the intestinal 
barrier showed significant destruction, including 
morphological abnormity of villi, sparse mucus 
secretion, upregulated cytokine genes and abnormal 
metabolism. Collectively, these models can closely 
mirror human-relevant responses to SARS-CoV-2 
infection, overcome the shortcomings of traditional 
models, and provide a promising strategy to 
accelerate COVID-19 research and drug development. 
Together, organ chips can propose a versatile 
platform for the full investigation of viral transmis-
sion and evolution between humans by passaging 
viruses from one chip to another, and thereby 
facilitate the identification of possible intervention 
strategies to cope with emerging variants. 

3.3 Precision medicine 

3.3.1 Pharmacokinetic study  
Generally speaking, the birth of a new drug 

needs to go through a series of processes, such as the 
selection of drug targets, the determination of lead 
compounds, the selection of drug candidates, the 
evaluation of safety and efficacy in animals, and the 
clinical trials in humans [273-275]. As animal models 
are still far from the human body, there is a great need 
for biomimetic disease models to reduce the cost and 
the time of new drug development. As an emerging 
field, organ chips aim to make organoids easier to 
operate and control, so as to reflect the complex 
internal environment of the human body as 
comprehensively as possible. Organoid chips have the 
characteristics of miniature structure, high 
throughput and sensitivity, and integration of a series 
of experimental processes, such as organoid culture, 
observation, selection, induction, detection and 
analysis into one system [276]. One area of organoid 
study that is ripe for further development is 
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quantitative pharmacokinetic/pharmacodynamic 
(PK/PD) modeling. With the precise control of 
relevant parameters, OrgOCs can function as in vitro 
human organ microsystems with enhanced 
physiological maturation and function compared to 
cell monolayers, and better predict human outcomes 
of multiple perturbations compared to animal models 
[16, 17, 140]. Hence, OrgOCs are promising to narrow 
the gap between animal studies and clinical trials, 
potentially promoting drug development. Of 
particular note, living biobanks of cancer organoids 
contain massive samples with different genetic 
backgrounds, subtypes and individualized properties, 
and offer a powerful platform for drug screening and 
discovery [243, 277, 278]. Moreover, the development 
of OrgOC test platforms with controlled cancer 
organoids and near-physiological microenvironment 
will further promote the predictive ability. Even so, 
how to correlate data from organoids with other 
bioengineered systems remains a prominent hurdle.  

As a new iterative model, organ chips have great 
potential in the multi-trillion track of pharmaceutical 
research and development [82, 160, 275]. It is expected 
to bring changes to the drug development industry by 
shortening the discovery cycle, reducing costs and 
improving the success rate of drug candidates. In 
early 2021, the Food and Drug Administration (FDA) 
released a white paper expressing its positive attitude 
toward the application of organ chips in the 
development of novel drugs, and describing the 
potential of standardized OOC systems to replace the 
animals as the preferred models. With the support of 
domestic policies, pharmaceutical companies also 
begin to pay attention to and be optimistic about the 
practical application value of organ chips. Now, more 
and more pharmaceutical companies advocated for 
the use of organ chips in biomedical research, and a 
breakthrough is expected in the next 3-5 years. 

From entering the body to leaving the body, 
drugs undergo absorption, distribution, metabolism 
and excretion, that is, pharmacokinetics (PK), which is 
related to the dose of the drug and determines the 
time course of drug concentration in serum, body 
fluids, and tissues. On the other hand, the mechanism 
of action and the relationship between drug dose, 
efficacy, toxicity should also be studied, that is 
pharmacodynamics (PD). In the body, drugs go 
through a series of complex physical, chemical and 
biological changes. Some substances that entered the 
body through diet do not exhibit biological activity 
until hydrolyzed in certain organs by specific 
enzymes to remove certain groups from the molecule. 
Accumulation of active metabolites increases the risk 
of organ damage (e.g., liver function impairment, 
myocardial toxicity, neurological disorders, and 

abnormal brain development) [14, 279, 280]. Thus, it is 
promising to establish multi-organ models to 
overcome the lack of suitable in vitro models for drug 
development, which has attracted great attention 
from pharmaceutical enterprises.  

The liver is the main organ of drug metabolism 
and thereby largely determines the pharmacological 
properties of drugs, including bioavailability and 
adverse effects. Lin's team from Tsinghua University 
utilized a double-layered multi-organ chip to 
recapitulate the intestine-liver functionality for 
studies in the absorption, transport and metabolism of 
combination drugs (genistein and dacarbazine) [281]. 
The results suggested that there is no obvious cell 
cycle arrest of liver cells under the low dose (<100 
μg/mL) treatment of drugs, however, severe cell 
apoptosis could occur at levels above 200 μg/mL, 
verifying the effective drug metabolism on a chip. In 
the liver-heart axis model, liver organoids displayed 
higher liver metabolic capabilities and hepatic 
metabolism-dependent cardiotoxicity [90]. 

Systematic interactions at the multi-organ level 
are considered to be crucial to determining drug 
metabolism and the pharmacological effects of 
various drugs. Thus, it is expected to establish 
multi-organ-chips systems with the characteristics of 
systematic interactions, possibly reflecting the 
complex drug metabolic processes and actual drug 
responses. A major obstacle in drug development is 
the low bioavailability of oral drugs due to first-pass 
metabolism [282]. To cope with the challenge, 
developing in vitro OOCs systems have been applied 
for pharmacokinetic study. Ingber’s group has 
constructed a first-pass metabolism model with the 
gut, liver and kidney linked by endothelium-lined 
vascular channels on a chip [282]. This model could 
reflect the key clinical pharmacokinetic parameters 
including drug absorbance, metabolism and clearance 
with oral administration of nicotine and intravenous 
cisplatin. It is worth mentioning that the obtained 
PK/PD profiles were in accordance with clinical 
studies, suggestive of the enormous potential to 
predict pharmaceutical responses of drug candidates. 
In another work, Lee et al. analyzed the effect of 
first-pass metabolism using docetaxel [283]. In the 
chip without small intestinal organoids, the viability 
of colorectal adenocarcinoma spheroids was 
significantly reduced. However, in the chip with small 
intestinal organoids, no significant change in the 
viability of colorectal adenocarcinoma was observed 
due to first-pass metabolism (Figure 6A) [283].  

3.3.2 Drug safety assessment  
There are great challenges to medication safety 

because it is hard to balance the health of patients 
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with the potential adverse effects of drugs. Drug 
development is a lengthy and costly process, partially 
owing to the use of preclinical models with low 
accuracy of efficacy and toxicity prediction of drug 
candidates. The cutting-edge organoid chips are 
leading a revolution in the safety testing of compound 
candidates, providing an appropriate therapy 
selection in the premarketing phase. 

In order to more precisely reflect drug safety at 
the physiological level, researchers are shifting from 
OOC to OrgOC technology with multiple organs that 
can systematically respond to stimuli. Yin et el. 
assessed drug-induced cardiotoxicity with liver-heart 
organoids-on-a-chip [90]. With exposure to 
clomipramine (a tricyclic antidepressant) in liver 
organoid chamber, heart organoids in the bottom 
chamber were found to display impairments in cell 
viability, cardiac beating and calcium activities, 
suggesting the hepatic metabolism-dependent 

cardiotoxicity of clomipramine (Figure 6B) [284]. This 
impressive multi-organoids-on-a-chip system can 
recapitulate the complex process of drug metabolism 
at the multi-organ level, and be expected to function 
as a powerful tool to evaluate drug candidates. 
Skardal and coworkers probed prodrug metabolism 
and reciprocal toxicity in a three-organoids-on-a-chip 
system [163]. Prodrug capecitabine (a chemotherapy 
drug) can translate into cytotoxic 5-fluorouracil (5-FU) 
in the liver chamber and then act on lung and cardiac 
organoids. Compared to the system without the liver, 
cell viability of the heart and lung decreased 38.3% 
and 37.1% respectively after liver metabolism [163]. In 
the expanded 6-organoids system, similar results 
showed that chloroacetaldehyde, produced by the 
metabolism of the alkylated prodrug ifosfamide in 
liver organoids, can induce significant neurotoxicity.  

In addition to chemical drugs, organ chips can 
also be employed to screen biomarkers of toxicity. 

 

 
Figure 6. OrgOCs platform for assessing drug metabolism and safety in precision medicine. (A) Recapitulation of first-pass metabolism of anti-cancer drug with intestinal 
organoids-on-chips. Adapted with permission [281]. Copyright 2021 Multidisciplinary Digital Publishing Institute (MDPI). (B) Liver-heart organoids-on-chips allowed to explore 
the hepatic metabolism-dependent cardiotoxicity of clomipramine. Adapted with permission [284]. Copyright 2021 AIP Publishing. 
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Kacey et al. proposed a OOC model with human 
heart, liver, bone and skin organ niches, which were 
linked by the recirculating vascular flow [41]. With in 
vivo-like pharmacokinetic and pharmacodynamic 
profiles of doxorubicin, this systematic model enabled 
to identification of early miRNA biomarkers of 
cardiotoxicity. In the future, it will be possible to 
systematically assess the toxicology of more than one 
drug at the same time in a high throughput manner. 
It's worth noting that drug bioavailability determines 
the amount of circulating drug in the body that 
remains active for an established period. However, 
one major drawback of PDMS is its hydrophobic 
surface and high porosity, which potentially results in 
the absorption of many hydrophobic molecules. An 
alternative can be developed such as polycarbonate, 
glass, polystyrene, and poly(methyl methacrylate) 
(PMMA), which are known to be inert to most drugs, 
contributing to the increased accuracy of drug 
evaluation [6]. Besides, more accurate empirical 
methods, such as mass spectrometry, can further 
promote quantitative accuracy for drug 
bioavailability. However, it will be challenging to 
integrate these techniques with the OrgOC system 
given the small fluid volumes involved. 

3.3.3 Drug screening  
High-throughput screening (HTS) is a practical 

approach that enables automated testing of massive 
potential drug candidates against a biological target 
and is extensively used in the pharmaceutical 
industry. Thus, the building of a living organoid 
biobank will dramatically advance drug screening. 
Living organoid biobank contain various organoids 
for personalized therapy and research in life science. 
Especially, as a biomedical resource, the establish-
ment of tumor organoid biobanks contributes to 
preclinical models, drug screening and personalized 
therapy. Traditional in vitro models are frustrated to 
preserve the cellular fidelity and mutant multiformity 
of tumors and are usually time-costing [285, 286]. 
Currently, more and more scientific research 
institutions and enterprises have built patient-derived 
cancer organoid biobanks to capture disease 
heterogeneity and genotype-phenotype mapping 

[154, 277, 278]. For instance, Song’s team exploited a 
novel protocol to produce patient-derived glioblas-
toma organoids, retaining key hallmarks of 
glioblastomas (e.g., original cell-cell interplay, 
inter-/intra-tumoral heterogeneity, and mutational 
profiles of native tumors), and avoiding the 
destruction of local tissue usually occurred using 
traditional methods (e.g., mechanical or enzymatic 
dissociation) [277]. Besides, it highlights the potential 
of cancer organoids in investigating patient-specific 

therapies by correlating cancer organoid mutational 
profiles with responses to specific drugs and 
modeling chimeric antigen receptor T cell 
immunotherapy. We believe more live biobanks will 
be established for basic research and clinical 
transformation. Notably, living organoid biobanks, 
combined with drug sensitivity testing and 
next-generation sequencing, now support clinical 
decision-making and clinical trial performance 
analysis. Liu and coworkers efficiently generated 
hundreds of lung cancer organoids produced from 
clinical specimens at passage 0 by coupling with a 
microarray chip device (Figure 7A) [131]. It is worth 
mentioning that the one-week drug sensitivity testing 
results were well consistent with patient-derived 
xenografts, tumor gene mutations, and clinical 
findings. To date, more and more organoids-on-chips, 
including lung organoids-on-chips, intestine 
organoids-on-chips, liver organoids-on-chips, vessel 
organoids-on-chips, pancreas organoids-on-chips and 
so on, have been applied in monitoring organoid 
behavior in vitro, drug screening and drug 
development [123, 127, 149, 157, 160, 287]. 

Ai’s group exploited a nested array chip 
platform cultured patient-derived colorectal cancer 
organoid for HTS [123]. In the report, the authors used 
nine treatment regimens to test the practicability of 
the platform and detected the growth kinetics of the 
organoids in different culture modes. Notably, the 
patients with rectal cancer and liver metastases 
showed more sensitivity to regorafenib but not to 
fruquintinib, suggesting the anti-tumor and 
anti-angiogenesis activity of regorafenib. Meanwhile, 
the drug sensitivity testing based on the OrgOCs 
models showed good quality control with a coefficient 
of variation under 10% [123]. The advanced OrgOC 
microdevice overcomes the limitations of the 
conventional plate well-based platform and enables 
the organoids to grow in a precise manner (Figure 7B) 
[150]. Also, OrgOC microsystems demonstrated that 
the core of organoids was chemo-resistant, indicating 
the different drug sensitivities in different parts of 
organoids [149].  

Automated microfluidic chips and artificial 
intelligence technology have unique superiority of 
high-throughput detection and precision analysis of 
cells matched with organoids. Unlike traditional 
plate-based methods, automated microfluidic chips 
allow for combination therapy with sequential pulse 
delivery to the desired array of organoids without 
human intervention, requiring no manual operations, 
thereby reducing human errors while enabling 
dynamic imaging. The novel platform can not only 
verify standard medical therapy practices, but also 
optimize the program to help the pre-clinical program 
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in an economical and reliable way (Figure 7C) [160]. 
Khademhosseini’s team developed an organoid chip 
system with an automation controller coupled with 
modular multisensor (e.g., physical, biochemical, and 
optical sensors) units via a fluidics-linked breadboard, 
which can achieve an accurate, continual, and 
automated evaluation of the therapeutic responses of 
organoids to drugs over extended periods (Figure 7D) 

[161]. Besides, multiomic analysis contributes to 
revealing cancer-related noncoding mutations, gene 
regulatory routing and chromatin signatures 
associated with drug sensitivity, offering new insights 
into cancer occurrence and drug treatment [287]. 

Overall, these breakthrough studies demonstrate that 
the OrgOC platform can offer opportunities to 
monitor tumor progression, assess therapeutic 
modalities and understand chemotherapy resistance. 
We can believe that the OrgOC platform will provide 
compelling opportunities to promote precision 
medicine for cancer at the preclinical level.  

OrgOC platform can also be used to evaluate the 
efficacy of gene therapy. For instance, Loskill’s group 
employed a hiPSC-based retinal organoids-on-chip 
model to test the transduction efficacy of gene therapy 
with different types of adeno-associated viruses 
(AAV) vectors (scAAV2, scAAV9, scAAV2.7m8, and 

 

 
Figure 7. OrgOCs platform for drug screening in precision medicine. (A) Hundreds of lung cancer organoids produced from clinical specimens were generated at passage 0 by 
coupling with a microarray chip device. Adapted with permission [131]. Copyright 2021 Springer Nature. (B) A nested array chip platform cultured patient-derived colorectal 
cancer organoids for high-throughput drug screening. Adapted with permission [150]. Copyright 2021 MDPI. (C) A one-stop microfluidic-based lung cancer organoid culture 
device for drug sensitivity test. Adapted with permission [160]. Copyright 2020 Springer Nature. (D) An organoid chip system with an automation controller coupled with 
modular multisensor (e.g., physical, biochemical, and optical sensors) units via a fluidics-linked breadboard for automated evaluation of the therapeutic responses of organoids to 
drugs over extended periods of time. Adapted with permission [161]. Copyright 2017 PNAS National Academy of Sciences. (E) A human hiPSC-based retinal organoids-on-chip 
model was employed to test the transduction efficacy of gene therapy with different types of AAV vectors in a pharmaceutical setting. Adapted with permission [156]. Copyright 
2021 ISSCR. 
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scShH10) (Figure 7E) [156].  

4. Conclusions and Perspectives 
The organisms are regulated by many 

physicochemical and physiological cues, which can be 
utilized to create synthetic living systems. Therefore, 
the emergence of OrgOCs represents a major 
breakthrough and starts a new page toward the 
construction of bio-artificial organs by remodeling 
organotypic multicellular architectures and functions 
in a defined ecological niche. At present, most human 
organoids have been recreated on microfluidic chips, 
including the intestine, brain, kidney, liver, and islet, 
with near-physiological properties of in vivo organs 

[16, 150, 288]. To achieve systematic interaction, 
long-term and stable coculture of multiple organs, 
programmable dynamic flow is applied to the 
microfluidic system that connects multiorgan 
modules to accurately mimic blood circulation in vivo. 
Together, this systemic communication or mutual 
feedback is vital to understanding and simulating 
several temporal physiological processes. Multiple 
pathological processes can be well reflected with 
OrgOCs platforms, including disease occurrence, 
pollutant exposure and virus infection. Development 
of organoid chips that reproduce complex 
physiological and pathological responses to external 
and internal stimuli at the organ level could 
revolutionize biomedical fields, involving biological 
study, disease modeling, preclinical assay and 
precision medicine that rely heavily on animal 
experiments and clinical studies. The general 
principles involved in the development of organs and 
organ physiology derived from this approach have 
resulted in a deep understanding of many human 
disorders. Ideally, organ chips can recapitulate the in 
vivo-like PK/PD profiles and quantitatively predict 
human pharmacokinetic responses to drugs, involv-
ing absorption, distribution, metabolism, excretion, 
toxicity in a specific order. OrgOC models can also be 
applied for drug screening and sensitivity detection in 
a high-throughput and high-bionic trait manner, 
which is not possible in traditional cell and animal 
models. A key point in modeling complex and 
heterogeneous disorders is understanding inter- 
individual differences. Uniquely, patient-derived 
personalized organoid chips can model patients’ 
comorbidities and give specific drug selection, 
including optimized drug efficacy, minimized 
toxicity, and even optimal delivery routes, as well as 
optimal dosing regimens for use in targeted phase I 
clinical trials. Moreover, engineering strategies allow 
us to efficiently obtain organ models with complex 
morphological properties, geometric features and 
inbuilt quality attributes, similar to those of native 

tissues. Organoids derived from stem cells as a 
scalable cell source have the potential to promote 
wound healing and tissue regeneration. Cell therapy 
and gene therapy also reflect the practical application 
value of the OrgOC platforms, which can accelerate 
the progress of disease therapy. Therefore, OrgOC is 
expected to speed up the preclinical-to-clinical 
translation in medical and industrial fields.  

Indeed, many pharmaceutical and academic 
researchers are wary of changing the ways they carry 
out research. Or say, convincing data to demonstrate 
the advantages of human organ chips over animal 
models are needed, before they accept this new 
technology. That is one reason that, despite the great 
promise of OrgOCs, researchers have not formulated 
a universally accepted gold standard, leading to the 
difficulties of preclinical-to-clinical translation. To 
address the existing limitations, efforts need to be 
made to achieve more biomimetic human tissue 
models. The human body is a complex organic 
system, with various organs interacting and 
influencing each other, among which the vascular 
system, responsible for blood circulation and material 
transport in all parts of the body, is an important part. 
Therefore, it is important to maintain organoid chips 
in a perfusable mode. At present, a common strategy 
used is to improve the vascularization and maturation 
of organoids by guiding the self-assembly of 
endothelial cells [289]. In addition, in vitro-like 
environmental features such as ECM and dynamic 
flow have been considered to optimize the culture 
system of vascularized organoids [289]. In addition, to 
mimic the immune response, it is essential to 
incorporate immune cells into the organoids. 
Infiltration of monocyte into vascularized organoids 
was successfully reconstituted on a chip [137]. Despite 
great efforts that have been made to form functional 
vascularized or immune cell integrated organoids, the 
formation of fully vascularized or immune organoids 
is still a major challenge so far. Future work will seek 
to develop more complex organoid co-culture 
systems incorporating multicellular types and more 
types of immune cells. It is worth thinking about to 
what extent the organoids can replace real human 
organs or reflect the physiological responses. So, on 
the one hand, the criteria for optimizing OrgOCs 
should consider environmental parameters, organoid 
size, chip design, etc. On the other hand, researchers 
exploiting OrgOCs platforms ought to standardize 
and validate these models against human samples 
and clinical data as accurately and feasible as possible. 
Nonetheless, there are now standards and criteria to 
identify the use of human organ chips to replace 
animal models, and important advances are being 
seen in this field. We are now facing a tipping point in 
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this era, with the possibility of seeing real reductions 
in the use of animals and the application of more 
effective approaches for drug development, 
personalized medicine as well as basic research in the 
near future. The aim of next-generation OrgOCs is to 
systematically reconstruct an actual and miniature 
human body in vitro with universal and extendable 
advantages.  

The solo model has a limited ability to meet the 
requirements needed to address biological and 
medical applications, especially for emerging and 
re-emerging pandemic diseases. The newly 
developing OrgOCs technology has exhibited great 
potential in building organ models with higher 
fidelity and practicability. 3D bioprinting technology 
and biological materials can also be incorporated into 
the OrgOCs platforms to increase the complexity of 
organs in structure and function, expediently 
constructing original human organs or tissues with 
biomechanical characteristics similar to those in vivo. 
In addition, microscope imaging technology can meet 
the requirements of real-time tracking, analysis of 
human organ development, lesions, treatment 
progress, and monitoring of human diseases, 
allowing real-time visualization of the whole dynamic 
process [148, 290]. Multi-omics can analyze the 
pathology and disease state of organs in vivo at the 
molecular levels, which is helpful for the discovery of 
disease markers, signal pathways and potential 
therapeutic targets of drugs. The burgeoning 
techniques are expected to be the standardized 
strategies for uncovering biological phenomena, 
including homeostasis and physiologic disorders 
within and beyond human organs. We assume that by 
incorporated multiple techniques (e.g. 3D bioprinting, 
biosensors, artificial intelligence, organoids, online 
biosensors, gene editing, high-content microscope 
images, multi-omics, and multi-organs) there might 
be a boost for OrgOCs chips in multiple applications 
by creating more complicated next-generation human 
organoid models simply and efficiently.  

Overall, merging state-of-art OrgOCs technology 
provides a powerful strategy and versatile platform 
for the biomedical researchers, drug discovery, 
human disease modeling, and preclinical studies. To 
promote the biomedical applications of OrgOCs, more 
synergistic efforts and more cooperation between 
researchers from different backgrounds are required 
to help fix the issues mentioned above. We believe 
that more remarkable, exciting and unprecedented 
progression will be achieved in OrgOCs for 
promoting drug screening, personalized medicine, 
preclinical testing, and systematic studies of 
pathologies in the future. 
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