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Abstract: To recapitulate the architecture and functionality of living organs or tissues, a significant 

number of models have been put forward and have contributed immensely to various application 

fields. Two novel 3D cell culture models – 1. Organoid, promoted mainly by the developments of 

stem cell biology and 2. Organ-on-a-chip, enhanced primarily due to microfluidic technology, have 

emerged as two promising approaches to advance our understanding of basic biological principles 

and clinical treatments. Yet, there are distinct differences between these two models, and each of 

them has their suitable applications rendering that it is important to discern the advantages and 

disadvantages of these two methods. Furthermore, rapid advancements in 3D printing and 

numerical simulations, which facilitate design, manufacture, and results-translation of 3D cell culture 

models, can also serve as novel tools to promote development and propagation of organoid and 

organ-on-a-chip systems. In this review, a comparison between organ-on-a-chip and organoid 

models is carried out from various aspects by case studies. Also, the benefits brought by the 

integration of two 3D cell culture models, and combinations of 3D cell culture, 3D printing, as well as 

numerical simulations, are comprehensively discussed. Current technological challenges and 

limitations, as well as expert recommendations and future solutions to address these issues are also 

summarized. 
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1. Introduction 

Drug discovery remains an unprecedented challenge and inadequate for treating many diseases that 

afflict humans because of enormous cost, time, and failure rates in clinical trials.  Understanding 

disease mechanisms within sophisticated human organs needs more feasible models with lower 

costs, time saving, and the greater simplicity of experiments.[1] Accurate human-representative 

models utilize many aspects of currently available technologies and hold promises for predicting the 

effectiveness and accuracy of drug responses to mimic key structural and functional properties of 

human organs from the sub-cellular to whole organ level. [2] Those developed systems have been 

committed to providing insights into basic biological principles, diseases, as well as potential 
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treatments.[2] Animal models currently serve as gold standards for preclinical trials and exhibit 

comprehensive structural complexities and cell compositions like complex in vivo environments. 

They play a critical role in different application fields, such as experimental physiology and pathology, 

as well as drug screening).[3] Nevertheless, the complex physiology of animal models with specific 

signaling pathways and tissue-tissue or cell-cell interactions are difficult to be independent of other 

factors, and makes it challenging to distinguish and analyze the exact causal relationship, 

respectively. Moreover, animal models cannot precisely reflect human physiology, thus, have not 

been able to accurately predict in vivo toxicity responses upon drug treatment, may largely cause 

failure in drug development, particularly at the later stages.[3] For instance, animal model cannot 

assess toxicities of anticancer drug cisplatin because of its different species and impacts  targeting to 

different membrane transporters that modulate drug accumulation between the human body and 

animals [4]. Furthermore,  many animal models remain difficult to obtain and build for modzeling 

numerous human immunological and neurological diseases (e.g., autoimmune diseases to cerebral 

cancer).[5] Besides, animal models  always carry ethical issues that cannot be abused and discarded 

of the animals or employed for controversial experiments.[6] Therefore, in vitro models are urgently 

required  to exhibit certain translation of their results to humans, and have attracted a lot of 

attention due to their lower costs, time saving, and the greater simplicity of experiments. 

The survival and functionality of cells cultured in two-and three-dimensional (2D and 3D) models  are 

noticeably dependent on the micro-environmental cues, such as spatiotemporal chemical 

treatments, physiological stimuli as well as cell-cell and cell-ECM interactions.[7] 2D monolayer 

culture methods have been extensively and successfully adopted for their simplicity and cost-

effectiveness. However, they usually exhibit insufficient physiological features for insufficient 

biophysical or biochemical stimuli as in vivo.[8] They are also inferior to the 3D culture that creates 

more defined and intricate micro-environment when recapitulating the living tissue or organ and 

modeling diseases.[9] The last decade witness the high-speed development of a novel 
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microengineering device, also termed as organ-on-a-chip[10,11] or microphysiological system[12]. to 

recapitulate 3D tissue architectures, function, physiology, or pathology of living human organs in 

vitro. Existing organ-on-a-chip methods are primarily to combine proportional pre-differentiated 

cells to imitate the composition of native tissues and perform their vital structural and functional 

features. Microengineering approaches are capable of precisely regulating the nutrient flow supply 

and shear stress stimulation, spatiotemporal chemical and biological microenvironment, as well as 

the local electrical or mechanical behaviors of growing 3D tissues[3]. Futhermore, organ-on-a-chip 

technology can incorporate different 3D constructs into a dynamic circulation system that imitates 

the systematic interactions between a range of tissues and organs in the human body. They are also 

termed as human-on-a-chip[13] or body-on-a-chip[14], being critical to drug discovery applications. 

Such multi-organs platform allows drugs and their metabolites to run through a range of organs 

before fulfilling its final action and subsequently allow them to perform in their final target sites in 

different parts of the organism.[15] Organ-on-a-chip acts as a promising model to ascertain the 

innermost human pathophysiology, as well as a suitable platform for disease modeling and drug 

discovery for its enhanced feasibility, productivity and applicability.[16]  

Unlike the rigorously controlled environments created by organs-on-chips, stem cell derived 

organoids developed from embryoid body cultures are largely self-organizing and similar to 

teratoma formation in vivo[17,18]. Organoids refer to 3D cell masses characterized by the presence of 

multiple organ-specific cell lineages, similar cellular organization to that of in vivo counterpart, as 

well as sophisticated 3D architecture and functional features.[19] Organoid models exhibiting higher 

physiological relevance than 2D models are more effectively benefit to introduce niche cues and 

narrow the gap between in vitro models and in vivo models. Pluripotent stem cells (PSCs) exhibit 

differentiation potential, which direct cell fate to specific tissue precursors and further down into 

organoids of targeted cell lineages through the supply of cues by activating or inhibiting signaling 

pathways.[20] Aggregates of PSCs process the processes of differentiation and morphogenesis after 

file:///C:/Users/fuyin/AppData/Local/Youdao/Dict/Application/8.7.0.0/resultui/html/index.html#/javascript:;
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embedded in a hydrogel (often Matrigel) scaffolds, and imitate aspects of early embryonic 

development by improving appropriate exogenous factors.[21] Current organoids rely heavily on a 

high level of default robustness for the generation of a precisely organized tissue architecture of 

various shapes and sizes during spontaneous differentiation. Organoids are mostly superior in 

cellular heterogeneity, phenotype fidelity, and physiologically relevant complexity to organ-on-a-

chip system which place pre-differentiated cells at precise locations in an artificial manner. 

Accordingly, organoids can also address a gap in modeling pathology and diseases difficult or unlikely 

to study in animal models, and work as a promising personalized medicine approach.[22]  

Due to recently evolving technological advancements in bioengineering and stem cell tissue 

engineering, organ-on-a-chip and organoid have emerged as two distinct approaches exhibiting their 

own merits and demerits for stem cell-derived 3D tissue preparation.[23,24] Accordingly, it is vital to 

identify the related pros and cons so as to enhance their applicability by correctly choosing cell 

sources according to research motivations and genetic backgrounds (e.g., cell lines or stem cells). 

Both of the two models uniquely summarize vital micro-structures and functions concerning target 

tissues or organs and more effectively exploit structural fidelity in lineage specification, cell-cell 

interaction, and organ- or tissue-genesis.[25] This review systematically  compares the physiological 

complexity, cellular diversity, and cellular genetic similarity, as well as microenvironmental control 

ability between self-renewing of organoids and well-defined manipulation of organ-on-a-chip to 

model disease etiology plus drug screening. 

The overall goal of providing a path toward a superior, synergistic strategy of constructing tissues by 

intergrating organ-on-a-chip to cultivate a range of organoids.[26] Each organoid covers different cell 

types requiring specific physiochemical cues and represents the structure and function of several 

organ systems.[27] Finding the right technological balance at the intersection of two promising 

approaches will be benefit to exploit an advanced integration strategy for high-fidelity stem cell-

based human organ modeling, also known as collaborative engineering.[25] Strategic integration may 
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address each approach’s limitations and figure out a large number of technical problems to some 

extent, and bring unprecedented bionic models suitable for various applications.[28] The strategy also 

increases structural and cellular fidelity varying from closed luminal cell spheroids to multilayers sub-

tissue levels interfaces by recapitulating cell types and ratios of their counterpart in vivo.[29] The 

integration can enhance the spatial-temporal control of 3D tissue generation and microenvironment 

via biophysical stimuli, summarize various exogenous or endogenous cues as well as their 

concentration gradient, and further control the shape and size with built-in vascular system.[30] What 

is more exciting is achieving time-saving, labor-saving and higher-throughput of drug screening and 

diversified applications by adding sensing systems and screenable readouts through biochemical and 

modular physical analysis as well as optical measurement in the integration models. [31-33]  

Organoids or Organs-on-chips have been more recently benefiting from the biocompatible BioMEMS 

(Biological Micro-Electro-Mechanical Systems)[34] and microfluidic chips[35]. The former enables 

precise control over cellular microenvironments under biological conditions, and the latter perfuses 

the system constructs by regulating fluid behavior and connections. Both of the mentioned systems 

have also been extensively adopted and utilized to develop 3D cell culture devices. However, the 

cumbersome user interfaces and time-consuming molding processes of lithography technology act 

as barriers to their clinical applications and commercial dissemination.[11] The novel 3D printing, also 

termed as rapid prototyping, is likely to bring unprecedented convenience and versatility and be 

adopted to produce microfluidic chips and 3D cell culture devices with precise shape, architecture, 

and structure of targeting tissues and organs.[36-38] The living systems on chips platform can also be 

reconstructed by the interaction of 3D printing-based biomimetic microfluidic chips and various 

microfluidics interface technologies and  accessories (e.g., sensors, micro-valves, and micro-

pumps).[39] Researchers can acquire digital files of these molecules easily via the Internet, print them 

quickly by a 3D printer and assemble the device manually, making it rapid and applicable to be 

employed in both clinics and research.[40,41] To be specific, 3D bio-printing can lay down 
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biocompatible supporting materials and living cells simultaneously, and introduce the physiological 

relevant cues (e.g., well-defined cell arrangement) to more effectively simulate cellular diversity and 

micro-structure exhibiting great consistency.[42-44] Various favorable merits are brought up and fully 

integrated, meanwhile, many drawbacks and difficulties in designing and optimizing culture devices 

are effectively avoided and complemented by integrating organoids/organs-on-chips and 3D 

printing.[45] In brief, 3D printing can simplify the fabrication of microfluidic devices and make 3D cell 

culture platforms cost-effective, time-saving, user-friendly and less labor-intensive. 

Numerical simulations using multiphysics softwares is a feasible tool that provides the necessary 

capabilities of modeling coupled fluid flow, mass transport, and biochemical, bioelectrical and 

mechanical cues for designing and developing considerable proof-of-concept 

models.[46]Computational and mathematical modeling can contribute accurate and satisfactory 

results by simulating datas gained from experiments, and avoid repetitive experimental 

measurements.  This powerful tool can greatly reduce cost and time for analyzing, optimizing and 

revising the design of 3D culture microfluidic chips, as well as shortening the design pipeline and 

boosting the development of elaborate 3D cell culture platforms.[47] For example, computational 

fluid dynamics (CFD) is more appropriate for analyzing flow patterns, pressure drops, wall shear 

stress profiles, and mechanical loads on microfluidic or membrane-based organ-on-a-chip devices. 

Multiphysics modeling can be employed as well to verify various speculations of cellular metabolic 

behaviors and activities (e.g., nutrient consumption, oxygen concentration and distribution in 

microfluidic devices). Furthermore, it can imitate the effect of shear stress and flow field on cell 

migration, alignment and phenotype, as well as the coupled effect between shear stress and sub-

micro topography.[48]Computational simulation of complex behavior arising in multicellular 

constructs, organoids, and multi-organ-on-a-chip or human-on-a-chip can provide critical insights for 

improving reproducibility or enhancing guidance. Nevertheless, incorporating numerical simulations 

into organoids or organ-on-a-chip models needs important advances in modeling and additional 
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theoretical work in both simulation and experimental studies.  

Organoid and organ-on-a-chip have been largely supported and increased funding from various 

funding agencies to build a flexible, reliable, affordable, and accessible in vitro microphysiological 

model to perform drug discovery, toxicity testing and basic research.[49] In this review, we thoroughly 

compared their merits and differences between organoid and organ-on-a-chip models in cell sources, 

structural fidelity, cellular fidelity, and control ability from the application perspective, respectively. 

Then, we detailed the advantages and benefits by integrating organoid and organ-on-a-chip for 

enhancement in structural and cellular fidelity, increasing spatial-temporal control of 3D tissue 

generation and higher-throughput readouts. Afterwards, the combinations of two 3D cell culture 

models with 3D printing or numerical simulation are separately illustrated for exploring their latest 

achievements, barriers and future prospective. Furthermore, we provide the challenges and 

limitations facing organ-on-a-chip and organoids and 3D printing technologies and numerical 

simulation used for tissue models, and a conclusion with some personal insights to address the 

technologies which have their advantages, disadvantages or scope of each model. The relatively 

elementary recommendations and future solutions are highly conducive to address the issue by 

integrating of organoid, organ-a-on-chip, 3D printing and numerical simulation toward patient-

specific or disease-specific human-on-a-chip.  

2. Comparison between organ-on-a-chip and organoid models 

Organoid and organ-on-a-chip models are highly beneficial. Recognizing their merits and limitations 

of these approaches in terms of cell origin, structural fidelity, genetic stability, and environmental 

control capabilities and throughput will provide more insights into both approaches and their 

applicable environments. Moreover, such comparisons also reveal a future path to pursue in an 

integration approach integrating organoid, organ-a-on-chip, 3D printing and numerical simulation 

toward patient-specific disease-on-a-chip and human-on-a-chip. In the present section, we first 

introduce the cell source of 3D cell culture which would be informative for comprehension, followed 
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by comparing the above features and diversifications by presenting applications of both approaches 

in modeling biological processes of organ, cellular development, disease etiology plus drug screening. 

Subsequently, current technological challenges and future perspectives faced 3D cell culture models 

are also discussed. 

.2.1. Cell source 

Considerable cell sources both human and animal origin are employed in existing organoids and 

organ-on-a-chip models. They fall into pre-existing well-differentiated cells (e.g., primary cells, 

immortalized cell lines and tissue biopsies) and undifferentiated cells (e.g., embryonic stem cells 

(ESCs), induced pluripotent stem cells (iPSCs), and adult stem cells (ASCs)), each of which has distinct 

merits and demerits. Animal cell sources differ essentially from human physiological complexity and 

fail to summarize the inherent genetic mutations and variations of human cell sources for disease 

models and drug screening.[50] Pre-existing well-differentiated cells refer to well-established sources 

available extensively, as well as exhibiting genetically homogenous and slight phenotypic 

mismatches with actual tissues.[51] Undifferentiated cells are capable of differentiating successfully 

into specific lineages and genomes and encounter hurdles of arrested differentiation and 

inconclusive disease phenotypes, and potential mutagenesis and carcinogenicity by regulating 

mutations, chromosomal abnormalities, or epigenetic variations in DNA methylation patterns 

induced by viruses.[52] Thus, it is one of the critical procedures for both organoid models and organ-

on-a-chip systems to correctly choose cell sources in line with research motivations and genetic 

background.[3] For instance, a liver-kidney-on-a-chip being seeded with Hep RG cells noticeably 

differs from that lined with HepaG2/C3A cells for drug screening duo to that only the former is 

capable of metabolizing ifosfamide into toxic chloroacetaldehyde.[53] Baudoin et al. clarified that 

tumor-derived hepatic cell lines exhibit inferiority to primary human hepatocytes in multi-organ-on-

chips to summarize liver metabolism and functionality for predicting drug response application.[54] 

Furthermore, ESCs or iPSCs derived organoids  also noticeably differ from primary tissue-based 
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organoids and limit the presence of mesenchymal cell types and has no branding in the cultivating 

process when compared to the latter.[14, 15]  

Organ-on-a-chip systems are primarily dependent of the pre-existing well-differentiated  cells.[16, 57] 

The primary cell source refers to a type of mature cell covering a limited natural extracellular matrix 

and might vary from batch to batch. Given that primary cells derive from a specific patient, the 

primary cells based chips are capable of reestablishing disease models for individualized treatment 

and drug screening. Nevertheless, human primary cells are hard to acquire duo to the trauma of 

extraction and most primary cells adopted in the systems are of animal origin which significantly 

limit their translational ability and application areas.[58] Nevertheless, the primary cells based chips 

may also require the presence of cell lines in certain scenarios to  regenerate the cell-or-organ level 

interactions.[59] Cell lines may be the most extensively used cell sources for organ-on-a-chip systems 

having been employed in research areas (e.g., kidney[4], lung,[60] gut,[61] heart,[62] liver[63], brain[64], and 

as well as the integration of these organs on body-on-a-chip[65]). Consistent with primary cells, the 

inherent homogeneity of cell lines or mature cells within slightly natural extracellular matrix 

microenvironment leads to reproducible results and associated application in disease modeling. 

Nevertheless, this is at the expense of restricted patient specificity in contrast to other individual-

specific cell sources[3]. Furthermore, immortalized cell lines would exhibit slight phenotypic 

diversifications from actual tissues in several cases (e.g., protein expression and metabolic pathways) 

and may not be the optimal choice.[66] Another common cell source for organ-on-a-chip is ex vivo 

tissue (e.g., intestinal and liver slices[67] or endocrine tissues).[68]  ex vivo tissue biopsies originate 

from mature tissues and can more accurately reveal the biological information of living tissues 

consistent with primary cells.[69] Moreover, the biopsies may exhibit the additional benefit by 

incorporating some of the natural extracellular matrices and tissue structures and be capable of 

facilitating the recapitulation of organ tissues in the cultivating process. Nevertheless,  current ex 

vivo tissues from human are not easily available except tumors for ethical issues and potentially 
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cause rapid compromise of functions shortly after extraction, making them unsuitable for long-term 

culture and research.[70]  

Organoid models are generally derived from primary tissue biopsies, or stem cells to summarize the 

structure and functionality of organ tissues.[71] Most common stem cell types consist of ASCs, ESCs 

and iPSCs have the essential ability to be induced into one or clusters of specialized cells and be 

assembled into intricate structures resembling their counterparts in vivo.[72] ASCs can be derived 

from various sites of the human body of both juveniles and adults, thereby making them easy to 

access. ASC-derived organoids typically display a more mature phenotype and have been employed 

to model various organs. However, ASCs can only differentiate into certain types of cell lineages in 

accordance with derived-tissues and have various protocols that render heterogeneous phenotypes 

of organoid from batch to batch, making them less applicable to cell source of organoid in contrast 

to other stem cells.[73] ESCs originate from the inner cell mass (ICM) of an early-stage embryo named 

blastocyst. Both ESCs and ICM cells fall to totipotent or pluripotent cells.[74] Note that one type of the 

earliest entire organoid originates from mESCs (mouse embryonic stem cells) by culturing it under 

floating conditions within mixed culture media.[75] The most salient merit of the ESCs source is 

reflected by the unlimited differentiation potential and subsequent high phenotype fidelity. 

However, since researches associated with ESCs raise ethical difficulty and rigorous regulation,.thus, 

it is extremely difficult nowadays to put this cell source into widespread practical research use.[76]  In 

addition to ethical debates, there are still technical obstacles to guarantee creating various cell lines 

with genetic diversity, as well as exploring well-defined protocols to directional differentiation, and 

futher hinder the application of ESCs.[77] iPSC (initially proposed in 2007 and awarded with Nobel 

Prize in 2012) represents the evident advancements in transfection protocols for stem cells and 

provide an ideal cell source for organoid models.[78] iPSCs can be conveniently generated from cells 

being harvested from specific tissues under defined factors by induced dedifferentiating process into 

the particular lineage and genomes..[78]  Furthermore, iPSC can be easily harvested from donors with 

javascript:;
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certain diseases and meanwhile without ethical concerns, making them overly applicable to studies 

on organ-level dysfunctions. The most advanced techniques (e.g., clustered regularly interspaced 

short palindromic repeats/CRISPR-associated nuclease9, CRISPR/Cas9 genome editing technology) 

may be employed to provide unique opportunities to scrupulously delve into more human 

diseases.[79] Few hurdles encountering the applications of iPSCs is also unavoidable to arrest their 

differentiation and vary indefinite disease’s phenotypes that be attributed to differences between 

the tissue of origin and genotype.[73] Therefore, future efforts are going forward to develop more 

reliable protocols for stem cell differentiation and to get rid of mutations, chromosomal 

abnormalities as well as epigenetic variations in DNA of  stem cell sources.  

2.2. Structural fidelity 

Self-organizing organoid and engineered organ-on-a-chip facilitate a thorough exploration of lineage 

specification, cell-cell interaction and organ- or tissue-genesis by adopting different strategies and 

possessing distinct merits. However, each model can also find its suitable applications concerning 

target tissues or organs because of their differences in structural fidelity.  Organoid models can 

uniquely summarize important micro-structures and functions of in vivo living tissues and provide 

ideal tools to explore human organs because of their high structural fidelity by rigorously applying 

timed chemical cues. Jo et al.[80] managed to induce self-organized multicellular 3D midbrain-like 

organoids by incorporating functional and electrically active midbrain dopaminergic (mDA), as well 

as specific layers of neuronal cells that could express characteristic human midbrain’s markers from 

human induced pluripotent stem cell (hiPSC).(Figure 1A) The midbrain organoids self-organized into 

neuro-melanin like granules whose structure was similar to the developing midbrain in vivo and 

performed function to produce cardinal midbrain dopaminergic neurons and dopamine after more 

than two months’ cultivation. For of , Vyas et al. [81] managed to employ hepatic organoid with  high 

structural fidelity and self-organized ability to accurately imitate liver organogenesis and congenital 

diseases. The liver organoid originate from human fetal liver progenitor cells could reestablish 
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parallel hepatobiliary organogenesis, high differentiated hepatocytes and biliary ductal structures 

after planted inside acellular ECM for cultivation. Moreover, they successfully extended their study 

and then developed a liver disease model resembling Alagille syndrome by inhibiting NOTCH 

signaling to interrupt duct morphogenesis. Furthermore, Zambrano et al.[82] induced human 

embryonic somatic cell (hESC) line AND-1 following formation protocol into typical finger-shaped 

structure of lung bud organoids (LBO) for reestablishing a natural sequence of respiratory system 

differentiation from embryonic to alveolar stages (Figure 1B). They performed the trypsinization of 

the cells into small clumps covering 3 to 10 cells and subsequently seed and cultivate them on a low-

attachment culture medium for around 25 days. The resultant organoids exhibited branching airway, 

early alveolar architecture as well as advanced paddle-racquet like structures, revealing that the 

organoids had reached the alveolar stage of lung differentiation and might become a versatile tool 

to model surfactant deficiency syndromes. 

In contrast to organoid models that demonstrate high structural fidelity for their spontaneous 

organization ability, engineering-based models can largely contribute to exploit micro-fabrication 

methods to imitate the structures of in vivo tissue in a controllable microenvironment. Bein et. al [83] 

exhibited a novel human intestine organoids-on-a-chip which represents the typical design principle 

of organ-on-a-chip systems (Figure 1C). Human intestine model have been engineered with 

increasing complexity that also include neighboring channels lined by microvascular endothelium, 

immune cells, commensal microbes,  pathogenic bacteria, and some permit application of cyclic 

mechanical forces that mimic peristalsis-like deformations experienced by living intestine in vivo. 

Bang et al.[84] developed a simplified neural-on-a-chip with aligned 3D neuronal circuit in Matrigel 

which covered new micro-pillar arrays (Figure 1D). The neural-on-a-chip imitated the multilayered 

structure of neuronal circuit, axon fasciculation, as well as neural bundle by culturing primary rat 

cortical neurons with align ECM components. These researchers also facilitated the patterning of 

Matrigel cross-linking density distribution during gelation process by controlling under hydrostatic 
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pressure and delivering continuous flow via the chip. Subsequently, they reported the neurite 

growth rate (an average speed of 250 µm per day), formation of axon bundle with fasciculation, and 

the evolution of neural network from presynaptic to postsynaptic neurons after seeding on one side 

of the Matrigel. , Ho et al.[63] developed a lobule-mimetic liver-on-a-chip to imitate the liver tissue by 

covering concentric-stellate-tip microelectrode arrays to pattern hepatic and endothelial cells. They 

managed to guide, snare and align the massive cells simultaneously inside the well-defined chamber, 

resembling the basic morphology of hepatic lobule by dielectrophoresis (DEP) manipulation that 

created a delicate spatial electric field. The successful field-induced orientation of randomly 

scattered cells to desired stellate patterns was identified as revealed from the results of fluorescent 

assay to faithfully recapitulate lobule micro-structure. 

Structural fidelity of organ-on-a-chip system is inferior to that of organoid model in most cases and 

are difficult to recreate the elucidate tissues’ structure duo to current limitations of micro-

fabrication techniques and knowledge concerning microstructure of tissues. It still  faced with the 

lack of some necessary functions even if reproducing several basic architectures of tissues or organs. 

For instance, one of the cases of liver-on-a-chip cannot summarize the directional biliary ductal 

clearance or reestablish the secretion of metabolic enzymes, which requires long cultivation time. [43] 

Organoid models typically lack tissue-tissue interface and vascular compartment, and form enclosed 

luminal structure[86], the organ-on-a-chip system can be extremely suitable and informative when 

modeling basic tissue architecture as barrier[87, 88], thin-film interface[89] as well as tubular structure. 

For instance, Booth et al.[88] fabricated a microfluidic blood-brain barrier (BBB) restrictive membrane 

recapitulating the sophisticated biological architecture of its counterpart in vivo. It is capable of 

imitating shear stress of the dynamic vascular environment, and hinder various exogenous 

compounds (amino acids, selected sugar, electrolytes for instance) in the blood from entering the 

central nervous system. The artificial multilayer BBB covered two glass substrates for support, four 

PDMS layers with a porous polycarbonate membrane within them to achieve endothelial cells and 
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astrocytes culture, two channels for flow penetration and embedded electrodes for trans-

endothelial electrical resistance (TEER) test. Note that in the experimental process, the tight 

junctions and high viability of cells in BBB were revealed from the optical imaging results. Besides, 

the TEER test of BBB expressed a distinct higher level in selective permeability than conventional 

models, verifying that such system could act as a useful platform to imitating and exploring barrier 

function.  

Tavana et al.[90] created a lung-on-a-chip, recapitulating a thin film structure within a small airway, to 

delve into the underlying mechanism of surface tension-induced lung diseases. They imposed 

pulmonary pressures via micro-pumps and thoroughly observed the metabolic activities of human 

alveolar epithelial cells with or without Survanta (a type of clinical surfactant). The high mechanical 

stresses could lead to substantial cellular injury, and adding the surfactant could protect epithelium 

and down-regulate the death rate of these cells. Ingber et al.[61] fabricated a gut-on-a-chip to 

reproduce the convoluted architecture and associated barrier function of the intestine in vivo. The 

chip displayed two microfluidic channels split by a porous flexible thin film being coated with ECM 

and lined by Caco-2 cells and cultivated under dynamic conditions performing shear stress and cyclic 

strain.  This bio-microfluidic chips are convenient to imitate the thin film structure within a small 

airway by quickly polarizing cells into a columnar epithelium and developing into intestinal villi-like 

architecture. The blood circulatory system are critical to the exchange of nutrients and maintaining 

the homeostasis across the whole body by linking all types of organs.  Mori et al.[91] devised a 

vascular-skin-equivalent-on-a-chip with artificial vascular channels and perfusion systems to imitate 

the architecture of its living counterpart (Figure 1E). Two ends of microfluidic channels were coated 

with endothelial cells to test the ability of molecules to penetrate the epidermal layer into vascular 

systems. Moreover, the researchers fixed peristaltic pumps and silicone tubes to the channels’ ends 

to simulate the perfusion conditions and supply nutrition to artificial skin. Furthermore, histological 
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analysis suggested the similarity of epidermal and vascular morphology also further verified the 

suitability of organ-on-a-chip to model vascular systems.   

2.3. Genomic stability 

Organoid models also should be highlighted for their genomic stability duo to consist of diversified, 

genomic stable, self-renewing cells that can differentiate into fully developed mini-organs harboring 

all main cell types at a similar ratio to its living in vivo counterpart. Lancaster et. al [92] described a 

recently established protocol for generating 3D brain tissue, so-called cerebral organoids, which 

closely mimics the endogenous developmental program give rise to developing cerebral cortex, 

ventral telencephalon, hippocampus, choroid plexus and retinal identities within 1-2 months (Figure 

2A). This straightforward protocol can  easily be implemented in a standard tissue culture room and 

be applied to developmental studies, as well as to the study of a variety of human brain diseases. 

Cerebral organoids can also be maintained in long-term culture and be potential to model later 

events such as neuronal maturation and survival. Qian et al illustrated that forebrain organoids 

covered various cell types induced by two rounds of patterning factors; these brain-region-specific 

organoids exhibit high reproducibility, display a well-developed six cortical layers for human cortical 

development, and lead to the remarkable reduction of both tissue and temporal development 

heterogeneity.[21] Primary information obtained are concerning signaling pathways of solid organs 

(e.g., liver) and regarding their role in organogenesis remains a pivotal unanswered problem. Alagille 

syndrome (ALGS) is primarily attributed to mutation of the JAG1 gene and refers to a genetic 

disorder impairing liver by causing abnormalities in bile ducts. Guan et al. created iPSC-derived liver 

organoid [93] harbored endothelial cells, hepatoblasts and mesenchymal cells in similar proportion to 

living tissue to imitate the elaborate intrahepatic bile ducts. They identified that C829X mutation 

leads to profound alteration, rather than G274D mutation of JAG1for the ascertainment of these 

genetic disease-induced abnormalities. Furthermore, they could acquire valuable information 



 

This article is protected by copyright. All rights reserved.18 

concerned with the role of these critical signaling pathways and ascertain the role of JAG1 in 

epithelial cells assisted by the high cellular similarity.[93]   

Research work published in Nature series demonstrated that the extent of the resultant genetic and 

transcriptional heterogeneity and its functional consequences of genetic variation within cell lines, 

and provides a framework for researchers to measure such variation in efforts to support maximally 

reproducible cancer research. Current cell lines used in 2D cell culture and organ-on-a-chip systems 

might also face the same problems in long-term cultivation, which makes somewhat untrustworthy  

and limits their applications in disease modeling and drug screening. [94-96] In contrast, the high 

genomic stability of organoid models also reflects in a conserved genomic landscape resembling 

their parental cells, thereby making organoid a feasible and expandable material source in search of 

genotype-phenotype relationship, drug response as well as functionality of certain tissue (e.g., 

tumor).[53] Lee et al.[97] fabricated and exhibited mutation rates of derived bladder cancer organoids 

originating from 22 patients compared with parental tumors (Figure 2B). The organoids maintained 

the heterogeneity of corresponding parental tumors, and kept histopathological and molecular 

diversity, and patterned a range of genomic variations resembling tumor evolution during cultivation. 

They could also gain insights into the partial relationship between the mutational profiles and  

verified certain responses when applying xenografts in vivo by phylogenetic analysis based on this 

useful and efficient organoids platform. Sylvia et al. employed pancreatic organoids derived normal 

and neoplastic tissues, which recapitulated the ductal and disease state features, to dissect the role 

of gene Kras in pancreatic neoplasia.[98] They managed to simulate the physiological spectrum of 

carcinomas generation from early-stage neoplasms to lesions by orthotopically transplanting the 

organoids. Furthermore, they reminisced of pancreatic intraepithelial neoplasms (PanINs) to invasive, 

metastatic tumor. They have identified the genes that drive the adenocarcinoma pathogenesis and 

critical molecular signaling pathways through inducing mutation of certain cancer genes followed by 

thoroughly proteomic profiles and transcriptional analyzing.  
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Additionally, the organoid regenerative methods can serve as an innovative tool to rescue those 

affected by specific monogenic diseases by homologous engraftment of organoid to the right site 

after mutation correction. The most representative case is cystic fibrosis caused primarily by 

mutations in cystic fibrosis (CF) transmembrane conductance regulator (CFTR) gene. CFTR gene has 

been ascertained the functionality of an anion channel and is critical to electrolyte and fluid 

homeostasis of epithelium. Despite that various assays have been developed to assess the 

functionality of CFTR and explore efficient new drugs, existing reagents have poor performance to all 

for the mutation variability in different patients.[99] Ogawa et al. [100] fabricated bile organoid covered 

epithelialized cystic as well as ductal structures which could exhibit mature biliary markers from iPSC. 

They co-cultured the organoid with OP9 cells at the hepatoblast stage to achieve NOTCH signaling by 

performing serum-free protocol. Note that after CFTR modulators were added to stabilize protein 

and hinder misfolding, cysts originating from CF patients’ iPSC were ascertained to be recovered by 

forskolin-swelling tests. This verified the ability of organoid in regenerative correction of certain 

diseases or being engrafted in the right site in clinical perspective and even verified using murine 

test.[101] Moreover,  Schwank et al.[102] developed intestinal organoids originating and expanded from 

both primary large(LI) and small(SI) intestinal stem cells to cure the identical disease. The cells 

originated from two homozygous CF patients having undergone common mutation at F508. They 

employed a range of sgRNAs with the plasmid, which encodes wild-type CFTR, to correct CFTR 

sequence based on CRISPR/Cas9 technology. Moreover, they introduced a silent mutation 

downstream the correction for polymerase chain reaction (PCR) testing and proved the successful 

repair of F508 and site-specific knock-in events in most cases. Similar examples cover the 

rectification of Kras gene mutation by Sylvia et al.[55], correction of dyskerin gene (DKC1) in 

congenital dyskeratosis by Cas9-mediated intestinal organoid by Woo et al.[103], reversion of certain 

functional loss attributed to RPGR gene mutation in retinitis pigmentosa by Deng et al.[104]. In brief, 

researchers can construct matched diseased and healthy organoids with high cellular fidelity 
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compositionally and genetically, and make them a regenerative clinical therapy and a feasible tool to 

access the disease progression, assess drug resistance and toxicity[94, 97, 99]. 

Indeed,  engineering-based organ-on-a-chip systems are essential inferior to organoid models in 

physiological complexity, cellular diversity and cellular genetic similarity for their over-simplified 

cellular composition and limited cell types.[4, 16] However, it does not indicate that organ-on-a-chip 

models remain inferior to organoid in terms of applications as underlying biological exploration for 

organs, disease generation, as well as drug screening. Since organoid models rely on poorly defined 

Matrigel and essential organization ability of stem cells, which could lead to great variability in size, 

shape, and viability and  hard dissection in the analysis of certain factors or signaling pathways[99] 

Furthermore, deficiency of stromal components (e.g., immune cells) also hinders the use of 

organoids in modeling diseases or drug toxicity characterized by inflammatory responses.[38]  

In contrast, organ-on-a-chip models can draw upon well-defined bio-chemical and physical 

modulators to determine the cell fate in regulated cell niches, thereby rendering simplicity to model 

mono-cue or several factors influences. For the features of organ-on-a-chip mentioned above, Sung 

K.E. et al.[105] developed a simple breast cancer-on-a-chip to summarize the transition of carcinoma, 

being critical to the breast cancer progression. The proposed breast cancer-on-a-chip, covering a 

compartmentalized culture system, could simulate the transition from ductal carcinoma in situ to 

invasive ductal carcinoma. They could conduct cell-cell signaling studies of a single cell without 

interference (human mammary fibroblasts) by co-culture of epithelial cells with fibroblasts and 

exertion of spatial-temporal control. Furthermore, they managed to cast light on the fact that 

soluble factors just begin the transition, whereas only direct contact could lead to the transition of 

carcinoma. Their subsequent study identified the effects of specific critical ECM components during 

breast cancer progression with seven different combinations of three ECM proteins and by 

characterizing the proliferation and morphology of T47D clusters.[106] Moreover, the capability of 

organ-on-chip models to decipher the complex factors in micro-environment have been identified by 
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numerous correlations of bio-chemical or physiological factors with biological process, including 

Estrogen Receptor (ER) protein with the proliferation of breast cancer cells,[107] transforming growth 

factor–β (TGF-β) inhibitor with lung adenocarcinoma cell,[108] endothelin-1 and rho-associated kinase 

(ROCK) inhibitors with cardiomyocytes thin film[109], etc.. . 

2.4. Environmental control ability and throughput 

Organ-on-a-chip systems can control the delivery of different bio-chemicals or compounds and 

provide delicate spatial-temporal control over cell culture through manipulating input and output 

flow conditions (e.g., flow rates and associated shear stress) with syringe or micro-pump. Moreover, 

these microfluidic systems can also introduce a range of stimuli (e.g., concentration gradient[110, 111], 

electromechanical force[112], mechanical force[113, 114], and shear stress[115]) in a high-throughput 

manner to simply combined with monitoring systems. 

Organ-on-a-chip systems can manipulate the fluid flow spatial-temporally to reestablish the micro-

niches for cell culture, which is one of the most prominent differences between organoid models 

and organ-on-a-chip systems. For instance, one drawback of tumor organoid is typically lacking 

vasculature, perfusion system, and many invasive cell types. Sobrino et al.[116] developed a 

vascularized organ-on-a-chip system with its unique ability to supply perfusion flow and was 

employed to imitate human micro-vessels and cultivate tumor cells to develop vascularized micro-

tumors. The enormous benefits of controlled perfusion brought by microfluidic devices have been 

verified by tracking protein expression and status, and identified through considerable metabolic 

heterogeneity and correlation between tumor and vasculature, as well as their response to anti-

cancer drugs. .  

The simple manipulation of reagent dosage by organ-on-a-chip systems makes them trustworthy 

and feasible tools to take efficient drugs, identify combination schemes and ascertain appropriate 

dosage according to toxicities and side effects. Xu et al.[110] developed a lung cancer-on-a-chip 
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covering four microfluidic chips, each of which covered three culture chamber and a concentration 

gradient generator (Figure 2C). By regulating the concentration at drug inlet, reagents types as well 

as channel width, they could also produce a range of combinations and concentrations of drugs. 

Based on this efficient and high-throughput chip, they could provide a clear individualized 

prescription for eight patients in the meantime with a single or multidrug combination of 

appropriate dosage. Sara et al.[111] created spatial gradients of cellular composition and matrix in the 

hydrogel with U87 cells seeded in it. They could recreate the heterogeneous micro-environment of 

glioma and explore how gradations of bio-chemical or biophysical cues impact the malignant 

phenotype and treatment via the platform. In this study, a range of injecting precursors with spatial-

gradated and well-defined chemical composition were produced using microfluidic mixing methods 

first, followed by patterning them into optically translucent hydrogel with certain structures. They 

could  explicitly trace the effects of gradations in micro-environment by simultaneously performing 

polymerase chain reaction, enzyme-linked immunosorbent assay and metabolic activity assay of 

glioblastoma multiforme, thereby illustrating the great spatial control ability of the organ-on-a-chip 

model. 

Furthermore, organ-on-a-chip systems can easily incorporate many micro-environmental stimuli 

(e.g., electromechanical force, mechanical force and shear stress) for the essential convenience of 

integration with various engineering methods when comparison with organoid models. For instance, 

Agarwal et al.[112] advanced a high throughput heart-on-a-chip with orientated rat cardiomyocytes 

attached on thin films embedded in it, which could be employed to clinically alleviate translational 

barriers in the analysis of inotropic effects of β-adrenergic (Figure 2D). To be specific, they fabricated 

a sub-millimeter scaled polydimethylsiloxane (PDMS) cantilever and cultured the anisotropic rat 

cardiomyocytes cells and tissues on the substrate to imitate the laminar structure of the heart 

ventricle. Moreover, a metallic base was covered to stabilize the temperature. They also regulated 

the wash-in and wash-out fluid flow of drug by syringe pumps and exerted electrical field to induce 
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contractile stresses. Likewise,  Wang et al. [113] employed the identical heart-on-a-chip with patient-

derived iPSC lined on the thin elastomer films to elucidate the efficacy of TAZ modRNA on Barth 

syndrome. They also employed fibronectin micro-patterns to replicate the contractile 

pathophysiology in vitro under biophysical cues (e.g., mechanical force)  to cultivate and manipulate 

the iPSC self-developed into laminar myocardium with immature phenotypes (e.g., aligned 

sarcomeres and metabolic abnormalities like in vivo model). Furthermore, Parker et al.[114] devised a 

stretchable heart-on-a-chip which could reestablish mechanical overload and failing myocardium of 

diseased heart in vitro. They employed cyclic stretch on engineered laminar ventricular tissue on a 

stretchable chip and ascertained the differences among animal models, clinical records and data 

harvested on-chip in various aspects (e.g., gene expression, myocyte architecture, calcium handling, 

as well as contractile function). The quantitative results demonstrated that the cyclic stretch could 

exert great influence on the gene expression profiles, myocyte shape as well as sarcomere alignment. 

Organ-on-a-chip could faithfully imitate the diseased heart in vitro on the basis of inference by 

replicating structural and mechanical cues. Shim et al.[115] created a gut-on-a-chip that re-established 

two features of its counterpart in vivo, the 3D villi structure and shear stress, which are conducive to 

the differentiation and phenotype fidelity of cell culture (Figure 2E). Subsequently, they designed a 

delicate collagen scaffold capable of recapitulating the structure of human intestinal villi, and 

combined it into the microfluidic chip to introduce shear stress by fluid perfusion.[116] They compared 

the morphology, representative enzymes’ activity and epithelium absorptive permeability of Caco-2 

cells in three culture conditions,  such as 2D culture on transwells, 2D culture on microfluidic chip 

and 3D culture on microfluidic chip, respectively. The results enabled them to identify noticeable 

enhancement in the Caco-2 cells’ metabolic activity and demonstrated the collective influence of 3D 

architecture and perfusion condition. 

Besides spatial control ability, engineering-based organ-on-a-chip systems can also exert  temporally 

control over culture processes. For example, Gretchen et al.[117] developed a liver-on-a-chip to prove 
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the ADMET (e.g., absorption, distribution, metabolism, excretion and toxicity) properties of 

acetaminophen by combining intestinal cells’ chambers and monolayers lined with HepG2/C3A cells, . 

The device helping ascertain the dose-dependent hepatotoxicity induced by metabolic processes 

and glutathione depletion attributed to acetaminophen could serve as a good example to certify the 

temporal control ability of organ-on-a-chip systems. Researchers could regulate the residence time 

of drugs in the chamber to approximate to the identical durations that the drugs particularly stay in 

vivo, and study the potential toxicity of oral drugs or other chemicals that aided by microfluidic 

technology. 

High throughput is another characteristic of organ-on-a-chip systems and conducive to clinical 

application which needing strict time requirement compared with organoid models.  Multi-wells 

organ-on-a-chip is able to simultaneously perform numerous experiments on the same chip 

promoted by engineering-based principles. For instance, Grosberg et al.[109] designed a muscle-on-a-

chip covering 24-well plate to analyze reactions of muscular thin films (MTF) with ROCK inhibitor and 

endothelin-1 at different concentrations in the meantime. The MTFs seeded with muscular cells are 

patterned with ECM by micro-contact printing and then placed in each well of the same chip. 

Subsequently,  they tracked the projection and calculated the stress of MTF after treatment with 

reagents. The results certified the high throughput trait of multi-wells organs-on-chips by adding 

high concentration of endothelin-1 to enhance contractility of MTFs while ROCK inhibited it. Wevers 

et al.[118] designed a high throughput 3D microfluidic platform to culture neuronal-glial networks, 

which is termed as OrganoPlate® covering 384-well plate microtiter for 3D cell culture and coverslip-

thickness glass for optical evaluation. Each independent culture unit of  OrganoPlate® contained four 

nearby wells, with two for providing medium and the other for cell/ECM mixture and monitoring, 

could be applied in the recapitulation of a miniaturized organ or tissue. In subsequent tests, the 

researchers implanted neurons and astrocytes into the chip and then subjected to 

immunofluorescence staining to classify the cells that came from a large number of cell sources. The 
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responses of cells at different stages to various compound treatments with a range of 

concentrations are simultaneously ascertained by electrophysiological analysis. 

3. Integration with emerging technologies 

As previously discussed, neither organ-on-a-chip systems nor organoid models are perfect in the 

face of diverse and sophisticated studies or clinical purposes. Organ-on-a-chip systems may be 

inferior to organoid models in structural or cellular fidelity as they are sometimes not capable of 

replicating solid tissues or organs with elaborate micro-structures as they rely on micro-fabrication 

methods and pre-differentiated cell sources.[3, 66] While organoids can narrow the gap between 

existing in vivo models and in vitro models by cultivating and manipulating cell sources long enough 

to self-organize and imitate various critical traits of target tissues, they still lack critical cell types, 

stromal components, and can recapitulate only the early phase of organogenesis.[81, 85] Organoid 

models also lack tissue-tissue interfaces and generally form closed luminal structures which might 

entrap cells and render difficulties in analyzing luminal contents. Moreover, organoid models show 

variability in size and shape from batch-to-batch due to the poor definition of Matrigel components 

and the absence of micro-environmental control, making high-throughput analysis difficult[83]. In 

contrast, organ-on-a-chip systems are capable of providing cells with a consistent microenvironment 

and exerting great spatial-temporal control over 3D cell culture by incorporating biophysical or 

biochemical cues, spatial organization, well-defined cellular components, specific physiological 

functions, and cell-cell and cell-matrix interactions. Therefore, a strategic integration between these 

two 3D cell culture models may overcome the limitations of each approach and establish 

unprecedented and amenable biomimetic models for various applications.[83] Nevertheless, these 3D 

cell culture models are subject to numerous technical problems that hinder their utilization, 

propagation, and combination. For instance, the current fabrication methods—derived from 

conventional micro-electromechanical systems (MEMS) manufacturing—are labor-intensive and 

require specific knowledge concerning micro- or nano-manufacturing, making it expensive, time-
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consuming, and difficult for researchers to create their own devices.[43, 77] In addition, most 3D 

culture devices cannot faithfully reproduce the real 3D structure, reducing the merit of such 

platforms in providing topological clues for cell development due to the limitations of conventional 

manufacturing methods. These barriers can be overcomed by integrating 3D printing, an emerging 

tool with convenient manufacturing processes that allows for the building of complex 3D 

architecture.[76] The combination of 3D printing technology and 3D cell culture technology can also 

enhance the integrity of biological microfluidic platforms, making it more user-friendly and easier to 

operate. Moreover, numerical simulation can be incorporated into the 3D cell culture procedures 

(e.g., device design and read-out), potentially enhancing the practicability and translational ability of 

bio-microfluidic chips. In the following sections, the advantages of integrating organoid models, 

organ-on-a-chip systems, 3D printing, and numerical simulation are discussed. Furthermore, current 

limitations and prospects are illustrated to better clarify the roles of these novel technologies in 

biological research and clinical applications. 

3.1. Integration between organoids and organ-on-a-chip  

Organoids rely heavily on spontaneous self-assembly for the generation of a precisely organized 

tissue structure.[119] The formation process varies for each tissue type but generally follows the 

pattern of proliferation, differentiation, cell sorting, lineage commitment, and morphogenesis.[120] As 

3D organoids increase in size and volume, growing cells in the organoid core become distant from 

the surface in contact with fresh medium; subsequently, simple diffusion becomes insufficient for 

providing oxygen and nutrients and limits waste removal, ultimately resulting in internal cell necrosis, 

which hinders the maximum size and extent of tissue maturation of the organoids.[121] There is also 

limited control over the size, shape, and relative arrangement of different cell types within 3D 

organoids, limiting their applications in reproducible quantitative studies, which are required for 

robust drug screening and testing. On the other hand, microfluidic organ-on-a-chip is an artificial 

bioengineering system composed of arranged cells that recreate the structural and functional 
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features of human tissue/organ physiology, it has the advantage of a controlled environment that 

provides controlled fluid flow, cell-cell interaction, matrix properties, and biochemical and 

biomechanical cues.[122] Exposure of cells to physiological shear flow, mechanical stress, and 

substrate stiffness can have profound effects on cell and tissue physiology.[123, 124] Moreover, sensors 

and actuators can be integrated into the microfluidic devices to enable precise monitoring and 

control.[125, 126] Organoids or organ-on-a-chip alone have limited capacity to meet the broad range of 

needs that arise in the drug discovery process. The similarities of organoids to actual organs make 

them more attractive for target identification and validation early in the pipeline, whereas organ-on-

a-chip as more reproducible and controllable engineered constructs are better suited for efficacy 

and safety screening.  

Advances in microfluidic organ-on-a-chip approaches have allowed us to engineer organoids with 

essential structural and physiological features in a controlled manner and obtain microscale 

structures and parameters that approximate conditions in vivo.[127] By combining the strength of the 

two technologies, microfluidic organoid-on-a-chip can facilitate better nutrient and gas exchange to 

prevent cell death in the organoid core and recapitulate 3D tissue architecture and physiology. [128] 

This combination may also provide more versatile and predictive preclinical models that are broadly 

applicable to conventional and emerging drug discovery processes.[129] Notably, recent studies have 

demonstrated the proof-of-concept of engineering a perfused organoid-on-a-chip system by 

combining a 3D matrix, mechanical fluid flow, and in situ self-organization of multiple organoid types 

(e.g., brain, intestines, liver, pancreas, and lung) at a millimeter scale.[130] Organoid-on-a-chip may 

also enable the development of personalized disease models using patient-derived tissue specimens 

or by reprogramming induced pluripotent stem cells (iPSCs) from skin cells as organoids.[131] Indeed, 

micro-engineered tumor organoid systems grown directly from patient biopsies may resolve some of 

the issues that often occur with unpredictable growth patterns and substantial heterogeneity.[132] 

The convergence of the two approaches to produce multi-organoid-on-a-chip or human organoid-
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on-a-chip is emerging as a new approach for building 3D models with higher physiological 

relevance.[133] Furthermore, the integration of chemically defined hydrogels with human organoid-

on-a-chip may lead to the next generation of 3D models that show precise spatiotemporal control of 

niche factors. Additional bioengineering approaches, such as single-cell genomics, live imaging, and 

genome editing, may also be incorporated into organoid-on-a-chip systems to study human 

physiology, diseases, and organogenesis and achieve personalized medicine. 

3.1.1. Enhancing structural and cellular fidelity 

Epithelial organoid models typically form closed luminal cell spheroids and lack tissue-tissue 

interfaces while organ-on-a-chip systems usually exhibit inferior structural fidelity at sub-tissue 

levels.[31] One recent advance in cerebral organoid technology was the adoption of a miniaturized 

multi-well spinning bioreactor ( Spin Ω) as a cost-effective, simple-to-use system to facilitate 

nutrient and oxygen absorption, which enables formation of longer neuroepithelium-like zones and 

supports growth of large, complex organoids (Figure 3A).[21] This  Spin Ω is fitting a standard 12-well 

tissue culture plate that dramatically reducing the required media volume and allowing to optimize 

protocols to generate forebrain organoids from human iPSCs with minimized heterogeneity and 

variability that enables quantitative analyses and better recapitulation of the developing human 

cortex. Above the cover of SpinΩ, spinning shafts are attached to a set of 13 interconnecting gears 

and driven by a single electric motor. They used computer-aided design software to design and 3D 

print each component. They also developed protocols for midbrain and hypothalamic organoids and 

employed the forebrain organoid platform to model Zika virus (ZIKV) exposure. These organoids 

recapitulate key features of human cortical development, including progenitor zone organization, 

neurogenesis, gene expression, and, notably, a distinct humanspecific outer radial glia cell layer. This 

brain-region-specific organoids and SpinΩprovide an accessible and versatile platform for modeling 

human brain development and disease and for compoundor drugs testing. 
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Furthermore, as each model has its suitable target organs or tissues, it is possible to combine 

organoid and organ-on-a-chip systems to overcome the disadvantages of each model. Kasendra et 

al.[85] combined intestine-on-a-chip and organoids to create a useful research tool that can emulate 

intestinal villus structure and functionality. The authors obtained epithelial cells from healthy 

intestinal biopsies and expanded them into intestinal organoids through culturing. Then, they 

dissociated and seeded these organoids on a porous membrane embedded in a microfluidic chip. In 

addition, the human intestinal microvascular endothelium was cultivated in another parallel 

microchannel within the same chip and exposed to perfusion flow and cyclic deformation. In this 

bio-microfluidic chip, the polarized epithelial cells differentiated into organoids and lined up to form 

villi-like projections. One side of intestinal organoids interacted with the endothelium, while the 

other side was exposed to an open lumen. Remarkably, transcriptomic analysis showed that the 

structural fidelity of this hybrid model in mimicking the human duodenum was greater than that of 

either organ-on-a-chip or organoid models alone. Another example that illustrates the utility of the 

hybrid model is the brain organoid-on-a-chip.  

To test the early stage neurodevelopmental disorders caused by nicotine exposure, Wang et al.[134] 

integrated the organoid and organ-on-a-chip systems to fabricate a brain organoid-on-a-chip 

platform. Under controlled continuous perfusions, embryonic bodies could differentiate into brain 

organoids that reestablished key brain-specific features such as regional and cortical organization. 

Immunohistochemical and PCR analysis identified abnormal neuronal differentiation with enhanced 

TUJ1 expression and migration under nicotine exposure. Moreover, Lancaster et al. [92] successfully 

integrated organoid and organ-on-a-chip models to increase the surface area-to-volume ratio of 

artificial human forebrain tissue and maintain self-assembly during cultivation. Typically, organoid 

development requires non-adhesion cultivation conditions and cell-cell interactions, which are hard 

to attain in a microfluidic chip. By employing PLGA fibers as floating scaffolds, the authors overcame 

the incompatibility between organ-on-a-chip systems and organoid protocols. Other than improved 
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maturity of the neuroectoderm, this newly developed platform could also recapitulate characteristic 

cortical tissue, such as cortical plate and radial units, thanks to the basal membrane included in the 

chip. These studies prove that great advantages can be achieved by integrating different 3D culture 

models.  

As far as genomic stability is concerned, organ-on-a-chip systems cannot fully recapitulate cell types 

and their ratios in vivo and may introduce unexpected mutations during cultivation. Organoid 

models also have a limited abundance of cell types such as immune cells and stromal components, 

which may restrict their application. However, the combination of these models may, to some 

extent, overcome this drawback. Workman et al.[135] incorporated intestinal organoids derived from 

human iPSCs (hiPSCs) with a gut-on-a-chip to explore the normal and pathophysiologic reactions of 

the intestinal epithelium (Figure 3B). This platform can form polarized intestinal folds containing all 

intestinal epithelial subtypes and is biologically responsive to exogenous stimuli under a wide range 

of gastrointestinal conditions. Flow cytometry was also employed for cell sorting to address the 

inhibition effect of mesenchymal cells on epithelial monolayer expansion, improving the efficiency of 

producing monolayers.  

3.1.2. Increasing spatial-temporal control of 3D tissue generation 

Despite the fact that the organoid generation process (self-assembly, self-pattering, and self-

morphogenesis[136]) depends heavily on the self-organizing ability and default robustness of stem 

cells, the recapitulation of various exogenous or endogenous cues, including the concentration 

gradient of biochemical cues[137],growth factors[138] and topological[139] and , are extremely important 

in coaxing organized tissues in vitro. As mentioned in the previous section, engineering-based organ-

on-a-chip systems can simultaneously incorporate a great number of temporal (resident time of 

specific factors or cultivation duration) and spatial controls.[137, 140] Thus, the strategic integration of 

these two methods can compensate for the disadvantages of organoids, such as extremely long 

cultivation periods or undesirable scalability, and maximize the advantages of organ-on-a-chip by 
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introducing biophysical stimuli as mechanical forces, electric or magnetic fields, and shear stress. [141] 

Park et al.[140] incorporated a neuro-organoid induced from rat neural progenitor cells into a 

microfluidic chip that contains 50 cylindrical microwells to explore the effects of flow on neuro-

organoids. Under slow cerebrospinal interstitial flow exerted by an osmotic micropump on the 

microwell arrays, the neuro-organoids exhibited more robust and elaborate neural architecture than 

those under a static culture environment. Furthermore, the authors extended their study to model 

Alzheimer’s disease (AD) by including amyloid-β, a major contributor to AD. They found that cell 

viability under dynamic conditions was lower than that of traditional devices, demonstrating the 

ability of the integrated chip to achieve more physiologically relevant results. Similarly, Wang et 

al.[141] employed an organ-on-a-chip comprised of 3D Matrigel to provide hiPSC-derived 3D brain 

organoids with multicellular tissue structure and fluid flow conditions (Figure 3C). The brain organoid 

under a perfused cultivation environment exhibited excellent recapitulation of key features of the 

development of human brain-like cortical architecture and neural circuit generation. Notably, 

organoids cultured in such a controlled manner displayed an improvement in expressing cortical 

layer makers such as TBR1 and CTIP2. Taking these two cases into consideration, it is safe to 

conclude that controlled biophysical stimuli provided by organ-on-a-chip systems can pave the way 

for better recreation of living tissues by organoid models in vitro. Since organoid models rely heavily 

on spontaneous differentiation, it is difficult to envisage and control their shape and size in a 

favorable manner for experimental purposes or therapeutic applications. Moreover, without defined 

vascular systems to carry the blood and transport nutrients and waste, the mortality of cells inside 

the organoid models is extremely high, limiting the scale of the obtained organoid. To address this 

problem, Sakaguchi et al.[142] integrated thick tissues with built-in channels that function as 

surrogates of the vascular system. By seeding and lining endothelial cells within the channels as well 

as controlling the perfusion flow, cell-sustaining substances can reach the inner parts of the tissue. 

Similarly, Zhang et al.[143] proposed a hybrid strategy incorporating organ-on-a-chip, organoids, and 
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3D bioprinting to fabricate cardiovascular-organoid-on-a-chip with an endothelialized perfusion 

system. Through encapsulation and bio-printing directly into lattices, the endothelial cells can 

migrate to form the confluent endothelium. Furthermore, seeded cardiomyocytes can align to 

generate the myocardium with controlled anisotropy and are able to contract spontaneously and 

synchronously. Finally, the cardiovascular-organoid is embedded in a microfluidic bioreactor. Testing 

cardiovascular toxicity exhibited an impressive ability of this synthesized platform to recreate the 

human myocardium in vitro and screen pharmaceutical compounds.  

3.1.3. Improving high-throughput readouts 

Organoid models, which possess high structural and functional fidelity, usually lack a screenable 

readout, whereas organ-on-a-chip systems are convenient for integrating complicated sensing 

systems and are conducive for various analytical methods. Consequently, the integration of the two 

methods may improve high-throughput platforms for the exploration of basic biological principles or 

performing drug and toxicology measurements in the pharmaceutical industry.  

Quadrato et al.[144] cultivated human whole-brain organoids over an extended period of time and 

then isolated cells from these organoids to investigate complicated cellular interactions. Notably, the 

authors stimulated photosensitive cells to control neuronal activity, and introduced a high-density 

microelectrode sensing system to analyze gene profiles of over 80,000 cells derived from 31 brain 

organoids. Facilitated by a high-throughput integrated platform, they managed to finish the largest-

to-date molecular map of cell types and provided insights into the functions of neuronal circuits. 

Their study illustrates the high-throughput advantage achieved by integrating the two models. Zhang 

et al.[145] also integrated an automated, non-invasive, in situ, continual monitoring system with bio-

microfluidic chips to assess various environmental parameters and biological responses over a long 

cultivation period. The platform enabled biochemical and modular physical analysis as well as optical 

measurement, and enhanced the throughput of drug screening. Furthermore, Devarasetty et al.[146] 

inserted a simple sensing system into a microfluidic chip. This integrated platform was used to 
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capture the physiological activity of beating cardiac organoids and improve drug screening 

throughput. Additionally, the system was capable of translating captured files and creating beat 

kinetic plots for cardiac organoids. Using this system, the authors could distinguish differences in 

cardiac organoid beat rates under treatment with different agents, such as heart rate stimulating or 

decreasing agents, and at various concentrations. They were also able to verify the efficacy of 

certain drugs in a high-throughput manner. 

Current protocols for inducing organoid generation are time-consuming, typically requiring several 

weeks or even months for stem cells and other cell sources to expand, differentiate, and form an 

assembly.[16, 147] Research conducted in laboratories can bear long procedures; however it is not 

practical for clinical applications, such as elucidating personalized pathology or testing drug 

responses for specific patients. By exploiting the precise spatiotemporal control ability of organ-on-

a-chip systems, we can shorten the generation time of organoids, leading to a more promising future 

of patient-specific organoid-on-a-chip technology.[16] Zhu et al.[147] combined organoids with an 

organ-on-a-chip system that contains micro-pillar arrays to form a novel platform for brain organoid 

production (Figure 3D). Under the control of well-designed micro-pillar microstructures in the 

microfluidic chip, embryoid bodies were able to differentiate into brain organoids directly and 

rapidly expand neuroepithelial cells. The authors were thus able to remarkably reduce labor-

intensive procedures and form massive brain organoids within a relatively short period of time.  

3.2. Integration with 3D printing 

Additive manufacturing, also termed 3D printing or rapid prototyping, is a layer-by-layer 

manufacturing technique that is widely utilized for its ability to rapidly fabricate versatile, 

customized objects using various materials.[148, 149]  A commercial bioprinter should include three 

essential elements, such as a robotic motion system, bioink dispensers, and computer-based 

software-enabled operational control to print bioink with satisfactory resolution . The design of  

computer-aided design (CAD) software-enabled blueprint to control mechanical motion trajectory of 
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a robotic system as the preprocessing step, the movement of the motion system in x-, y-, and z-axes, 

and the dispensing system controls the accurate deposition of the print ink as the processing step. 

Finally, bioink is deposited, solidified, and stacked layer-by-layer in the 3D bioprinter as the 

postprocessing step (Figure 4A).[150]  There has been a recent advancement in materials and the 

accuracy of 3D bioprinting, attracting an increasing number of researchers that have employed this 

promising fabrication technology in 3D cell culture.[151]  One of the most exciting benefits of 3D 

printing is that printed objects can be of almost any shape or geometry. Moreover, the objects can 

be produced using digital model data from CAD models or other electronic data sources such as 

computerized tomography (CT) scans. 3D printing also allows for simplified fabrication processes of 

convoluted devices free from the labor-intensive and time-consuming manual manipulations, 

leading to easy design revisions, manufacturing, testing, and iterations. Additionally, 3D printing is 

cost-effective and environmentally friendly as there is no need for any agents used in the etching 

process.[152] Furthermore, as 3D printing is inherently amenable to CAD and other computer-aided 

software, integration between 3D printing and 3D cell culture can potentially allow for cloud 

manufacturing and commercialization of organoid- or organ-on-a-chip models. To summarize, it is 

possible to reconstruct living systems on chips with precise shape, architecture, and structure of 

target tissues and organs anywhere within a short time period with the help of 3D printing, bringing 

unprecedented versatility and convenience to the modeling process.[153, 154] 

3.2.1 3D printing technologies 

Applications of 3D printing in the realm of biomimetic living systems can be roughly divided into two 

categories of organ-on-a-chip and tissue engineering. Essentially, not all 3D printing methods are 

suitable for the production of microfluidic chips. For instance, selective laser sintering (SLS), which 

utilizes focused laser beams to scan the powder layer-by-layer to define each slice of target objects, 

is more suitable for building anatomically correct scaffolds such as bone tissues or surgical models of 

patients (Figure 4B). Although the application of 3D printing methods is currently more promising for 
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tissue engineering than biomimetic microfluidic chips, there is still a great potential for integrating 

3D printing with biomimetic microfluidic devices in the future.  

The two most common techniques applied in the fabrication of 3D cell culture devices are 

stereolithography (SLA) and fused deposition modeling (FDM; also termed thermoplastic extrusion). 

SLA is a type of 3D printing technology that utilizes light to induce links between molecules and cure 

photopolymers (Figure 4C).[155] The SLA printing system is mainly comprised of two parts, a vat 

containing a liquid photopolymer resin and a laser light source that facilitates the formation of 

desired patterns in a layer-by-layer fashion. The laser can scan the liquid sequentially according to 

specific patterns controlled by the computer, which cures the resin and directly forms specific 

structures.[155, 156] There are also alternative forms of SLA technologies such as digital light procession 

(DLP)[157] and two-photon polymerization (2-PP)[158], which share the same principles. For DLP, the 

light source includes a controllable digital mirror that can either passively reflect or actively emit the 

laser light to cure target parts of the prepolymer; thus, DLP is capable of crosslinking the entire layer 

at once rather than scanning over the layer point-by-point in the traditional way.[159, 160] The main 

difference between 2-PP and traditional single-photon polymerization (1-PP) is that polymerization 

occurs inside or near the surface of printing materials.[161] The polymerization process of 2-PP can 

start only when two photons are absorbed at the same time, which leads to the highest resolution 

among other printing approaches. Meanwhile, the FDM printing process relies on extruding heated 

thermoplastics, biocompatible and economical plastic filaments, or metal wires from a nozzle to 

fabricate the desired structures (Figure 4D). Once heated into a semi-liquid form, the filaments are 

extruded at a defined location to form patterns. Then, layer after layer, the convoluted 3D 

architecture is achieved.[162] Nowadays, FDM, which is the cheapest method available, is used for 

home printers and is expected to promote the commercialization of organ- or organoid-on-a-chip 

models.[154, 159] Similar to FDM, a newly developed non-contact printing method termed inkjet 

printing also relies on nozzles to extrude liquid photo-resin or wax onto a substrate in a layer-by-
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layer manner. In contrast however, photopolymer inkjet printing often utilizes ultraviolet (UV) light 

to cure the ink and fabricate complex 3D structures (Figure 4E).  

Other than the traditional methods mentioned above, there has been a recent boost in popularity 

and applicability of a variant of 3D printing termed 3D bioprinting, whose ink contains both scaffold 

material and living cells.[162, 163] Bioprinting can simultaneously lay down biocompatible supporting 

materials and living cells in a single-step construction without requiring professional lithography 

skills or complex manipulation of cells, which greatly reduces the process time needed. Importantly, 

bioprinting can also introduce physiologically relevant cues, such as well-defined cell arrangements, 

to better simulate cellular diversity and micro-structures with great consistency.[164] Last but not 

least, laminated object manufacturing (LOM) is another method that can be applied in 

manufacturing biomimetic microfluidic chips. LOM is a different kind of layer-by-layer technique that 

relies on a laser to cut plastic laminates and glue or chemical bonding to assemble the target 3D 

object (Figure 4F). This technique can be employed as a low-cost method to prototype complicated 

biomimetic microfluidic devices.[165]  

3.2.2 3D printing materials 

Organ-on-a-chip platforms are microfluidic devices containing organized biological structures and 

microenvironments that emulate the physiological function, behavior, and response of their 

analogous organs in the human body.[166]  Advances in biomaterials, engineering, and additive 

manufacturing in the realm of biomimetic living systems have led to novel opportunities for 

economic and rapid prototyping of printed micro-tissues or organ-on-chip systems in automated 

procedures for continuous production.[167, 168]  The synergistic application of 3D bioprinting to 

construct micro-tissues in organ-on-chip bioreactors has the potential to revolutionize in vitro 

organoid models through the inclusion of complex physiological structures in controlled extracellular 

environments.[169]  Various biomaterials such as natural, semi-synthetic, or synthetic polymers have 

been widely used as bioink sources for construction of desired micro-tissues or organoids in organ-
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on-chip models using inexpensive desktop 3D bioprinter platforms.[170]  Furthermore, the 

characteristics of bioinks need to be considered as important parameters of tissue/organ printing 

process, including printability, biocompatibility, biomimicry, and biodegradability, mechanical and 

structural integrity.[171] The bioinks should be a filament-like structure when it is dispensed through 

the extrusion nozzle and retain its shape to support high printing fidelity. The rapidly crosslinkable 

bioinks are categorized into the physical (e.g., ionic, hydrophobic, supramolecular, hydrogen 

bonding), chemical (e.g., click-chemistry, Michael-type addition), photo-induced crosslinking (e.g., 

UV light-induced photopolymerization), and DNA hybridization methods.[172] The bioinks provide 

tissue-specific biochemical and physical stimuli to guide cellular behaviors, such as proliferation, 

differentiation, migration, and maturation. Synthetic bioinks (e.g. Methacrylic acid (MA) ，

Polyethylene glycol (PEG)) have the characteristics of fast polymerization and high mechanical 

stability, they do not possess the cell-binding moieties required for cell adhesion, proliferation, 

spreading, and motility.[173]  In contrast, natural polymers alone (e.g., hyaluronic acid (HA), gelatin, 

alginate, collagen, fibrin, decellularized extracellular matrix (dECM)) without additional crosslinking 

result in difficulties in supporting 3D structures.[174, 175]  Therefore, the subsequent several  types of 

advanced hybrid bioinks by mixtures of natural, semi-synthetic, or synthetic polymers with 

sequential crosslinking systems are largely adopted for in vitro micro-tissues or organoids in organ-

on-chip models research.[176]  

 

Bioprinting of gelatin-based hydrogel has been broadly reported in both fugitive and direct-write 

bioinks.[177]  In particular, GelMA has been used advanced bioinks as a single or customized material 

by mixture of GelMA macromere and lextrusion through exposure to UV light (360-480 nm in 

wavelength).[178]  Unmodified HA has been widely used through blending with printable hydrogels, 

including GelMA, MeHA, norbornene-functionalized HA(norHA), and photocurable dextran, and via 
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conjugation with thermoresponsive poly (N-isopropylacrylamide) （MeHA-pNIPAAM）and created 

stable 3D constructs.[179, 180]  Ma et. al[181]presents the application of customized DLP-based 3D 

bioprinting system to the development of a 3D hydrogel-based triculture model that possesses the 

physiologically relevant cell combination and microarchitecture in a predefined biomimetic manner 

(Figure 5A). Specifically, 5% (wt/vol) GelMA with similar matrix stiffness in liver was chosen to 

support hiPSC-derived hepatic cells, and glycidal methacrylate-hyaluronic acid (GMHA) was mixed 

with GelMA for encapsulating the supporting endothelial and mesenchymal cells. Kolesky et al.[182]  

successfully fabricated an engineered vascular-embedded tissue constructs with aqueous fugitive ink 

composed of Pluronic F127 and cell-laden gelatin methacrylate (GelMA) hydrogel inks by 

innovatively combined 3D bioprinting technology (Figure 5B). Pluronic F127 ink can be easily printed 

as a sacrifice template and removed under mild conditions because it undergoes thermally 

reversible gelation above a critical micelle concentration (CMC ≈ 21 wt%) and temperature (4 °C). 

They first co-printed two inks in a predefined sequential process and then deposited pure GelMA ink 

and photopolymerization, then the fugitive ink is liquefied and removed from the 3D construct 

yielding open channels. Based on the similar method of sacrificial template, Miller et al.[183] printed 

rigid 3D filament networks of an open, interconnected, self-supporting carbohydrate-glass lattice as 

a sacrifice template to supports convective and diffusive transport of blood under high-pressure 

pulsatile flow and sustains the metabolic function of 3D vascular liver architectures(Figure 5C) . The 

process allows independent control of network geometry, endothelialization, and extravascular 

tissue to yield a monolithic tissue construct by covering carbohydrate-glass scaffold with a 

perivascular cell-containing hydrogel, and finally melted with cell media to form the hollowed 

cylindrical network. 

Alginate-based hydrogel has been widely used as a bioink for extrusion bioprinting because of 

instantly polymerization by being mixed with multivalent cations (e.g., Ca 2+ or Ba 2+) during the 
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printing process.[184]  In general, Alginate-based bioinks require optimal printing condition of mixture 

of GelMA to increase controllable printability and cellular affifinity, and adding 4-arm poly (ethylene 

glycol)-tetra-acrylate (PEGTA) to enhance the crosslinking density and increase the mechanical 

strength. Zhang et al.[143] utilized 3D bioprinting in a hybrid strategy to fabricate cardiovascular-

organoid-on-a-chip with an endothelialized perfusion system (Figure 5D) . The composition of the 

bioink enabled a dual-step crosslinking procedure duo to consisted of a mixture of alginate, GelMA, 

and photoinitiator. During the bioprinting process, the ionic crosslinking of the alginate component 

of the bioink delivered through the core of the nozzle was first induced by exposing the extruded 

microfibers to a CaCl2 solution and carried by the sheath. When the scaffold was printed, a stable 

gelation was then achieved by crosslinking GelMA via UV exposure. Endothelial cells directly 

bioprinted within microfibrous hydrogel scaffolds gradually migrated towards the peripheries of the 

microfibers to form a layer of confluent endothelium, then seeded with cardiomyocytes to generate 

aligned myocardium capable of spontaneous and synchronous contraction. They further embedded 

the organoids into a specially designed microfluidic perfusion bioreactor to complete the 

endothelialized-myocardium-on-a-chip platform for cardiovascular toxicity evaluation. 

Moreover, dECM isolated from various organs/tissues has been applied as bioink to simulate their 

complex ECM microenvironment.[185] dECM-based bioinks with inherent composition of various 

proteins, proteoglycans, and glycoproteins are potential to mimic native tissue-like ECM 

compositions.[186] Bioprinting with heart tissue-derived dECM bioink is a highly useful approach for 

providing a physiologically identical myocardium tissue microenvironment with similar mechanical 

stiffness properties by a two-step crosslinking method with sequential vitamin B2 (0.01% w/v)-

induced UV crosslinking and thermal gelation to provide strength during the printing process. [187] 

Park et. al [188] also developed an in vitro airway epithelium model collectively reproduced a 

functional interface between the airway epithelium and the naturally-derived vascular network by 

direct 3D printing of cell-laden dECM bioinks (Figure 5E). dECM bioink derived from porcine tracheal 
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mucosa (tmdECM) was used to encapsulate and print endothelial cells and fibroblasts within a 

designated polycarprolactone  frame. tmdECM gradually drives endothelial re-orientation and leads 

to the formation of a vessel network. This integrated platform was also applied to implement 

inflammatory responses induced by pathophysiological stimulation, and analysis the effects of 

functional blood vessels to the inflammatory responses of airway epithelium. 

The lack of 3D-printable and cell-compatible bioinks as well as the limited ability to tune bioink 

material properties are cited as significant inhibitors to the growth of bioprinting. Many efforts are 

committed to establish a versatile method to create hydrogel bioinks of varying materials and permit 

the ability to tune the biological, physical, chemical, and mechanical properties of the resulting 

structures.[189]  Developing a bioink synthesis technique compatible with low polymer fractions as 

well as many crosslinking chemistries could significantly expand the number of 3D-printable bioinks 

available[190] . Rutz et. al[189]  developed a single crosslinker made of PEG that could be applied in 

amine-containing bioinks of both synthetic and natural bioinks (Figure 5F). Successful multimaterial 

bioinks were generated from the polymer solutions of natural proteins ( fibrinogen and gelatin), and 

synthetic polymers (4 arm PEG amine), and synthetic-natural mixtures (4 arm PEG amine-gelatin), as 

well as modified proteins (GelMA) and protein mixtures (gelatin-fibrinogen). Single chemical 

crosslinker made of PEG can be applied in amine-containing bioinks of both synthetic and natural 

bioinks (such as gelatin, GelMA, and 4-arm PEG amine and their mixtures) and contains a homo-

bifunctional polyethylene glycol ending in two reactive groups (PEGX). Its characteristic that tuning 

the concentration of PEGX to tailor the degree of crosslinking enables the customization of the 

printability as well as the changes of rheological properties of the bioinks. This selected bioinks can 

be potential used toward developing 3D tailorable platforms for studying cell–cell signaling and 

tissue morphogenesis, as well as creating more customized and biomimetic 3D-printed tissue 

constructs. 

3.2.3. 3D printing advantages  
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3.2.3.1 Simplified processes and reduced production times  

Nowadays, clean-room lithography plays a leading role in fabricating biomimetic microfluidic chips 

whose manufacturing process generally includes the following steps: first, the masks are etched by 

soft lithography according to well-designed CAD files, after which elastomer precursors like PDMS 

are poured onto the masks to imprint the pattern. Then, the cured elastomer on the masks is 

carefully peeled off and subsequently activated via chemical solutions or oxygen plasma followed by 

bonding to glass substrates to seal the imprint and produce channels.[162, 191] Despite the importance 

of lithography technology in the manufacturing of microfluidic chips, the cumbersome user 

interfaces and extremely slow molding processes act as barriers to the clinical application and 

commercial dissemination of 3D cell cultures on a chip.[192] However, integrating 3D printing 

technology with 3D cell culture may enable the easy fabrication of 3D cell culture devices without 

needing fabrication approaches, and promote cost-effective, time-saving, user-friendly, and less 

labor-intensive 3D cell culture platforms. 

Generally speaking, the current 3D printing technologies used for generating biomimetic microfluidic 

chips can be divided into two categories of indirect and direct fabrication.[193] For indirect 3D printing, 

negative sacrificial molds are created first, followed by smoothing of the layered objects. After 

casting with a suitable bioink that will serve as the wall material, special types of reagents are 

employed to dissolve the sacrificial material, leaving behind the target model.[193, 194] For example, 

sugar can be used as sacrificial material for printing 3D microfluidic chip using a modified low-cost 

desktop 3D printer (Figure 6A) .[195] The process is that firstly print the sacrificial sugar lines on a 

platform and cast PDMS onto it, after which the printed chips were immersed in hot water to 

dissolve the solidified printed sugar lines. The whole procedure can be performed within a few hours 

and requires no professional experience. 

The direct 3D printing technique is as an even more promising approach for direct and efficient 

fabrication of microfluidic chips, wherein a variety of biomaterials can be deposited to create 3D 



 

This article is protected by copyright. All rights reserved.42 

architecture in a single step. Rogers et al.[196] constructed a microfluidic chip with an integrated 

membrane-based valve within an hour using a low-cost SLA printer and a customized resin 

formulation. The authors demonstrated that the printer can fabricate the desired rectangular cross-

sections (350 μm in width and 250 μm in height) or cylindrical cross-sections (210 μm in diameter) 

with a 100% yield. Bhise et al.[197] also demonstrated the application of direct 3D printing for drug 

toxicity evaluation by encapsulating hepatic spheroids in GelMA hydrogels, which were then directly 

printed into a liver-on-a-chip platform via fused deposited direct-write bio-printing. In situ 

monitoring of secretion rates and immunostaining experiments confirmed the viability of the printed 

organ-on-a-chip for long-term 3D cell culture. Furthermore, it is possible to simultaneously print 3D 

tissue and directly fabricate the chip, which may greatly enhance the manufacturing of biomimetic 

microfluidic chips with faster design iteration, reduced costs, and shorter turnaround time.[198]  

To summarize, the implementation of 3D printing techniques does not require researchers to be 

familiar with lithography protocols, disposal of silicon masters, or binding of elastomers on glass 

substrate surfaces. In other words, 3D printing simplifies the fabrication of microfluidic devices, 

achieving a cost-effective, time-saving, user-friendly, and less labor-intensive process. 

3.2.3.2. Enhanced structural fidelity 

The great advantage of combining 3D printing and 3D cell culture is that it allows for true 3D 

structure modeling in contrast to conventional “2½D” chips, which simply elongate 2D designs into 

the third dimension or just pile up several layers.[199, 200] Successful construction of repeatable and 

controllable 3D layered structures with great topographical flexibility and cellular fidelity can enable 

precise recapitulation of living tissues or organs in vivo. Bertsch et al.[201] used SLA to fabricate a 

microfluidic mixer which could not be accomplished by traditional MEMS fabrication methods; the 

printed mixer could mix the fluid efficiently within a short distance. Using the same technique, 

Wonjae et al.[202] printed a 3D immunomagnetic flow assay chip with immobilized antibody-

functionalized magnetic nanoparticle clusters (AbMNCs) to capture Salmonella bacteria. Under a 
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high flow rate inside the chip, which was induced by complex 3D cylindrical micro-structures, 

Salmonella bacteria collides with AbMNCs and forms complexes instantly after injection into the 

microchannel, after which the complexes can be detected via ATP luminescence measurements. 

Huang et al.[203] also constructed a microchip and managed to illuminate the migration mechanisms 

and physical behaviors of HeLa cells. This microchip was constructed via DLP—an alternative form of 

stereolithography—and contained three channels of different widths (25, 40, 120 microns). Notably, 

the chip imitated the variation in blood vessel diameters and mimicked the honeycomb-like 

structure of vascular morphology. The authors were able to reveal the effects of channel size 

(representing vascular size) on the migration of cancer cells by analyzing cell migration rates and 

morphological changes. Furthermore, Liu et al.[204] employed DLP to print a variable height micro-

mixer (VHM) and internally fabricate complex, cell-laden scaffolds. First, the authors utilized digital 

micro-mirror devices to build labyrinthine rectangular columns with different heights, which served 

as efficient micro-mixers. After injecting a treated cell suspension and prepolymer mixture, the 

chambers were exposed to 365-nm light from a digital mask, allowing the prepolymers to form the 

desired patterns. With the same DLP technology, Spivey et al.[205] designed a device capable of 

capturing a single cell to monitor and study the cellular aging process. They could fabricate the 

desired curves, irregular top surfaces, or minute 3D structures as small as 4 μm that possessed 

unconventional geometries, which could not be achieved through traditional methods. These studies 

are excellent examples of how the design of biomimetic microfluidic chips limited by traditional 

approaches can be enhanced with the help of 3D printing. 

Another advantage is that 3D printers can integrate multiple heads, which in turn can contain 

various materials during one printing process. This enables the fabrication of convoluted geometries 

that are not feasible via the traditional mono-material methods.[206] Lozano et al.[207] employed 

extrusion-based 3D bioprinting and were able to create a novel brain-on-a-chip comprised of several 

separate layers of highly porous peptide-modified gellan gum. Thanks to the facile modeling ability 
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of 3D bioprinting, this original device could maintain a stable nutrient and oxygen supply, which 

facilitated the proliferation of neuron cells and supported the formation of a neural network. 

Similarly, Lee et al.[208] utilized the same printing method and fabricated artificial neural tissues with 

murine neural stem cells, VEGF-releasing fibrin gel, and collagen hydrogel and managed to illustrate 

the migration and mechanisms of morphological change of murine neural stem cells.  

Recently, 3D bioprinting has shown excellent potential for creating sophisticated microstructures by 

utilizing elaborately designed microfluidic devices, inspiring a new solution to the manufacturing of 

novel heterogeneous spheroids. The heterogeneous microspheroids have the advantages of 

multicomponent, controllable morphology and spatial organization, and ease of use to 

reconstructing microarchitecture of built-up tissue constructs. The Janus[209],  hybrid[210], core–

shell[211], and multicompartment[212], spheroids have been successfully used in bioapplications and 

undergo significant advances in tissue engineering for drug delivery, and regenerative medicine.[213] 

Zhao et. al report a novel airflow-assisted 3D bioprinting method which can print versatile spiral 

microarchitectures inside the microspheroids (Figure 6B). [214]A microfluidic nozzle is developed to 

improve the capability of intricate cell encapsulation with heterotypic contact and permit one-step 

and programmable bioprinting of fascinating hydrogel structures, such as the spherical helix, rose, 

saddle, and Tai chi pattern. A human multicellular organoid of spirally vascularized ossification is 

reconstructed by applying selected PDMS microfluidic chip as the body of dispensing nozzle, and 

several metal capillaries were inserted at the inlet/outlet orifices as a airflow spinning device. cell-

laden Na-alginate solutions can be precisely extruded into several jets with distinct patterns and 

boundaries by taking advantage of laminar flow. The heterogeneous structure of spiral-based 

spheroids is very convenient for building vascularized organoids in vitro by embedding multiple cells 

into the spheroid, contributing novel biomimetic asymmetrical prototypes for basic medical research 

and regenerative medicine. 

When combined with 3D cell culture, 3D printing can further push the development of body-on-a-



 

This article is protected by copyright. All rights reserved.45 

chip due to its capacity to recapitulate the architecture of intricate vascular systems in vivo. Body-

on-a-chip is a type of biomimetic microfluidic chip integrated with various organ-like (key 

functionality or structure) chambers and a circulatory system. This platform can comprehensively 

resemble the physiology of the human body and allows for exploration of the dynamic processes of 

ADMET for drug screening in vitro.[3, 215] Until now, many body-on-a-chip models such as multiple 

organ co-culture[216],  integrated discrete multiple organ co-culture[217], micro cell culture analog 

apparatus[218], and 3D microfluidic cell culture system[219] have been established and demonstrate 

considerable applicability in several areas. However, most of them allow direct interstitial flow 

between different organ chambers, which does not occur in vivo because living organs are linked by 

vascular systems over different distances. Therefore, 3D printed vascular systems have the potential 

to better emulate the in vivo circulatory system by either printed microfluidic circuits or direct bio-

printed vasculature. Bertassoni et al.[220] designed blood vessel-on-a-chip with cells directly printed 

into the micro-channel. In addition, Costa et al.[221] fabricated a microfluidic chip-based vascular 

model with a resolution as small as 25 μm using SLA to replicate arterial thrombosis.  

3.2.3.3. Improved integrity of 3D cell culture platforms 

Although various accessories like sensors, micro-valves, and micro-pumps are widely applied in the 

analysis and control of biomimetic microfluidic chips, embedding these micro-devices into the chip 

and making them compact is a practical problem for researchers. Therefore, another aspect of how 

the integration of 3D printing can benefit 3D cell culture is by easily enabling interactions between 

biomimetic microfluidic chips and various microfluidic interface technologies. To be more specific, 

applicable bio-sensors encompassed within non-conductive and non-corrosive materials can be 

directly inserted and integrated into microfluidic devices via 3D printing technology.[222] For example, 

an alternative form of FDM, which extrudes the liquid from a nozzle at room temperature, is able to 

economically incorporate many kinds of sensors and actuators into biomimetic microfluidic systems. 

Using such a fabrication method, Takenaga et al.[223] proposed a microfluidic unit that was printed 
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and assembled on a light-addressable potentiometric sensor (LAPS) chip. After culturing and 

attaching Chinese hamster ovary (CHO) cells within the microfluidic chip, the authors could analysis 

metabolism process and elucidate the reaction of cells to different concentrations of fetal calf serum 

via the embedded LAPS. Erkal et al.[224] also managed to integrate an electrode into two 

commercially available, polymer-based chips; one chip was used for the detection of electrochemical 

cues, while the other detected the release of the stimulus and adenosine triphosphates (ATPs). 

Additionally, Lind et al.[225] integrated soft strain gauge in cardiac-on-a-chip via 3D printing to 

measure the contractile stress of laminar cardiac tissues (Figure 6C). The authors employed six 

customized functional inks, which were biocompatible and piezoresistive, to fabricate the 

instrumented cardiac microfluidic chips. This device is comprised of eight independent wells that 

contain strain sensors for monitoring, cantilevers for applying stress, a guiding layer for tissue 

growth, and an electrical interface for readout. In addition, thanks to its ability to monitor cellular 

activities continuously and non-invasively, this integrated biomimetic microfluidic chip was also 

utilized in drug response and human laminar cardiac tissue development studies. Notably, facilitated 

by the reproducible and transferable characteristics of 3D printing, the electrodes in the device can 

be transferred between locations many times, leading to more facile modifications and wider 

applications. Furthermore, Vittorio et al.[191] inserted various external components in a single chip via 

two-step FDM; they first extruded the ABS prepolymer to form the scaffold and immersed it in liquid 

PDMS. After curing at 75 ℃ for 2 h, the scaffold was removed by acetone. Through this method, the 

authors successfully inserted a 390-nm light-emitting diode (LED) in the microfluidic channel to 

detect optical density, electronic excitation, and nuclear magnetic resonance and perform molecular 

analysis. Further examples include Song et al.[139] who managed to integrate micro-valves and optical 

windows in the microfluidic chip for controlling and observing, respectively, as well as Li et al.[226] 

who succeeded in fabricating a microchip capable of reverse transcription to perform RNA extraction 

and cDNA synthesis. Interestingly, there is another relatively simple method that suspends printing 

processes at appropriate time points to insert micro-devices and then resumes the process. 
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Shemelya et al.[227] embedded electronic interconnects through such a method to fabricate a 

microfluidic device comprised of controllers and capacitive sensors. Although 3D printing is as a 

suitable technique for integrating micro-devices and 3D cell culture systems, it may be difficult for 

designers find a practical method to assemble and bind devices, indicating that further studies on 

optimal materials and sealing techniques are required. 

3.2.3.4. Commercialization and cyberization  

As mentioned above, traditional fabrication methods such as etching or molding of microfluidic chips 

are labor-intensive and time-consuming, making large-scale manufacturing of commercialized chips 

difficult. Moreover, the state-of-the-art devices used in laboratories often include complex 

microfluidic control systems that require professional knowledge. All these obstacles impede the 

dissemination of organoid or organ-on-a-chip systems in the market. Thus, 3D printing has gained 

widespread attention as a promising candidate for minimizing the manufacturing barriers of 

organoid or organ-on-a-chip systems to bring them closer to customers. Recently, several affordable 

3D printers with sufficient resolution, such as Objet Connex (Stratasys) and ProJet 5500X (3D 

Systems), have emerged on the market. Moreover, there is an increasing number of commercially 

available printing materials ranging from traditional PLA to products with proprietary formulations 

such as E-shell and ProBV-003 (summarized by Yazdi et al.[228]). Using the combinatorial single-step 

printing technique, clients would only need to export the already designed chips to the desktop 

printer to produce the desired customized organoid or organ-on-a-chip platforms, which can then be 

employed in the clinic within a short period of time. Dagmar et al.[229] successfully printed a 

microfluidic chip comprised of one reaction chamber, two microfluidic channels, and a dosing 

capillary via the commercial 3D printer Profi3D Marker in a single step to detect MRSA bacteria. 

Notably, the authors enclosed environmental control systems, such as heating elements and 

temperature sensors, within the chip during the printing process to obtain a simple and user-friendly 

interface. This microfluidic chip can distinguish between different bacteria and serve as an early 



 

This article is protected by copyright. All rights reserved.48 

detection diagnostic tool through its utilization of gold nanoparticles (AuNP) probes that bind to 

DNA target sites (in this case, the mecA gene). Shallan et al.[230] also succeeded in fabricating a 

microfluidic chip for isotachophoresis analysis using the DLP-based, low-cost, and consumer-

targeted 3D printer MiiCraft. The enclosed chip possessed a micro-mixer, droplet extractor, and 

gradient generator with small cross-sections, demonstrating that the resolution of commercial 3D 

printers can fulfill the requirements of customers. 

Inspired by the analogy between micro-fluids and electricity, the principle of modular design can be 

used to facilitate the commercialization of 3D cell culture microfluidic chip systems. [231] Similar to 

electrical circuits, which rely on a combination of standard electronic components to fabricate the 

network, the production of microfluidic chips also depends on assembling pre-defined microfluidic 

devices, such as valves, pumps, and reservoirs.[41] Researchers can easily acquire digital files of these 

molecules via the Internet for printing using 3D printers, followed by manual assembly of the device, 

making this a rapid process that is applicable for both clinical and research purposes. Bhargava et 

al.[40] created a sample library of standard microfluidic elements and connectors using an SLA-based 

3D printer and then verified the concept of modular design by assembling these components into a 

tunable concentration gradient generator. Notably, as 3D printing is aided by its intrinsic link to 

CAD/CAM, it can extend the modular concept from the physical field to the digital domain. 

Compared with the process of fabricating discrete elements and manual assembly, it is more 

efficient to download digital components from the Internet, construct and evaluate them in CAD 

software, and then print the chip in a single step.[192] Indeed, certain medical-level connectors are 

already available online and can be directly imported to CAD before printing[232]. Additionally, CAD 

designs can be shared with non-commercial licenses through a website created by MakerBot and 

designers can upload and sell their licensed designs on an online market launched by 3DSkema, 

demonstrating the promising future of printed 3D cell culture microfluidic chips on the market.[128, 232] 

Although there has been a rapid advancement in accuracy and materials of 3D printer, there are still 
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limitations to the integration of 3D printing and bio-microfluidic chips. In terms of accuracy, there 

remains a resolution gap between conventional soft-lithography and 3D printing that hinders the 

creation of delicate and fine features[233], even though the resolution of 3D printing (about 20 μm[197]) 

is comparable to that of the soft-lithography method. Moreover, as the scale of devices decreases to 

the extent where near-surface phenomena cannot be ignored, surface roughness achieved by 3D 

printing acts as a barrier to its application.[234] There are also other limitations associated with the 

materials used. For instance, although various figurative inks have been introduced for the 

production of bio-microfluidic chips, there are still many strict environmental and processing 

requirements, including high temperatures[235], removal of supporting materials[236], or mold 

fabrication[237], that must be fulfilled, which outweigh the benefits of 3D printing. Moreover, some 

hydrophilic materials cannot be directly applied during the printing of microfluidic chips while other 

materials fit for printing require pretreatment to improve hydrophilicity, making these processes 

rather complicated. Mechanical properties such as the ability to maintain multilayered structures 

over long cultivation periods under dynamic conditions are yet another concern. Finally, materials 

utilized in printed chips have to be biocompatible for cell attachment and differentiation, limiting 

the choice of materials.[198] To address these hurdles facing 3D printing, many researchers are 

currently exploring new materials feasible for manufacturing nano/micro-scale bio-chips and ways to 

enhance bioprinter nozzles, laser quality, and other critical components.[238] Therefore, we can still 

envision a promising future for the combination of 3D printing and 3D cell culture.  

Organoids and organ-on-a-chip technology has the potential to disrupt drug development processes 

by replacing animal studies and/or significantly improving the outcomes of animal and clinical 

studies.[239] Several organizations in the USA and European Union have launched initiatives to 

promote organoid and organ-on-a-chip research.[240] Due to this international recognition, many 

companies in the private sector, such as GlaxoSmithKline, Sanofi, AbbVie, and Johnson & Johnson 

have collaborated with startup companies and institutes (e.g., Emulate and Wyss Institute at Harvard 
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University) and made significant investments to commercialize this technology (Figure 6D).[241] To 

make optimal use of this market opportunity and further this technological innovation, 3D printing  

has led to novel opportunities for the economic and rapid prototyping of printed micro-tissues or 

organoids in organ-on-a-chip systems, achieving continuous production via automated procedures. 

[242]There is no denying that entrepreneurs and intrapreneurs are also facing great challenges ahead 

of the commercialization of organ-on-a-chip technology and its alignment with 3D printing. 

Challenges include the printability, biocompatibility, and mechanical and structural integrity of 3D 

printing bioinks.[243] In addition, bioprinted organoids or iPSC-derived cell models within extracellular 

matrices or hydrogels are unable to achieve “adult-like” organ maturity due to restricted 

differentiation protocols, which complicates their translation to relevant clinical data. [244]Further 

challenges include making current commercial and laboratory-generated chips affordable, robust, 

and reproducible to easily configurable with standard assay detection platforms and workflows as 

well driving integration with automation and sophisticated detection technology. Moreover, the 

challenge of in vitro-in vivo (IVIV) translational models is clinical validation or mathematical 

surrogates that focus on their reliability and relevance in providing readily quantifiable results and 

relatability to in vivo data. [245]Achieving holistic, integrated physiological responses with human-on-

a-chip currently remains a distant reality because of compounding technical, biological, and 

translational complexity across multiple organ functions, such as innervation, immune responses, 

gut-microbiome interactions, and the endocrine system.[246, 247]Advanced label-free biosensing and 

real-time diagnostic technologies are currently being developed to significantly increase model 

viability, such as temperature, pH, oxygen level, and nutrient availability, in a dynamic and controlled 

environment.[247] Finally, commercialization challenges include the development of a standardized, 

reliable, and robust packaged test solution or the development of highly personalized chips using 

patient-derived stem cells according to the applied value in terms of end-user needs and demands. 

3.2.4 4D bioprinting: next-generation bioprinting  
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4D bioprinting is a cutting-edge additive manufacturing technology that integrates the fourth 

dimension of time into the 3D bioprinting process and relies on changes in various mechanical or 

physio-spatial aspects when subjected to predetermined stimuli or trigger sources.[248] 4D bioprinting 

can be used to place both living cells and growth factors in highly ordered, biomimetic motifs and 

promotes dynamic, structural, and cellular changes  to achieve smart living tissue models.[249]Time-

varying 4D bioprinting overcomes the static nature of 3D bioprinting by allowing physiologically 

relevant transformations that occur at more gradual, physiologically relevant timescales, such as 

tissue stretching, compression, or shifting of the biomaterial’s modulus, leading to enhanced 

mimicking of the developmental processes of native tissues/organs.[250] 4D bioprinting relies on 

shape deformation of conventional or smart materials and time-dependent maturation of the 

engineered construct.[251]4D-bioprinted constructs are frequently established using stimuli-

responsive materials or shape memory polymers and by varying conformation or physical 

characteristics that can be reversibly transformed between various temporary states as a function of 

selective triggering mechanisms.[252] 4D-bioprinted objects directly incorporate self-assembly 

features that arise from physically based information or modular cues into the construct’s design 

and printing material formulation, and guide dynamic transformation processes in response to 

external stimuli.[253] There are currently different approaches for achieving manual or spontaneous 

shape transformation of a material/biomaterial through stimuli-responsive and cell contraction 

actuating. 

The use of stimuli-responsive (bio)materials offers several advantages including precise 

spatiotemporal control of shape transformation and folding of micron-sized objects as well as 

simultaneous folding of multiple objects made of different materials.[251] Moreover, dynamic and 

physiologically relevant transformations of 4D-bioprinted constructs can be modulated and 

finetuned by varying the functional chemistry of the biomaterials as well as the composition and 

ratio of the various chemical substituents of the bioink formulation. Typically, exogenous trigger 
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mechanisms involve temperature responses, chemical or solvent immersion, electrical or magnetic 

stimulation, and light induction among others.[249] Frequently used stimuli are temperature and 

water, which have been used to induce shape transformation of bioprinted constructs by varying the 

temperature or water sorption and swelling. For example, thermos-responsive hydrogels swell and 

deform into capsule-like structures by folding star-shaped polymer bilayers at reduced temperatures, 

which then unfold and release the encapsulated cells after increasing the temperature. Lewis et al. 

[254]developed a biomimetic hydrogel composite ink composed of stiff cellulose fibrils embedded in a 

soft acrylamide matrix that can be 4D printed into programmable plant-inspired bilayer architectures 

patterned in space and time (Figure 6E). These hydrogels are endowed with localized swelling 

anisotropy that induces complex shape changes upon immersion in water, yielding complex 3D 

morphologies. Moreover, cell contraction exerts a traction force that induces self-folding-based 

shape transformation to fabricate the desired 3D cell-laden microstructure or complex cellular 

constructs by adhering to a substrate/biomaterial surface or within 3D tissues.  

3.3. Integration with numerical simulation 

Computational and mathematical modeling, also referred to as numerical simulation, is a powerful 

tool that can yield accurate solutions for many microfluidic devices before fabrication.[255]Numerical 

simulations can ensure whether a design is feasible and efficient, and provides a faster route to the 

desired outcomes by reducing experimental trial and error.[256] Recent advances in organ-on-a-chip 

technology can better represent the structural and functional complexity of living tissues/organs and 

reproduce the dynamic mechanical and biochemical microenvironment. These microphysiological 

systems are mostly focused on mimicking the physiology and pathology of human organs and 

diseases and describing experiments results rather than modeling and designing. Experiments alone 

cannot provide full insights into the biochemical, biophysical, and biomechanical processes that 

affect cell growth and behavior in organ-on-a-chip. Numerical simulation can provide additional 

theoretical information, predict multiple properties of different underlying processes, contribute 
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accurate and satisfactory results, and avoid repetitive experimental measurements, reducing cost 

and time.[257] Nevertheless, incorporating numerical simulations into organ-on-a-chip models needs 

additional theoretical work in both simulation and experimental studies. 

Microfluidic organ-on-a-chip devices should faithfully reproduce in vivo hydromechanical effects, 

such as blood, interstitial, and mucosal fluid mechanics, which influence multiple biochemical, 

physiological, and pharmacological processes.[258]Fluid flows directly affect cell morphology and 

cellular signaling as well as the vasculature structure and mucosal barriers in living 

organisms.[259]Advances in computer technology has made examining flow structure and drug 

distribution possible using simulation software such as computational fluid dynamics (CFD).[260]CFD 

provides a qualitative or quantitative prediction of fluid flows by means of mathematical modeling 

(partial differential equations), numerical methods (discretization and solution techniques), and 

software tools (solvers and pre- and post-processing utilities).[261] Advanced models in CFD made 

feasible the simulation of complex transport phenomena in medicine and biology and created 

opportunities for solving problems in the clinic. Contemporary CFD tools, such as COMSOL, CoBi, and 

ANSYS Fluent CFD-ACE 1, provide the necessary capabilities of modeling coupled fluid flow, mass 

transport, and biochemistry for designing and developing microfluidic organ-on-a-chip devices.[257] 

High-fidelity models of single organ-on-a-chip are more appropriate for analyzing flow patterns, 

pressure drops, wall shear stress profiles, and mechanical loads on membranes.[262] Computational 

simulation of complex behavior arising in multicellular constructs can provide critical insights for 

improving reproducibility or guidance for achieving the desired form and function of self-assembled 

organoids from pluripotent precursors.[263] Multiscale models of multi-organ-on-a-chip or human-on-

a-chip are more suitable for modeling long-term drug transport as well as pharmacokinetic (PK) and 

pharmacodynamic (PD) effects. [264, 265]The following sections will present the most important 

advances in modeling and simulation as an integrated part of organoids and organ-on-a-chip 

research and development. 
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3.3.1. Numerical simulation for organoids 

 Advances in experimental tools for characterization, environmental manipulation, and live-cell 

imaging are needed to enhance spatiotemporal predictions of organoid properties. Organoid 

formation in terms of cell proliferation, lineage specification, and organ homeostasis involves 

complex biological phenomena, such as stem cell differentiation into mature cells, chemical diffusion, 

surface tension, cell-cell contact and signaling, and cell-substrate mechanical interactions. [266]Novel 

computational modeling and biophysical principles have yielded insights into the main structural and 

functional features of the organoid system as a function of spatiotemporal organization of the cell, 

which further aids analysis and optimization.[267] 

Organoid development is a 3D process that includes cell proliferation, morphogenesis, and tissue 

expansion and exhibits its intrinsic complexity through multiple environmental cues. [268, 269]Cell fate 

decisions are affected by proximal (direct neighbor) and distal interactions that arise from 

morphogen diffusion across tissues. Other drivers of differentiation, such as mechanosensing, 

membrane voltages, or gap junction communication, can be used in computational modeling and for 

testing the properties of spatial organization or symmetry breaking to uncouple fundamental 

mechanisms of cell-cell communication during organoid development.[270] Self-organization of 

multicellular structures is the use of cell-cell signaling networks to induce morphological changes.[271] 

Toda et. al [272]used the modular synNotch juxtacrine signaling platform to engineer artificial minimal 

intercellular genetic programs to yield assemblies with hallmarks of natural developmental systems: 

robust self-organization into multidomain structures, well-choreographed sequential assembly, cell 

type divergence, symmetry breaking, and the capacity for regeneration upon injury (Figure 7A). The 

ability of these networks to drive complex structure formation illustrates the power of interlinking 

cell signaling with cell sorting: Signal-induced spatial reorganization alters the local signals received 

by each cell, resulting in iterative cycles of cell fate branching. Various programing self-organizing 

synthetic structures with minimal logic of controlling cell adhesion (cadherin expression) through 
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cell-cell communication (synNotch signaling). These results provide insights into the evolution of 

multicellularity and demonstrate the potential to engineer customized self-organizing organoids or 

materials.  

Morphogenesis is a sequential process of multicellular deformations by signal-dependent cell 

activities such as contraction, adhesion, migration, proliferation and apoptosis in 3D space. [273]Cells 

have the characteristics of mechanically varied 3D structures such as apical, basal and lateral areas 

of epithelium, apical areas actively generate contractile forces by actomyosin activities [6], and basal 

areas passively respond to extrinsic forces in a viscoelastic manner . [274, 275]Shape deformation is 

critical for organoid morphogenesis to yield human-like organ structures.[276] Vertex models can 

successfully describe how spatial patterns of apical cell contractility induce deformation of epithelial 

shells, which is simulated by the formation of hexagonal prism-like cells with a fluid-filled cavity and 

a solid membrane.[277]Both 3D and 2D vertex models have demonstrated principles of evagination or 

invagination that correspond to the apical side, which comprises the inner shell surface or outer 

shell surface. To combine the mechanical properties and chemical interactions during 

morphogenesis of each cell, Okuda et al.[278]etablished a 3D vertex model that simulates intercellular 

signal-dependent epithelial morphogenesis, ultimately, the multicellular deformations and 

biochemical patterns resulted in four types of 3D morphogenesis—arrest, expansion, invagination, 

and evagination (Figure 7B). In a later work, the same authors incorporated a 3D vertex model with a 

mathematical model of turing morphogen reaction-diffusion dynamics and demonstrated that 

diverse morphologies within the same tissue type depend on different time scales (Figure 7C).[279] 

Moreover, morphogenesis, including tubulation, branching, and undulation, was achieved from a 3D 

monolayer cellular sheet model. Other organoids established using these models include interstitial 

crypts, cortical polarized tissues, self-organizing epithelial acini, branching morphogenesis of 

mammary or salivary glands, and multi-layered multi-lineage cysts. 

An additional feature of 3D computational organoid modeling is the introduction of limitations of 
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nutrient availability as a consequence of necrotic cores. Simulations with partial differential 

equations and experimentally engineering vascularized organoids are often appropriate for 

describing these properties of nutritional deficiency. Mcmurtrey et al.[280] Developed an analytic 

models of oxygen and nutrient diffusion, metabolism dynamics, and architecture optimization in 3D 

tissue constructs with applications and insights in cerebral organoids. (Figure 7D) . Oxygen, glucose, 

and other metabolic precursors necessary for anabolism are subjected to reaction-diffusion bio-

transport across a multicellular engineered tissue.[281]The lack of nutrient and gas exchange limits 

control over the size, shape, and relative cell arrangement of organoids and hinders the maximum 

size and extent of tissue maturation. The accumulation and diffusivity of secreted molecules (such as 

growth factors or chemokines) in intercellular regions/extracellular matrix represent a stable source 

of localized influence on cell fate decisions within organoids. Exposure of cells or organoids to 

physiological shear flow, mechanical stress, and substrate stiffness can have profound effects on 

their physiology and function.  

Appropriate computational organoid modeling must reflect the high sensitivity to changes of 

biomechanics and biophysical forces that utilize surface tension and adhesive forces (or lack thereof) 

to encourage cell-cell interactions. When simulating 3D organoid growth, Hookean forces between 

cells dictate an outward “jostling” effect that maintains neighbor-to-neighbor distances and changes 

the degree of cellular packing when spheroid volumes expand as a result of cell division.[282]Human 

brain wrinkling emerges spontaneously due to compression forces arising during differential swelling 

of polymer gel. Karzbrun et. al [283]report the appearance of surface wrinkles during the in vitro 

development and self-organization of human brain organoids in a microfabricated compartment 

(Figure 7E). They observe the emergence of convolutions at a critical cell density and maximal 

nuclear strain. They identify two opposing forces contributing to differential growth, one is 

cytoskeletal contraction at the organoid core and the other is cell-cycle-dependent nuclear 

expansion at the organoid perimeter. It remarkably models well the physics of the folding brain with 
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wrinkling wavelength exhibits linear scaling with tissue thickness, consistent with balanced bending 

and stretching energies. Opposite evidence from smooth brain organoids display reduced 

convolutions, modified scaling and a reduced elastic modulus. Taken together, organoid wrinkling is 

driven by a mechanical instability from differentially swelling materials. The emergent wrinkling 

pattern are ascribe to the increased growth in the organoid outer regions, and the actively 

contracting organoid inner surface. This human brain organoids on a chip approach successfully 

mimics the early developing cortex and reveal the physics of folding of brain . 

The main goal of mathematical and computational oncology is to develop quantitative tools to 

determine the most effective therapies for each individual patient, otherwise known as precision 

medicine.[284] Mathematical modeling and computer simulations allow for relatively fast, efficient, 

and inexpensive simulations of innumerable treatment schedules to predict the most promising 

therapeutic regimen as well as the timing and dosage of administration. [285]Mathematical models 

explicitly take into account the spatial architecture of 3D tumor spheroids and patient-derived tumor 

organoid cultures to address tumor development, progression, and response to treatments. [286]The 

aim is to support the concept of virtual clinical trials and demonstrate the integration of 

mathematical, computational, and experimental approaches to unlock personalized treatment 

strategies.[287] 

3.3.2. Numerical simulation for organ-on-a-chip  

Organ-on-a-chip can mimic the body’s multicellular architecture, tissue-tissue interfaces, 

physicochemical microenvironments, and vascular perfusion[1]. Modeling of the multiphysics 

behavior of microfluidic organ-on-a-chip is critical for their development and optimization. High-

fidelity simulations of microfluidic organ-on-a-chip devices require a computational mesh generated 

from device geometry.[282] Typical organ-on-a-chip devices have relatively simple geometries and 

commonly feature two microchannels stacked on top of each other separated by a thin porous 

membrane for in vitro barrier modeling. The geometry/mesh models require specification of volume 
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conditions (e.g., epi-channel, endo-channel, porous membrane, permeable sold, and cell layer) and 

boundary conditions (e.g., inlets, outlets, walls, and interfaces).[257] An essential component for 

adequately representing a subset of human organ or tissue functions in these microfluidic organ-on-

a-chip systems is the concentration distribution of the bioactive compounds involved, especially the 

delicate balance between media mixing and cellular signaling for long-term maintenance of the 

multiple cell type co-culture.[288] Experimental and numerical studies of the molecular concentration 

distributions resulting from convective-diffusive mass transport in both microchannels have been 

conducted by analyzing the effects of media flow rate and direction, separation membrane porosity, 

microchannel dimensions, and molecular size.[289] 

Barrier-type computational models involve porous membranes functionalized by epithelial and 

endothelial cells and can be adapted to various barrier organs such as the gut, liver, lung, renal 

proximal tubule, blood-brain barrier, skin, and bone.[257, 290] Hancock et al. developed a lung-on-a-

chip consisting of auxiliary vacuum channels that enable stretching of a flexible membrane to 

simulate breathing and mimic the essential features of the blood-air barrier in human lungs (Figure 

8A).[291] This lung-on-a-chip model makes use of the COMSOL Multiphysics® software model for 

simulating fluid-structure interaction, laminar fluid flow, nonlinear structural materials, dilute 

species transport, and particle tracing capabilities. The authors first varied the vacuum pressure to 

produce a strain-pressure relationship for selecting a vacuum pressure waveform, which was then 

used in a time-dependent simulation involving membrane and channel deformation and air/liquid 

flow to simulate the breathing process. Additional features of lung model provide further insights, 

such as drug or nutrient transport within the culture medium and their uptake by cells or across the 

porous membrane, particle tracing to model bacteria or nanoparticle inhalation into lungs, and 

particulate flow and shear stress estimates on cells that attached on the porous membrane.   

Simulation proves the validity of the designed organ-on-a-chip device. Atiyat et al.[292] employed the 

fluid interaction module in COMSOL to evaluate the effectiveness and validity of the proposed multi-
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layered live-on-a-chip device with theoretical and experimental results. (Figure 8B) The proposed 

device is membrane-based culturing and the resulting designs with the ability to mimic the blood 

flow and bile excretion of actual cultured human liver cells. The system consists of three main parts: 

mixing, metabolizing, and testing. The mixing process takes place through a passive microfluidic 

micromixer by introducing blood or tested drug fluids through two inlets. Drugs (clopidogrel )can be 

introduced into the system with pre-cultured liver cells over a porous membrane with the advantage 

of live observation to enzymatical activation. This research also demonstrated the COMSOL 

simulation results, such as surface diffusion flux and surface concentration of the mixing process of 

the tested drug and blood, flow of blood over the cultured cells, bile flow and excretion throw the 

membrane. 

Other typical organ-on-a-chip devices exhibit relatively 3D axisymmetric geometries and commonly 

feature two lateral channels with a symmetrical chamber along the horizontal center line and evenly 

spaced micropillar arrays or endothelial-like barriers.[293] The balance between mass transport by 

convection and diffusion results in a concentration distribution that is specific to the design and 

optimization of the organ-on-a-chip by numerical simulation and experimental validation. The 

injection process of the mixture of 3D neural stem cells and hydrogel (collagen) can be simulated 

using the two-phase level set mode of COSMOL Multiphysics software. Moreover, the species 

transport mode of ANSYS Fluent software can simulate the diffusion process of nutrients (glucose 

and lactic acid) in the medium. The main parameters affecting the diffusion process include the 

concentration and diffusion coefficient of nutrients, the porosity and permeability of the 

polymerized hydrogel in the chamber, the flow rate of the medium, and the spacing between 

micropillars.  Mathur et al. [294]reported a cardiac microphysiological system (MPS) contains a central 

cell chamber with selforganizing 3D cardiac microtissues, two adjacent channels for medium (30-40μ

m wide) recapitulating the vasculature, and arrays of connecting microchannels (2 μm wide) for 
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mimicking endothelial barriers (Figure 8C).  They applied this MPS system to mimic many of the mass 

transport properties of functional ventricular myocardium, and tested the cardiac response with 

four model drugs. The narrow cross-section of these microchannels creates a total fluidic resistance 

into the cell culture area 10 times greater than through the media channel. Thus, the transport from 

the media channels to the cell chamber is purely diffusive. The cardiac MPS system is aligned with 

the 3D cardiac tissue structure, which provides consistent contractions to maintain the intracellular 

connections and electromechanical activity of the myocardium.They also demenstrated the heat 

map of the time-averaged beating motion and corresponding average beating kinetics in the MPS, 

Banaeiyan et. al[295] demonstrated a microphysiological niche for hepatocytes in a very large-scale 

liver-lobule-on-a-chip device (Figure 8D). The chip consists of an integrated network of liver-lobule-

like hexagonal tissue-culture chambers constructed in a hybrid layout with a separate seed-feed 

network. Each chamber contains a central outlet mimicking the central vein of a liver lobule. 

Separating chamber walls with 2 μm-wide and 2 μm-high diffusion channels located between the 

culture area and feed network protects cells from the shear force of the convective flow. Arrays of 

designated passages convey nutrients and xenobiotics into the tissue chambers by diffusion-

dominated mass transport mimicking fenestrated endothelial cells in the liver-tissue 

microenvironment. The bio-relevant geometry of the device enables co-culturing of several cell 

types in a direct cell–cell contact, as well as in a separated manner by the diffusion barriers and lead 

to oxygen-gradient perfusion and the formation of metabolic zonation.  They also used COMSOL 

software to simulate the flow velocity, shear stress and diffusion of glucose molecules inside and 

outside the culture chambers under a continuous flow rate. 

Frohlich et al.[296] utilized COMSOL to assess the shear stress field across the cell adhesion area, and 

designed a culture device named microscale tissue modeling device, which could provide a method 

to manipulate cell cultivation. They employed numerical simulation to emulate the influence of 
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shear stress on cell migration, alignment, phenotype and the coupled effect between shear stress 

and sub-micro topography. Later, cell alignment and staining assays demonstrated the agreement 

between the results and predictions, proving that numerical simulation can be resorted to design a 

well-defined culture device rapidly and efficiently. Bhise et. al [297]demenstrated a vascularized and 

perfused organ-on-a-chip platform and undergone finite element simulation of interstitial flow with 

hydrostatic pressure and flow velocity of a whole tissue unit to induce vasculogenesis (Figure 8E). 

Each tissue unit consists of 3 tissue chambers (T1-T3) connected to 2 adjacent microfluidic channels, 

2 gel loading ports (L1-L2), 2 medium ports (M1 and M2), and one pressure regulator unit (PR). Each 

vascularized microorgan is independently-addressable and flow through the microorgan is driven by 

hydrostatic pressure. They performed finite element simulations for interstitial flow through ECM 

embedded in the tissue chamber that confined for momentum transportation through a porous 

fibrin gel with low permeability. The hydrostatic pressure and interstitial flow velocity in both 

vertical and horizontal directions are within the optimal range (0.1–11 μms−1) previously reported to 

continuously induce vasculogenesis.  

Furthermore, the numerical simulations can also be employed to verify various speculations of cells’ 

metabolism and predict cellular behaviors. The results can also serve as a reference to account for 

experimental data. For instance, Schimek et al.[298] devised a full-thickness skin equivalent (ftSEs) in a 

96-Well Insert Format, and utilized numerical simulation as an important method to test some of 

their assumptions. The simulation helped them to approximate the processes of the permeation of 

fluorescein sodium salt through the cultivated ftSE and predict results in the long run. Additionally, 

Loskill et al.[299] designed a microfluidic chip to separate transport effect, and utilized numerical 

simulation to show its efficiency. Via “Transport of Diluted Species”, which is a kind of inserted 

interface in COMSOL, concentration change within the chamber was assessed after the influx of 

liquid that contained diffusive solute. What is more, the restriction of the convective flow both in 

cell chambers and media channels were verified via a similar method. In this case, the numerical 
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simulation technique served as a proof to demonstrate the effectiveness of the membrane to 

protect cells from shear stress. Here is another example to exhibit the benefits brought by the 

employment of numerical simulations.  

Notwithstanding a wide variety of commercial sensors have been used to measure oxygen 

distribution and concentration, little is clear about the levels of oxygen inside microfluidic devices 

and the possible impacts on cell culture during the experiment. By numerical simulation technique, 

Funamoto et al.[300] successfully developed a numerical model to predict oxygen concentration and 

distribution in microfluidic devices during cell culture. Besides, they also forecast oxygen 

consumption by different cell types such as ECs and hepatocytes. With the linear relationship 

between oxygen partial pressure and oxygen utilization rate taken into consideration, compatibility 

could be achieved between numerical simulation and experimental data, which showed that 

numerical simulation can be an effective and powerful tool for bio-mimic systems to predict some 

chemical-related cellular behaviors. For additional example, numerical simulation was also used to 

estimate the flow and oxygen fields in a liver-on-a-chip platform with bio-printed hepatic spheroids 

by Bhise et al.[113]. Interestingly, they determined the flow rate that ensured sufficient oxygen 

concentration within the cell culture chamber especially in the vicinity of the hydrogel constructs 

(Figure 8F). Besides, computational simulation results of oxygen concentration with cellular 

consumption taken into account in different culture phase also supported the data gained from 

experiments.  

For the design of 3D cell cultures’ microfluidic platforms, a potential issue for polymer-based 

platforms has been highlighted as absorption of hydrophobic drugs under certain assays, which 

might also cause the undesirable exchange between adjacent microfluidic channels. To tackle this 

problem, numerical simulation, which could take the processes of absorption into account, is 

employed in explaining the results of the experiment. For example, via COMSOL, Shirure et al.[301] 

took dissolution, convection and diffusion into consideration to account for the loss of drugs within a 
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polymer-based microfluidic device. They utilized four dimensionless numbers to characterize the 

unintended mixing of drugs caused by the absorption of polymer. Then, they modified the chip’s 

designs to acquire the desired experimental conditions that were conducive to cell culture. 

Furthermore, the results of the numerical simulation were validated by a subsequent experiment for 

three hydrophobic molecules (rhodamine B, cyanine NHS ester, and paclitaxel) in PDMS.  

3.3.3. Numerical simulation for multi-organoid- or multi-organ-on-a-chip 

Integration of multiple organ modules to construct multi-organ-on-a-chip—essentially a simplified 

and miniaturized version of the human body—has been demonstrated at a proof-of-concept 

level.[302]Human-on-a-chip or body-on-a-chip models were demonstrated to faithfully reproduce 

complex and dynamic interactions among tissues and organs and recapitulate human physiology and 

disease progression, and can aid (in vitro-in vivo) IVIV translation of drug response studies.[303, 304] 

Multi-organ-on-a-chip require careful consideration of re-creating tissue-like structures and 

functions as seen in single organ-on-a-chip, as well as special design considerations of scaling 

strategies that reflect human physiology factors in a quantitative sense, such as specification of 

organ sizes and operating conditions (e.g., flow rates in each organ module, cell numbers, ratios of 

cell types, and total volume of media in the system).[57, 304] Current challenges in microphysiological 

systems is establishing appropriate scaling methods, which can be obtained by introducing 

additional engineering concepts or by applying mathematical/computational models to reduce 

unknown errors to achieve an adequate standard. [306, 307]Robust mathematical modeling techniques 

that enable in vivo extrapolation will be essential elements for the design of multi-organ-on-a-chip 

and the interpretation of experimental results.[308]  

Multi-organ interconnections are mainly achieved through a systemic fluid pool (common medium) 

that potentially transports nutrients, cell metabolites, pharmaceutical drugs, soluble ligands (e.g., 

cytokines, hormones, and growth factors) and cellular components (e.g., exosomes, nucleic acids, 

and proteins).[309] Developing an effective common medium that maintains the phenotypes and 
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functions of all organs is a critical issue. Mixed organ-specific media in equal ratios aim to a certain 

degree to satisfy the special needs (such as essential growth factors) of specific organs. Ramme et. 

al[310] assumed that pre-differentiated four organ on a chip models for the intestine, liver, brain and 

kidney of iPSC origin could similarly maintain their phenotype during the 14 days of coculture in a 

common, growth factor-deprived medium (Figure 9A). Multi-organ MPSs are capable of emulating 

human biology in vitro at the smallest biologically acceptable scale, and further to mimic complex 

biological processes involving organ–organ interaction, system homeostasis and pharmacokinetics. A 

parallel, physiological-inspired flow scheme through the each organ compartment and a medium 

flow partitioning mimicking physiological ratios of blood flow were adapted for quantitative in vitro 

to in vivo extrapolation. The dynamic fluid flow is adjusted to enable physiological nutrition and 

oxygen supply of the tissues in a distinct percentage of the blood flow from the main channel with 

COMSOL Multiphysics simulation.  

 

Different fluidic interconnection platforms can greatly affect the efficacy of a common medium in 

supporting multi-organ functions and mediating interorgan communications. Compared to static 

fluidic integration, which relies on passive diffusion, dynamic microfluidic interconnections enable 

the establishment of controllable and reliable biochemical gradients that drive mass exchange 

between systemic fluid and local microenvironments.[311] The architecture of the interconnecting 

fluid networks can have a large impact on organ crosstalk in multi-organ systems. An open-loop, 

single-pass, multi-organ system usually involves perfusion through all organ modules in a sequential 

manner that is mostly unidirectional and lacks feedback loops from downstream organs to the 

upstream ones. [307]On the other hand, pumpless gravity-induced or pump-driven recirculating 

microfluidic systems provide a continuous unidirectional closed loop perfusion that better mimics 

blood circulation and facilitates reciprocal communications among organs. [312]Nevertheless, current 

multi-organ models require important design considerations, such as the arrangement of different 
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organ modules to better mimic physiological processes and interconnection of organs using serial, 

parallel, or combined network architecture.[313] 

Multi-organ-on-a-chip requires a well thought-out scaling strategy that successfully reproduces 

essential physiological functions of different organs and their response to drugs.[314] Physiologically 

unrealistic ratios of organs sizes and total medium (blood) volume will often distort the nature of 

their interactions and make it difficult to determine appropriate flow volume and rate among 

different organs within the device. Edington et. al[315] reported an approach to co-culture multiple 

different MPSs with “4-way (liver, lung, gut, endometrium)”, “7-way  (adding brain, heart, and 

pancreas)”, and “10-way (adding kidney, skin, and skeletal muscle)” linked together physiologically 

on re-useable, open-system microfuidic platforms that are compatible with the quantitative study of  

a range of drugs (Figure 9B). They described the “physiome-on-a-chip” platform provides precise 

control over both intra- and inter-MPS flow partitioning and drug distribution by accommodating 

multiple different MPS flow configurations, each with internal re-circulation to enhance exchange, 

and feature on-board pneumatically-driven pumps with independently programmable flow rates.[309]  

Allometric scaling is widely used for estimating the key physiological parameters of multi-organ-on-

a-chip.[314, 315] Allometry is based on a governing law that dictates various physiological parameters 

dependent on organism size.[305] Allometric scaling laws can correlate the mass of organisms with 

physiological parameters, such as blood flow rate, metabolic rate, and heart rate. The multi-organ 

system requires that cell numbers and ratios enable appropriate physiological-like interactions and 

that flow rates do not cause shear stress-related damage to cells and allow adequate residence 

times for processing metabolic signals and convective oxygen transport.[257] So far, several scaling 

methods have been applied to multi-organ-on-a-chip, with each method suitable for a different set 

of objectives. The most straightforward and simple method for scaling down various organs is to 

directly scale down each organ proportionally according to easily accessible anatomical data.[307] 
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However, directly scaling different organs using the same factors (e.g., proportional size of biomass, 

fluid-to-tissue ratio, and consumption/production rates) is likely to result in distortion of the 

appropriate relationships between differently scaled organs.[316] On the other hand, residence-time 

based scaling captures the essence of reaction kinetics that enable the generation and consumption 

of molecules in a quantitative sense within organ tissues and compartments.[317] The physiologically 

realistic constraints ensure that each organ is exposed to chemical cues (drugs) for the same amount 

of time and that generated chemical cues (metabolites) are diluted to an extent where they do not 

exert any observable effects.[318] 

Ahluwalia et al. proposed two different allometric scaling laws termsas the cell number scaling 

method and the metabolic and surface scaling method, respectively and applied for a two-organ 

model of hepatic-vascular crosstalk.[319, 320] The allometric approach was then used to calculate the 

basal metabolic rate per cell hepatocyte and the vascular surface area from human parameters. 

Furthermore, organs can be scaled differently depending on whether their main function is a 

volume-mediated process (metabolic conversion by hepatocytes) or surface-mediated process 

(distribution through endothelium). Thus, the hepatic-vascular two-organ system was designed using 

the cell number scaling method to maintain the ratio of endothelial to hepatic mass after 

considering the fractions of total body weight for specific organs (6.28% for vascular endothelial 

tissues and 2.6% for hepatic tissues in human).[321]  

Another allometric scaling approach termed “metabolically supported functional scaling” relies on 

the assumption that multi-organ systems can maintain in vivo cellular basal metabolic rates by 

ensuring the underlying prerequisite of limiting nutrient supply to cells.[308, 321]An adipose-vascular 

two-organ system demonstrated that dispersed adipose cells (scaled with surface area) exhibit 

significantly higher glucose uptake than that of intact spheroids (scaled with volume) due to the 

difference in mass transport rates.[322]  The “functional scaling” approach first defines the major 

function and specifies the functional parameter for each organ, such as heart (volume pumping), 
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lungs (gas exchange), liver (metabolism), and kidneys (molecular filtering and transport).[307] 

However, some organs often carry out multiple functions, such as the brain, which does not just 

function as a neurovascular unit with a blood-brain-barrier; therefore, scaling a multi-organ system 

requires a multifunctional scaling approach or multivariate optimization. Gut-liver, liver-skin and gut-

liver-kidney multi-organ-on-a-chip devices successfully illustrated the use of a multifunctional scaling 

approach and mechanistic model in studying the PK of drugs after oral administration by specifying 

multiple objective parameters.[309, 323] This multifunctional scaling algorithm defines the objective 

function as a weighted squared difference between a model outcome and the corresponding 

measurements. 

The development of multi-organ-on-a-chip devices can bridge the gap between in vitro testing and 

animal or human models for drug screening applications. Sung et. al[307] demenstrated the 

relationship between in vivo (human or animals), in silico (mathematical models), and in vitro multi-

organ-on-a-chip platforms (Figure 9C). Miniaturized organ-on-a-chip systems are ideal for 

reproducing microscale tissue structures of each organ, a strategy for correctly scaling between 

organ-on-a-chip systems and the human body is needed to build accurate multi-organ 

pharmacological models.[324] Interpretation of experimental data obtained from in vitro models and 

in vivo translation of the data requires appropriate mathematical modeling platforms to promote 

the development of pharmacology and pharmaceutical industry.[325] Multi-organ systems devices 

with interconnecting microchambers and microchannels enable precise manipulation of fluid flow to 

replicate blood circulation. The fluidic interconnections among organ models representing human 

responses depend on both single-organ functions reproduced in vitro and physiological relevance of 

organ-organ relationships embedded in the device design. [326]Multi-organ systems can mimic tissue-

tissue interactions and provide a platform capable of simulating human metabolism with high 

authenticity, including the conversion of a pro-drug to its effective metabolite as well as its 

subsequent therapeutic actions and toxic side effects.[327]Moreover, multi-organoid body-on-a-chip 
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systems based on stem cells are positioned to be deployed for drug screening and are rapidly 

advancing as a gateway for individualized precision medicine.[328]As they can estimate efficacy and 

dose response, these multi-organ or multi-organoid systems have the potential to improve the drug 

development process before entering the expensive phase of clinical trials.[329] 

 In particular, the pharmacokinetic-pharmacodynamic (PK-PD) modeling technique and 

pharmacology approach for IVIV translation have been successfully applied as a mathematical 

modeling platform to analyze and predict the behavior and action of drugs in multi-organ-on-a-

chip.[330, 331] Lee et. al[303] has summarized the current status of organ-on-a-chip technology and 

microfluidic whole-body models for pharmacokinetic drug toxicity screening (Figure 9D). Drug 

bioavailability is governed by a complex process of absorption, distribution , metabolism, and 

excretion collectively known as ADME. PK is the study of time-dependent drug concentration, and PK 

modeling is based on the mass balance of drugs and their metabolites for optimizing drug 

formulation and dose as well as predicting toxicity and efficacy during drug development.[332] 

Physiologically based pharmacokinetic (PBPK) models are based on the actual physiology and 

anatomy of the human body and provide a mechanistic basis that better represents the drug 

mechanism of action and the effects elicited in multi-organ systems.[333] Meanwhile, PD modeling is 

based on empirical or mechanistic models that describe the action of drugs at the target site for 

verifying their effects. [334]Coupling PK, PBPK, PD, and PK-PD models has been frequently attempted 

to predict the pharmacological effect of a drug based on the administered dosage in multi-organ or 

multi-organoid systems. There are also several commercial PK-PD modeling tools, such as PK-Sim[335], 

Simcyp[336], and MATLAB/SimBiology[337], that can be easily adapted to multi-organ systems. Michael 

L. Shuler[317] proposed a more refined approach based on the principles of PBPK modeling and 

derived parametric criteria to establish two different platforms that are involved in different stages 

of drug development; the μOrgan-on-a-chip platform allows only the extraction of PBPK parameters, 

while μHuman-on-a-chip allows direct simulation of drug concentration PK profiles in the human 
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body.[307]  

Multiscale modeling is particularly attractive for combining lumped (compartmental) and distributed 

(spatiotemporal) first principles-based mathematical models for capturing the intricate biophysical 

details of selected organs or tissues.[257] Multiscale computational modeling is also required for 

simulating organ-on-a-chip devices with complex geometries or studying cell/tissue-scale structures 

embedded in microdevices.[338] For example, detailed simulation of cellular spheroids or organoids 

integrated in a multi-organ-on-a-chip would simultaneously perform simulation of intraspheroid 

drug/metabolite transport and spheroid-medium exchange and requires several spheroidal objects 

embedded in the interconnecting microchamber medium pool.[339] Another example of multiscale 

mathematical modeling of liver-on-a-chip with complex geometry and zonation was shown to 

simulate fluid flow, oxygen transport and consumption, drug transport and intrinsic clearance, 

hepatocyte-specific metabolic pathways and fluxes, and enzyme kinetic mechanisms.[340, 341] The 

recent progress in the development of multi-organ- or multi-organoid-on-a-chip appears promising 

and there is an active movement toward commercialization in collaboration with the pharmaceutical 

industry. Nevertheless, mathematical modeling platforms for multiorgan systems need further 

improvement and validation with increasing complexity. Quantitative systems pharmacology also 

relies on state-of-the-art computational methods and algorithms, such as machine learning, artificial 

intelligence, and cloud computing, and can be combined with multi-organ-on-a-chip technology in 

the future.[257] There are already cases of using deep learning for automated analysis of 

vascularization images or Bayesian algorithms for parameter estimation.[341] Development of 

hardware for organ-on-a-chip should be accompanied by a corresponding development of 

mathematical modeling techniques for designing and interpreting the systems. 

4. Concluding remarks 

Organoids and organ-on-a-chip technology has the potential to disrupt the traditional drug 

development process by replacing animal models and/or significantly improving the outcomes of 
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animal and clinical studies. Several organizations have made initiatives to promote organoid- and 

organ-on-a-chip related research. For instance, the Food and Drug Administration (FDA), National 

institutes of Health (NIH), and Defense Advanced Research Projects Agency (DARPA) of the USA are 

jointly supporting and funding the “Tissue Chip for Drug Screening” and “Tissue Chip in Space” 

programs that develop organ-on-a-chip devices for evaluating drug therapies and other national 

security purposes (http://www.ncats.nih.gov/ tissuechip/funding).[343, 348] The European Union has 

also awarded funding to five organizations pursuing research on body-on-a-chip devices 

(http://www.ncats.nih.gov/tissuechip/funding).[349] These massive investments in new tools with 

better predictive capabilities demonstrate the potential demand—and challenges—for reducing 

attrition rates, pre-clinical costs, and time-to-market.  

Organ-on-a-chip microsystems represent a significant advancement but there remain technical and 

entrepreneurial challenges. The overarching consideration for organ-on-a-chip development is 

controlling the balance between complexity (to improve physiological relevance) and practicality (by 

focusing on practical operation and management). One of the critical technical challenges arises 

from the difficulty to generate and control physiologically relevant structural, biochemical, and 

mechanical cues that insure more reliable and sustainable sources of human primary cells or stem 

cells. Major technical hurdles include the difficulty of developing downstream and online high-

resolution biochemical analysis as they are incompatible with current measurement techniques. 

Furthermore, current laboratory prototyping PDMS-based fabrication techniques are not feasible for 

large-scale manufacturing of organ-on-a-chip for industrial applications[244]. 

Organoids, self-organized organ-like cell aggregates that originate from multipotent stem cells, are 

emerging as a promising tool for understanding human development processes and disease 

progression. Organoids resemble small units of their organ of origin and accurately recapitulate 

tissue architecture and in vivo behavior. However, there are also limitations and major challenges to 

current fabrication technologies, such as uncontrollable size, lack of vascularization, poor 
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reproductively, and inadequate complexity of organoids. Consequently, the architectural 

organization, maturation status, and functionality of organoids is not yet at in vivo levels due to 

limitations of insufficient nutrient and oxygen diffusion and a lack of controlled cell-cell and cell-

matrix interactions. Advances in biomimetic hydrogels and 3D bioprinting will allow us to culture 

organoids or organoid-derived tissue constructs with well-distributed, interconnected vascular 

networks and highly defined spatial control. Organoid developmental processes coordinate 

multicellular communication, growth, and maturation to achieve physiological functionality and 

provide reliable, rapid, and cost-effective results for drug discovery and screening.  

The strategic integration between organoids and organ-on-a-chip can address the limitations of each 

approach and provide a path toward a superior, synergistic strategy of constructing tissues. 

Advances in microfluidic organ-on-a-chip approaches allow us to engineer organoids with essential 

structural and physiological features in a controlled manner. The synergistic engineering of organoid-

on-a-chip leads to more versatile and predictive preclinical models that may truly deliver on the 

promise of regenerative and precision medicine. Although many emerging opportunities lie ahead, 

organoid-on-a-chip is a nascent technology that also faces predictable challenges and limitations. 

Advanced engineering techniques (e.g., 3D printing) may hold the key for recapitulating 3D tissue 

architecture and physiology as well as facilitating better nutrient and gas exchange in a micro-

engineered organoid platform. Typically, organoid-on-a-chip models have limited ability to 

recapitulate the dynamic environmental, structural, and functional changes that occur during 

organogenesis due to their predetermined design and construction manner. Addressing this 

limitation will require efforts to fully understand the spatiotemporal dynamics of organ development 

and achieve high-fidelity 3D stem cell-derived organoids or microtissues. Moreover, hydrogel 

materials (e.g., Matrigel) suffer from poorly defined compositions and exhibit batch-to-batch 

variability, which hinders environmental controllability and may be problematic for providing 3D 

structural support and proper morphogenesis. Addressing this problem will also require ongoing 
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efforts to engineer new types of biomaterials with well-defined and tunable properties for organoid 

or microtissue culture. The convergence of the two approaches to produce multi-organoids-on-a-

chip or human organoids-on-a-chip is emerging as a new direction for building 3D models with 

higher physiological relevance. Additional bioengineering approaches, such as live imaging, genome 

editing, and single-cell genomics, may also be incorporated into organoid-on-a-chip systems to study 

human physiology, diseases, and organogenesis and achieve personalized medicine.  

3D printing is an ideal technology for building flexible, complex, monolithic devices and creating 

organ-level biological architectures with precise 3D cell patterning and biomaterial heterogeneity. 

The convergence of 3D printing with microsystems aims to provide future strategies for more 

efficient, automated, modularly integrated, higher-throughput, and customizable organ-on-a-chip 

devices. The integration of 3D printing and human organoid-on-a-chip devices can lead to the next 

generation of 3D models with more precise self-organization and spatiotemporal control of the 

microenvironment. However, experiments alone cannot provide full insights into the biochemical, 

biophysical, and biomechanical processes that affect cell growth and behavior in microphysiological 

systems. Computational and mathematical modeling, also referred to as numerical simulation, can 

provide additional theoretical information and predict multiple properties of different underlying 

processes. Numerical simulation is also a powerful tool that can help obtain accurate and 

satisfactory results and reduce the costs and time associated with repetitive experimental 

measurements. Numerical simulation of the complex behavior of self-assembled organoids faces 

challenges arising from cell spatiotemporal organization, vascularization, shape deformation, 

morphogenesis, reproducibility, and guidance towards desired formation and function. Organ-on-a-

chip  combined with numerical simulation is suitable for simulating the optimization and validation 

of chip design, nutrient consumption and transduction, oxygen concentration and pressure 

distribution, shear stress, and flow field among others. Multi-organoids and multi-organ-on-a-chip or 

human-on-a-chip are more suitable for modeling multifunctional allometric scaling, interconnection 



 

This article is protected by copyright. All rights reserved.73 

via vascularization and innervation, long-term drug transport, and PK and PD effects. These specific 

advances can be leveraged to address major technical challenges by introducing modeling and 

simulation as an integrated part of 3D printing-assisted organoids and organ-on-a-chip platforms.  

This massive investment in new research tools with better predictive capabilities demonstrates the 

potential demand and challenges for reducing attrition rates, pre-clinical costs, and time-to-

market.Several companies have shown great interest in microphysiological system models as they 

offer an alternative to animal studies and reduce the ethical issues associated with drug testing. The 

adoption of organoids and organ-on-a-chip models has huge potential for a variety of commercial 

applications and can reduce failures in animal studies and clinical trials by identifying ineffective or 

unsafe drugs earlier. The synergistic combination of 3D bioprinting, organoids, and organ-on-a-chip 

has the potential to overcome the limitations and controversies of more traditional preclinical 

models and can offer an exciting new avenue for improving them. This integration has become more 

popular but still needs sophisticated bioprinting techniques capable of biofabrication in a scalable, 

accurate, rapid, and high-throughput manner to overcome challenges associated with resolution, 

bioink materials, and the limited co-print ability. In addition, integrated bioprinted tissues with 

organoids and organ-on-a-chip should exhibit proper tissue function, durability, and miniaturization 

to minimize the time and cost of fabrication. Coaxial bioprinting may also be used to better replicate 

vasculature and other vessels to study and understand complex organ systems. Moreover, advanced 

biosensing and diagnostic technologies can be used to significantly increase the prediction accuracy 

of capturing and measuring metabolites by providing a dynamic and controlled environment. 

Furthermore, iPSCs and their ability to differentiate into many cell types and self-assembly into 

organoids have opened up new avenues for achieving robust and reproducible personalized tissue 

constructs. Multiple miniaturized tissues or organoids can also be connected on a single organ-on-a-

chip model to mimic the complexity of tissue function and responses with physiologically relevant 

flow rates and shear stress values. Bioprinted organ-on-a-chip and human multi-organoids- or multi-
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organ-on-a-chip will lead the next generation of commercial devices for physiological research, 

diagnosis, drug screening, and personalized treatment. 
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Figure.1 Illustration of structure fidelity of organoid models and organ-on-a-chip systems. (A) 
Schematic demonstrates the human midbrain-like organoids (hMLOs) from hPSCs in 3D culture which 
contain distinct layers of neuronal cells expressing human midbrain markers. Reproduced with 
permission. *80+Copyright 2016 Elsevier. (B) Illustration of typical finger-shaped extensions of human 
lung bud organoid. Reproduced with permission. *82+Copyright  2018 Springer Nature. (C) Schematic 
represents a novel gut-on-a-chip system comprised of artificial human villus intestinal epithelium and 
vacuum chamber for applying cyclic strains. The system is able to mimic complex interaction 
between Caco-2, vascular epithelial cells, microbiome, bacterial and immune cells. Reproduced with 
permission.*83+ Copyright  2018 Elsevier. (D) Schematic shows the neurons that are aligned on the 
Matrigel and cultivated to form the 3D neural circuit. Reproduced with permission.  *84+Copyright  
2015 Wiley Online Library. (E) Schematic exhibits the microstructure of the microfluidic vascular 
channels embedded in the vascular-skin-equivalent-on-a-chip, which could provide perfusion flow. 
Reproduced with permission. *91+Copyright  2017 Elsevier. 
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Figure.2. Examples of the genomic stability of organoid models, and displays of the environmental 

control ability and throughput of organ-a-chip systems  (A) Established protocol for generating 

cerebral organoids which closely mimics the endogenous developmental program and can give rise 

to developing cerebral cortex, ventral telencephalon, choroid plexus and retinal 

identities.*92+Copyright  2018 Springer Nature. (B)Schematic represents the gene mutation rates 

identified in organoids compared with parental tumor and demonstrates gene fidelity during 

organoid cultivation. Reproduced with permission.*97+ Copyright 2018 Elsevier. (C) Microfluidic cell 

culture device comprised of four uniform units to create a series of concentration gradient for drug 

test. Reproduced with permission.[110] Copyright 2013 Elsevier. (D) Illustration of microfluidic devices 

integrated with MTF chip for cyclic stretch application, barbed fitting for perfusion control, aluminum 

bottom for temperature maintenance and stimulator for electricial field loading. Reproduced with 

permission.[112] Copyright 2013 Royal Society of Chemistry. (E) Schematic exhibited a gut-on-a-chip 

which fabricated 3D villi scaffold for cell arrangement and culture in dynamic environment. 

Reproduced with permission. [115]Copyright 2017 Springer. 
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Figure.3.  Schematic illustration of the benefits brought by the integration between organ-on-a-chip 

systems and organoid models and elucidates the concept of synergistic engineering among 3D cell 

culture, 3D printing and numerical simulation. (A)  Miniaturized spinning bioreactor (SpinΩ)-based 

brain-region-specific (forebrain, midbrain and hypothalamic) organoids from human iPSCs culture 

system and modeling impact of Zika virus (ZIKV) exposure.*21+ Copyright 2016 Elsevier. (B) The upper 

work-flow demonstrates the procedures of seeding epithelial cells derived from iPSC-based intestinal 

organoids into intestinal-on-a-chip. The lower immunofluorescence images represent the confluent 

monolayers of cells across the whole channel.*135+ Copyright 2018 Elsevier. (C) Illustration of a bio-

mimetic microfluidic chip comprised of micro-pillar arrays which allows direct formation from cell 

aggregates to brain organoids without much labor-intensive operation and reduces cultivation 

time.*141+Copyright 2017 Royal Society of Chemistry. (D) Schematic represents the brain organoid-on-

a-chip devices which incorporated fluid flow in the EBs culture. Reproduced with permission. *147+ 

Copyright 2018 Elsevier.  
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Figure.4 Schematic illustrations of the devices being made through different types of 3D printing 

processes. (A).  Illustration of 3D (bio)printing processes from the software designs of target 

tissue/organs to printed models.[150]Copyright 2019 Elsevier.  (B). Schematic exhibits the printing 

system of selective laser sintering (SLS). The focused laser beam on the top of the platform scans the 

powder in the chamber to define each slice of target objects. (C). Schematic displays the printing 

system of stereolithography (SLA). The system mainly comprises of two parts—a vat that contains 

liquid photopolymer resin and a laser light source that facilitates the formation of desired patterns. 

(D). Schematic illustrates the printing system of fused deposition modeling (FDM). Thermoplastic 

filament or metal wire are extruded from the extrusion nozzle to fabricate desired structures. (E). 

Schematic shows the printing system of photopolymer inkjet printing (IP). The system typically 

employs UV light source to cure the injected ink and fabricate complex structures. (F). Schematic 

displays the printing system of laminated object manufacturing (LOM). The system utilizes a laser to 

cut plastic laminates, and employs glue or chemical bonding to assemble the object. 
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Figure 5.   Various biomaterials such as natural, semi-synthetic, or synthetic polymers have been 

widely used as bioink sources for construction of desired micro-tissues or organoids in organ-on-chip 

models using inexpensive desktop 3D bioprinter platforms. (A) Schematic diagram of a two-step 3D 

bioprinting of hydrogel based hepatic construct in which hiPSC-HPCs were patterned by the first 

digital mask with lobule structure (Left) followed by the patterning of supporting cells using a second 

digital mask with vascular structure.*181+ Copyright 2015 Macmillan Publishers Limited. (B) Schematic 

illustration of the tissue manufacturing process of (i) printing of fugitive (vascular) ink within a 3D 

perfusion chip; (ii) casting of ECM material over the printed fugitive inks; (iii) evacuating fugitive ink; 

and (iv) perfusion via an external pump. Photographs and confocal microscopy image of bioprinted 

thick vascularized tissue.*182+ Copyright 2016 Macmillan Publishers Limited. (C) Monolithic tissue 

construct containing patterned vascular architectures and living cells by printing carbohydrate-glass 

lattice serve as the sacrificial element and the formed vascular network with intervessel junction and 

vascular lumen.*183+Copyright 2012, Nature Publishing Group. (D) Schematic of procedure of 

fabricating endothelialized myocardium by an Organovo Novogen MMX bioprinter and the coaxial 

needle where the bioink is delivered from the core and the ionic crosslinking CaCl2 solution is 

sheathed on the side by the two-step crosslinking process.*143+ Copyright 2016 Elsevier Ltd. (E) 

Fabrication of vascularized airway-on-a-chip (VA-OC) by 3D cell printing with the bioink that mixture 

of tracheal mucosa-derived dECM (tmdECM) and Matrigel.*188+ Copyright 2019 IOP Publishing. (F) 

Multimaterials bioinks optionally incorporated cells by d) mixing with polymers and polymer or 

polymer mixtures (PEGX) with linear (e.g., gelatin), branched (e.g., 4 arm PEG amine), or 

multifunctional (e.g., gelatin methacrylate) to form the bioink, and susequence perform postprinting 

by secondary crosslinking to increase mechanical robustness.*189+ Copyright  2015 Wiley Online 

Library. 
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Figure 6.Enhanced structural fidelity, improved integrity and commercializationof 3D printing 

platforms and 4D biomimic pringting. (A)  Schematic procedure of 3D microfluidic chip with 

supporting sugar structures  microchannels with (I) and without (II) collapse (1 top view of adjacent 

microchannels; 2 3D view of adjacent microchannels).*195+ Copyright 2015 Springer. (B) 3D bioprinting 

spiral-based droplets and cell-laden microspheroids ( spherical, rose-like and tai chi-like) formation  

through  extruding out of sodium alginate in PDMS microchip and from adjustable airflow-driven 

rotation within six-well plate.*214+ Copyright  2015 Wiley Online Library. (C) Instrumented cardiac 

microphysiological devices via multimaterial 3D printing principle, including contraction of an 

anisotropic engineered cardiac tissue,  deflects a cantilever substrate, thereby stretching a soft strain 

gauge embedded in the cantilever, and automated 3D-printing procedure  in 7 sequential steps.*225+ 

Copyright  2017 Nature Publishing. (D) Summary of Organ-on-a-Chip Startups and their core 

products. *indicates the product is still under development.*241+ Copyright 2017 Wiley Online Library. 

(E) Programming localized anisotropy via biomimetic 4D printing plant-inspired composite hydrogel  

architectures  that are encoded with localized, anisotropic swelling behaviour controlled by the 

alignment of cellulose fibrils along prescribed printing pathways.*254+ Copyright  2016 Macmillan 

Publishers Limited 
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Figure.7. Computational simulation and mathematical modeling of complex behavior arising in 

multicellular constructs and self-assembled organoids from iPSC. (A) Engineering cell-cell 

communication and signaling networks within self-organizing multicellular structures and organoids 

to program synthetic morphogenesis with spherically asymmetric structures by inducing differentially 

sorting adhesion molecules  and using the simple synNotch→adhesion toolkit.*272+ Copyright 2021 

American Association for the Advancement of Science. (B) Computational simulations of signal-

dependent epithelial growth and deformation during tissue morphogenesis that be categorized into 

four phases: arrest (yellow), expansion (blue), evagination (orange) and invagination (green).*278+ 

Copyright 2015 Royal Society. (C) Combining Turing and 3D vertex models reproduces autonomous 

multicellular morphogenesis with undulation, tubulation(time series images of thin tube formation), 

and branching(time series images of whole tissue deformation and branch structure).*279+ Copyright 

2018 Macmillan Publishers Limited (D) Analytic models of oxygen and nutrient diffusion, metabolism 

dynamics, and architecture optimization in a multi-compartment spherical model for cerebral 

organoids with metabolically active region, intermediate region, hypoxic region, and  ischemic 

region, respetively.*280+ Copyright 2016 Mary Ann Liebert, Inc. (E) Brain organoid development and 

wrinkling occurs at a critical nuclear density and maximal strain. Nuclear motion and swelling during 

cell cycle lead to differential growth. Cytoskeletal forces maintain organoid core contraction and 

stiffness and adding cytoskeleton inhibition (blebbistatin) show the reduction in thickness and 

increase in inner surface area.*283+ Copyright 2018 Nature Publishing. 
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Figure.8. Summary of several applications of numerical simulations used for modeling organoids and 

organ-on-a-chip systems, especially computational and mathematical modeling yield accurate 

solutions for many microfluidic devices before fabrication. (A) The Lung on a chip consists of a 

flexible membrane separating chambers for air and blood. Auxiliary vacuum channels enable 

stretching of the membrane to simulate breathing.  The COMSOL software is used to simulate its 

fluid-structure interaction, nonlinear structural materials, laminar fluid flow, dilute species transport, 

and particle tracing capabilities.[291] (B) Numerical simulations in COMSOL was performed and 

reported in a multi-layered microfluidic liver-on-a-chip model that consists three processing steps: (1) 

mixing, (2) metabolizing, (3) and testing. [292190]Copyright 2017 IEEE Xplore. (C) Schematic of the 

cardiac microphysiological system (MPS) nutrient channels (red) and cell-loading channel (green) by 

insetting the 2 mm endothelial-like barriers connecting the nutrient channel and the cell channel  

and imulated velocity profile of flow.[294] Copyright 2014 Nature Publishing. (D) Schematic of liver-

lobule-on-a-chip device incorporates 18 single lobule mimetic chambers and a separate seed-feed 

network, and numerical simulation of flow velocity and shear rate for diffusion-dominated nutrients 

masstransport in the device.[295] Copyright 2016 IOP Publishing Ltd. (E) A vascularized and perfused 

organ-on-a-chip platform and finite element simulation of interstitial flow with hydrostatic pressure 

and flow velocity of a whole tissue unit to induce vasculogenesis, which consists of 3 tissue 

chambers (T1-T3) connected to 2 adjacent microfluidic channels, 2 gel loading ports (L1-L2), 2 

medium ports (M1 and M2), and one pressure regulator unit (PR).[297] Copyright 2015 IOP Publishing 

Ltd. (F) Schematic exhibited simulation of oxygen concentration variation within 3D printed liver-on-

a-chip in Day 1 and Day 30 with consumption by hepatocytes taken into consideration. [298]Copyright 

2016 IOP Publishing Ltd.  
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Figure 9. Computational and mathematical modeling of multiorganoids or multiorgans-on-a-chip 

require careful consideration of re-creating tissue-like structures and functions as well as special 

design considerations of scaling strategies that reflect human physiology factors in a quantitative 

sense. (A) Schematic of physiologically inspired model of four-organ-chip interconnecting 

miniaturized human intestine, liver, brain and kidney equivalents or organoids from iPSCs and 

COMSOLsimulation of its calculated velocity distribution and wall shear stress in the blood 

circuit.[310]Copyright 2019 TissUse GmbH (B) Schematic overview of Physiome-on-a-chip devices that 

nurture many interconnected 3D MPS device representing specifed functional behaviors of each 

organ of interest and corresponding fow partitioning for the 7-way platform.[315] Copyright 2018 

Nature Publishing. (C) Schematic diagram of pharmacokinetic-pharmacodynamic (PK-PD) models, 

physiologically based pharmacokinetic (PBPK) model, two-compartment PK model, and the  

relationship between the drug concentration and drug's effect.[307]Copyright  2015 Wiley Online 

Library. (D) A robust mathematical approach correctly reproduces human physiology, and how to 

interpret the MPS and translate experimental data to the in vivo case and the relationship between 

in vivo (human or animals), in silico (mathematical models), and in vitro (MPS) platforms. [303] 

Copyright  2019 AIP Publishing. 



 

This article is protected by copyright. All rights reserved.116 

Author Photograph(s): 

 

 

Fuyin Zheng is currently an associate professor at School of Biological Sciences and Medical 

Engineering and Beijing Advanced Innovation Center for Biomedical Engineering in Beihang 

University from September 13th, 2019. He was awarded as Beijing Science and Technology New Star 

and Beihang Youth Top-notch Talent in 2020. He received his Ph.D. degree in Biomedical Engineering 

at the Southeast University under the direction of Prof. Zhongze Gu and Prof. Yuanjin Zhao in 

2017.He also worked as a research scholar for one year at Prof. Luke p. Lee’s group in University of 

California, Berkeley from 2015 to 2016. After the doctor's degree, he worked as a postdoctoral 

associate at Nanomechanics Laboratory in Massachusetts Institute of Technology and as a research 

fellow at the School of Biological Sciences in Nanyang Technological University under the direction of 

Prof. Ming Dao and Prof. Subra Suresh from July2017 to September 2019. He established the 

Bioinspired Organoids & Organ on a Chip (BOOC)  lab under the direction of Prof. Yubo Fan. His 

current scientific interests are focused on organoids and organ-on-a-chip, 3D and  4D bioprinting, 

bio-inspried photonic crystal materials and space medico-engineering.  

 

 

  



 

This article is protected by copyright. All rights reserved.117 

 

Yuminghao Xiao is currently a Ph.D student in Mechanical Engineering at University of Michigan, 

Ann Arbor. He obtained his bachelor degree in Mechanical Design, Manufacture and Automation at 

School of Mechanical Science & Engineering in Huazhong University of Science and Technology 

(HUST).From 2017 to 2018, he participated in the research of basic metal cutting theory as a UROP 

student under the guidance of Prof. L. S. Xiong in HUST. In 2018, he spent the summer working closely 

with Dr. F.Y. Zheng from the Nanomechanics Laboratory in Massachusetts Institute of Technology. He 

systematically learned the design and microfabrication strategies of organ-on-a-chip as well as the 

application of 3D printing in the field of nano-manufacturing. His current scientific interests include 

Micro/Nano-fabrications of bio-mimetic microfluidic chips with additive manufacturing method and 

catastrophe theory in the mechanical manufacturing. 

 

 

 

 



 

This article is protected by copyright. All rights reserved.118 

 

Hui Liu is currently a master student majored in basic medicine at School of Biological Sciences and 

Medical Engineering and Beijing Advanced Innovation Center for Biomedical Engineering in Beihang 

University. She received her bachelor degree in Biomedical Engineering at the Yanshan University 

under the direction of Prof. Xin Li for graduation thesis in 2020. She participated in the research of 

brain regulation system for mild brain cognitive impairment and face recognition system based on 

Python and OpenCV. She joined  the Bioinspired Organoids & Organ on a Chip (BOOC)  lab under 

Associate Professor Fuyin Zheng and Prof. Yubo Fan  from September 2020. Her current scientific 

interests are focused on organoids and organ-on-a-chip (brain and heart),3D bioprinting, and bio-

inspried photonic crystal materials.  

 

 

 

 

 

 

 

 

 



 

This article is protected by copyright. All rights reserved.119 

 

 

Ming Dao is the Principal Investigator and Director of MIT's Nanomechanics Laboratory, a Principal 

Research Scientist in the Department of Materials Science and Engineering at MIT. He obtained his 

bachelor's degree in engineering mechanics from Shanghai Jiao Tong University, and his MS and Ph.D. 

degrees in materials science from the University of California at San Diego. He is a Fellow of the 

American Society of Mechanical Engineers (ASME) and received twice the best paper award from the 

Japan Institute of Metals and Materials (2006 & 2013). He was named the 2012 Singapore Research 

Chair Professor in Bioengineering and Infectious Disease by MIT, and is currently a visiting professor 

in the School of Biological Sciences at Nanyang Technological University. His research interests 

include biomechanics and biophysics of the cell, microfluidic-based study of human diseases  (cancer, 

malaria, sickle cell disease, diabetes, et cetera.), nanomechanics of advanced materials, and machine 

learning for health and engineering applications.  



 

This article is protected by copyright. All rights reserved.120 

The table of contents: 

Organ & organoid-on-chips are synergistic engineering approaches to faithfully in vitro reconstitute 

organ-level structures and functions with highly structural fidelity, cellular consistency, 

environmental control ability, integration as well as through-put. This review also detailed current 

achievements, barriers and future prospective of these promising combinations by incorporating 

organoid, organ-a-on-chip, 3D printing and numerical simulation toward patient-specific human-on-

a-chip. 

 

 

 

 

 

 

 

 


