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1. Introduction

Microphysiological systems (MPS, also known as ‘organ-on-a-chip’, ‘body-on-a-chip’, or 

‘human-on-a-chip’) have emerged over the last fifteen years as attractive systems to probe 

response to pharmaceutical or chemicals. While applicable to animals, such systems are 

particularly powerful in predicting human response prior to clinical testing of a drug or as 

augmentation of clinical studies to test underlying mechanisms. The rate of development of 

such systems has increased exponentially, particularly over the last three years. Organ-on-a-

chip systems have evolved in sophistication and ability to model details of organ physiology, 

allowing better understanding of underlying mechanisms of response to drugs and 

chemicals. Body-on-a-chip (BOC) systems are multi-organ systems, often designed to 

emulate human physiological response to drugs and have the potential to capture both 

efficacy of a drug and potential toxicity in other organs. While the focus has been on human 

response to pharmaceuticals, such systems can evaluate response to general chemical 

exposure, which is important in evaluating the safety of chemicals, food ingredients, and 

cosmetics. Here, we review recent progresses in the development of model systems over the 

last three years, with particular focus on BOC systems.

The physiological relevance of the model systems is a key factor that determines the success 

of drug development.1 Although animal models have been the gold standards for preclinical 

drug testing, animal models often do not predict human response effectively,2 increasing the 

demand for more advanced model platforms. In addition to the high cost and the ethical 

issues associated with using animal models, accurate extrapolation of data from animal 
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experiments to humans is also an important limitation. In vitro cell-based models with a 

single cell type in static culture require lower cost and are more adaptable to high-

throughput format but cannot recapitulate many of the complex biological phenomena as 

well as BOC systems.

Microphysiological systems (MPS) offer several advantages, such as recapitulation of tissue 

architecture, diffusion kinetics of drugs and signaling factors, and physiological flow 

conditions.3 Since the initial development in early 2000s, various organ-on-a-chip (OOC) 

devices have been developed, some of them showing notable successes in recapitulating the 

physiological functions of in vivo tissues, which was not possible using traditional cell 

culture models.4

One of the fundamental issues with current cell-based single tissue/organ in vitro models is 

that they cannot reproduce complex interactions between different organs or tissues in the 

body. This can be a critical issue, since such interactions in the body play essential roles in 

maintaining homeostasis, as well as in many cases of pathologies. Traditional cell culture 

models or current OOC systems targeting a single organ or tissue cannot achieve this level of 

complexity. Such a limitation of traditional in vitro models becomes more critical when 

dealing with complex pathologies, such as metabolic diseases, obesity, and immunological 

disorders. MPS technology, which relies heavily on microfabrication and microfluidics, is 

ideal for mimicking such interactions in a reductionist way, by connecting and integrating 

multiple ‘modules’ of OOC systems.5 These multi-organ systems are often termed as BOC, 

human-on-a-chip, multi-organ microphysiological systems (MOM), or multi-organ-on-a-

chip (MOC), and have emerged as potential tools to evaluate both a drug’s efficacy and side 

effects that may limit the drug’s usefulness. BOC systems are constructed to mimic the 

physiological ratios of organ sizes and flow,6 while MOC systems may not necessarily 

attempt to emulate physiological conditions.

Proof-of-concept studies of multi-organ systems were first reported almost 15 years ago,7–9 

and were used to understand the mechanism of toxicity of naphthalene in rodents and to 

explain differences in response of rats and mice to naphthalene. Since then, recent advances 

in MPS systems, organoids and stem cell technology, and in vitro vascularization techniques 

have contributed to the development of improved BOC systems. In this review, we highlight 

recent progresses in MPS systems aimed at reproducing multi-organ physiology of the 

human body. We discuss recent advances in novel microfluidic platforms that connect 

multiple organ modules, and on-chip sensing techniques for real-time analysis of BOC 

systems, and BOC systems aimed at modeling diseases and drug testing. As described in this 

review, we have seen remarkable developments in BOC systems. Overcoming several 

existing challenges promises more advanced systems that can be potentially applicable to 

clinical situations or incorporated into the drug development process. We will review first 

advances in the microfluidic platforms for BOCs, then techniques, particularly on-chip 

systems to monitor responses, then selected single organ systems with multiple cell types, 

then devices with multiple interacting organ modules.
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2. Recent advances and trends in microfluidic platforms for BOCs

Microfluidic technologies enable integration of multiple organ models in a single system to 

simulate the dynamic organ-organ interactions in a living body. Various BOC systems 

generally fall into four major categories based on their configurations of fluidic 

interconnections: i) static microscale platforms; ii) single-pass microfluidic platforms; iii) 

pump-driven and iv) pumpless recirculating microfluidic platforms, as have been thoroughly 

reviewed previously.3 During the last two years, there has been substantial growth in the 

development of BOC systems. Several previously reviewed multiorgan microfluidic 

platforms have moved beyond the demonstration stage into the development stage. They 

have been adapted to develop a broader range of BOC models. Some examples include a 

two-compartment microtunnel platform used to create a functional neuromuscular junction 

(NMJ) model for phenotypic screening for motoneuron diseases (Figure 1A).10 A two-

chamber, transwell-based recirculating BOC platform driven by pneumatic actuation from 

the Marx group11 was applied to a pancreatic islet-liver model to simulate insulin and 

glucose regulation (Figure 1B)12 and to a tumor-skin model to evaluate the safety and 

efficacy of antibody therapies.13 Multiple organ units or chips have also been connected in 

series using tubing and/or an integration chip to form BOC systems.14,15 Such 

configurations have recently been employed to construct a neurovascular unit to evaluate 

neurotherapeutics (Figure 1C),16 a lung-heart-liver BOC to simulate drug response (Figure 

1D),17 as well as a multiorgan model that included the ovary, fallopian tube, uterus, cervix 

and liver to emulate female reproductive tract and the endocrine loops (Figure 1E).18 The 

gravity-driven pumpless recirculating platforms developed by the Shuler group19 have been 

employed for multiple BOC systems of two to four organs, including gut-liver models,20–22 

a cardiac-liver chip (Figure 1F),23 a tumor liver metastasis model,24 and a cardiac-liver-

neuron-skeletal muscle chip,25 as well as a whole-body BOC model with 13 explicitly 

considered organs (Figure 1G).26 New platforms are also rapidly emerging. Here we review 

the most recent (within the last two years) advances and new trends in microfluidic platform 

development for BOCs, mainly focusing on the areas of fluidic control, platform materials, 

platform throughput, and compatibility of circulating cells.

2.1 Innovations in microfluidic control for BOCs

2.1.1 Configurable BOC platforms—Configurable BOC platforms are valuable 

development tools with which researchers can usually customize the number of organ 

modules and/or the fluid connections among them. Culture conditions (e.g. culture medium 

ingredients) for multiorgan systems often differ from single organ modules, especially those 

organ models that need in situ differentiation and maturation. A general approach is to 

establish tissue cultures in individual organ chips or chambers before assembling them into 

an integrated BOC device12,13,26,27 or connecting them into a BOC system.17,28 

Configurable BOC platforms allow swift switching between individual organ culture mode 

and multiorgan culture mode. Such on-chip reconfiguration has previously been 

demonstrated in a hanging drop array-based BOC system (Figure 2A).29 Neighboring 

hanging drops are interconnected through open channels. By filling and establishing 

perfusion through each column of a 6 × 4 array of hanging drops, different types of cells can 

be loaded in different columns for the individual organ culture. The microfluidic network 
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can then be reconfigured into the multiorgan culture mode by switching to perfusion through 

each row of hanging drops. A simple microfluidic reconfiguration has also been achieved in 

a single-pass integrated liver-kidney two-organ system by using different inlets/outlets 

combinations for loading different tissue cells (Figure 2B-i) and for interconnected 

multiorgan culture (Figure 2B-ii).29

More recent development of configurable BOC platforms often involves an integration plate 

with individually addressable on-chip micropumps driven by electromagnetic14 or 

pneumatic actuation.30 The portable and reconfigurable BOC platforms developed by the 

Borenstein group allow integration of up to 10 transwell-based microtissue modules.14,18 

While so far only demonstrated for serial single-pass or recirculating perfusion (Figure 1E), 

they are likely to be able to form more complicated fluid architectures (e.g. a combination of 

serial and parallel fluid circuits) with over 60 individually controlled microactuators. The 

multi-MPS platform developed by the Griffith group31,32 has been used to construct 4-MPS, 

7-MPS and 10-MPS systems, where they adopted more sophisticated recirculation 

architectures that better mimic the blood circulation and achieved differential flow 

distribution towards different organ models (Figure 2C).30 The configurability of the multi-

MPS platform also relies on an array of individually addressable micro-pumps in-line with 

micro-channels that are integrated in a single device. These configurable BOC platforms are 

especially useful during the development stage of BOC systems, with which one can modify 

the collection of organ models to include and adjust fluidic parameters (e.g. flow rates, flow 

distribution) without reinventing the whole system. However, the configurability of these 

platforms may come at cost of not being able to achieve physiological relevant fluid-to-

tissue ratios. For example, the volume of fluid that is recirculated in the multi-MPS systems 

described by Edington et al. is over 13-fold of the volume of fluid in the tissue chambers,30 

which is a considerable deviation from the ratio of circulating fluid to tissue, which is 0.3 in 

the human body.3 This is particularly crucial if a metabolite is formed in an organ and then 

circulates to a second organ to alter organ function. If the ratio of liquid to cells is too high 

the metabolite will be diluted to a point where the effect of the metabolite cannot be 

observed. In addition, while the use of standardized transwell inserts to accommodate 

various organ models (parenchymal or barrier tissues) allows simple integration and retrieval 

of individual modules, it provides limited configurability on the tissue volume of each organ 

model. These deviations from the physiological values could seriously limit their ability to 

simulate human drug responses. Future development of configurable BOC platforms should 

focus on minimizing dead volumes in the circulation as well as to enabling incorporation of 

physiologically relevant volume ratios into the BOC systems.

2.1.2 Pumpless recirculating platform with unidirectional perfusion—

Pumpless platforms combine gravity-driven flow and a rocking motion to create 

recirculation without using tubing and pumps.22,33,34 Such platforms allow designs of self-

contained, highly integrated BOCs that can be constructed and maintained with relative ease 

and affordable cost.35 By eliminating tubing and pumps, unwanted loss of drug and its 

metabolites due to surface absorption is reduced. Blockage of flow due to gas bubbles is 

reduced significantly with removal of pumps. Initially pumpless systems results in 

bidirectional flow rather than unidirectional flow as experienced in the body. Bidirectional 
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flow may alter the physiological response of shear sensitive cells, particularly the 

vasculature. To integrate vasculature and other shear stress-sensitive tissues into a pumpless 

BOC system, multiple strategies have been proposed. Lee et al. designed a fluid circuit that 

consist of a main channel for cell perfusion and a bypass channel for medium recirculation 

(Figure 3A).36 The two channels were designed to differ in hydraulic resistance by several 

orders of magnitude. During a 5-min “main flow mode”, the fluid level in the inlet reservoir 

is kept lower than the inlet of the bypass channel and fluid travels to the outlet reservoir only 

through the cell perfusion channel. When the platform is tilted to the opposite direction, 

fluid collected in the outlet reservoir then flows back to the inlet reservoir within seconds 

with majority through the bypass channel due to its much lower hydraulic resistance. By this 

design, the cell chamber can be perfused with unidirectional flow for most of the time 

(>99%) with a transient backflow for a few seconds. Esch et al. also utilized bypass channels 

in a GI tract-liver model for unidirectional perfusion (Figure 3B).27 In addition, they 

incorporated passive valves, where capillary forces at the air-liquid interfaces prevent fluid 

from flowing back driven by gravity. Thereby, fluid circulates between two reservoirs by 

traveling alternately through the tissue perfusion channel and the bypass channel. This 

design achieved unidirectional perfusion for part of the cycle and stalled flow for the rest of 

it.

The recent development of a “UniChip” system has made breakthrough progress for the 

pumpless platforms (Figure 3C).37 By utilizing a set of supporting channels (a1, a2, b1, and 

b2) and passive valves (v1, v2), the UniChip achieves unidirectional flow in the cell 

perfusion channel (Cu) at both tilting directions (±18°). This is the first time that a gravity-

driven flow system has achieved continuous unidirectional perfusion with recirculation. In 

addition, by designing the ratios of hydraulic resistance among different supporting 

channels, the UniChip is integrated with a backflow-proof mechanism, by which backflow 

in the cell perfusion channel is prevented even when those passive valves fail (e.g. no air-

liquid formation due to excessive fluid in the reservoir). Vascular endothelial cells cultured 

on the UniChips for 5 d showed cell elongation and alignment to the flow direction, 

realignment of F-actin, and suppressed cell proliferation, all of which match endothelial cell 

responses to unidirectional laminar flows. While demonstrated with a single perfusion 

channel, the UniChip design is expected to be applicable to multiorgan models by expanding 

the cell perfusion channel into a multi-channel network. Such design allows integration of 

vascular cells and other shear stress-sensitive tissues (e.g. lung, kidney) into BOCs. 

Moreover, the use of passive fluid control in the design allows potential incorporation of 

circulating cells (e.g. circulating tumor cells, immune cells) into the system, which is 

currently still very challenging in a pump (e.g. peristaltic pumps using rollers or pneumatic 

actuation) driven recirculating fluid system due to shear damage of circulating cells as they 

pass through a mechanical pump.

2.1.3 A novel pneumatic pressure-driven recirculating BOC platform—In 

addition to peristatic pumping with pneumatic or electromagnetic actuation, gravity, and 

magnetic stirring38, novel fluid driving mechanisms are emerging in newly developed BOC 

systems. For example, pneumatic pressure, often used to drive peristaltic micropumps 

through pneumatic actuation, has recently been incorporated into a BOC platform to drive 
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medium circulation through sequential pressurization of tissue chambers that were 

interconnected with microchannels in series (Figure 4A).39 The inlets were designed to be 

elevated to limit the amount of medium that travels back to the immediate upstream chamber 

(Figure 4B). The outlets were integrated with Laplace valves which stop gas phase from 

going through due to interfacial tension (Figure 4C). The platform has been used to 

construct liver-cancer 2-organ models and GI-liver-cancer-connective tissue 4-organ models. 

The detachable air tubing and removable lids make it easy for cell/tissue loading, medium 

change, and sampling. The platform is compatible with transwell inserts and chopstick 

electrodes for barrier tissue transepithelial/transendothelial electrical resistance (TEER) 

measurement (Figure 4D). The microfluidic platform achieved a two-step semi-

unidirectional perfusion in the sense that the perfusion is not continuous and that while the 

net flow can be in one direction, there are ~8% reverse flow. The flow driven by pneumatic 

pressure exerts little shear stress on cells in the culture wells, which could be advantageous 

or disadvantageous depending on the specific tissues in culture. It is not clear whether the 

pressurization (4kPa) of the tissue chambers affects tissues in the culture well. Using an 

transwell insert may avoid potential issues due to chamber pressurization (Figure 4D). In 

addition, the demonstration of the platform was limited to serially connected multi-organ 

systems, where medium was perfused through all chambers at the same flow rate. It is not 

clear when the platform can adopt more complicated perfusion architectures that mimic 

physiological circulation.

2.2 From elastomers to plastics as platform materials

A major application of BOC systems is for high-content drug screening. It is crucial to 

minimize the amount of adsorption and absorption of drugs and their metabolites to the 

platform materials, which could drastically change the pharmacokinetics (PK) and 

pharmacodynamics (PD) profiles recreated in the BOC models. Early development of OOC 

devices mostly utilized elastomer materials, such as polydimethylsiloxane (PDMS), due to 

its low cost and ease of fabrication. Yet such materials often have significant adsorption and 

absorption of hydrophobic drugs and their metabolites. In the last two years, with many 

platforms moving beyond the initial demonstration stage, there is a clear trend that more 

BOC systems are steering away from elastomers and embracing plastic materials with lower 

adsorption and absorption rates.

A variety of biocompatible thermoplastic materials, including polymethyl methacrylate 

(PMMA), polycarbonate (PC), polystyrene (PS), cyclic olefin (co)polymer (COC/COP), 

polyetherimide (PEI), and polysulfone (PSF/PSU), have been adopted by BOC systems for 

building tissue culture chambers, microfluidic channels, pneumatic plate, or platform frames 

for mechanical clamping. These thermoplastics have much better mechanical strength than 

elastomers (e.g. PDMS) to maintain the original shape of microfluidic channels and 

chambers. Many have excellent optical transmissivity that allows in situ optical observation. 

Thin layers of porous PC or Polyethylene terephthalate (PET) have often been integrated 

into BOC systems to accommodate barrier tissues or facilitate basal side perfusion. Thin 

polyurethane (PU) membranes were also incorporated as actuation layers in pneumatically 

actuated BOC systems. Approaches used to fabricate BOC system components from these 

thermoplastics mainly include computer numerical control (CNC) micromachining and laser 

Sung et al. Page 6

Anal Chem. Author manuscript; available in PMC 2019 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cutting, coupled with thermal or solvent-based bonding techniques. Larger scale 

manufacture processes, such as injection molding, are compatible with these materials, yet 

often not used as most current BOC systems are still at the development stage. While these 

thermoplastic materials are expected to have lower drug sorption rates, careful 

characterization for the specific drugs in test is still necessary. In addition, despite efforts to 

limit elastomeric materials in drug exposure areas, a complete elastomer-free fluid circuit is 

still challenging to build. So far, it is only achieved in irreversibly assembled BOCs.40,41 

Additional strategies include surface modification and surface coating (e.g. parylene 

coating)33

2.3 Enabling incorporation of circulating cells into the microfluidic circuits

While a large collection of parenchymal tissues and barrier tissues have been incorporated 

into BOC systems, cells in the blood circulation (e.g. circulating tumor cells (CTCs) or 

blood immune cells) have rarely appeared in microfluidic organ models. So far, the 

incorporation of circulating cells has only been demonstrated in single-pass perfusion 

systems. Kong et al. directly incorporated CTCs into the flow streams in a four-chamber 

BOC system driven by a syringe pump to model organ-specific metastasis (Figure 5A).42 

The introduction of CTCs into the perfusion allows the study of the interactions between 

CTCs and endothelial monolayers of specific organ models under flow, which are a first step 

in organ-specific extravasation. Xu et al. developed a lung cancer metastasis model, in which 

culture medium was perfused through the luminal compartment of a lung model and 

downstream organ models of the brain (astrocytes), bone (osteoblast cells), and liver 

(hepatocytes), three common sites for lung cancer metastasis (Figure 5B).43 The model 

allows investigation on the multi-step cascade of cancer metastasis, which involves tumor 

cell invasion into surrounding tissues, transport through the systemic circulation, and 

colonization of a secondary site. Lung cancer cells co-cultured with lung epithelial cells at 

the air-liquid interface were observed to gain invasive phenotype, migrate through the 

bronchial epithelial cell layer, travel to distant target organs, and affect the host tissues. The 

metastatic cascade was also recapitulated in a vascularized tumor-liver model, where 3D 

constructs of tumor and liver tissues were assembled in series around a perfusable 

vasculature constructed based on a microfabricated vascular scaffold.24 Tumor-infiltrating 

lymphocytes (TILs) have also recently been incorporated into perfusion streams to 

recapitulate the dynamic interactions between TILs and patient-derived tumor tissues that 

were held in the flow stream using V-shaped post arrays (Figure 5C).41 All these current 

models with cells in circulation have adopted single-pass microfluidic platforms. 

Introducing circulating cells into BOC systems with medium recirculation, which mimic the 

blood circulation better, remains challenging. The roots of the challenges essentially lie in 

the way fluids are driven in microscale systems are different from how the blood circulation 

is driven by the heart at macroscale. In pump-driven recirculating microfluidic platforms, 

there are usually periodic channel closure at the fluid driving region (e.g. near the pump 

head, pneumatic valves), which could expose cells in circulation to extremely high shear 

stress or mechanical injury. The recent development of a pumpless recirculating platform 

with unidirectional tissue perfusion provides promise to address the challenges by 

incorporating passive fluid control that is compatible with circulating cells.37
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2.4 Summary

In the last two years, we have seen great progress in the development of BOC microfluidic 

platforms. Previously developed platforms are being adapted to create new BOC models, as 

well as evolving towards more sophisticated versions. Configurable BOC platforms with 

integrated micropump on chip provide precise fluid control with reconfigurability and have 

yield several BOC models. The gravity-driven pumpless platform has made breakthrough 

development that achieves continuous unidirectional perfusion with passive fluid control 

approaches, which allows integration of vasculature and other shear stress sensitive tissues. 

Such development potentially allows integration of circulating cells into a recirculating 

system, demonstrated previously in single-pass BOC systems. A novel pneumatic pressure-

based fluid driving mechanism has also been demonstrated. Meanwhile, more BOC systems 

are adopting thermoplastic materials as platform materials in replacing elastomers to reduce 

drug absorption and adsorption to the platform. The thermoplastic platforms may increase 

the throughput of BOC based drug screening by integrating multiple BOC units onto a 

single plate, and by being compatible with industry large scale manufacturing processes.

3. Recent advances in on-chip sensing/analysis for BOCs

The potential of organ-on-chip models to predict drug outcomes and reveal underlying 

disease mechanisms can be vastly improved by the type, quality and non-invasive nature of 

readouts obtained from these systems. End point readouts on cell viability, cell health, 

biomarkers, and environmental conditions provide reliable data for highly toxic compounds 

or for permanent cellular changes.15 Toxicity to cells, in terms of disruption of normal 

function, manifests in ways outside of cell death. Temporal mechanical, electrical, and 

biochemical readouts make the detection of such sub-lethal interactions possible. Dynamic 

changes to cellular health or functions at multiple timepoints over the lifecycle of the system 

can be captured by mechanical, electrical and biochemical readouts.23 Additionally, 

integrated sensors to monitor the environmental conditions in the system ensure reliability of 

the readouts obtained from cellular responses to stimuli. Recent advances have been made in 

sensing environmental conditions, cellular products, and functional outputs on multi-organ 

chips, with most on-chip sensors developed in single organ systems. Several multi-organ 

chip systems with on-chip sensing have been reported, and many of the technologies 

developed in single organs can be adapted for multi-organ chips.

Temperature, pH, and oxygen are three primary environmental conditions that affect cellular 

function, and changes in these environmental conditions may be indicative of a change in 

biological function. Temperature impacts metabolic rates, protein folding, and spontaneous 

levels of action potential frequency in electrically-active cells. Temperature sensors have 

been produced in which the change in resistance of temperature-sensitive metals such as 

Platinum is measured, and commercial sensors have also been incorporated as on-chip 

temperature sensors.15 Extracellular pH affects a variety of biological processes, 

extracellular matrix synthesis, cardiac contraction, and immune function. Perturbations in 

pH can be indicative of metabolic distress, loss of kidney/liver organoid function, or tumor 

activity. To this end, pH in multi-organ systems can be detected optically via introduction 

and monitoring of a pH-sensitive dye that is otherwise physiologically inert.44 Medium pH 
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can also be monitored by voltage changes in an electrode that has been electro-deposited 

with a pH-sensitive material.15 Oxygen levels play a critical role in micro-biological activity. 

A decrease in oxygen availability can cause deficiencies in cellular metabolism while high 

oxygen concentrations may lead to increased generation of reactive oxygen species. Optical 

methods can be used to take real-time measurements of oxygen levels in integrated multi-

organ systems. These can be based on the oxygen-sensitive fluorescence of a ruthenium dye, 

which is chosen for its high photostability and moderate brightness.7,44 Recently, an inkjet 

printing technique was used to produce electrochemical dissolved oxygen sensors and 

integrated into a microfluidic system with hepatocytes and reported oxygen gradients due to 

metabolism.45

Muscle tissues are responsible for generating mechanical forces to varying degrees (cardiac, 

skeletal muscle, smooth muscle). Cardiac dysfunctions in response to stimuli (disease, 

environmental, chemical compounds) can include arrhythmia, tachycardia, bradycardia, QT 

elongation, conduction velocity deficits, and contractile force deficits (Figure 6B). 
1,15,23,25,46–49 Consequently, cardiac beat dynamics serve as one of the primary metrics for 

assessing cardiac health over cellular viability.23 Optical assessment combined with pixel 

analysis have been used to study cardiac beat dynamics for drug testing in a system 

containing liver, heart, and lung tissues1; a heart and liver system15; and a cardiac only 

platform47. This method can be used to quickly and easily identify changes in beat 

frequency and regularity. However, this method does not elucidate electrophysiological 

dynamics (such as QT duration, conduction velocity) or contractile strength and requires 

imaging during the assay period. Several methods of measuring contraction strength of 

contractile tissues have been reported for on-chip measurements. Cardiac force changes to 

drug response has been measured using cells grown on microscale silicon cantilevers or thin 

film cantilevers. The silicon cantilevers reported used an incident laser directed at the tip of 

the cantilever, and the deflection of the reflected beam during cellular contraction was 

directly correlated to force using a known transfer function in multi organ systems with 

heart, liver, neuron and skeletal muscle (Figure 6A).23,25 Using thin film cantilevers, the 

force has been determined less directly using a video capture and image analysis system to 

correlate bending of the thin film to force.50 Skeletal muscle contractions have also been 

captured under electrical stimulation by optical pixel analysis,25 and by using an optical 

force transducer and a computer controlled linear actuator.51 Integrated on-chip impedance 

electrodes were shown to measure the cardiac contractile force in a fully integrated static 

culture chamber 52. Additionally optical pixel methods have been employed to assess the 

change in contraction force and frequency dynamics,10 displacement length, and contraction 

frequency in neuromuscular junction models.53

Electrophysiological dynamics of cardiac and neuronal tissues can be assessed via their 

culture onto micro-electrode arrays (MEA’s) to elucidate drug effects in a heart-liver 23, 

vascular endothelium-heart49, and heart only52 systems. This technology enables the high-

temporal-resolution measurement of cardiac action potentials with a direct electrical readout. 

Under the correct conditions, these measurements can be used to determine field potential 

duration, a QT interval analogue.49,54 When coupling with defined chemical patterns, the 

conduction velocity as the contraction propagates throughout the cardiac tissue can be 

assessed. Additionally, via electrical stimulation at one electrode, the frequency dynamics of 
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the cardiac syncytium can be measured23,54 Patterned microelectrode arrays have been 

recently developed to measure cardiac response in a microfluidic system that additionally 

included liver and to observe changes in these measurements in response to drug 

compounds.23 Moutaux et al reported a MEA-integrated microfluidic device with two 

independent chambers to demonstrate action potential propagation between the presynaptic 

and postsynaptic chambers via axons growth between the chambers through microtunnels.55

Transendothelial electrical resistance (TEER) is an electrical technique implemented to 

quantify integrity of barrier tissues non-invasively.56 This has primarily been used in single 

organ systems such as the blood brain barrier (BBB),34,49,51 GI tract,27,32 skin models.57,58 

This method is versatile, with a variety of electrode materials, electrode configurations, and 

measurement conditions (such as input frequency) being reported. Cells release and uptake 

biomolecules as part of routine maintenance, metabolic activities as well as in response to 

external stimuli. The release of biomarkers in response to stimuli can be immediate or 

delayed. Monitoring the presence of these biomolecules over time provides a description of 

cell function including efficient working or disruption of cellular pathways and sheds light 

on mechanism of drug actions.59 Zhang et al. reported an integrated biochemical sensing 

platform in a multi organ system composing heart and liver. Electrochemical biosensors that 

operate by an enzymatic catalysis reaction to generate an electric current was employed for 

on-chip detection of albumin, glutathione A transferase for monitoring liver toxicity and 

creatine kinase to assess cardiac viability.15 Misun et al. developed an integrated multi-

analyte biosensor system for the monitoring of glucose and lactate to assess cellular 

metabolism of cancer microtissues, in which the working electrodes were functionalized 

with enzymes and detection was achieved through amperometry.59 Bavli et al. reported on-

chip microprobes to measure glucose and lactate for monitoring the metabolic pathways in a 

liver on chip model.60 Curto et al used an on-chip organic electrochemical transistor to 

report oxygen measurements in a microfluidic system with canine kidney cells 61.

The most exciting advancement in on-chip sensing in BOC systems has been the 

development of systems incorporating multiple on-chip sensors for non-invasive 

measurements of several tissue systems simultaneously. Oleaga et al. combined MEAs for 

electrical measurements and silicon cantilevers for mechanical measurements in a system 

with cardiac and liver components, and used the system for measuring off-target cardiac 

toxicity of compounds which undergo hepatic metabolism, demonstrating organ-organ 

interactions.23 Specifically, in this multi-organ system, the liver reduced the cardiotoxicity of 

terfenadine, as measured by electrical and mechanical function, as the liver metabolized the 

cardiotoxic parent to non-toxic metabolites. Additionally, the liver increased the 

cardiotoxicity of cyclophosphamide as the liver metabolized the non-toxic parent to toxic 

metabolites such as acrolein. The varying dose effects of doxorubicin a chemotherapeutic to 

different organ systems were shown in a 4-organ BOC system comprising liver, heart, 

skeletal muscle and neurons using readouts for cardiac, skeletal muscle contraction force 

and neuron electrophysiological data.25 Zhang et al showed cardiotoxicity in a heart-liver 

system to acetaminophen with real time on-chip monitoring of biomarkers and cardiac beat 

frequency.15 Skardal et al. demonstrated an assortment of bioengineered tissue organoids 

and tissue constructs that are integrated in a closed circulatory perfusion system, facilitating 
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inter-organ responses between the liver, heart, and lung, using integrated TEER electrodes 

and optical monitoring (Figure 6D).17

Recent advances in techniques for on-chip analysis of electrical, mechanical, and chemical 

activity of tissues have contributed to the improvement in the performance of recent BOC 

models, as well as easier and more in-depth validation of the BOC models. As noted earlier, 

further improvements in the resolution of the detection, as well as non-invasive, real-time, 

and multiplexed detection in more devices will contribute to a more physiologically-relevant 

BOC models.

4. Recent advances in multi-organ models

The human body is composed of multiple organs, connected via circulatory networks. The 

organs in the human body function in an inter-dependent manner, which is orchestrated by 

complex, yet largely unknown biological mechanisms. In addition to the organs comprising 

the body, the vascular networks play an important role of supplying nutrients and removing 

wastes from organ tissues. Vascular networks enable communications between different 

organs and tissues, via soluble signals such as cytokines and hormones. Mimicking the 

biological mechanisms of the human body requires development of a model system that 

emulates such complex multi-organ interactions. Current in vitro model systems are 

generally based on static single organ or tissue systems and are incapable of capturing such 

mechanisms. There exist some microplate well-based in vitro model systems for modeling 

interactions between different organs or different cells, by co-culturing cells or transferring 

media in between different cell cultures.62,63 However, these systems do not capture the real-

time dynamics of multi-organ interaction and consequently may miss essential underlying 

mechanisms.

The importance of real-time dynamics of multi-organ interaction can be manifested with 

several examples. Xenobiotics entering the body may undergo a series of transformations 

involving multiple organs. For example, the fate of an orally administered drug is largely 

determined by interactions between the gut, liver, kidney, and even the microbiota in the gut.
64 How the drugs interact with these organs profoundly affect the pharmacokinetics (PK) of 

the drugs (that is, absorption, distribution, metabolism and elimination (ADME) 

characteristics), as well as the toxicity of the drugs, which are often observed in organs other 

than the target sites. Maintaining homeostasis in the body requires organs interacting with 

one another via several different mechanisms, soluble signaling being one of them. For 

example, the glucagon and insulin are endocrine hormones that control the balance in 

glucose metabolism.65 Cytokines regulate the immune response to foreign invaders.66 Many 

of metabolic diseases, such as diabetes mellitus, progress as the interaction between multiple 

organs goes awry.67 Organs and tissues often interact with one another through more direct 

mechanisms, such as cell migration or cell to cell communication via direct contact. For 

example, immune cells can migrate into a tissue with inflammation as part of the body’s 

immune response to foreign invaders. Cancer cell metastasis occurs via malignant cells 

transmigrating the vascular endothelium and invading tissues at distant site. Many of the 

biological phenomena described above are difficult to recapitulate with current in vitro 

models. For example, recirculation of immune cells between organs is difficult due to shear 
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damage. In this section, we start with an in vitro model of a single organ primarily focusing 

on the models of the liver and the skin as organs representing a solid organ with metabolic 

functions and a barrier tissue, respectively. Then we expand our discussion to a more 

complicated model of multiple organ interactions.

4.1 In vitro models of a single organ with multiple cell types

4.1.1 Liver models—A single organ or tissue usually consists of multiple cell types. 

The liver tissue consists of parenchymal cells, hepatocytes, the major functional cell type, 

which coexist with non-parenchymal cells such as sinusoidal endothelial cells, Kupffer cells, 

and hepatic stellate cells.68 The heterotypic interaction between the parenchymal and 

nonparenchymal cells is important in maintaining the complete function and survival of the 

liver tissue. The most basic approach is to simply co-culture these different cell types in a 

mixture in a single well to improve the liver-specific functions of hepatocytes.69, 70 

Although this type of approach enables interaction between different cell types, it may fail to 

capture some important aspects of the interaction, because the three-dimensional 

organization of different cell types is often critical to tissue response. For example, 

improvement in the liver-specific functions were observed when hepatocytes were co-

cultured with fibroblasts in specific patterns, rather than in simple mixture.71 The specific 

organization of the tissue may play an important role in determining function.

The capillaries within the liver tissue are called sinusoids. The crosstalk between the 

sinusoid endothelium and the hepatocytes often plays an important role in the normal 

functions of the liver as well as in liver diseases. Du et al, attempted to replicate the key 

structures and configurations of the liver tissue by co-culturing the four major cell types of 

the liver tissue in a microfluidic chip (Figure 7A).72 Two adjacent channels separated by a 

porous membrane were intended to mimic the structure of the liver sinusoid. The authors 

observed enhancement in several liver-specific functions, which they attributed to the 

signaling between different cell types and the mechanical stimulation from the shear flow. In 

a different approach, bovine aortic endothelial cells were cultured in a chip with primary rat 

hepatocytes, separated with an extracellular matrix (ECM) protein layer or a microporous 

membrane73 (Figure 7B). Transformed endothelial cells were cultured with immortalized 

hepatic stellate cells and monocyte cells, and primary hepatocytes (Figure 7C).74 In a more 

recent study, two collagen layers containing HepG2 and HUVEC were formed. HUVECs in 

collagen formed a monolayer, creating a structure resembling the liver endothelium.75 In this 

work, formation of sinusoids-like structure was based on the laminar flow inside the chip 

and self-assembly of endothelial cells. The viability, albumin secretion, and urea synthesis of 

the liver sinusoids on chip were evaluated for seven days, and the response to acetaminophen 

was also examine.

Since the liver plays a central role in the metabolism of xenobiotics, as well as maintenance 

of homeostasis within the body, the development of the liver model has been the area of 

intense research.76–80 Recent advances in engineered liver models show a great promise in 

developing physiologically-relevant in vitro liver models, but the liver is an extremely 

complex organ with diverse functions, and several challenges remain. For example, two 

critical issues are maintaining functional primary hepatocytes for an extended period of 
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time. Currently, on-chip cultures of hepatocytes for several weeks, for example 30 days by 

Kang et al.,73 have been reported. Enabling longer culture time, for example, for several 

months, especially in co-existence with cells from other organs, would be ideal. Also, 

including and maintaining non-parenchymal cells is important, such as Kupffer cells and 

macrophages, that may play important roles in fibrosis and inflammation. In particular, the 

diverse nature of the liver organ functions makes it an important organ in several different 

phases of a drug development process, and it may be necessary to use different liver models 

depending on the requirements for the model.80

4.1.2 Skin models—The skin tissue consists of different cell types, organized in 

multiple layers. The epidermis is the outermost layer consisting mainly of differentiated 

keratinocytes. Beneath the epidermis, the dermis layer contains connective tissue, hair 

follicles, and sweat glands. The vascular networks are also located in the dermis layer. The 

deepest layer, subcutaneous layer consists of fat and connective tissues. It has been known 

that the different layers of the skin communicate with each other in several ways, including 

soluble signals an direct contact.81 Conventionally, in vitro models of the skin have been 

constructed by co-culturing different cells of the skin tissue. The most conventional method 

is to culture keratinocytes, epithelial cells dominant in the epidermis, with fibroblasts, which 

are dominant cell types in the dermis layer. 82,83 Fibroblasts are often encapsulated within a 

hydrogel matrix, usually collagen, to mimic the extracellular matrix (ECM) of the dermis 

layer. These co-culture models are maintained in transwells, where the dermis layer is placed 

on top of a porous membrane, immersed within the cell culture media in the bottom 

chamber. Although such models provide a basic form of an in vitro skin model, it does not 

capture many of the essential functions of the skin tissue. For example, commonly seen skin 

conditions, such as acne, psoriasis, and dermatitis, involve the responses of immune cells, 

which are not included in such models. Co-culture of immune cells such as dendritic cells or 

macrophages with skin cells has been attempted,84,85 but such models are still far from a 

complete model of the immune system in the skin.

Several research groups reported development of a microfluidic chip as an improved model 

of the skin tissue. One of the advantages of using a microfluidic chip instead of traditional 

transwell is the presence of mechanical stimulus provided by the dynamic flow.58 Another 

advantage is that microfluidic devices can accommodate the vascular structure more easily 

than static, transwell system, and the fluid dynamics in the vasculature can be controlled. 

Vascular endothelial cells were co-cultured with skin-constituting cells within a microfluidic 

chip to mimic the vascular structure within skin dermis. Groeber et al. developed a 

vascularized skin model by combining a biological vascularized scaffold (BioVaSc) based 

on decellularized segment of porcine jejunum and a bioreactor system (Figure 8A).86 

Human fibroblasts, keratinocytes, and human microvascular endothelial cells were seeded 

into the BioVaSc system and cultured for 14 days. A successful differentiation was verified 

by hematoxylin & eosin (H&E) and immunohistochemical staining, revealing the dermis 

and epidermis structure. The formation of vascular wall by endothelial cells was also 

confirmed. More recently, Lee et al., developed a two-layer microfluidic chip for a skin 

model with vasculature, by forming a 3D skin model with human primary keratinocytes and 

dermal fibroblasts in collagen on one side and HUVEC on the other side (Figure 8B).87 The 
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H&E and immunohistochemical staining confirmed the formation of dermal and epidermal 

layers of the skin. A mathematical model of the skin chip was used to confirm that the 

presence of medium perfusion was essential for the delivery of nutrients to a sufficient level 

to support the survival of the 3D skin tissue.

As noted earlier, the human skin is a barrier tissue and complex immunological responses 

are involved in skin irritation and toxicity, as well as skin diseases. The inflammatory 

response of the skin tissue has been investigated by co-culturing keratinocyte cell line, 

HaCaT, fibroblasts, and HUVEC (Human Umbilical Vein Endothelial Cells), and 

challenging them with TNF-α (Figure 8C).88 These cells were separated by porous 

membranes within the device, while allowing interlayer communications. Skin inflammation 

was induced by applying tumor necrosis factor alpha and measuring the levels of 

proinflammatory cytokines. Such models suggest the possibility that they may be used for 

recapitulating more complex mechanisms of dermal diseases. This recent progress carries a 

significant potential for developing therapeutics for dermal diseases or testing drugs for 

dermal toxicity, because a large part of the mechanisms underlying the dermal toxicity,89 as 

well as dermal diseases such as atopic dermatitis are still unknown.90.

4.1.3 Vascularization of tissues—Every tissue in the body contains vasculature for 

nutrient supply and waste removal. Since blood perfusion is an essential element in 

maintaining the tissue functions, there have been many attempts to integrate a vascular 

structure with OOC systems.91 These ‘vascularized OOC systems’ can potentially provide 

additional physiological functionalities to better mimic the physiology and pathology of the 

organ tissue. Microfluidic chips for the liver sinusoids and the skin tissue with vasculature 

have been discussed above. Other OOC systems have also been vascularized to recapitulate 

their essential physiological functions. For example, vascular endothelium is an essential 

part of the blood-brain barrier (BBB) model. Several attempts have been made to create the 

neurovascular model of BBB and to test the permeability of the BBB platform.92–94 It is also 

interesting to note that these systems incorporated different cell types constituting the brain, 

such as neurons, astrocytes and pericytes. The lung requires highly vascularized structures 

due to its gas-exchange functions. The basic unit of the lung is the alveolar-capillary 

interface, which consists of extremely thin membrane to allow efficient gas exchange. An in 

vitro lung model containing the vasculature was proposed by Huh et al., where human 

alveolar epithelial cells and human pulmonary microvascular endothelial cells were cultured 

on opposing sides of a porous membrane.95,96

While we have summarized examples of development of multi-cellular single organ models 

in this section, our focus is on how we create multiorgan models to capture inter-organ 

interactions. Multiorgan models are dependent on having appropriate single-organ modules, 

but interactions between organs is often necessary to predict both efficacy and toxicity (or 

side effects) of drugs.

4.2 Multi-organ tumor models

Multi-organ models have important implications in cancer metastasis, as migration of cancer 

cells to remote locations involve multiple tissues and organs, as well as circulatory systems. 
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Several on-chip devices have been developed to study the process of metastasis.97 These 

devices usually focus on a specific aspect of metastasis. For example, the migration of tumor 

cells through an endothelial layer has been observed in a microfluidic device, which was 

then used to evaluate the antimetastatic effect of several natural products.98 In another 

example, extravasation and invasion of breast cancer cells to bone-like matrix was evaluated 

in a microfluidic chip consisting of human osteo-differentiated bone marrow-derived 

mesenchymal stem cells and endothelial cells.99 In a more recent study, a 3D bone-on-a-

chip, containing mature osteoblastic tissue co-cultured with metastatic breast cancer cells 

was used to examine the process of bone colonization by the cancer cells.100 These 

approaches may prove useful for screening anti-cancer drugs or studying the mechanism of 

metastasis, but they do not provide a full picture of the metastasis, from the primary site to 

the metastatic site. Development of an in vitro model that can encompass the entire process 

of metastasis is still challenging but should prove very useful.

More recently, a microfluidic device with recirculating fluid flow was used to track the 

migration of tumor cells from a colon organoid to a liver organoid.101 The authors observed 

that metastatic cancer cells were able to disseminate out of the colon organoid into the 

circulation and invade the downstream liver organoid. Conversely, a non-metastatic cancer 

cells proliferated at the primary site but did not show a metastatic property in the system. 

This approach can potentially provide a more complete picture of the metastasis, although it 

is still a highly simplified system. Wu et al, developed a multi-organ microfluidic chip 

containing the ‘upstream lung’ compartment, and three ‘downstream distant organs’.43 

Bronchial epithelial, lung cancer, microvascular endothelial, mononuclear, and fibroblast 

cells were grown in the lung compartment, while astrocytes, osteocytes, and hepatocytes 

were grown in distant compartments to mimic lung cancer cell metastasis to the brain, bone, 

and liver. The authors reported observation of epithelial-mesenchymal transition of tumor 

cells, and indications of damaged tissues in all of the ‘distant organs’.

Development and remodeling of vascular structures are important processes in both normal 

and diseased tissues. The process of new vessels branching out to distal regions, known as 

angiogenesis, plays a crucial role in the embryonic development, as well as in the pathology 

of several diseases including cancer. Several angiogenesis assay systems have been 

developed to examine the mechanism of crosstalk between different tissues and vasculature 

and to screen potent drugs that can inhibit angiogenesis.102 Zheng et al. developed a 

microfluidic model to study angiogenesis induced by liquid tumor such as leukemia.103 

Endothelial cells, leukemic cells, and bone marrow stromal fibroblasts were co-cultured in a 

microfluidic platform to provide biomimetic environment to study bone marrow 

angiogenesis. A biomimetic tumor model for studying paracrine signaling between tumor 

cells and fibroblasts was developed.104 In this study, morphological changes of tumor cells 

and angiogenesis induced by tumor-stromal interaction were observed, in a microfluidic 

system where endothelial cells and cancer cells were cultured in close proximity by 

controlled patterning 105. In this study, formation of vessels was observed by natural 

morphogenic process. It was demonstrated that the newly formed vessels were perfusable 

and have well-defined openings toward inlet and outlet channels. These studies demonstrate 

that microfluidic systems incorporating multiple cell types involved in pathogenic process of 
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angiogenesis are potentially useful platforms for studying such processes and screening 

potential drugs.

4.3 BOC systems for simulating ADME processes

The importance of MPS technology in pharmaceutical industry has been well recognized.3,5 

One of the fundamental issues in drug development is that drugs, once administered, go 

through a series of complex interactions with organs in the body. The major processes that 

the drugs go through are termed absorption, distribution, metabolism and elimination 

(ADME), which depend on many factors, such as the chemical and physical properties of 

drugs, genetic background of the patient, and the route of administration. Prediction of 

ADME characteristics for new drug candidates is a major step in the drug development 

process. BOC systems can be an ideal in vitro platform for predicting the ADME of drugs, 

by providing functions of key organs and connecting them in a physiological manner. A 

series proof-of-concept studies demonstrated that the bioconversion and bioaccumulation of 

chemicals or drugs can be observed in a BOC system, and subsequent effects of the drugs 

evaluated.8,19,106 Based on these initial findings, more advanced BOC systems have been 

developed.26,27,35,37

The liver plays a central role in determining the ADME properties of drugs, as many of them 

go through hepatic conversion before reaching the target site. Therefore, there has been a 

huge effort to reproduce the functions of the liver in vitro (see section 4.1.1).80 Diverse in 

vitro models exist, with varying degrees of complexity and physiological relevance to 

humans. While established transformed hepatocytes cell lines, such as HepG2, Hep3B, 

HepaRG, provide relatively high-throughput platform at reduced cost, their physiological 

relevance is often severely limited. Combination of primary human hepatocytes and OOC 

technology to enable more accurate and more stable in vitro liver platforms has led to a 

considerable improvement in the ability to predict hepatic conversion of drugs.79 In addition 

to the liver metabolism, the absorption in the gut is another major determining step of the 

bioavailability of an orally taken drug. When oral drugs are ingested, they are absorbed 

through the gut wall and are transported to the liver via portal vein, where they undergo 

hepatic metabolism before reaching the systemic circulation through the hepatic vein. 

Simply co-culturing the gut and liver cells can mimic this process in a primitive form,107 but 

it does not capture the real-time dynamics of the gut-liver interaction.

BOC systems offer the possibility to mimic such processes in a more physiologically 

relevant manner, by culturing the gut and the liver in separate compartments, which can be 

connected via microfluidic channels or separated by a porous membrane. The transport 

dynamics within the device between different compartments can be controlled, and using a 

simple two-layer design, a gut-liver chip for recapitulating the first-pass metabolism of drugs 

has been developed.21,108 Combination of the gut-liver chip with a corresponding 

mathematical transport model and a PK model revealed several important design 

considerations when simulating the first-pass metabolism of drugs, such as relative sizes of 

each organ and the design of the architectures of channel and cell culture chambers.

Leclerc et al. published a series of papers aimed at reproducing the first-pass metabolism of 

drugs in a microfluidic chip (Figure 9A).109–111 The gut and liver cells were co-cultured in a 
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microfluidic device, and concentrations of a drug and its metabolites in the circulating media 

were measured. Based on the measurements, and by combining the in vitro experimental 

platform with mathematical models of the device, pharmacokinetic parameters were 

deduced and compared with in vivo parameters. Fujii et al., described an on-chip small 

intestine-liver coupled model.38 This model was designed based on several physiological 

parameters, such as the structure of internal circulation, volume ratios of each organ, and 

blood flow ratio of the portal vein to the hepatic artery. Anticancer drugs (epirubicine, 

irinotecan, and cyclophosphamide) were tested, and the activities of the drugs were 

observed. This work demonstrates that the first-pass metabolism of drugs can be tested at a 

basic level, although quantitative PK analysis was lacking in this study.

Quantitative in vitro PK studies of diclofenac and hydrocortisone were demonstrated using 

integrated gut-liver microphysiological system.32 In this study, mechanistic model-based 

analysis of experimental data allowed the authors to derive several intrinsic PK parameters, 

such as intestinal permeability and metabolic clearance. The authors made sure that 

pharmacologically relevant concentrations of model drugs were achieved within the system. 

Operational characteristics of the system, for example, flow rates and volumes, were 

considered when developing the mechanistic PK model. ADME processes of model drugs, 

propranolol, thiopentone and pentobarbital were simulated using a BOC with gut (Caco-2 

cell line), liver (primary hepatocytes), blood (HUVEC), tumor (MCF-7 cell line), heart, 

lung, and adipose (primary cells).112 Changes in the concentration of model drugs as they 

interact with these cells, and pharmacokinetic parameters were deduced.

Varnetti et al., reported a ‘functional coupling’ of four human micro physiological system 

models.51 The intestine, liver, proximal tubule kidney, and BBB/neurovascular unit were 

selected, as they represent major organs involved in ADME of drugs. This approach was 

realized by transferring media between six institutions with different MPS units for 

subsequent experiment and analysis, rather than direct coupling of these units. This way the 

authors could circumvent some of the important challenges when trying to integrate multiple 

organ MPS units. For example, implementing a universal medium that can support growth 

and differentiation of all organ tissues, as well as proper scaling of different MPS models to 

accurately reproduce organ interactions in the human body. The major drawback of this 

approach is that the real-time dynamic interaction between different organs was not 

faithfully reproduced, which can lead to missing some of the essential dynamics.

A three-tissue BOC system, comprised of liver, heart, and lung organoids was developed and 

used for observation of inter-organ responses to drug administration.17 Each organ module 

was constructed using various biofabrication methods to meet specific individual 

requirements of different organ tissues. Spherical liver organoids were formed with primary 

human hepatocytes, stellate cells, and Kupffer cells. Spherical cardiac organoids were 

formed using induced pluripotent stem (iPS) cells. A bioprinting technique was employed to 

insert these organoids into the microreactor devices using hydrogel matrices. The lung 

module was constructed by seeding lung fibroblasts, epithelial, and endothelial cells on a 

semi-porous membrane in layers. Each module was connected via circulatory perfusion 

system driven by micro-peristaltic pump. This work demonstrates direct coupling of 

different organoids with high physiological relevance. Using this system, organ-interactive 
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screening of drugs was demonstrated. In a heart-liver two-tissue setting, the effect of 

epinephrine and propranolol on the heart organoids varied, depending on the presence of the 

liver organoids. In a heart-liver-lung three-tissue setting, bleomycin was administered to 

induce its known lung toxicity. Interestingly, unanticipated toxic side-effect on the heart 

organoids was observed, which was not observed in the heart-only system. Through a series 

of control experiments, the authors concluded that bleomycin-induced production of IL-1β 
by the lung epithelium contributed to the observed cardiac toxicity, which is consistent with 

previous literature reports. Such results are in line with previously reported observation 

using BOC systems, that is, BOC systems can recapitulate the interaction between organs 

and enable observation of biological responses that cannot be observed with conventional in 

vitro models.19,25,108,113

More recently, a BOC system, termed by the authors as interconnected microphysiological 

systems, containing either 4, 7, or 10 organs have been reported.30 The 4-way interconnected 

MPS comprised of the liver/immune, lung, gut/immune, and endometrium. Three more 

organ modules (brain, heart and pancreas) were added to make a 7-way MPS, which was 

used to quantify PK of diclofenac. A 10-way MPS platform further included kidney, skin 

and skeletal muscle. It was reported that the 10-way MPS successfully maintained 

phenotypic functionality for 4 weeks. In their device, recirculation of media and distribution 

into each organ module was achieved by pneumatically-driven pump with independently 

programmable flow rates. In case of a 4-way MPS platform, metrics of tissue functions were 

measured for each organ. Trans-epithelial electrical resistance (TEER) for gut and lung, 

albumin for liver, and IGFBP-1 for endometrium. All metrics showed relatively stable values 

during the two-week culture, and similar results were obtained for 7-way and 10-way MPS 

platforms as well. Distribution of endogenous (albumin) and exogenous (diclofenac) 

molecules in the MPS was examined by measuring the concentrations in each module. A 

physiologically-based pharmacokinetic (PBPK) model for diclofenac in the MPS was 

developed and used to predict the concentration changes of the drug, which showed a good 

agreement with experimentally measured values, with some of the PBPK parameters fitted 

to experimental values.

The notable trend towards the use of more physiologically relevant cells, for example, 

primary cells, stem cells, and organoids, will make BOC systems an increasingly useful 

platform for predicting and analyzing PK profiles of drugs. One important consideration in 

analyzing PK profiles is that quantitative aspect is very important, since PK deals with time-

dependent concentrations of drugs in the body. Correctly scaling different organs and 

connecting them in correct configurations will be particularly important for BOC systems 

for PK analysis.108

4.4 BOC systems for modeling normal and diseased organs

The homeostasis between different organs plays a crucial role in maintaining a healthy body. 

In the event of diseases occurring, complex interactions between organs in the body play 

important roles in progression of the diseases. In this section, we highlight recent 

development in BOC systems for modeling the co-existence of multiple organs while 
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maintaining homeostasis, and for modeling diseased state when such homeostasis goes 

wrong.

Marx et al. published a series of papers on BOC systems (termed as multi-organ chip by the 

authors) containing two, three, or four organs.11,114–116. In their papers, the authors 

successfully demonstrated that the basic physiological functions of each organ were 

maintained by measuring key metabolites or markers. Although this does not guarantee the 

maintenance of fully functional homeostasis between the cultured organs in the system, it is 

notable that the basic functionalities were maintained for two to four weeks. While BOC 

systems comprising two to four organ modules have been extensively developed and 

reported, the human body consists of more organs, and there have been efforts to include a 

larger number of organs in a BOC system. Design of 14-compartment BOC system was 

demonstrated recently.26 This 14-chamber device could accommodate 13 different organ 

compartments of barrier (skin, GI tract, and lung) and non-barrier (fat, kidney, heart, adrenal 

glands, liver, spleen, pancreas, bone marrow, brain, and muscle) types. The volumes of each 

‘organ’ were determined by scaling down proportionately from the average human organ 

volumes by a factor of 40,000. Non-barrier tissues were encapsulated in a hydrogel matrix 

and inserted into a chamber made by placing a membrane sandwiched between silicone 

gaskets to create a chamber with 400 μm depth. Barrier tissues were made by seeding 

appropriate numbers of cells onto a membrane bonded to a silicone gasket. After attaching 

the cells, they were incubated for 20 days to form a barrier layer before assembly. As a proof 

of concept study, five types of cell lines were maintained in the device for 7 days while 

maintaining reasonable viability. Physiological functional markers were also examined, such 

as urea and albumin synthesis, P450 enzyme activity, production of surfactant and 

expression of tight junction proteins. This work demonstrates that it is possible to construct a 

physiologically realistic model with many compartments that can operate for an extended 

period.

The interaction between organs in the progression of diseases can be important in some 

cases. For example, the central role of gut-liver axis in several diseases, including 

nonalcoholic fatty liver disease (NAFLD), has well been documented.117,118 NAFLD is a 

pathological condition where excessive fat is accumulated in the liver due to causes other 

than alcohol uptake. It can sometime progress to nonalcoholic steatohepatitis (NASH) and 

further to liver cirrhosis and hepatic fibrosis, ultimately leading to hepatic carcinoma. 

Progression of this disease is associated with impairment of intestinal barrier function (leaky 

gut) caused by disruption of bacterial flora, and the release of toxic factors (pathogen-

associated molecular patterns, PAMP) from intestinal bacteria to the liver due to the 

increased permeability in the gut. In response to the PAMPs, cells in the liver release 

inflammatory cytokines. The possibility of using microfluidic gut-liver chip as a model 

platform to evaluate the progression of NAFLD was explored in a recent study.113 Authors 

examined the process of lipid accumulation in the liver, caused by excessive uptake of fatty 

acids in the gut. Administration of anti-steatotic compound inhibited accumulation of lipid 

in the liver as expected. Interestingly, the tested anti-steatotic compounds showed efficacy 

via different mechanisms, where butyrate reduced lipid accumulation in the liver by 

inhibiting lipid uptake in the gut, whereas α-lipoic acid reduced lipid accumulation in the 
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liver by acting directly on the liver. These results suggest that the gut-liver chip platform can 

be used to examine the gut-liver communication in the context of the fatty liver disease.

The gut-liver crosstalk was examined in a multi-organ platform consisting of the liver 

(hepatocytes and Kupffer cells) and the intestine (enterocytes, goblet cells, and dendritic 

cells) to model endotoxemia.31 Gene expression patterns in the gut and liver cells when they 

were cultured alone or together were compared. Interestingly, significant changes in 

expression of several genes were noted. Of particular interests was the bile acid metabolism, 

which is mediated by CYP7A1. Suppression of CYP7A1 was observed, thought to be 

caused by FGF19 in enterohepatic communication. Chen et al. examined gut-liver crosstalk 

in inflammatory context as well. A condition of endotoxemia, characterized by increased 

concentration of circulating lipopolysaccharide (LPS), one of major PAMPs, was simulated. 

Genes involved in immune response and interferon signaling were upregulated in both gut 

and liver cells, and genes related to hepatic metabolism were suppressed. Measuring the 

levels of cytokines revealed non-linear modulation of cytokine production as the result of 

gut-liver crosstalk, meaning that the measured cytokine levels of integrated gut-liver system 

deviated from the linear sum of cytokine levels of isolated gut and liver modules.

Since the initial proof-of-concept study of BOC systems containing three to four organs,
7,8,106 the recent reports of a BOC systems with a larger number of organs show a great 

promise of these systems being utilized in clinical settings or drug development process. 

Although these models are not complete models of the whole body, they may potentially 

start proving to be useful in specific circumstances or specific drug development phases, 

such as predicting organ-specific toxicity of drug candidates arising from multi-organ 

interactions, as described in the next section.

4.5 BOC platforms for drug testing and toxicity screening

How multiple organs in the body respond to administration of drugs is an important issue in 

drug development process, which can affect the efficacy and the toxicity of drug candidates. 

Various organ-specific toxicity models are available. But in many cases, drugs interact with 

multiple tissues/organs in the body, resulting in complex whole-body response. A proof-of-

concept study demonstrated this concept earlier, as the toxicity of naphthalene in the lung 

was caused by the metabolism in the liver.8 In another example, the efficacy and toxicity of 

anti-cancer agents, 5-fluorouracil (5-FU) and Tegafur, were tested in a BOC system 106. 

Tegafur is a pro-drug of 5-FU, is inactive by itself, but becomes active after being 

metabolized in the liver to 5-FU to exert anti-cancer effect. Using a three-organ BOC device 

containing the liver, colon cancer, and the bone marrow cell line, anti-cancer effects of 5-FU 

and Tegafur were tested. In line with a known mechanism of action, 5-FU exerted anti-

cancer effect on tumor cells regardless of the liver cells, but Tegafur exerted anti-cancer 

effect only when the liver cells were present in the system, indicating that the presence of 

hepatic metabolism was required for the anti-cancer effect of Tegafur.

Oleaga et al. demonstrated multi-organ toxicity using a four-organ system of cardiac, 

muscle, neuronal and liver (Figure 9B)25. Measurement of functional markers for each organ 

module, albumin and urea production by the liver cells, spontaneous contractile activity of 

cardiomyocytes, skeletal muscle contractility, and action potentials in neuron cells, verified 
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that the cells were active and viable for 14 days. Cardiotoxicity and hepatotoxicity were 

observed when doxorubicin was administered, due to the metabolism and oxidative stress 

generation in the liver. Myotoxic effects were observed for atorvastatin and hepatotoxicity 

was observed for valproic acid and acetaminophen. These toxic reactions are consistent with 

known toxic reactions to doxorubicin in literature reports. A negative control, N-acetyl-m-

aminophenol caused no significant toxic reaction in the four-organ BOC system, which was 

also consistent with literature reports. In a more recent study, Oleaga et al., developed a 

BOC system containing iPSC-derived cardiomyocytes and primary hepatocytes with 

perfusion of serum-free media to study hepatic metabolism-dependent cardiotoxicity of 

drugs.23 The contractile force and electrical conductivity were measured to examine the 

cardiac function. The authors observed that the cardiotoxic effect of cyclophosphamide was 

induced by the presence of hepatic metabolism, whereas the effect of terfenadine was 

reduced due to the hepatic metabolism. In addition, hepatotoxicity was also examined by 

measuring liver-relevant markers and metabolites.

Marx et al. published a series of papers on BOC systems containing two to four organ 

modules on a chip, primarily aimed at long-term substance testing (Figure 9C)119–121. A 

liver-skin on-chip model was developed for the long-term cultivation of cells and assessment 

of drug toxicity.11 Toxicity of troglitazone as an antidiabetic drug was tested and dose-

dependent responses were observed. A similar platform was used to enable liver-intestine 

and liver-skin interactions on a chip.115 Gene expression levels in the liver and intestine cells 

were measured in response to a daily administration of troglitazone. One of the areas of 

pharmaceuticals that show a wide gap between the animal and human models is 

neuroprotective drugs, due to the phylogenetic distance between humans and laboratory 

animals. A multi-organ chip containing a human liver microtissue and a human neurospheres 

were maintained for two weeks while being exposed to fluid flow.122 A stable steady-state 

co-culture was established after six days of co-cultivation, indicated by the measurement of 

lactate production and glucose consumption. Examination of neural markers indicated that 

the neurospheres remained differentiated. A two-week toxicity assay with repeated exposure 

to a neurotoxin 2,5-hexanedione was observed to induce apoptosis within both the 

neurospheres and liver microtissues. A similar co-culture platform was used to test co-

culture of liver-skin and liver-intestine modules.115 In this study, the intestine and the skin 

were chosen as models of human barrier organs. Human endothelial cells were added to the 

system to mimic the vasculature. Co-culture in the platform for 14 days and immunostaining 

results confirmed that the intestinal and dermal epithelial cells, as well as endothelial cells 

maintained differentiated state. Oral and systemic exposure of a model toxicant, 

troglitazone, were tested using this system. A four-organ BOC system, containing the liver, 

skin, intestine, and the kidney, was maintained for 28 days and the maintenance of 

physiological functions of each organ module was examined.116 Examination of 

differentiation markers by immunostaining and RT-PCR verified that the tissues remained 

viable and physiologically functional during the co-culture period. These promising 

observations by Marx et al. indicates that it may be possible to achieve a significantly long-

term co-culture of multiple organ modules while maintaining homeostasis, making chronic 

toxicity study possible. It would be interesting to see an expansion of their work to a larger 

number of organs.
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One important issue in drug efficacy and toxicity screening is the high-throughput (or even 

medium-throughput) implementation.123 It is quite a challenging work to realize multi-organ 

interaction in a high-throughput format. As the number of organ modules in the BOC 

increase, the complexity of the system increases greatly, as well as the difficulty of high-

throughput assay. Several primitive BOC systems with a relatively simple design having two 

or three organ modules have been reported, which may potentially lead to high-throughput 

platforms in the future. A liver-immune co-culture array was used to study skin sensitization.
124 Hepatocyte spheroids and U937 myeloid cells were co-cultured in concentric micro-

chambers, connected by a microchannel network. Model drugs known to cause cutaneous 

reactions (carbamazepine, phenytoin, and allopurinol) were metabolized by the liver 

spheroids and activate U937 cells in the immune compartment. The immune reactions were 

verified by measuring the levels of cytokines in response to the drugs. However, this liver-

immune array is a rather incomplete model because it did not contain the skin tissue, and 

cutaneous reaction could not be directly observed. A heart-liver-vascular multi-organ 

platform, termed as HeLiVa platform, containing microtissues derived from human 

pluripotent stem cells was reported.125 A modular design and array-type microfluidic device 

may potentially allow high-throughput screening of multi-organ interaction at a primitive 

level. A multi-throughput MOC was developed using a pneumatic pressure-driven medium 

recirculation.39 An eight-throughput two-organ system and four-throughput four-organ 

systems containing the intestine, liver, cancer and connective tissues were demonstrated. A 

microfluidic immune-tumor model containing 12 separate tumor biopsies interacting with 

tumor-infiltrating lymphocytes was developed.41 This system allows culture of tumor and 

immune cells for multiple days while allowing real-time analysis of the interaction. Such 

systems, although in primitive form, demonstrate the possibility of high-throughput 

implementation while allowing real-time observation of multi-organ interactions.

5. Remaining challenges and future directions

Despite the considerable advances on BOC systems made during the past decade, several 

aspects remain to be improved. Overall, BOC systems should be able to provide 

reproducible results that have significant physiological relevance to human data. Validation 

of these in vitro models that can substitute or complement current animal models will be 

critical to development of this technology.

First, the development of a blood surrogate, a common medium for multiple cell types, is 

essential for advancing to more complete BOC systems. Currently, different cell types may 

require different nutrients and growth factors, which makes it challenging to co-culture these 

cells in the same systems for an extended time. This problem becomes more serious as there 

is often a desire to use stem cells and primary cells in BOC systems, as they often require 

specialized media. A modular approach, where each organ module can be integrated or 

detached as needed, can be a partial solution to this issue, because cells usually require 

specialized medium during the differentiation phase, and it is often possible to maintain a 

short-term co-culture of multiple cell types with basal medium.126 In some cases, mixing 

different media at specific ratios has been used with some success.15 However, these 

strategies are only partial solutions since it will be more difficult with increasing number of 

organs, and obviously, the development of a universal, as well as chemically well-defined 

Sung et al. Page 22

Anal Chem. Author manuscript; available in PMC 2019 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



media that can support growth and differentiation of all cell types would be a more complete 

solution. Hickman et al. demonstrated using a serum-free medium for supporting co-culture 

of muscle cells derived from human stem cells and sensory neurons,127 and co-culture of 

motoneurons and oligodendrocyte,128 as well as in their 4-organ systems,25 which show 

great promise for a co-culture systems with a larger number of organs.25

Secondly, development of biomaterials that meet specifications of different cell types is also 

needed to further improve current BOC models. Although current researchers are equipped 

with diverse families of natural and synthetic biomaterials,129 chemical and physical 

interaction of cells with surrounding 3D environment is an important factor in the cellular 

microenvironment, and fine-tuning of this microenvironment is needed for different cell 

types. Another importance aspect of using appropriate materials in OOC technology is the 

issue of unwanted absorption and adsorption of chemicals to the inner surface of MPS 

devices, which can distort the experimental observation. Since different materials have 

widely varying degrees of interaction with different molecules, choice of materials in 

developing MPS devices should be made with caution. In general, stainless-steel, glass, 

Teflon, and polystyrene are considered to be inert to most of chemicals,130 whereas PDMS 

(polydimethylsiloxane) is known for its hydrophobic surface and tendency to both adsorb 

and absorb many molecules 131. Coating of PDMS surface with various materials such as 

extracellular matrix proteins or paraffin has shown to be helpful.22,132,133 Using 

thermoplastic materials such as polystyrene, polymethyl methacrylate (PMMA), and 

polycarbonate offers advantages in both aspects of mass production and relatively low 

adsorption and absorption, but require more complicated fabrication techniques.

Thirdly, construction of physiologically realistic fluidic microenvironment is important. The 

role of fluidic shear stress on cell morphology, alignment, and cytoskeleton organization of 

vascular endothelial cells is well known,134 and microfluidic devices have been extensively 

used in investigating the underlying mechanisms.135 The fluid dynamics of circulating 

medium may also carry important implications for circulating cells, such as circulating 

tumor cells (CTC) and immune cells, as a high level of shear stress can damage the cells in 

the device.136

Finally, correctly scaling the BOC systems is essential to achieve maximum physiological 

relevance. In allometric scaling principles, it is known that the sizes of different organs scale 

differently between animals of varying sizes.137 Basal metabolic rates of different organisms 

are also known to follow a three quarter power relationship with the masses of organisms.138 

This issue of scaling becomes serious since BOC systems are generally highly miniaturized 

system of the human or animal body. Maintaining correct ratios of organ sizes, as well as 

transport rates between the organs is essential for replicating physiological responses, for 

example, pharmacokinetic response to drug administration 22,108. Several strategies of 

scaling and designing BOC systems have been suggested, but a more wide consensus needs 

to be formed.137,139,140 Establishing physiologically realistic ratios of liquid to cell volumes 

is also an important issue. In most cases, biochemical reactions are concentration dependent, 

which means that the ratio of liquid to cells can alter considerably the rates of reactions. In a 

traditional microwell plate-setting, cells are usually immersed in excess amount of liquid, 

resulting in the dilution of molecules. Comparing the liquid-to-cell ratios of various BOC 
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systems revealed that the values of liquid per cells were considerably smaller than traditional 

macroscale systems, but still larger than human physiological values.3 However, attempts to 

meet the physiological level of liquid-to-cell ratio poses additional engineering problem, 

such as need to achieve sufficient supply of circulating medium, and analytical techniques to 

detect molecules with small quantities of sample.

6. Concluding remarks

As described, MPS and particularly BOC systems have been developing rapidly. The 

primary focus has been on using such systems in preclinical drug development to select 

which drug candidates are most likely to enter human clinical trials and become approved 

drugs. The focus has been on BOC systems using human cells to potentially predict efficacy 

and off-target toxicity during preclinical drug development studies. Almost all major 

pharmaceutical companies are exploring this technology, because they recognize its 

potential to improve the success rate of drug candidates in clinical trials. Even a modest 

improvement in success rate would provide more useful drugs to society and at a potentially 

reduced cost.

The acceptance of such new technology by the pharmaceutical industry will be involved 

with acceptance by regulatory bodies. Fortunately, FDA and its European counterpart, EMA, 

have been involved in six workshops with academic and industrial leaders on this 

technology.141 These workshops have begun a dialog among technology developers, 

regulators, and potential users on approaches to best bring this technology forward. In cases 

where the safety of a drug is already established, it is possible to use only in vitro data to 

extend its use to new applications.

While pharmaceutical firms are exploring this new technology, it is critical for MPS and 

BOC systems to reach the point where they are adopted as a standard component of the drug 

development process. The fact that it has been demonstrated that BOC systems could have 

predicted the failure of drugs in clinical trials or even those drugs that had to be withdrawn 

from the market is encouraging. As companies develop more confidence from tests of their 

own proprietary compounds, they will become more willing to adopt this technology in 

preclinical testing.

Of course, further improvement in MPS and BOC technologies is required for wide spread 

adoption of this technology. A primary constraint will be to reduce the cost of those systems, 

increase throughput and maintain relevant predictions. Many companies are working on 

methods to reduce cost significantly and increase throughput. Self-contained multiorgan 

systems with embedded sensors may be ideal. Additionally, advanced manufacturing 

techniques should reduce per unit costs significantly. A critical issue, and often a bottleneck, 

is development of biological organ modules that are robust, work in a common medium, and 

replicate key aspects of organ physiology. For example, iPS cell technology is improving 

rapidly. If one could derive all the relevant organs from a single genotype, it would make 

testing more reproducible. It would also open doors to use in precision medicine to find the 

best treatment option for individuals. Also, many of the drugs that fail in the market do so 

because a subpopulation responds adversely to the drug. One can imagine the use in drug 
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development of iPS cells derived from a spectrum of subpopulations. These subpopulations 

can differ from one and another in many ways; for an example, they may differ in certain 

cytochrome P450 enzymes, which would profoundly affect drug metabolism. You could 

picture using perhaps 10 or 12 models from humans from diverse geographic locations or 

highly inbred populations. From such studies you might decide that a drug would be ideal 

for one subpopulation, but not useful or potentially toxic for another.

While this review has focused on preclinical drug development, those systems have the 

ability to test for the potential toxicity of chemicals, particularly in cosmetics and foods. 

Indeed, some firms in the cosmetic industry have invested significantly in MPS and BOC 

technology to predict human response to chemical additives. Ultimately, we believe that 

these systems are likely to reduce significantly the reliance on animal testing and to improve 

predictions concerning potential toxicity.

Overall, we believe that this technology is beginning to mature and to approach commercial 

adoption. There still remains much to do to increase reliability and decrease cost, but the 

large number of academic groups and companies involve suggest that creative solutions to 

any problems will be found.
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Figure 1. 
Applying well-established BOC platforms to a broad range of BOC models. A) A NMJ 

model based on the microtunnel microscale platform. Reprinted from Biomaterials, Vol. 

166, Santhanam, N.; Kumanchik, L.; Guo, X.; Sommerhage, F.; Cai, Y.; Jackson, M.; 

Martin, C.; Saad, G.; McAleer, C. W.; Wang, Y.; Lavado, A.; Long, C. J.; Hickman, J. J. 

Stem cell derived phenotypic human neuromuscular junction model for dose response 

evaluation of therapeutics, pp. 64–78 (ref 10). Copyright 2018, with permission from 

Elsevier. B) A pancreatic islet-liver model driven by pneumatic an on-chip micropump.12 

Adapted under the terms of the CC-BY-4.0 license. Copyright 2017, the authors. Individual 

organ modules have also been connected in series to construct BOC systems. C) A 

neurovascular unit model.16 Reprinted by permission from Macmillan Publishers Ltd: 

Nature Biotechnology, Maoz, B. M.; Herland, A.; FitzGerald, E. A.; Grevesse, T.; Vidoudez, 

C.; Pacheco, A. R.; Sheehy, S. P.; Park, T. E.; Dauth, S.; Mannix, R.; Budnik, N.; Shores, K.; 

Cho, A.; Nawroth, J. C.; Segre, D.; Budnik, B.; Ingber, D. E.; Parker, K. K. Nat Biotechnol 

2018, 36, 865–874 (ref 16). Copyright 2018. D) A multi-tissue system on an integrate plate 

with fluid circulation driven by electromagnetic actuation to emulate female reproductive 

tract and the endocrine loops.18 Adapted under the terms of the CC-BY-4.0 license. 

Copyright 2017, the authors. Pumpless platforms were adopted to construct a cardiac-liver 
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chip (E)23 and a whole-body model (F).26 Panel E was reprinted from Biomaterials 182: 

176–190, vol 182, Carlota Oleaga, Anne Riu, Sandra Rothemund, Andrea Lavado, 

Christopher W. McAleer, Christopher J. Long, Keisha Persaud, Narasimhan Sriram 

Narasimhan, My Tran, Jeffry Roles, Carlos A. Carmona-Moran, Trevor Sasserath, Daniel H. 

Elbrecht, Lee Kumanchik, L. Richard Bridges, Candace Martin, Mark T. Schnepper, Gail 

Ekman, Max Jackson, Ying I. Wang, Reine Note, Jessica Langer, Silvia Teissier, James J. 

Hickman, Investigation of the effect of hepatic metabolism on off-target cardiotoxicity in a 

multi-organ human-on-a-chip system (ref 23). Copyright 2018, with permission from 

Elsevier.
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Figure 2. 
Configurable BOC platforms. A) A hanging drop array-based BOC platform.29 Neighboring 

hanging drops are connected with open channels. Hanging drops in each column (1, 2, 3, or 

4) are connected in series and loaded with rLi cells (columns 1–3) or with HCT-116 cells 

(column 4). The fluid network is then reconfigured to support multiorgan culture by filling 

channels connecting neighboring drops in a row. Reprinted by permission from Macmillan 

Publishers Ltd: Nature Communications, Frey, O.; Misun, P. M.; Fluri, D. A.; Hengstler, J. 

G.; Hierlemann, A. Nat Commun 2014, 5, 4250 (ref 29). Copyright 2014. B) A single-pass 

integrated liver-kidney system40. i) Live cells were loaded to the liver chamber using ports 3 

and 2; Kidney cells were loaded to the kidney chamber using ports 4 and 5. ii) Liver-kidney 

co-culture was established by switching to sing-pass perfusion using ports 2 and 5. All ports 

not in use were blocked. Reproduced from Theobald, J.; Ghanem, A.; Wallisch, P.; 

Banaeiyan, A. A.; Andrade-Navarro, M. A.; Taškova, K.; Haltmeier, M.; Kurtz, A.; Becker, 

H.; Reuter, S.; Mrowka, R.; Cheng, X.; Wölfl, S. ACS Biomaterials Science & Engineering 

2017, 4, 78–89 (ref 40). Copyright 2017 American Chemical Society. C) A 7-MPS platform 

driven by pneumatically actuated micropumps.30 These on-chip individually addressable 

micropumps allow precise fluid control and differential flow distribution towards different 

organ modules. Reprinted from Edington, C. D.; Chen, W. L. K.; Geishecker, E.; Kassis, T.; 

Soenksen, L. R.; Bhushan, B. M.; Freake, D.; Kirschner, J.; Maass, C.; Tsamandouras, N.; 

Valdez, J.; Cook, C. D.; Parent, T.; Snyder, S.; Yu, J.; Suter, E.; Shockley, M.; Velazquez, J.; 

Velazquez, J. J.; Stockdale, L., et al. Sci Rep 2018, 8, 4530 (ref 30) under the terms of the 

Creative Commons Attribution 4.0 International License. Copyright 2018, the authors.
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Figure 3. 
New strategies towards unidirectional perfusion on a pumpless platform. A) A pumpless 

platform provides unidirectional tissue perfusion for most of the time with transient 

backflow.36 Reproduced from A microfluidic chip with gravity-induced unidirectional flow 

for perfusion cell culture, Lee, D. W.; Choi, N.; Sung, J. H. Biotechnol Prog (ref 36). 

Copyright 2018 Wiley. B) A pumpless platform provides unidirectional tissue perfusion for 

a fraction of the cycle and stalled flow for the rest of it.27 Fluid travels between a pair of 

reservoirs alternately through the tissue perfusion channel and the bypass channel. 

Reproduced from Esch, M. B.; Ueno, H.; Applegate, D. R.; Shuler, M. L. Lab Chip 2016, 

16, 2719–2729 (ref 27) by permission of The Royal Society of Chemistry. C) UniChip 

achieves continuous unidirectional perfusion with recirculation in a gravity driven flow 

system 37. i) An assembled UniChip device is placed on a rocker platform that flips between 

+18° and −18° periodically. ii) Top view of the device shows fluidic connections. Cu, 

perfusion channel; a1, a2, b1, and b2, Supporting channels; v1, v2, passive valves. iii) 

Schematic of UniChip operation. When tilted at +18°, flow in b1 is halted by the capillary 

force at the air–liquid interface in the passive valve v1. Flow travels from reservoir I to 
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reservoir II through a1, a2, Cu and b2. When tilted at −18°, flow in b2 is halted by valve v2, 

and flow is directed from reservoir II to reservoir I through a2, a1, Cu and b1. Under either 

condition, the flow direction in the perfusion channel, Cu, is kept the same, shown by the 

green arrows. Adapted from Wang, Y. I.; Shuler, M. L. Lab Chip 2018, 18, 2563–2574 (ref 

37) with permission of The Royal Society of Chemistry.
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Figure 4. 
A pneumatic pressure-driven recirculating BOC system.39 A) Two-step process of medium 

recirculation in a 2-organ system. B) Exploded view of a culture device with 4 × 4 culture 

chambers and illustration of a culture chamber at X–X′ cross-section. C) Schematic of the 

design and function of a “Laplace valve.” D) Illustrations of the culture chamber equipped 

with a modified transwell insert. Adapted from Satoh, T.; Sugiura, S.; Shin, K.; Onuki-

Nagasaki, R.; Ishida, S.; Kikuchi, K.; Kakiki, M.; Kanamori, T. Lab Chip 2017, 18, 115–125 

(ref 39) with permission from The Royal Society of Chemistry.
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Figure 5. 
BOC systems with circulating cells. A) A four-chamber BOC system to recapitulate CTC 

adhesion to endothelial layers in organ-specific metastasis.42 Reproduced from Kong, J.; 

Luo, Y.; Jin, D.; An, F.; Zhang, W.; Liu, L.; Li, J.; Fang, S.; Li, X.; Yang, X.; Lin, B.; Liu, T. 

Oncotarget 2016, 7, 78421–78432 (ref 42) under the terms of the Creative Commons 

Attribution 3.0 License. Copyright 2016, the authors. B) A lung cancer metastasis model.43 

Reprinted from Xu, Z.; Li, E.; Guo, Z.; Yu, R.; Hao, H.; Xu, Y.; Sun, Z.; Li, X.; Lyu, J.; 

Wang, Q. ACS Appl Mater Interfaces 2016, 8, 25840–25847 (ref 43). Copyright 2016 

American Chemical Society. C) A single-pass microfluidic perfusion model to model the 

dynamic interactions between tumor infiltration lymphocytes (TILs) and tumor tissues.41 

Adapted from Moore, N.; Doty, D.; Zielstorff, M.; Kariv, I.; Moy, L. Y.; Gimbel, A.; 

Chevillet, J. R.; Lowry, N.; Santos, J.; Mott, V.; Kratchman, L.; Lau, T.; Addona, G.; Chen, 

H.; Borenstein, J. T. Lab Chip 2018, 18, 1844–1858 (ref 41) with permission from The 

Royal Society of Chemistry.
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Figure 6. 
Four multi-organ systems used to demonstrate organ-organ interaction and toxicity to 

compounds using functional readouts obtained via integrated on-chip sensors. (A) Schematic 

overview of the microfluidic device and on-chip sensors used by Oleaga et al (2018) to 

demonstrate real time changes to off target cardiotoxicity due to hepatic metabolism. (organ-

organ interaction). The sensors used include silicon cantilevers for cardiac force, 

microelectrode array for cardiac electrophysiological data. Reprinted from Biomaterials 182: 

176–190, vol 182, Carlota Oleaga, Anne Riu, Sandra Rothemund, Andrea Lavado, 

Christopher W. McAleer, Christopher J. Long, Keisha Persaud, Narasimhan Sriram 

Narasimhan, My Tran, Jeffry Roles, Carlos A. Carmona-Moran, Trevor Sasserath, Daniel H. 

Elbrecht, Lee Kumanchik, L. Richard Bridges, Candace Martin, Mark T. Schnepper, Gail 

Ekman, Max Jackson, Ying I. Wang, Reine Note, Jessica Langer, Silvia Teissier, James J. 

Hickman, Investigation of the effect of hepatic metabolism on off-target cardiotoxicity in a 

multi-organ human-on-a-chip system (ref 23). Copyright 2018, with permission from 

Elsevier. (B) Schematic overview of system and on chip sensors used by Zhang et al (2017) 

to demonstrate real time drug toxicity in a heart-liver system.15 An integrated biochemical 

sensor module was used to measure biomarkers of interest pointing to toxicity. Reproduced 

from Zhang, Y. S.; Aleman, J.; Shin, S. R.; Kilic, T.; Kim, D.; Mousavi Shaegh, S. A.; 

Massa, S.; Riahi, R.; Chae, S.; Hu, N.; Avci, H.; Zhang, W.; Silvestri, A.; Sanati Nezhad, A.; 

Manbohi, A.; De Ferrari, F.; Polini, A.; Calzone, G.; Shaikh, N.; Alerasool, P., et al. Proc 

Natl Acad Sci U S A 2017, 114, E2293-E2302 (ref 15), with permission from proceedings 

of the national academy of sciences USA. (C) Schematic overview of a microfluidic system 

with integrated microelectrode arrays and TEER electrodes to demonstrate the effect of 
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TNF-alpha on vascular endothelium and cardiomyocytes. Reproduced from Maoz, B. M., A. 

Herland, O. Y. F. Henry, W. D. Leineweber, M. Yadid, J. Doyle, R. Mannix, V. J. Kujala, E. 

A. FitzGerald, K. K. Parker and D. E. Ingber, Lab Chip 17(13): 2294–2302 (ref 49), with 

permission of The Royal Society of Chemistry. (D) Schematic overview of multiorgan 

microfluidic set up with integrated TEER electrodes and optical monitoring of cardiac 

beating in a heart-liver-lung system.17 Reproduced under the terms of the CC-BY-4.0 

license. Copyright 2017, the authors.
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Figure 7. 
(A) A liver sinusoid model containing hepatocytes, Kupffer cells, stellate cells and sinusoid 

endothelial cells. Reproduced from Du, Y.; Li, N.; Yang, H.; Luo, C.; Gong, Y.; Tong, C.; 

Gao, Y.; Lü, S.; Long, M. Lab Chip, 17, 782–794 (ref 72), with permission of The Royal 

Society of Chemistry. (B) A microfluidic chip with single and dual channel configurations, 

mimicking the liver sinusoid structure. Reproduced from Liver sinusoid on a chip: Long-

term layered co-culture of primary rat hepatocytes and endothelial cells in microfluidic 

platforms, Kang, Y.B.; Sodunke, T.R.; Lamontagne, J.; Cirillo, J.; Rajiv, C.; Bouchard, M.J..; 

Noh, M. Biotech. Bioeng., Vol. 112, Issue 12 (ref 73). Copyright 2016 Wiley (C) A two-

chambered microfluidic device containing four cell types (hepatocytes, endothelial, stellate, 

and Kupffer cell lines). Reproduced from Long-term maintenance of a microfluidic 3D 

human liver sinusoid, Prodanov, L.; Jindal, R.; Bale, S.S.; Hegde, M.; McCarty, W.J.; 

Golberg, I.; Bhushan, A.; Yarmush, M.L.; Usta, O.B. Biotech. Bioeng., Vol. 113, Issue 1 (ref 

74). Copyright 2016 Wiley.
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Figure 8. 
(A) Construction of vascularized skin model using a decellularized segment of porcine 

jejunum and keratinocytes, fibroblasts, and endothelial cells. Reproduced from Groeber, F.; 

Engelhardt, L.; Lange, J.; Kurdyn, S.; Schmid, F.F.; Rücker, C.; Mielke, S.; Walles, H.; 

Hansmann, J., ALTEX, 33, 415–422 (ref 86), under the terms of the Creative Commons 

Attribution 4.0 International License. Copyright 2016, the authors. (B) A two-layer 

microfluidic skin chip containing human primary keratinocytes, fibroblasts and HUVEC. 

Reprinted by permission from Lee, S.; Jin, S.P.; Kim, Y.K.; Sung, G.Y.; Chung, J.H.; Sung, 

J.H., Biomed Microdev 2017, 19, 22 (ref 87). (C) A microfluidic skin chip with HaCaT, 

fibroblasts, and HUVEC. Reprinted from Wufuer, M.; Lee, G.; Hur, W.; Jeon, B.; Kim, B. J.; 

Choi, T. H.; Lee, S. Sci Rep 2016, 6, 37471 (ref 88), under the terms of the Creative 

Commons Attribution 4.0 International License. Copyright 2016, the authors.
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Figure 9. 
(A) A schematic diagram of gut-liver platform for studying PK of drugs. Reproduced from 

First pass intestinal and liver metabolism of paracetamol in a microfluidic platform coupled 

with a mathematical modeling as a means of evaluating ADME processes in humans, Prot J. 

M.; Maciel L.; Bricks T.; Merlier F.; Cotton J.; Paullier P.; Bois F. Y.; Leclerc E. Biotech. 

Bioeng., Vol. 111, Issue 10 (ref 111). Copyright 2014 Wiley. (B) A microfluidic 4-organ 

platform and fluid dynamics simulation showing the levels of shear stress in each 

compartment. Reprinted from Oleaga, C.; Bernabini, C.; Smith, A. S.; Srinivasan, B.; 

Jackson, M.; McLamb, W.; Platt V.; Bridges, R.; Cai, Y.; Santhanam, N.; Berry B.; Najjar, 

S.; Akanda, N.; Guo, X.; Martin, C.;, Ekman, G.; Esch, M. B.; Langer, J.; Ouedraogo, G.; 

Cotovio, J.; Breton, L.; Shuler, M. L.; Hickman, J. J., Sci Rep 2016, 6, 20030 (ref 25), under 

the terms of the Creative Commons Attribution 4.0 International License. Copyright 2016, 

the authors. (C) A microfluidic 4-organ system (left), showing (1) intestine, (2) liver, (3) 

skin, and (4) kidney, and top view of the chip layout (right). Reproduced from Maschmeyer, 

I.; Lorenz, A.K.; Schimek, K.; Hasenberg, T.; Ramme, A.P.; Hübner, J.; Lindner, M.; 

Drewell, C.; Bauer, S.; Thomas, A.; Sambo, N.S.; Sonntag, F.; Lauster, R.; Marx, U., Lab 

Chip 2015, 15, 2688–99 (ref 116), published by The Royal Society of Chemistry, under the 

terms of the Creative Commons Attribution 3.0 Unported Licence.
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