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Abstract 

To mimic physiological microenvironments in organ-on-a-chip systems, physiologically relevant 
parameters are required to precisely access drug metabolism. Oxygen level is a critical 
microenvironmental parameter to maintain cellular or tissue functions and modulate their 
behaviors. Current organ-on-a-chip setups are oftentimes subjected to the ambient incubator 
oxygen level at 21%, which is higher than most, if not all physiological oxygen concentrations. 
Additionally, the physiological oxygen level in each tissue is different ranging from 0.5% to 13%. 
Here, a closed-loop modular multi-organ-on-chips platform is developed to enable not only real-
time monitoring of the oxygen levels, but more importantly, tight control of them in the range of 4-
20% across each connected microtissue-on-a-chip in the circulatory culture medium. This platform, 
which consists of microfluidic oxygen-scavenger(s), an oxygen-generator, a monitoring/controller 
system, and bioreactor(s), allows for independent, precise up-regulation and down-regulation of 
dissolved oxygen in the perfused culture medium to meet the physiological oxygen level in each 
modular microtissue compartment, as needed. Furthermore, drug studies using the platform 
demonstrate that the oxygen level affects drug metabolism in the parallelly connected liver, kidney, 
and arterial vessel microtissues without organ-organ interactions factored in. Overall, this platform 
can promote the performances of organ-on-a-chip devices in drug screening by providing more 
physiologically relevant and independently adjustable oxygen microenvironments for desired organ 
types on a single or a multi-organ-on-chip(s) configuration. 

Significance Statement 

Cellular and tissue functions are subjected to physiologically relevant microenvironmental oxygen 
levels. Current organ-on-a-chip platforms are supplemented with standard culture media beyond 
physiological oxygenation or ambient oxygen concentration in conventional hypoxia incubators, 
both failing to create the normoxic but oftentimes differential microenvironments for diverse 
microtissues of interest. Here, we describe for the first time, the development of a closed-loop 
modular multi-organ-on-chips system that can tightly and independently control oxygen level for 
each desired organ type in the corresponding medium branch on a single platform. It is anticipated 
that the developed platform can significantly broaden the applications of multi-organ-on-chips 
models in disease modeling and drug screening with improved accuracy.  
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Introduction 
 
Maintenance of metabolic activities and functional behaviors of human tissues in vitro is critical for 
effective drug discovery and screening (1-4). Conventional two-dimensional (2D) or three-
dimensional (3D) cell cultures have offered possibilities that enable cell survival in vitro (3, 5). 
However, the static cell culture, unlike dynamic microfluidic cell culture (6), is often limited by 
insufficient ability of continuous supply of fresh culture medium and fails to accurately reproduce 
the native microenvironments. An organ-on-a-chip platform allows for mimicking the 3D or 
compartmentalized organ-level functions of human physiology or diseases in vitro (7-10). With this 
platform, multiple miniature 3D microscale organs can also be fluidically linked for incorporation of 
interactional studies (11). As such, the organ-on-a-chip systems have been widely adopted as a 
class of powerful in vitro models for drug development and therapeutics screening (12). 
 
Of note, oxygen level is essential to organs or tissues, as it is required for basic cellular functions 
(13). It is known that typical cell culture is performed at 21% of oxygen conditions (14), although 
levels that the cells experience in vivo are almost always far less than 21%, or ~160 mmHg. As a 
matter of fact, exposure to hyperoxic environments may affect metabolic activities, and even cause 
death to the cultured cells or microtissues by the formation of reactive oxygen species (15, 16). For 
example, oligodendrocyte-progenitor cells used for the treatment of demyelinating diseases are 
ideally cultured at a lower oxygen level (5%) for expansion (17). It has also been proven that oxygen 
at the lower level could extend the lifespan of human diploid cells, while the cells do not proliferate 
in standard culture medium at the oxygen level of 21% (18). Besides, cancer cells rapidly outgrow 
in hypoxia, and as a result, studying tumor behaviors under controlled hypoxic conditions is 
important in improving the pathophysiology of a tumor-on-a-chip (19). Hypoxic conditions also 
possess a major impact on microtissue metabolisms, physiological pathways, and tissue 
remodeling (20). Hypoxia may inhibit or prevent the proliferation and growth of tissue cells in vitro, 
and it could be insufficient to maintain the respiration rate and the cells would presumably obtain 
more of their energy from glycolysis (21). Therefore, it is of great importance to create oxygen-
controlled environments in vitro pertaining to the in vivo conditions (18). 
 
Furthermore, the physiological oxygen levels in the human body vary from organ to organ (Figure 
1A). Studies have investigated the typical oxygen levels in the main organs, such as 10-13% in the 
arterial blood, 0.5-7% in the brain, 1% in the cartilage, 10-13% in the liver, and 4-6% in the kidney, 
among others (22-26). This fact should be considered as well when creating the normoxic 
microenvironments for multi-organ-on-chips systems. In addition, oxygen regulates drug 
metabolism acting on tissues/organs due to lipid peroxidative reactions and reactive oxygen 
species attacking on enzymes and nucleic acids. It has been reported that hypoxia is essential 
since metabolic activation results in enhanced free radicals and oxygen involvement in lipid-
peroxidation (27). Thus, oxygen-control should be considered in drug toxicity on microtissues in 
vitro too. 
 
To ensure a physiological oxygen level in an organ-on-a-chip platform, a conventional approach is 
static culture in an incubator at a preset oxygen level (28, 29). Although the approach enables 
required oxygen levels for single-organ-on-a-chip cultures, the lack of automated, on-demand 
control within the culture medium might be the key limitation to maintaining constant normoxic 
levels of desire and the growth of different organs or tissues within the same culture (30), and 
hence cannot be used when multiple organ types on the chips are channels together in a single 
loop, beyond the fact that this method is difficult for oxygen-monitoring in a real-time manner. The 
recently emerged on-chip oxygen-scavenging technologies have become attractive. For example, 
oxygen can be rapidly scavenged by an irreversible chemical reaction in the flowing microchannels 
through a polydimethylsiloxane (PDMS) membrane (31). Photocatalytic reactions could also be 
integrated with microfluidic devices to consume dissolved oxygen, while water-electrolysis could 
generate oxygen across PDMS membranes (32). However, it has been rarely reported to 
incorporate oxygen-scavengers with oxygen-generator to allow precise control of local oxygenation 
in a self-sustaining manner. Moreover, most of the current oxygen-scavenging and generating 
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devices are used for cell culture in the half-open or open format without circulatory flows to mimic 
microenvironments in vivo. Commonly used organ-on-a-chip platforms are based on a PDMS 
material that also increases the difficulty to block exterior oxygen-diffusion (33). In addition, the 
non-closed microsystem may easily cause contamination. Therefore, it is necessary to develop an 
oxygen-controlling (multi-)organ-on-chip(s) platform in a closed microcirculation system for 
recapitulating organ physiology and relevant drug studies. 
 
Here, we report the development of an automated, closed-loop multi-organ-on-chips platform that 
provides dynamic, continuous, individually adjustable control and monitoring of oxygen levels in 
the flowing culture medium across different microtissue-on-chips in separation or in connection. 
This unique platform features four aspects: i) an automated oxygen-controlling and monitoring 
system; ii) oxygen-scavenger(s) for decreasing dissolved oxygen level(s) in a modular manner; iii) 
an oxygen-generator for bringing the oxygen level to ambient; iv) and bioreactor(s) to host the 
desired microtissue(s). To create this modular oxygen-controlled microtissue-on-chips platform, all 
of the microfluidics chips were made from laser-patterned poly(methyl methacrylate) (PMMA) 
sheets and sealed by thermal treatment. The thermoplastic chips with a low oxygen-diffusion 
coefficient (2.7×10-8 cm2 s-1) would avoid gas-exchange with external environments, unless when 
needed for oxygen-scavenging or generation achieved with thin PDMS membranes. The platform 
was programmed by a computer and operated in an automated manner for at least 7 days 
evaluated. The geometry and performance of each microfluidic chip component were investigated 
separately, including the mini-microscope-based optical oxygen-sensor(s), the oxygen-
scavenger(s), the mixer(s), the oxygen-generator, and the bioreactor(s). The automated control 
system was further tested and analyzed. The control over the oxygen level in the platform was 
achieved in real-time with continuous monitoring, and dynamically adjusted to adapt to the need in 
the desired module. Independent longer-term assessments of drug responses and shorter-term 
evaluations of acute toxicities under different oxygen levels to the parallelly channeled liver, kidney, 
and arterial vessel microtissues were conducted without factoring in organ-organ interactions. 
 
Results 
The standard multi-organ-on-chips platforms are usually hosted in incubators that are supplied with 
the oxygen level at 21%, which is essentially hyperoxic to all tissue types. Figure 1 shows the 
physiological ranges of oxygen levels in different human organs (Figure 1A) (34). As such, 
utilization of fresh culture medium with 21% of oxygen level in vitro does not accurately represent 
the metabolic activities of tissues in the human body. Thus, it is an unmet need to modulate 
physiological oxygen levels in microenvironments of each microtissue in the (multi-)microtissue-
on-a-chip platform. The commonly used organ-on-a-chip platforms are made of oxygen-permeable 
PDMS (the oxygen permeability of PDMS is 800×10-10 cm3(STP) cm-2 s-1 cmHg-1) that is difficult to 
control oxygen levels (35). In this work, the entire microfluidic chips were made from laser-
machined PMMA layers bonded together (Figure 1B and C), since PMMA is impermeable to 
dissolved oxygen (the oxygen permeability of PMMA is 0.155×10−10 cm3(STP) cm-2 s-1 cmHg-1 (36)). 
Each chip was separately patterned via direct laser-ablation. To allow the patterns with high 
precisions and defined geometries, the laser power and speed were optimized for the CO2 laser 
beam (Figure S1A-D). After surface-smoothing and thermal treatment (Figure S1E-F) (37), the 
thermoplastic microfluidic chips were assembled and integrated into a closed-loop circuit. To 
ensure sufficient oxygen and nutrient supplies at the vicinity of microtissues, the on-chip circulation 
was driven by a peristaltic pump primed at a flow rate of 200 μL h-1 powered by programmed 
MATLAB codes (38). These codes were also written to drive the optical sensor(s) that monitor 
oxygen level(s) in the system at predetermined time points and to control the pump(s) integrated 
with the oxygen-scavenger(s). A flow rate-monitor was also encoded into the program to monitor 
the flow rate as well as potential channel-blockage or leakage. 
 
The closed-loop organ-on-a-chip platform was designed to be modular, including a programmable 
controlling system for microfluidic routing, oxygen level-regulation, and real-time monitoring, 
bioreactor(s) for housing the microtissue(s), customized mini-microscope(s) integrated with optical 
oxygen-sensor(s), oxygen-scavenger(s) connected to flow rate-controlling pumps, and an oxygen-
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generator for global oxygen-exchange (Figure 1B). To mimic the physiological microenvironments 
in the human body, the entire closed-loop platform was installed in a customized benchtop 
incubator maintained at 37 °C, 5% ambient CO2, and 21% ambient oxygen that was connected to 
an oxygen-controlling and monitoring system (Figure 1B-i). The classificator code allowed the 
system to automatically alter the flow rate on each chip until the desired oxygen level was reached, 
based on the optical sensor(s)’ monitoring. Alternatively, a custom-made user-interface enabled 
direct control over the pumps, and a real-time visualization of the oxygen-sensors. Individual 
modules were interconnected by using Teflon tubes, which allowed for fluid flow in the circulation. 
The oxygen level in each microchannel was controlled by “Light Timer Control” (excitation duration 
of the mini-microscopes), “Pump Control” (syringe pumps connected to the oxygen-scavengers), 
and real-time-monitored in “Microscope Pump” (Figure 1B-ii). “Microscope Output” was designed 
to monitor the oxygen level in the recycled culture medium. To ensure that the platform is 
compatible with multiple tissues that require different oxygen levels, several branches of the 
microfluidic channels could be designed to maintain intended oxygen levels (e.g., 5%, 13%, and 
20%, respectively) in the desired microtissue modules (Figure 1C). As the microtissues normally 
consume the dissolved oxygen in the culture medium, the oxygen level at the outlet of the 
microtissues was preset to 3% and monitored in “Microscope Output”. 
 
Real-time oxygen-monitoring and controlling systems. To achieve real-time monitoring of 
oxygen levels within the system, a customized microfluidic oxygen-sensor was integrated, where 
the fluorescence emission intensity of the sensing microbeads was observed and converted to the 
dissolved oxygen level in the programmed software (33,34). The fluorescent oxygen-sensing beads 
were produced by using a flow-focusing microfluidic droplet-generator, which could encapsulate 
oxygen-sensitive fluorescent dye (tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) dichloride) in 
a PDMS matrix (33,35). These as-synthesized oxygen-sensing microbeads were well-dispersed, 
where the average diameter was approximately 20 μm (Figure S2). To ensure the real-time 
monitoring of the oxygen level of the flowing culture medium in the microchannel, the fluorescent 
microbeads were fixed on the surface of the microchannel. The microfluidic oxygen-sensing chip 
was installed in a customized mini-microscope (33), where the emission of the sensing microbeads 
could be observed under the excitation of a high-intensity 470-nm light-emitting diode (LED) 
(Figure 2A and B) and directly monitored by a color complementary metal–oxide–semiconductor 
(CMOS) chip. The CMOS chip integrated with the custom-coded program could then split a 
captured image into the red (R), green (G), and blue (B) channels and analyze the emission 
intensities. As expected, a high emission intensity signal was observed in the R channel of the 
captured image, while the signals of G and B were negligible (Figure 2C). 
 
Stability is an important parameter for long-term oxygen-monitoring by using the fluorescent 
oxygen-sensor. One approach is to decrease the decay time of the fluorophores. The intrinsic 
fluorescence-decay as the exposure time was prolonged, was assessed. The ∆I of the oxygen-
sensor decay decreased as the exposure time was prolonged to 180 min. The fluorescence decay 
was stable after 150 min. The fluorescence-decay is described by the Stern-Volmer equation: 
 

!!
!"
= 1 + 𝐾"[O#]$ (Eq. 1) 

 
, where 𝜏% represents sensor lifetime at 0% of the oxygen level, 𝜏$ is the sensor lifetime at the 
measured oxygen level [O#]$, and 𝐾" is the Stern-Volmer quenching constant (2.7×10−3 μmol L−1). 
Following the 180-min light exposure, the response time and reversibility of the oxygen-sensor 
were evaluated. The result in Figure 2D shows that as the oxygen level was decreased from 20% 
to 5%, the measured response time was 140 s and the emission intensity increased 1.2-fold. When 
the oxygen level was increased from 5% to 20%, the response time was 60 s and the emission 
intensity decreased by 1.2-fold. After six cycles, the emission intensity could be maintained at the 
original level, demonstrating high stability and reversibility of the microfluidic oxygen-sensor. The 
standard curve of the oxygen-sensor is shown in Figure 2E. The effective detection range of the 
oxygen-sensor was between 20% to 0%, where the emission intensity increased linearly. The 



 

 

6 

sensitivity of the sensor was calculated to be 0.02 %-1. Therefore, the developed microfluidic 
oxygen-sensor could be used for real-time monitoring of oxygen levels in the microfluidic chip within 
the physiological range. 
 
Dynamic oxygen-scavenging and mixing systems. To rapidly deplete excessive oxygen from 
the culture medium, an oxygen-scavenger was designed to integrate with the organ-on-a-chip 
platform. Sodium sulfite (Na2SO3) is a promising reagent that can irreversibly consume dissolved 
oxygen in the solution, producing harmless sodium sulfate (Na2SO4)(39). To accelerate the rate of 
reaction, cobalt sulfate (CoSO4) was added as a catalyst following the reactions specified below 
(40): 

6CoSO4+2H2O+O2à2Co2(SO4)3+2Co(OH)2 
Co2(SO4)3+Co(OH)2+Na2SO3àNa2SO4+3CoSO4+H2O (Eq. 2) 

 
However, the direct addition of Na2SO3 and CoSO4 to the circulating medium is unrealistic to 
microtissue culture due to the toxicity of the scavenging solution and the unnecessary need for 
alteration of the shear force acting on the microtissues when changing the oxygen levels based on 
scavenging solution flow rate. Thus, a thermoplastic microfluidic chip was fabricated with three 
layers, where a PDMS membrane with a thickness of 20 μm was sandwiched between the 
engraved PMMA layers to seal the open microchannels and separate the two flow layers (Figure 
3A). The culture medium flows within the microchannel of the top layer in the scavenger (Figure 
3B-i and ii), while the mixture of Na2SO3 and CoSO4 flows within the bottom microchannel. Since 
PDMS has high selectivity to oxygen and poor permeability to the aqueous solution and the 
chemical species, dissolved oxygen molecules in the culture medium could diffuse into the 
scavenging solution through the PDMS membrane and rapidly diminished there. The optimization 
of the PDMS membrane in terms of the ratio of polymer base and curing agent was investigated to 
achieve the highest oxygen permeability. PDMS membranes with different ratios at 8:1, 10:1, and 
12:1 were utilized to fabricate oxygen-scavengers (Figure S3). The oxygen-depletion effect of the 
scavengers was assessed by real-time measurements of the oxygen levels at the outlet of the main 
channel in each oxygen-scavenger while the inlet of the scavenger was supplied with fresh culture 
medium (20-21% of oxygen). It was observed that the oxygen-depletion effect increased 51.2% as 
the ratio was elevated from 8:1 to 12:1. As the flow rate was ramped up from 1,000 to 2,000 μL h-
1, the oxygen-depletion effect increased from 26.7% to 38.7% at different ratios. The result 
demonstrated that the oxygen-permeability of PDMS membrane was improved as the ratio was 
increased since the higher ratio resulting in a less concentrated polymer network would allow for 
oxygen-diffusion more easily. However, when the ratio was higher than 13:1, the PDMS membrane 
was too soft to use. Therefore, the ratio of polymer base and curing agent at 12:1 was applied for 
the following experiments. 
 
To generate homogenous oxygen levels in the flowing culture medium, a chaotic mixer was 
designed and connected with the outlet of the scavenger (Figure S4). The mixer with patterns of 
grooves fabricated by direct laser-writing could generate transverse flow in the microchannel, 
making it possible to apply efficient microscale flow-mixing (Figures 3C) (41). The manipulation of 
oxygen levels in the culture medium was investigated by adjusting the flow rate and scavenging 
reagent concentration in the bottom microchannel of the scavenger. The oxygen level of the culture 
medium downstream was monitored by the abovementioned oxygen-sensor. As the flow rate was 
increased from 1,000 μL h-1 to 2,000 μL h-1, the oxygen level decreased linearly. The highest value 
of oxygen-depletion was 63.0% when the Na2SO3 concentration was 20 wt%. As the Na2SO3 
concentration was decreased to 2 wt%, the oxygen-depletion dropped to 24.3%. To ensure that 
the oxygen-scavenger could supply the culture medium with a wide range of oxygen levels, Na2SO3 
at the concentration of 20 wt% was chosen for the subsequent studies. CoSO4 at a concentration 
of 0.02 wt% was used as the catalyst to accelerate oxygen-depletion by the scavenging agent. 
Thus, the oxygen level in the outlet was designed to be controlled by adjusting the flow rate of the 
scavenger. The result showed that the oxygen level was approximately 13% when the flow rate 
was set to 1,000-1,250 μL h-1. To obtain the oxygen level at 5%, the flow rate was set to 1,750-
2,000 μL h-1. The stability of the system was estimated by monitoring the oxygen level every 30 
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min. After a 3-h observation, the oxygen level was maintained compared to the initial measurement 
(Figure 3D, inset). Cropped micrographs from the user-interface further evidenced that as the flow 
rate was increased from 1,000 to 2,000 μL h-1, the emission intensity increased (Figure 3E). 
 
Dynamic oxygen-generating system. A closed-loop modular organ-on-a-chip platform requires 
the culture medium to be ideally circulated in the entire system. Since oxygen is constantly 
consumed by microtissues in the platform, the increase in oxygen level from a low level to 20-21% 
should be considered, and in fact, is essential. Accordingly, an oxygen-generator was designed 
that was composed of a microfluidic chip sealed with a PDMS membrane with a thickness of 50 
μm (Figure 4A). Again, since the PDMS membrane has a high permeability to oxygen molecules 
at 35-37 oC (800×10−10 cm3(STP) cm-2 s-1 cmHg-1), the dissolved oxygen level could be effectively 
increased by exchanging with oxygen in the ambient air, functioning as an artificial breathing ‘lung’ 
that oxygenates the ‘blood’ (medium). For well-mixing the flowing culture medium in the oxygen-
generator, staggered herringbone patterns were fabricated at the bottom of the microchannel, 
where the culture medium could perfuse without any noticeable leakage (Figure 4B). The oxygen 
levels at the inlet and the outlet of the oxygen-generator were measured to be <4% and 20%, 
respectively (Figure 4C). Longer-term monitoring of oxygen levels at the outlet shows that as the 
time was prolonged to 3 h, the measured oxygen level was still maintained at approximately 20% 
(Figure 4C, inset), which demonstrated the high stability of the oxygen-generator. 
 
The geometry of the bioreactor was adopted from our previous reports to ensure a uniform fluid 
flow distribution (Figure 5A) (38). A configuration featuring an array of 45 cell-encapsulating 3D 
microstructured gelatin methacryloyl (GelMA) dots was designed to emulate the microtissue as a 
proof-of-concept (Figure 5B) (38). The cell-encapsulated GelMA hydrogel was micropatterned to 
allow for culture medium flow and oxygen-exchange. The oxygen level at the inlet was kept 
constant at 13%. To ensure the oxygen level at the outlet to remain at 3%, which is comparable to 
the oxygen level in the venous blood in general scenarios, cell number and flow rate were optimized 
in the simulation. As the cell number was increased from 0.4×106 to 1×106 cell mL-1 (the flow rate 
was set to 200 μL h-1) and the flow rate was decreased from 800 μL h-1 to 200 μL h-1 (the cell 
density was set to 1×106 cell mL-1), the numerically simulated oxygen level decreased from 8% to 
3% (Figure 5C). 
 
The fabricated thermoplastic bioreactor shown in Figure 5D contained a microtissue, which was 
fabricated by photopatterning. To guarantee sufficient oxygen-diffusion and culture medium flowing 
within the microtissue, 3D GelMA-encapsulated cells were patterned into a dot array as the 
microtissue at the bottom of the bioreactor. The bioreactor was assembled with resealability that 
allowed for convenient post-analyses of the microtissue (Figure 5D) (38). Higher flow rates of the 
culture medium would increase laminar shear force exerted across the microtissue, while lower 
flow rates could not provide sufficient oxygen-diffusion within the microtissue. Therefore, 200 μL h-
1 and 1×106 cell mL-1 were applied throughout the subsequent experiments. 
 
Effects of oxygen levels on biological behaviors and drug responses. To investigate the 
oxygen effects on physiological and metabolic activities of our multi-organ-on-chips platform, a 
static 3D microtissue culture as a conventional method was first developed. The liver is the main 
organ for drug metabolism, and the hepatic artery is the major source of oxygen for the hepatic 
cells (42). The oxygen availability would be expected to differ at different parts of the liver, according 
to the supply of blood, where the most common range is 10-13% and can be lowered in certain 
other areas (43). The 3D liver microtissues were fabricated by applying the photolithography 
technique to GelMA hydrogel-encapsulated human hepatic spheroids. A static culture placed the 
3D liver microtissues in the hypoxia incubator setting the oxygen levels to 5%, 13%, or 20%, 
separately (Figure S5A), and supplemented with fresh standard culture medium every 2 days. The 
immortal human hepatocellular carcinoma (HepG2/C3A) cells have been shown to exhibit the main 
functions of liver tissues (44). Accordingly, the 3D GelMA-encapsulated HepG2/C3A cells were 
used to create liver microtissues. The viability of the liver microtissues was evaluated by a 
Live/Dead assay, in which the live cells were stained in green, while dead cells in red. It was shown 
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that the viabilities of the liver microtissues at the oxygen level of 13% were 31% and 23% higher 
than the counterparts at the oxygen levels at 5% and 20% on Day 7, respectively (Figure S5B-i 
and ii). Proliferation evaluations using the Prestoblue assay further validated that the liver 
microtissues were more amenable to survival at the oxygen level of 13% (Figure S5B-iii). Albumin 
is synthesized in the liver, where its functions include maintaining osmotic pressure and 
transporting a variety of circulating molecules (45). Serum albumin levels are manipulated via 
hepatic tissue secretion, mass-exchange among the intra- and extravascular compartments, 
protein levels, lymphatic uptake, and body changes (46). The functions of the liver microtissues 
were investigated by the assessments of albumin-production. After a 7-day incubation, albumin-
production of the liver microtissue at the oxygen level of 13% was 2.1-fold and 0.8-fold higher than 
the counterparts at the oxygen levels of 5% and 20%, respectively (Figure S5B-iv). These results 
demonstrated that the liver microtissues exhibited favorable activities at the oxygen level of 13%, 
which was consistent with previous studies (25, 26), while 5% was hypoxic and 20% was hyperoxic 
to the liver microtissues. 
 
Kidney is the main organ to eliminate drugs from the body (47). To mimic the kidney, the similar 
fabrication process was also applied to produce nephric microtissues by 3D encapsulation of 
nephric spheroids. HK-2 cells, immortalized proximal tubule epithelial cells from normal adult 
human kidney (48), were used to produce nephric spheroids and encapsulated within the 3D micro-
GelMA dots. The viabilities and proliferation activities of the statically cultured kidney microtissues 
in the hypoxia incubator confirmed that the oxygen level at 5% was the most functional for kidney 
microtissues as compared with the higher oxygen levels at 13% and 20% (Figure S6A and 6B-i-
iii). Kidney injury molecule-1 (KIM-1) is a biomarker that can be upregulated in acutely and 
chronically injured kidney tissues (49). The functions of the kidney microtissues were investigated 
by the detection of the secreted KIM-1 levels. The KIM-1-expression of the kidney microtissues at 
5% of the oxygen level was 76% and 93% lower than the counterparts at 13% and 20% of the 
oxygen levels after a 7-day incubation, respectively (Figure S6B-iv). Thus, the oxygen level of 5% 
was deemed the most suitable for static culture of kidney microtissues in the conventional hypoxia 
incubator. 
 
Blood vessel is an organ that transports blood throughout the body by circulatory system (50). To 
mimic the blood vessel, the same photolithography technique was utilized to produce GelMA 
hydrogel-encapsulated human umbilical vein endothelial cells (HUVECs), which is a typical model 
cell for studying arterial blood vessels. The vessel microtissues exhibited the optimal behaviors at 
the oxygen level of 13% in the viability and proliferation activity tests as compared to the oxygen 
levels at 5% and 20% (Figures 6B-i-iii and S7A). Endothelin 1 (ET-1) is a potent endogenous 
vasoconstrictor that is secreted from dysfunctional endothelial cells (51). As compared to the 
secretion of ET-1 in the vessel microtissues at the oxygen levels of 5% and 20%, the ET-1 level in 
the vessel microtissues at the oxygen level of 13% was the lowest throughout the 7-day incubation 
(Figure S7-iv). The results demonstrated that the oxygen level at 13% was suitable for the static 
culture of the 3D arterial vessel microtissue in the hypoxia incubator. Taken all together, the liver, 
kidney, and arterial vessel microtissues are sensitive to both hypoxia and hyperoxia. Lower oxygen 
levels are more likely insufficient to provide enough oxygen to mitochondria for aerobic metabolism 
of microtissues, while higher oxygen levels would accelerate the progression of pathological 
phenotypes (52). 
 
To reconfirm the optimal oxygen level of each microtissue-on-a-chip model, the 3D liver, kidney, 
and arterial vessel microtissues were separately placed in their bioreactors, and integrated to the 
oxygen-controlling systems to form three individual organ-on-a-chip platforms, where the culture 
medium was driven by syringe pumps. By adjusting the parameters of the oxygen-scavengers, the 
oxygen levels in the flowing culture media were controlled at 5%, 13%, and 20%, respectively, 
optimized levels for the respective organ types (Figures S8-10). The viability test of the individual 
liver-on-a-chip showed that the viability at 13% of the oxygen level was 22% and 12% higher than 
those at 5% and 20% of the oxygen levels, respectively (Figure S8B-i and ii). The proliferation test 
further demonstrated that the liver microtissue-on-a-chip at 13% of the oxygen level showed 47% 
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and 17% higher proliferation than the counterparts at 5% and 20% of the oxygen levels, 
respectively, after the 7-day incubation (Figure S8B-iii). Moreover, the liver microtissue-on-a-chip 
produced 40% and 18% higher of albumin at the oxygen level of 13% than the counterparts at 5% 
and 20%, respectively (Figure S8B-iv). Compared to the conventional static culture, the individual 
liver-on-a-chip integrated with the built-in oxygen-controlling systems showed similar results that 
the oxygen level at 13% in the culture medium was the most beneficial for the liver microtissue. 
Similar assembling processes of bioreactors, oxygen-scavengers, and oxygen-sensors were also 
applied to individual kidney microtissue-on-a-chip (Figure S9A) and individual arterial vessel 
microtissue-on-a-chip (Figure S10A) cultures. The viabilities, proliferation, and metabolic activities 
of the kidney microtissue-on-a-chip and vessel microtissue-on-a-chip proved that the optimal 
oxygen levels for the kidney microtissue was 5% and for the vessel microtissue was 13% (Figures 
S9-10), which again, were consistent with the static culture studies (Figures S6-7). 
 
All the modules were subsequently integrated to form a closed-loop modular multi-organ-on-chips 
platform, where the culture medium was circulated and driven by a peristaltic pump (Figure S11). 
Each branch of the microtissue (liver, kidney, and arterial vessel)-on-a-chip connected to an 
oxygen-scavenger and a real-time-monitoring oxygen-sensor, together with a global oxygen-
generator, all embedded with programmed automation controls, was assembled in parallel. The 
automation system was controlled in the user-interface. Whether the developed closed-loop 
modular multi-organ-on-chips platform could independently control the dissolved oxygen in the 
flowing culture medium at the optimal level for each connected microtissue-on-a-chip was 
investigated (Figure 6). To this end, based on the optimal oxygen level for each microtissue 
(Figures S5-10), the oxygen levels were independently controlled and monitored at 13% in both 
the connected liver microtissue-on-a-chip and the connected arterial vessel microtissue-on-a-chip, 
and at 5% in the connected kidney microtissue-on-a-chip (Figure 6A-i). The viabilities as well as 
proliferation and metabolic activities of the connected liver, kidney, and arterial vessel microtissue-
on-chips at their respective optimal oxygen levels were studied (Figure 6A-ii-iv). 
 
For the connected liver microtissue-on-a-chip at the optimal oxygen level of 13%, the viability was 
calculated to be 94% after the 7-day incubation where no significant differences were observed 
from the hypoxia incubator-based (95%) and individual microtissue-on-a-chip-based (92%) cultures 
(Figures 6A-ii, iii, S5B-i, ii and S8B-i, ii). In addition, the viability test of the liver microtissue in 
Figure 6A-ii and iii showed that dead cells (stained in red) were mainly distributed in the center of 
each dot (Ø: 1 mm, h: 0.5 mm). As the flow rate of the culture medium was maintained at 200 μL 
h-1, this observation was possibly due to distribution differences of oxygen and nutrient 
concentrations within the hydrogel matrix caused by the diffusion effect, which is also a good 
mimicry of native tissues since the liver tissues show zonation (53). Similarly, the proliferation 
activities and albumin-production of the connected liver microtissue-on-a-chip was 0.93 and 911 
ng h-1, which was consistent with 0.88 and 890 ng h-1 of the conventional static culture after the 7-
day incubation (Figures 6A-iv, 6B-i, and S5B-iii, iv). 
 
For the connected kidney microtissue-on-a-chip at the optimal oxygen level of 5%, the viabilities 
were calculated to be 97% and 96% on Days 3 and 7, which were similar to 96% and 89% of the 
conventional static culture in the hypoxia incubator and 97% and 96% of the individual kidney 
microtissue-on-a-chip culture (Figures 6A-ii, iii, S6B-i, ii and S9B-i, ii). The proliferation activities 
in the connected kidney microtissue-on-a-chip were 11% higher than the conventional static and 
the individual microtissue-on-a-chip cultures, respectively (Figures 6A-iv, S6B-iii and S9B-iii). In 
addition, KIM-1 levels of the connected kidney microtissue-on-a-chip culture were 15% and 12% 
lower than the corresponding levels of the static culture in the hypoxia incubator and the individual 
kidney microtissue-on-a-chip culture (Figures 6B-ii, S6B-iv, and S9B-iv), which demonstrated that 
the connected kidney microtissue-on-a-chip had lower injury. 
For the connected vessel microtissue-on-a-chip at the optimal oxygen level of 13%, the viability 
was 92%, which was similar to the viabilities of 98% in the hypoxia incubator and 95% in the 
individual vessel microtissue-on-a-chip (Figures 6A-ii, iii, S7B-i, ii, and S10B-i, ii). The 
proliferation activity and the ET-1 level of the connected vessel microtissue-on-a-chip were also 
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comparable to those of the static cultured vessel microtissue and the individual vessel microtissue-
on-a-chip cultures (Figures 6B-ii, S7B-iv, and 10B-iv). Other oxygen levels were further applied 
to each connected microtissue-on-a-chip in the closed-loop multi-organ-on-chips platform, such as 
5%, 13%, and 5% for liver, kidney, and arterial vessel microtissues, respectively (Figure S12). 
Conventional multi-organ-on-chips cultures were also used as a comparison by adopting the 
standard culture medium at the oxygen level of 20% (Figure S13). The viabilities as well as 
proliferation and metabolic activities of these two scenarios were both lower than the multi-organ-
on-chips platform supplemented with oxygen at the optimal levels to the intended organ types. 
Altogether, the develop modular closed-loop multi-organ-on-chips platform could independently 
and tightly control the oxygen level in each connected microtissue-on-a-chip to continuously supply 
culture medium for each microtissue at its own optimal concentration. 
 
Since the conventional approach to control oxygen levels of multi-organ-on-chips is to incubate 
them collectively in a hypoxia incubator that could only control the oxygen in the culture medium at 
a single level, the oxygen effects on all microtissue-on-chips in this configuration were further 
observed. The connected liver, kidney, and arterial vessel microtissue-on-chips system without 
oxygen-controlling units were placed altogether in the hypoxia incubator providing the oxygen level 
at 5%, 13%, or 20%, each at a time (Figures 7 and S16). It was shown that after the 7-day 
incubation, the viabilities of liver, kidney, and vessel microtissues at the unified oxygen level of 5% 
were 70%, 94%, and 80%, respectively, while those at 13% were 96%, 80%, and 98%, and those 
at 20% were 74%, 64%, and 85% (Figures 7A-ii, S14, 7B-ii, S15, and S16B-ii). The liver and 
arterial vessel microtissues showed highest viabilities at the oxygen level of 13%, while the kidney 
microtissues showed a low viability at this oxygen level. Similarly, the proliferation activities of all 
the connected microtissue-on-chips in the hypoxia incubator at 13% of the oxygen level showed 
the highest levels in the liver microtissue and vessel microtissue (Figure 7B-iii) as compared with 
the counterparts at the oxygen level of 5% (Figure 7A-iii) and 20% (Figure S16B-iii), whereas the 
proliferation activity was higher in kidney microtissue-on-a-chip at 5% (Figure 7A-iii) than those at 
the oxygen levels of 13% and 20% (Figures 7B-iii and S16B-iii). Albumin-productions were 91% 
and 31% higher at the oxygen level of 13% (Figure 7B-iv) than those at the oxygen levels of 5% 
(Figure 7A-iv) and 20% (Figure S16B-iv), respectively. The metabolic activities of the kidney 
microtissue confirmed that it favored the oxygen level of 5%, while this level was not suitable for 
the liver and vessel microtissues (Figure 7A-v). Similarly, 13% of the oxygen level was favorable 
for the vessel microtissue (Figure 7B-v), and the oxygen level at 20% was not amenable to any of 
the three microtissues based on the metabolic activity assays (Figure S16B-iv and v). The results 
clearly illustrated that the conventional hypoxia incubator-based approach could provide only one 
oxygen level during each experiment, where not all tissue types would be exposed to their optimal 
oxygen levels but only one or two at the maximum. 
 
To investigate whether there was a difference in the mechanism of drug-poisoning when the 
microtissues were cultured under different oxygen levels at 5%, 13%, and 20%, acetaminophen 
(APAP) (5 mmol L-1) was separately applied to the conventional hypoxia incubator-, individual 
organ-on-a-chip-, and multi-organ-on-chips-based systems as described above. APAP is the most 
commonly used antipyretic and analgesic (54). When taken at therapeutic doses, it is considered 
a safe drug. Overdose can result in injuries of multiple organs, especially the liver and the kidney 
(55). The toxicity of APAP on the microtissues was first evaluated by the Live/Dead assay, the 
proliferation assay, and metabolic activity test in static culture and individual microtissue-on-a-chip 
systems separately. With APAP applied, substantial losses of viability in all the liver, kidney, and 
arterial vessel microtissues from Day 1 to 7 at all oxygen levels were observed. It is known that 
APAP is metabolically activated by the CYP enzymes to N-acetyl-p-benzoquinone imine, which is 
normally detoxified by glutathione (56). With APAP-poisoning, the highest decreases in viability as 
well as proliferative and metabolic activities after the 7-day incubation were found in liver 
microtissues as compared with kidney and arterial vessel microtissues (Figures S5-10). For 
example, after APAP-poisoning at the overdose concentration of 5 mmol L-1 for 7 days, the viability 
decreases of the liver microtissues in the static and individual microtissue-on-a-chip cultures were 
71% and 78%, respectively, at the optimal oxygen level of 13%, while the viability decreases of the 
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kidney microtissues in the static and individual microtissue-on-a-chip cultures were 50% and 35%, 
respectively, at the optimal oxygen level of 5%, and those in the individual arterial vessel 
microtissue-on-a-chip culture were 15% and 21%, respectively, at the optimal oxygen level of 13% 
(Figures S5-S10B-i, ii). Similar results were also found in proliferation and metabolic activity 
evaluations (Figures S5B-S10B-iii, iv). Moreover, the toxicities of APAP-poisoning on the vessel 
microtissue were lower than that on the liver and kidney microtissues, indicating that APAP was 
less toxic to vessel than liver at the dose assessed. These findings indicate that APAP-poisoning 
on liver, kidney, and arterial vessel microtissues could be affected by oxygen levels. 
 
APAP (5 mmol L-1) was also applied to the closed-loop multi-organ-on-chips platform (Figure 6). 
Fluorescence micrographs evidenced the effect of oxygen levels on APAP-poisoning (Figure 6A-
ii). Comparing the connected liver, kidney, and arterial vessel microtissue-on-chips, the APAP 
toxicity to the liver microtissue was 60%, which was 2.1- and 3.5-fold higher in viabilities than the 
APAP toxicity to the kidney and vessel microtissues on Day 7 (Figure 6A-ii and iii). The 
proliferation test demonstrated that APAP affected 1.1-fold and 1.5-fold higher in proliferation 
activities of the liver microtissue as compared to the activities of the kidney and arterial vessel 
microtissues (Figure 6B-ii). The oxygen effect on APAP toxicity was also clearly shown in the 
metabolic activity test. For example, albumin-production decreased by 93% in the connected liver 
microtissue chip after the 7-day APAP-poisoning at the oxygen level of 13%, while they were 
decreased by 92% and 93% at the oxygen level of 5% and 20%, respectively (Figures 6B-i, S12B-
iv, and 13B-iv). In contrast, the APAP toxicity to the liver microtissue was much lower at 5% and 
20% in the hypoxia incubator as compared to that at the oxygen level of 13%. Therefore, the 
conventional hypoxia incubator-based multi-organ-on-chips system failed to clearly reflect drug 
metabolism within the connected culture. 
 
The influence of oxygen level on the expressions of hypoxia and hyperoxia-induced genes was 
finally investigated. The mRNA levels of hypoxia-inducible factor-1α (HIF-1α), lactate 
dehydrogenase A (LDHA), and glucose transporter 1 (GLUT1) were measured in liver, kidney, and 
arterial vessel microtissues cultured at oxygen levels of 5%, 13%, and 20% in all the configurations 
(Figures 6C, S5-10, S12-13, S17, and Table S1). HIF is a widely used marker for hypoxia (57). 
HIF-1α is ubiquitously expressed and can be rapidly degraded in the presence of oxygen by the 
von Hippel-Lindau ubiquitin pathway (58). When the oxygen level decreases below physiologic 
levels, HIF-1α does not undergo the initial hydroxylation required for the degradation, and protein 
levels increase (59). In the studies of the static culture, the HIF-1α-expression of the liver 
microtissue was at a higher level in the oxygen level at 5%, which was 15% and 5% higher as 
compared to 13% and 20% of oxygen, respectively, on Day 3. Compared to the oxygen level at 
13% on Day 7, the expression of the HIF-1α was 21% higher than at the oxygen level at 20% 
(Figure S5C-i). It is assumed that microtissues exposed to hyperoxic conditions would generate 
more reactive oxygen species by mitochondria (60). The oxidative stress may promote HIF-1α-
induction (61). Together with the viability, proliferation, and metabolic activity assays, the results 
proved that the oxygen level at 13% was the most favorable for the liver microtissue among the 
three different oxygen levels. Similar results could also be observed in the liver microtissue-on-a-
chip culture where the HIF-1α expressions were 26% and 21% higher at 5% and 20% than those 
at 13% of the oxygen levels on Day 7 (Figure S8C-i). In addition, it was observed that the oxygen 
level affects the expressions of HIF-1α upon APAP-poisoning in the developed liver microtissue-
on-a-chip culture. For example, HIF-1α-expression increased by 11%, 12%, and 8% on Day 1, 
while it increased to 13%, 18%, and 10% on Day 7 at the oxygen levels of 5%, 13%, and 20% after 
APAP-poisoning, respectively (Figure S8C-i). The oxygen effects on HIF-1α-expressions in the 
multi-organ-on-chips platform were also evaluated (Figure 6C-i). The expressions of HIF-1α 
showed the lowest level in the connected liver microtissue-on-a-chip and the connected kidney 
microtissue-on-a-chip when exposed to 13% of the oxygen level as compared to the counterparts 
at oxygen levels of 5% and 20%, while the lowest level in the kidney microtissue-on-a-chip was at 
5%. 
 
The LDHA level is closely related to glucose metabolism, which can reduce pyruvate to lactate (62). 
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This process allows glycolysis to proceed in an anoxic condition. Among the lactate dehydrogenase 
protein subunits, LDHA has been associated with oxygen levels (63). As the oxygen levels varied 
at 5%, 13%, and 20%, the LDHA expressions after APAP-poisoning were different. As shown in 
Figure 6C-ii, the lowest expression of LDHA was found at the oxygen level of 5% as compared to 
13% and 20% in the connected kidney microtissue-on-a-chip. This observation indicated that lower 
oxygen contents would be the more relevant oxygen levels for the cultured kidney microtissues, 
while the 13% and 20% oxygen levels are generally high for the kidney microtissue. The applied 
oxygen levels could affect the kidney microtissue responses to APAP-poisoning, with oxygen level 
at 5% delaying the microtissue death. In addition, the expression of LDHA was lower when the liver 
microtissues were exposed under 13% of the oxygen condition than hypoxia and hyperoxia. APAP-
poisoning enhanced the expressions of HIF-1α and LDHA at all oxygen levels. GLUT1 is the most 
studied subtype for basal glucose-uptake (64). Furthermore, GLUT1 is directly responsible for 
glucose-metabolism and is commonly upregulated by both HIF-1α and HIF-2α (64). GLUT1 was 
selected as an indirect biomarker of HIF-1 function. It was shown that the lowest expressions of 
GLUT1 occurred at 5% in the connected kidney microtissue-on-a-chip and at 13% in the connected 
liver microtissue-on-a-chip and arterial vessel microtissue-on-a-chip cultures (Figure 6C-iii). The 
expressions of HIF-1α, LDHA, and GLUT1 in the connected kidney microtissue-on-a-chip revealed 
similar trends as those in the connected liver and arterial vessel microtissue-on-chips. Therefore, 
it can be concluded that the oxygen level affects the expressions of HIF-1α, LDHA, and GLUT1 in 
the liver, kidney, and arterial vessel microtissues. Together with cell viability as well as proliferation 
and metabolic activity tests, the results again proved that the oxygen level at 13% would be the 
most favorable for liver and vessel microtissues and the kidney microtissues would be more 
amenable to survive at 5% among the three different oxygen levels. To conclude, the developed 
closed-loop modular multi-organ-on-chips platform could not only enable individual culture of 
multiple microtissues at their respective physiological oxygen microenvironments, but also be used 
for studies on oxygen-induced drug metabolism. 
 
Discussion 
 
We have developed an automated closed-loop multi-organ-on-chips platform that used a modular 
design of microfluidic thermoplastic chips to ensure an oxygen-impermeable microenvironment in 
the flowing medium for independently controlling and monitoring the dissolved oxygen levels. All of 
the oxygen-controlling and monitoring were performed in a real-time and automated manner, 
allowing for self-sustaining investigations of drug-induced organ responses in the (multi-)organ-on-
a-chip(s) platform with the drug-poisoning for up to a 7-day culture period evaluated. The biological 
studies revealed that the developed platform could indeed independently provide physiological 
oxygen levels in the flowing culture medium that enabled the investigation of drug metabolism. It is 
believed that our automated closed-loop modular (multi-)organ-on-a-chip platform integrated with 
the controlling and real-time monitoring modules would be compatible with existing organ-on-a-chip 
models and possibly promote their performances in drug screening by providing more 
physiologically relevant oxygen levels. 
 
This study is the first investigation on dynamically culturing different microtissues (e.g., 
liver/kidney/arterial vessel) hosted in a single fluidic platform with the capacity to individually tune 
the oxygen levels within individual bioreactors. Nevertheless, there exist several potential areas for 
improvements of the current automated closed-loop modular organ-on-a-chip platform. First, the 
current developed platform could independently control the physiological oxygen level in the range 
of 4-20%, which were suitable for microtissues such as the liver, kidney, and arterial vessel that we 
demonstrated and beyond. As the platform will be applied for other microtissue types that feature 
even lower physiological oxygen levels (e.g., 0.5-4%), the oxygen-scavenger could be re-designed 
by increasing the microchannel length, scavenging solution concentration, and scavenging flow 
rate to further reach these concentrations. Second, the metabolic activities and biomarker levels 
were not measured in situ, which may lead to contamination during the re-sealing process. These 
measurements usually require multiple steps and large working volumes that hinder in situ 
detection. Further real-time bioanalytical measurements of microtissues integrated with the closed-
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loop multi-organ-on-chips system remain an unmet need (10, 65). To this end, connected 
microchannels and micro-valves could be integrated in the bioreactors in combination with 
biosensing units. Third, in addition to controlling and monitoring oxygen levels in the platform, the 
other physical parameters, such as pH value and temperature could also be controlled and 
monitored (10, 66). Fourth, the bonding between the dissimilar PMMA and PDMS surfaces may be 
enhanced to promote chip reliability and reduce potential leakage (67). Fifth, in the current design, 
the three different microtissue-on-chips were parallelly connected, and they failed to reproduce the 
natural interactions across multiple tissues. Moreover, scaling of paracrine communications and 
selective transport of drugs should be considered to improve the fidelity of the multi-organ-on-chips 
platform on drug development (68). The volume of the applied culture medium for the entire system 
in our demonstrations was substantial, which would diminish the paracrine effects due to extreme 
dilutions. Further developments will be investigated towards miniaturizing and reconfiguring the 
platform designs, therefore enabling accurate paracrine interactions among the multiple organ 
types. Nevertheless, we have shown at the initial prototyping stage that, such an automated 
platform validated the feasibility of integrating self-sustaining and tightly controlled oxygen-
generation and scavenging modules, and the proof-of-concept studies on drug screening. 
Additional efforts will be invested to improvement of the platform design that allows for true multi-
organ interactions and applications of the developed platform to systematic understanding of its 
broad utility, for eventually constructing more physiologically and pathologically relevant in vitro 
human-based microtissue models. 
 
Materials and Methods 
 
Raw-cast transparent and black PMMA sheets were used to fabricate the microfluidic chips. The 
bioreactor was assembled in a resealable manner to allow for the opening and closing of the system 
for subsequent biological assays when necessary. For fabrication of the oxygen-scavenger, open 
microchannels were ablated on the two pieces of PMMA chips. Subsequently, a PDMS membrane 
was fabricated by spin-coating. The PDMS membrane was then sandwiched between two pieces 
of PMMA chips and sealed underwent thermal treatment in a vacuum oven at 50 °C and -30 psi for 
2 h. The inlet and outlet were connected to the main microchannel, while the inlet of the bottom 
microchannel was connected with Na2SO3/CoSO4 solution integrated with the syringe pump. For 
fabrication of the mixer, microchannels in the PMMA chips were created by laser-ablation and were 
sealed by thermal treatment. For fabrication of the oxygen-generator, an open-channeled PDMS 
microfluidic chip was fabricated by a photolithography technique. The microchannels were sealed 
by a PDMS membrane, which were sandwiched between PMMA chips. A closed-loop modular 
organ-on-a-chip platform was integrated by a Teflon tubing or a Tygon microbore tubing. All the 
connections were sealed by epoxy. 
 
Materials and methods are further expanded in the SI Appendix, which include Materials used for 
the experiments, Chip-fabrication for use producing the oxygen-generators and oxygen-
scavengers, Biosensor-fabrication for measuring oxygen levels, Integration of the full operational 
system, Cell culture, Cell encapsulation within GelMA hydrogel dots, Hypoxia incubator 
experiments, Microtissue viability, proliferation, and functionality, Quantitative PCR assessments 
of gene expressions, and Simulating oxygen-consumption of the microtissue models. 
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Figure 1. An Automated, closed-loop oxygen-controlled multi-organ-on-chips platform. (A) 
Physiological oxygen levels in various human organs. (B) (i) Schematic design of the entire platform 
embedded with programmed automation controls and a monitoring system. (ii) Screenshots of the 
user interface of the controller in real-time oxygen-monitoring, featuring “a. Light Timer Control 
(working times for mini-microscopes)”, “b. Pump Control (flow rates for oxygen-scavengers 1, 2, 
and 3)”, and “c. Monitoring Window (real-time monitoring fluorescent oxygen-sensor changes from 
the mini-microscope-based optical oxygen-sensors connected to the oxygen-scavenger pumps)”. 
(C) Schematic design of a representative platform, which mainly contains four customized mini-
microscope-based optical oxygen-sensors to monitor oxygen levels of the inlet and the outlet of 
each bioreactor (microtissue), oxygen-scavengers (consisting of oxygen-scavenging chips 
connected with syringe pumps for the bottom layers, and a peristaltic pump for the top layers), an 
oxygen-generator, and a peristaltic pump for driving the circulation. Inset shows the photograph of 
the actual fabricated platform. 
 
Figure 2. Customized microfluidic optical setups for real-time oxygen-monitoring. (A) 
Schematic of the mini-microscope-based optical setup, including a multi-layered microfluidic 
thermoplastic chip embedded with fluorescent oxygen-responsive microbeads and a fluorescence 
microscope module. (a) The microfluidic chip consisted of a top PMMA layer engraved with a 
straight microchannel, a bottom layer deposited with fluorescent microbeads, and a PDMS 
membrane directly cured on the bottom surface holding the microbeads in place. The inlet and 
outlet of the chip were connected with tubing for fluid flow. (b) The mounted mini-microscope 
contained a high-intensity blue LED as the light source, optical filters for excitation and emission, 
and a camera assembled at the bottom of the microscope. (B) Photographs of the optical oxygen-
sensing setup. (a) (i) Top view and (ii) side view of the microfluidic oxygen-sensor. Scale bars=5 
mm. (b) Mounted mini-microscope. Scale bar=3 cm. (c) Camera for fluorescence imaging. (i) The 
CMOS sensor disassembled from the webcam. (ii-iv) RGB and R/G/B images of the fluorescent 
oxygen-probe showing the separation of R, G, B colors by the encoded MATLAB program. (vi) 
Quantification measurement of fluorescence intensity showing the accuracy and sensitivity of the 
digital channel-separation approach. (C) Fluorescence quenching curve of the oxygen-sensor 
using the mini-microscope. Inset shows the captured fluorescence images before and after 
photobleaching for 4 h. (n=3) (D) Stability of the measurement using the fabricated oxygen-sensor 
setups for 6 cycles. (n=3) (E) Calibration curve of the optical oxygen-sensor. Insets show the 
captured fluorescence images at different oxygen concentrations. (n=3) 
 
Figure 3. Module for oxygen-scavenging control. (A) Structure of microfluidic oxygen-
scavenger consisted of three layers: two microfluidic PMMA layers and a sandwiched PDMS 
membrane. (B) Photographs of the oxygen-scavenger: top view and side view. Scale bars=3 mm. 
(C) Design and photograph of mixer. The mixer was connected to the outlet of the top culture 
medium microchannel. Scale bar=5 mm. (D) Outlet oxygen concentration as a function of flow rate 
within the bottom microchannel with the Na2SO3 concentration varying from 2-20 wt%. Inset shows 
the stability of the oxygen-scavenger with a prolonged time of 180 min. (n=3) (E) Screenshots of 
oxygen-sensors as a function of flow rate from 1,000-2,000 μL h-1. 
 
Figure 4. Module for oxygen-generation. (A) Schematic design of the oxygen-generator. The 
bottom layer was patterned with microchannel, while the PDMS membrane was bonded on top to 
seal the microchannel. (B) Photographs of the oxygen-generator in (i) top view and (ii) side view. 
Food dye within the microchannel was used to demonstrate fluid flow. Magnified image shows the 
staggered herringbone patterns in the microfluidic channel to aid mixing. Scale bars=1.5 cm. Inset 
scale bar=2 mm. (C) Measured oxygen levels at both inlet and outlet. Inset shows the stability of 
the oxygen-generator with a prolonged test time of 180 min. (n=3) 
 
Figure 5. Design of a proof-of-concept individual microtissue-on-a-chip platform. (A) 
Schematic of microtissue-embedded bioreactor where the patterned cell-encapsulated 3D microgel 
array was embedded within the bottom PMMA layer and covered with a top PMMA layer. An elastic 
PDMS membrane was sandwiched between PMMA layers for sealing. (B) Schematics of the 
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microtissue-embedded bioreactor: (i) geometry; (ii) side view; (iii) microtissue design. (C) 
Simulation of oxygen effect on cell density at the flow rate of 200 μL h-1 and flow rate at the cell 
density of 1×106 cell mL-1 in the bioreactor. (D) Photographs of the bioreactor (microtissues): (i) 
side view, (ii) top view, Scale bar= 5 mm. (iii) microtissues, and (iv) a single 3D micro-GelMA dot 
(3D encapsulated cells). Scale bar=0.5 mm. 
 
Figure 6. Evaluations of oxygen effects on physiological activities and toxicity of APAP-
poisoning in our closed-loop multi-organ-on-chips platform. (A)(i) Schematic of the 
experimental design at different optimal oxygen levels. Live/Dead assays ((ii) fluorescence 
micrographs and (iii) quantitative analyses) of 3D micro-GelMA dots (scale bar=200 μm), (iv) 
proliferation activities, and (B) metabolic activities ((i) albumin-productions and (ii) KIM-1- and ET-
1-secretions) of the multi-organ-on-chips platform in the presence of APAP-poisoning (5 mmol L-1) 
at different optimal oxygen levels: liver at 13%, kidney at 5%, and vessel at 13%. (C) (i) HIF-1α, (ii) 
LDHA, and (iii) GLUT1 expressions of the multi-organ-on-chips platform upon in the presence of 
APAP (5 mmol L-1). “ND” indicates no drug (APAP), while “D” represents drug. (n=3) 
 
Figure 7. Evaluations of oxygen effects on physiological activities and toxicity of APAP-
poisoning in three connected multi-organ-on-chips in a conventional hypoxia incubator. 
(A)(i) Schematic of the experimental design at the oxygen level of 5%. (ii) Live/Dead assays, (iii) 
proliferation activities, and metabolic activities ((iv) albumin-productions and (v) KIM-1- and ET-1-
secretions) of the three connected multi-organ-on-chips in the presence of APAP-poisoning (5 
mmol L-1) at the same oxygen level of 5% for all tissue types in connection. (B)(i) Schematic of the 
experimental design at the oxygen level of 13%. (ii) Live/Dead assays, (iii) proliferation activities, 
and metabolic activities ((iv) albumin-production and (v) KIM-1- and ET-1-secretions) of the three 
connected multi-organ-on-chips in the presence of APAP-poisoning (5 mmol L-1) at the same 
oxygen level of 13% for all tissue types in connection. “ND” indicates no drug (APAP), while “D” 
represents drug. (n=3) 


