
EXCLI Journal 2022;21:144-161 – ISSN 1611-2156 

Received: September 29, 2021, accepted: November 29, 2021, published: January 07, 2022 

 

 

 

144 

Original article: 

CONTINUOUS, NON-INVASIVE MONITORING OF OXYGEN  

CONSUMPTION IN A PARALLELIZED MICROFLUIDIC IN VITRO 

SYSTEM PROVIDES NOVEL INSIGHT INTO THE RESPONSE TO  

NUTRIENTS AND DRUGS OF PRIMARY HUMAN HEPATOCYTES 
 

Marius Busche1,* , Dominik Rabl2 , Jan Fischer3 , Christian Schmees1 ,  

Torsten Mayr2,3 , Rolf Gebhardt4,5 , Martin Stelzle1,*  

 

1 NMI Natural and Medical Sciences Institute at the University of Tübingen, Reutlingen, 

Germany 
2 Institute of Analytical Chemistry and Food Chemistry, Graz University of Technology, 

Graz, Austria 
3 PyroScience AT GmbH, Aachen, Germany 
4 Rudolf-Schönheimer-Institute of Biochemistry, Leipzig University, Leipzig, Germany 
5 InViSys-Tübingen GbR, Leipzig, Germany 

 

* Corresponding authors: Marius Busche and Martin Stelzle, NMI Natural and Medical 

Sciences Institute at the University of Tübingen, Markwiesenstraße 55, 72770 Reutlingen, 

Germany, Tel.: +49 7121 51530-0;  

E-mails: marius.busche@nmi.de; martin.stelzle@nmi.de  

 
 
https://dx.doi.org/10.17179/excli2021-4351 

 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License  
(http://creativecommons.org/licenses/by/4.0/). 

 
 

ABSTRACT 

Oxygen plays a fundamental role in cellular energy metabolism, differentiation and cell biology in general. Con-

sequently, in vitro oxygen sensing can be used to assess cell vitality and detect specific mechanisms of toxicity. In 

2D in vitro models currently used, the oxygen supply provided by diffusion is generally too low, especially for 

cells having a high oxygen demand. In organ-on-chip systems, a more physiologic oxygen supply can be generated 

by establishing unidirectional perfusion. We established oxygen sensors in an easy-to-use and parallelized organ-

on-chip system. We demonstrated the applicability of this system by analyzing the influence of fructose (40 mM, 

80 mM), ammonium chloride (100 mM) and Na-diclofenac (50 µM, 150 µM, 450 µM, 1500 µM) on primary hu-

man hepatocytes (PHH). Fructose treatment for two hours showed an immediate drop of oxygen consumption 

(OC) with subsequent increase to nearly initial levels. Treatment with 80 mM glucose, 20 mM lactate or 20 mM 

glycerol did not result in any changes in OC which demonstrates a specific effect of fructose. Application of 

ammonium chloride for two hours did not show any immediate effects on OC, but qualitatively changed the cel-

lular response to FCCP treatment. Na-diclofenac treatment for 24 hours led to a decrease of the maximal respiration 

and reserve capacity. We also demonstrated the stability of our system by repeatedly treating cells with 40 mM 

fructose, which led to similar cell responses on the same day as well as on subsequent days. In conclusion, our 

system enables in depth analysis of cellular respiration after substrate treatment in an unidirectional perfused or-

gan-on-chip system. 
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INTRODUCTION 

Hepatocytes exhibit a high demand for 

oxygen despite their prevalent supply by ve-

nous blood from the gut. In static cell cultures, 

however, oxygen supply provided by diffu-

sion is generally too low (Scheidecker et al., 

2020; Stevens, 1965) leading to suboptimal 

metabolic rates. On the other hand, cultivation 

at low oxygen (5 %) concentration can reduce 

dedifferentiation of primary mouse hepato-

cytes in vitro when compared to cultures 

maintained at 21 % oxygen tension (Guo et 

al., 2017). Hyperoxia, however, was shown to 

support the differentiation status of hepato-

cyte cell lines such as HepaRG and C3A as 

evident from measurements of CYP activity 

and protein expression (van Wenum et al., 

2018). Ast et al. expect culturing cells at phys-

iological oxygen concentration to yield a 

more robust cellular model and improve in 

vitro in vivo correlation (Ast and Mootha, 

2019).  

Thus, the integration of oxygen sensing in 

microphysiological systems might serve in 

generating a more physiological microenvi-

ronment and provide insight into oxygen-de-

pendent cell function. As cellular respiration 

also is an important marker for cell viability, 

oxygen sensing can be used to assess the in-

fluence of drugs or toxic agents on mitochon-

drial function (Hynes et al., 2003; O'Riordan 

et al., 2000). Drug-induced mitochondrial 

dysfunction is a major cause for liver patho-

physiology (Degli Esposti et al., 2012) and 

can be determined by measuring respiration 

(Hynes et al., 2006). 

Two commercialized benchmark systems 

to measure respiration rates in in vitro sys-

tems are the MitoXpress platform and the sea-

horse XF analyser (Ferrick et al., 2008; Hynes 

et al., 2009), both from Agilent (Santa Clara, 

CA, United States). The MitoXpress platform 

uses standard 96-wellplates with dispensed 

oxygen sensitive probes (Hynes et al., 2009). 

The wells are sealed with oil and can be read 

out by a fluorescence plate reader. This sys-

tem does not easily enable consecutive treat-

ments and lipophilic substances in the me-

dium can be lost to the oil phase. However, 

the seahorse XF platform uses customized 96-

wellplates which can be sealed by a plunger 

and enables up to 4 automated consecutive 

substance injections during continuous meas-

urement (Ferrick et al., 2008). But still, this 

system does not implement perfusion and 

continuous medium exchange. This hinders 

the building of more in vivo-like biochemical 

microenvironments and gradients. 

Oxygen supply to cell cultures can be con-

trolled and monitored by employing microflu-

idic cell culture devices (for a review, see 

Low et al., 2020). By using materials that are 

impermeable to oxygen, its supply to the cells 

by diffusion through the walls of the device 

can be prevented (Zirath et al., 2018). Thus, 

oxygen is provided solely through medium 

perfusion and can be precisely adjusted by 

controlling the perfusion rate. Under these 

conditions, the oxygen concentration inside 

the cell chamber only depends on the initial 

oxygen concentration at the inlet of the cham-

ber, the oxygen consumption (OC) of the cells 

and the flow rate. The medium supplied 

through medium reservoirs will equilibrate its 

oxygen concentration with the incubator at-

mosphere. Thus, by measuring the oxygen 

concentration at the inlet and the outlet of the 

cell culture chamber, the OC of the cultured 

cells can be precisely determined. OC has al-

ready been measured in microfluidic cell cul-

ture devices demonstrating expected cell re-

sponses on e.g. cytochalasin B, chloracetalde-

hyde (Brischwein et al., 2003), stausporine 

(Rennert et al., 2015) and FCCP (Müller et al., 

2021). These systems mostly require complex 

tubing which renders handling tedious. To en-

able a broad adoption of microfluidic systems 

with integrated oxygen sensing methods, con-

venient systems are needed. These systems 

should keep up unidirectional perfusion dur-

ing the measurement to preserve the equilib-

rium of the cellular microenvironment. 

Currently, the readout systems used for 

oxygen concentration in microfluidic cell cul-

ture devices employ either electrochemical or 

optical oxygen sensors. Electrochemical sen-

sors benefit from their straightforward inte-
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gration of miniaturized electrodes in micro-

fluidic systems by processes established in 

microelectronics (Brischwein et al., 2003). 

Newer approaches make use of ink-jet print-

ing techniques (Moya et al., 2018). The sens-

ing element of optical oxygen sensors is com-

posed of a phosphorescent dye embedded in a 

host polymer (for review see Papkovsky and 

Dmitriev, 2013). Oxygen quenches the phos-

phorescence of the dye causing a change in 

the intensity and lifetime of the excited state. 

In contrast to electrochemical sensors, optical 

oxygen sensors do not consume the analyte 

during the measurement and do not require an 

additional reference element. Optical sensing 

elements can be read-out contactless via opti-

cal fibers from the outside through the wall of 

the microfluidic cell culture chamber. For de-

tailed reviews of oxygen sensors and their in-

tegration in cell culture devices, the reader is 

referred to the following authors (Gruber et 

al., 2017; Kieninger et al., 2018; Oomen et al., 

2016; Ungerböck and Mayr, 2018). 

Recently, we have developed an easy-to-

use organ-on-chip system in the SBS-stand-

ard well plate format with 24 independent cell 

culture chambers for permanent perfusion 

with culture medium – the HepaChip-MP 

(Busche et al., 2020). In the present work, we 

demonstrate the non-invasive, continuous and 

parallelized measurement of the OC of pri-

mary human hepatocytes (PHH) after being 

challenged by diverse metabolic substrates 

and drugs. This was enabled by integrating 

oxygen sensing elements at the inlet and the 

outlet of each chamber, respectively. Unidi-

rectional perfusion of medium results in con-

stant substance supply in the cellular micro-

environment. We demonstrate the applicabil-

ity of our system by analyzing the response of 

cellular OC to the application of glucose and 

fructose as well as ammonium chloride and 

the drug diclofenac. PHH showed an immedi-

ate drop of OC after fructose treatment. This 

effect was not observed after treatment with 

glucose. Through in depth analysis of mito-

chondrial respiration after substance treat-

ment, our system also enables insights into the 

mode of action of ammonium chloride and di-

clofenac toxicity.  

 
MATERIAL AND METHODS 

Integration of sensors in HepaChip-MP 

Phosphorescent sensor spots were pre-

pared by applying a sensor formulation with a 

microdispenser MDS3200+ from VERMES 

Microdispensing GmbH, equipped with a 

70 µm nozzle and a tungsten tappet with a tip 

diameter of 0.7 mm onto polymeric substrate. 

The microdispenser was mounted on a cus-

tom-made CNC platform, which was con-

trolled via Linux CNC and allowed exact po-

sitioning of the sensor spots. The sensor for-

mulation consists of 1.12 mg of plati-

num(II)meso-tetra(4-fluorophenyl) tetra-

benzoporphyrin (PtTPTBPF) and 100 mg pol-

ystyrene (PS, 26000 g/mol) dissolved in 900 

mg in toluol.  

 
Priming of chip and seeding of cells 

All steps, which are not stated as “manu-

ally” were performed with a pipetting robot 

(CyBio FeliX, Analytik Jena, Jena, Germany) 

modified by Ionovation (Bissendorf, Ger-

many). The priming and handling of the 

HepaChip-MP (Microfluidic ChipShop, Jena, 

Germany) has already been described in detail 

in Busche et al. (2020). Briefly, the chambers 

were filled with 1 mg/ml Pluronic solution in 

HEPES buffer (pH 7.4). Afterwards, the chip 

was flushed with Collagen-Pluronic solution 

(100 µg/ml Collagen, 1 mg/ml Pluronic) in 

HEPES buffer (pH 4). The inlet tanks were 

filled manually with 500 µl Collagen-Plu-

ronic solution and the chip was incubated 

overnight at room temperature to ensure coat-

ing of the assembly ridges. On the next day, 

the Collagen-Pluronic solution was manually 

removed from the inlet and outlet tanks. Die-

lectrophoresis (DEP) medium was flushed 

through the chambers and subsequently, the 

cells were assembled. Cells were manually 

prepared as described in ‘Cell preparation for 

seeding inside the HepaChip-MP‘ and assem-

bled by dielectrophoresis (Vpp = 80 V, 

f = 360 kHz). Afterwards, cell culture me-

dium was flushed through the chambers and 
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the inlet tanks were manually filled with 

500 µl cell culture medium. After 6 hours, 

perfused medium and cells were removed and 

the inlet tank filled up to approximately 

900 µl. Cells were used for experiments on 

days 2 and 3 of culture. 

 

Cell preparation for seeding inside the 

HepaChip-MP 

Cryopreserved primary human hepato-

cytes were purchased from Cytes Biotechnol-

ogies (Barcelona, Spain) (Donors BHuf16068 

and BHuf16029). For thawing, cryopreserved 

cells were kept in a water bath at 37 °C until 

only a small frozen area was left. Then, cells 

were transferred to a 15 ml centrifugation 

tube filled with 7 ml preheated cell culture 

medium. Cell culture medium was Williams 

E with glutamax supplemented with the fol-

lowing: 10 % FBS, 15 mM HEPES, 1 mM so-

dium pyruvate, 1 % MEM non-essential 

amino acids, 1 µg/ml dexamethasone, 1 µg/ml 

insulin, 0.55 g/ml human transferrin, 0.5 ng/ 

ml sodium selene, 53.5 mg/ml linoleic acid, 

100 µg/ml Primocin. The transferred cells 

were centrifuged at 50 x g at room tempera-

ture for 5 minutes and the supernatant was re-

moved. Afterwards, the cell pellet was resus-

pended in cell culture medium. Cell number 

and viability were determined by trypan blue 

exclusion test. 4 Mio hepatocytes were trans-

ferred to another 15 ml centrifugation tube 

and DEP medium was added to a final volume 

of 10 ml. Afterwards, cells were centrifuged 

at 50 x g at room temperature for 5 minutes. 

The supernatant was removed and the cell 

pellet resuspended in 2 ml DEP medium. This 

cell suspension was used to assemble the cells 

in the HepaChip-MP. 

 
Routine culture 

The perfusion in the HepaChip-MP is ini-

tiated by gravity. By filling the inlet tank to a 

higher level than the outlet tank, the medium 

perfuses from the inlet tank through the cell 

culture chamber to the outlet tank (Supple-

mentary Figure 1). Consequently, the height 

difference between medium level in inlet and 

outlet had to be periodically readjusted during 

routine culture. Between readjustments, the 

flow velocity constantly decreases (Supple-

mentary Figure 1). We readjusted the height 

difference between medium levels in the inlet 

and outlet tanks at least every 14 hours to en-

sure flow velocities higher than ~10 µl/h. Me-

dium that is used with the HepaChip-MP in 

the incubator should always be equilibrated to 

the temperature and the atmosphere of the in-

cubator to prevent formation of gas bubbles in 

the microfluidic device.  

 
Oxygen measurements 

Calibration 

Calibration data for the oxygen sensor 

spot were similar to those reported in Eh-

garnter et al. (2016). The oxygen sensors were 

calibrated by a two‐point calibration. The mi-

crofluidic chamber was flushed with gasous 

N2 to determine the phase shift (dphi) at de-

oxygenated conditions. To define the phase 

shift (dphi) at air saturation, the last value af-

ter treatment with rotenone+antimycin A was 

employed.  

Measurement 

Experiments were carried out on day two 

and three after cell assembly. At the begin-

ning of the experiment, the culture medium 

was removed from the inlet and outlet tanks. 

Then, the inlet tanks were filled with 900 µl 

of cell culture medium and the chip was 

placed on the readout platform in the incuba-

tor. Afterwards, the measurement was started. 

For substance treatments, the chip was in-

cubated until a baseline was reached before 

the substance of interest was added. To add 

the substance, the medium from inlet and out-

let tanks was removed and 900 µl of medium 

supplemented with the substance of interest 

was added. For successive treatments, the me-

dium with the first substance was removed 

and the medium with the new substance (or 

medium only) was filled in the inlet tanks. 

Substances used, their concentration and in-

cubation time are presented in Table 1. 
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Table 1: Substances used for treating cells cultured in the HepaChip-MP 

Substance Substance end  
concentration 

Solvent / end 
concentra-
tion 

Incubation 
time 

Concentration justification 
(generally < 200-fold the 
plasma concentration (Cp) 
was used (Hengstler et al., 
2020)) 

Fructose 40 mM / 80 mM none / - 2 / 24 
hours 

Cp in human and rodents = 
0,01 – 16 mM (Douard and 
Ferraris, 2013) 

Glucose 80 mM none / - 2 hours Cp = approx. 5.6 mM 

Lactate 20 mM none / - 2 hours Cp = 1.26 mM (Aduen et al., 
1994) 

Glycerol 20 mM none / - 2 hours Cp = approx. 0.327 mM 
(Nelson et al., 2011) 

Oligomycin A 6 µg/ml DMSO / 
0.3 % 

20 – 40 
min 

Titration carried out based 
on (Divakaruni et al., 2014) 

Carbonyl cya-
nide-4-(trifluoro-
methoxy)-phe-
nylhydrazone 
(FCCP) 

2400 nM DMSO / 
0.3 % 

90 – 100 
min 

Titration carried out based 
on (Divakaruni et al., 2014) 

Rotenone + Anti-
mycin A (R/A) 

3 µM + 6 µM DMSO / 
0.3 % 

> 40 min  Titration carried out based 
on (Divakaruni et al., 2014) 

Ammonium 
chloride 

100 mM none / - 2 hours Portal vein concentration in 
vivo 0.5-1.0 mM (Cooper et 
al., 1989) 

Na-Diclofenac 50 µM / 150 µM / 
450 µM / 1500 
µM 

none / - 24 hours Cp = 1.8 µM – 24.2 µM 
(Davies and Anderson, 
1997); hepatic concentra-
tions expected to be higher 
(first organ after absorption, 
metabolism in liver) 

 
 

The oxygen measurements were per-

formed with a customized multi-channel de-

vice obtained from PyroScience GmbH (Aa-

chen, Germany). The miniaturized instrument 

provides 48 optical oxygen channels in a ro-

bust aluminium housing with a dimension of 

ca. 155 x 124 x 30 mm. The device features 

fiber-optic ST-receptacles that accept 1 mm-

core diameter polymer optical fibers for 

readout of the luminescent sensor spots. The 

technology is based on the proprietary “red-

flash”-Technology used in other PyroScience 

devices. Each channel consists of a red exci-

tation LED (λpeak=624 nm), a short-pass exci-

tation filter (λcut = 690 nm), and focusing op-

tics to couple the excitation light into the op-

tical fiber. The luminescent light from the 

sensor spot travels through the same fiber 

back to the instrument. A long-pass emission 

filter (λcut = 720 nm) blocks all reflected or 

back-scattered excitation light that reaches 

the detector directly from the LED. A photo-

diode captures the luminescence of the sensor 

spot. The photodiode current is amplified, 

digitized by an A/D converter, and analyzed 

by the microcontroller of the device. The LED 

current is modulated with sinusoidal light, 

and therefore the emitted light is modulated 

likewise. Due to the luminescence lifetime of 

the sensor material, there is a phase shift be-

tween excitation and emission light. The lu-

minescence lifetime and therefore the phase 

shift is quantitatively coupled to the oxygen 

partial pressure of the sensor by a proprietary, 

modified version of the Stern-Volmer equa-

tion. The instrument reads out the 48 channels 

sequentially. Depending on the measurement 

time for each channel, all channels can be 

measured within an interval < 1 s. A custom 

LabView-based software is used to control 
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the instrument, perform calibrations of the 

sensor spots, and log the measurement data. 

Calculations 

By calculating the difference between the 

oxygen concentration between the inlet and 

outlet sensor and multiplying this value by the 

perfusion velocity, the oxygen consumption 

of the cells in this chamber can be determined. 

The oxygen consumption was then normal-

ized to the equilibrium value before adding 

the substance of interest (baseline). 

Oligomycin A, FCCP and rotenone+anti-

mycin A (R/A) were added to obtain insights 

into mitochondrial respiration. Calculations 

were performed as described in Divakaruni et 

al. (2014). Briefly, the following values were 

determined: 

 
Basal respiration = (last value prior to application 
of oligomycin A) – (last value after adding R/A) 

 
Proton leak-linked respiration = (last value prior 
to treatment with FCCP) – (last value after add-

ing R/A) 
 

ATP-linked respiration = (basal respiration) – 
(proton leak-linked respiration) 

 
Maximal respiration = (last value prior to treat-
ment with R/A) - (last value after adding R/A) 

 
Reserve capacity = (maximal respiration) – (ba-

sal respiration). 
 

For the statistical analyses and graphs, 

Prism 8.4.2 (GraphPad Software Inc., San Di-

ego, CA, United States) was used. Where sig-

nificance is depicted, a one-way ANOVA 

with post hoc Tukey test was performed. Sub-

stance treatments were performed at least in 

triplicates (n=3) if not depicted otherwise in 

the figure caption. 

 

ATP assay 

To analyze the ATP content of cells 

treated with fructose, an ATP assay was per-

formed (CellTiter-Glo 3D Cell Viability As-

say, Promega, Madison, Wisconsin, United 

States). Non-treated cells were used as nega-

tive controls. For treatment and controls, the 

medium was removed from the inlet and out-

let tanks and the inlet tank was filled with 850 

µl of either medium supplemented with 

40 mM fructose or medium only. After the re-

spective incubation times, the ATP assay was 

performed using the CyBio FeliX. Briefly, 10 

µl of assay reagent was pipetted into the inlet 

of all cell culture chambers by pressure driven 

flow. Then, cell lysis was carried out for one 

hour at room temperature. Afterwards, 99 µl 

of cell culture medium was pipetted into the 

outlets by pressure driven flow. Perfused ly-

sate and cell culture medium in the inlet was 

transferred to a white 96-well plate. The 

readout was carried out with a Spark multi-

mode reader from Tecan (Männedorf, Swit-

zerland) with 1000 ms integration time. 

 

RESULTS 

The optical sensor spots located at the in-

let and the outlet of the cell culture chamber, 

respectively, were deposited into the Hepa-

Chip-MP using a microdispenser prior to 

bonding (Figure 1A-C). The resulting sensor 

coating is shown in Figure 1C. To align an ar-

ray of optical fibers with the microplate, an 

aluminum plate was fabricated with an array 

of holes to mount optical fibers and tracks to 

precisely position the HepaChip-MP (Figure 

1D, E). The HepaChip-MP can be moved on 

the platform to enable monitoring of the 

chambers of interest in a parallel fashion. Up 

to 24 chambers can be measured simultane-

ously. The platform is compatible with use in 

common incubators. The HepaChip-MP can 

easily be retrieved from the platform and han-

dled like common multiwell plates (Figure 

1F).  
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Figure 1: HepaChip-MP with oxygen sensor spots and readout system. A) Schematic overview of the 
HepaChip-MP with 24 independent cell culture chambers in wellplate format. B) Individual cell culture 
chamber of the HepaChip-MP showing electrodes (yellow), capillary stop valves to control bubble free 
filling and three assembly ridges to culture sinusoid-like micro-tissues. Prior to cell assembly the 
assembly ridges are functionalized by collagen I. C) Microscopic image of cell culture chamber showing 
the location of the oxygen sensor spots. By measuring oxygen concentration at both the inlet and outlet 
of the chamber, the oxygen consumption of the microtissue can be determined. D) Photo of the readout 
system: optical fibers illuminating and probing the oxygen sensors are positioned in holes in the bottom 
plate to address sensor spots in the HepaChip-MP. E) The HepaChip-MP is positioned by milled guiding 
lines to precisely align the oxygen sensor spots with the optical fibers. F) The oxygen readout plate is 
compatible to use in a common incubator. Tanks mounted on the fluidic ports (Luer connectors) of the 
HepaChip-MP enable continuous perfusion of the cell culture chambers by gravitational driven flow 
(green: inlet tank; red: outlet tank) (A and B adapted from Busche et al., 2020). 

 

The OC of PHH was measured for 24 

hours in the HepaChip-MP during routine cul-

ture. Between medium level adjustments, the 

OC constantly drops (Figure 2A) as the flow 

rate decreases. After readjustment of medium 

levels, the OC immediately rises to higher 

values again. However, OC does not reach the 

initial level (Figure 2A). Microscopy images 

taken at the start and the end of the experiment 

showed that the cell number during culture 

time may slightly decrease during cultivation 

due to occasional detachment of hepatocytes 

on the ridges of the culture chambers (Figure 

2B). Detached hepatocytes may then be 

flushed out of the chamber. This might ex-

plain why the oxygen consumption does not 

reach the initial levels after readjusting the 

medium levels. Figure 2C) demonstrates that 

from day 2 to 3 of the culture, the morphology 

of assembled cell structures does not change 

much and cell structures seem to be stable. 

The following experiments to measure oxy-

gen consumption after substance treatment 

were carried out at day 2 or 3 of culture. 

Chambers without cells also were analyzed 

for comparison to rule out oxygen loss 

through the culture-ware plastic or other non-

cellular effects. These chambers show negli-

gible OC (Supplementary Figure 2).  

Since fructose is well known to interfere 

with ATP metabolism (Latta et al., 2007), we 

analyzed the impact of fructose on the OC of 

PHH. The addition of 80 mM fructose to the 

medium caused a rapid drop of OC to < 50% 

of the initial value (Figure 3A). Approxi-

mately 65 minutes after the onset of fructose 

treatment, the OC increased again and 

reached the initial level at 110 minutes. In 

contrast, incubation with glucose did not 

cause any change in OC during the 150 

minutes of the experiment (Figure 3A). Like-

wise, lactate and glycerol did not show any 

effect on OC (Figure 3B). 
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Figure 2: OC of PHH cultured in the HepaChip-MP. A) In cell culture chambers containing microtissues, 
the OC drops over time. After re-adjusting the medium level difference between inlet and outlet after 12 
hours, flow rate increases and the OC immediately rises to a higher level. B) Microscopic images of the 
cell culture chambers analyzed in A) at the start and the end of the measurement exhibit a slight 
decrease of cell number. C) Representative images of cells cultured in the HepaChip-MP from the day 
of seeding (day 0) and day 2 and day 3 of culture. Oxygen measurements after substance treatment 
were carried out at day 2 and day 3 of the culture in this study. 

 
Fructose is known to be taken up and 

phosphorylated by hepatocytes very fast. We 

tested the ATP concentration of lysed cells af-

ter fructose treatment and compared it to cells 

cultured in standard culture medium. As ex-

pected, the ATP concentration after 20 min of 

fructose treatment was approx. 30 % of the 

ATP concentration in control cells (Figure 

3C). Even after apparent equilibration of OC 

close to the initial level, the ATP concentra-

tion of fructose-treated PHH remained low. 

To test the influence of fructose on mitochon-

drial respiration of PHH, we analyzed PHH 

pretreated with 40 mM fructose for 2 and 24 

hours. We did not detect any significant dif-

ferences in cell responses to oligomycin A, 

FCCP and rotenone+antimycin A compared 

to cells cultivated in medium only after two 

hours (data not shown) and 24 hours (Supple-

mentary Figure 3) of fructose treatment. Thus, 

fructose shows a specific effect on OC right 

after administration, but does not change mi-

tochondrial respiration after longer treatment. 

Next, we tested the stability of our system 

and the cellular regeneration with regard to 

OC by repeatedly treating PHH cultured in 

the HepaChip-MP with 40 mM Fructose on 

DIV (days in vitro) 2 and 3, respectively. The 

response of OC observed was recapitulated 

after 2 hours of cultivation in medium in be-

tween two fructose treatments on DIV 2 as 

well as on DIV 3 (Figure 4A-B). Furthermore, 

the relative strength of the response to fruc-

tose treatment was on similar levels on DIV 2 

and DIV 3.  
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Figure 3: OC and ATP-levels after fructose treatment of PHH. A) While OC rapidly decreases to < 50 % 
of the basal OC in response to fructose treatment and reaches initial levels again after approximately 
110 minutes (black graphs), glucose treatment did not substantially affect OC (grey graphs). B) Cells 
were treated with 20 mM lactate (left) and 20 mM glycerol (right). Neither lactate nor glycerol affected 
OC in comparison to control cells treated with medium only. C) The ATP level determined 20 min after 
the start of the fructose treatment decreased to approximately 30 % of the level of non-treated control 
cells. Even after reaching close-to-initial levels of cellular OC (illustrated in panel below), the ATP levels 
did not increase but remained at 30 % of the control cells two hours after the start of the fructose 
treatment (n = 3 for medium, n = 4 for 20 min and 120 min fructose; significance: **** equals p-values 
< 0.0001). 

 
Figure 4: Repeated treatment of hepatocyte cultures by fructose on two consecutive days demonstrates 
the reproducibility of the effect of fructose on OC. The same cell culture chambers containing PHH were 
repeatedly treated for 2 hours with 40 mM fructose on DIV (days in vitro) 2 (A) and DIV 3 (B). Fructose 
treatment reproducibly induced the initial decrease in OC followed by an increase to almost initial levels 
(black graphs). In addition, the intensity of the relative fructose effect on OC is comparable intra-day as 
well as inter-day. In order to allow the cells to equilibrate to normal metabolic conditions, cells were 
cultured in standard culture medium for 2 hours in between fructose treatments. Cells cultured in stand-
ard medium, did not show substantial changes in OC (grey graphs).  
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Further, we went on to modulate different 

mechanisms contributing to cellular respira-

tion by adding different substances and re-

cording their impact on OC. First, the addition 

of oligomycin A resulted in a decrease of OC 

(Figure 5A). Subsequently, incubation with 

FCCP lead to a rapid increase of OC until 

reaching a plateau. Finally, after the addition 

of rotenone+antimycin A (R/A), the OC de-

creased, reaching a level below the one ob-

served after the addition of oligomycin A. 

Cells treated with vehicle control (DMSO) 

did not show any changes in OC (Supplemen-

tary Figure 4). Thus, our system shows the ex-

pected results on the mentioned substances 

and can be used to get deeper insights into mi-

tochondrial respiration after substance treat-

ment. As mentioned earlier, fructose for ex-

ample does initially effect oxygen consump-

tion, but does not induce differences in cell 

response to oligomycin A, FCCP or R/A treat-

ment (Figure 3, Supplementary Figure 3). 

We tested the influence of ammonium 

chloride on cellular respiration of PHH. Cells 

either were pretreated for 2 hours with 

100 mM ammonium chloride or medium only 

(negative control). Oligomycin A treatment 

did not induce any differences between non-

treated and pre-treated cells (Figure 5B). 

Also, the treatment with R/A led to a very 

similar drop in OC. In contrast, the addition 

of FCCP yielded differing responses. Pre-

treated cells showed a sigmoidal-shaped in-

crease of OC while the OC of non-pretreated 

cells rapidly increased to reach a plateau (Fig-

ure 5B). 

Finally, we tested the influence of diclo-

fenac as a known hepatotoxic drug on the OC 

of PHH. Cells pretreated with 50 µM, 150 µM 

and 450 µM of diclofenac showed the ex-

pected trend of OC after treatment with oligo-

mycin A, FCCP and R/A (Figure 6A). How-

ever, the cells pretreated with 450 µM diclo-

fenac reached substantially lower levels of 

OC after FCCP treatment as compared to cells 

pretreated with lower diclofenac concentra-

tions (Figure 6A, solid line). This observation 

was confirmed by quantification of the maxi-

mal respiration and reserve capacity of diclo-

fenac-treated and control cells. PHH pre-

treated with 450 µM diclofenac show signifi-

cant lower values for maximal respiration and 

reserve capacity (Figure 6B). For basal respi-

ration, proton-leaked respiration and ATP-

linked respiration, no significant differences 

were observed. PHH pretreated with 1500 µM 

diclofenac do not show any response in OC 

on treatment which implicates that they are 

dead (Supplementary Figure 5) as observed 

previously (Busche et al., 2020).  

 

Figure 5: OC of PHH after subsequent application of oligomycin A, FCCP and rotenone+antimycin A 
(R/A). A) Oligomycin A causes a drop to approximately 25 % of the initial OC. FCCP leads to a rapid 
increase to > 200 % of the OC, while R/A treatment results in a rapid decrease to negligible OC values. 
B) Cells were pretreated for 2 hours with 100 mM ammonium chloride (black graphs) or culture medium 
(grey graphs). Oligomycin A and R/A caused a similar decrease of the OC for pretreated as well as non-
pretreated cells as observed in A). However, while the FCCP treatment caused the expected rapid 
increase until reaching a plateau for non-pretreated cells, cells pretreated with 100 mM ammonium 
chloride showed a sigmoidal-like increase of the OC thereafter (pointed out by the black ellipse). 
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Figure 6: Analysis of the influence of the treatment with different concentrations of diclofenac for 24 
hours. A) OC after subsequent application of oligomycin A, FCCP and R/A of PHH pretreated with 
diclofenac. B) Detailed analysis of cellular respiration of PHH treated with different concentrations of 
diclofenac (n=2 for 450 µM diclofenac; n=3 for 150 µM and 50 µM diclofenac; significance: * equals p-
values < 0.05). 

 

DISCUSSION 

Novel, parallelized readout system for  

continuous measurement of OC in an  

organ-on-chip model 

Nutrition plays an important role in liver 

metabolism and influences the metabolic sta-

tus of hepatocytes (Jorquera et al., 1996; 

Walter-Sack and Klotz, 1996). Different diets 

can also influence drug metabolism (Walter-

Sack and Klotz, 1996). Altered drug metabo-

lism on the other hand may lead to drug-in-

duced liver injury (DILI), which is accompa-

nied by mitochondrial disfunction (Corsini 

and Bortolini, 2013; Pessayre et al., 2010). By 

measuring the cellular oxygen consumption 

after substance-challenge, conclusions can be 

drawn concerning the metabolic status of the 

cell and the function of mitochondria. Hence, 

measurement of oxygen consumption is very 

useful to gain deeper insights into effects of 

various nutrients and drugs on the liver. 

In this work, we introduce a novel plat-

form to analyze the effect of substances on 

OC and respiration. Optical oxygen sensors 

were integrated in the previously described 

HepaChip-MP enabling parallelized readouts 

(Busche et al., 2020). The sensor platform is 

compatible for use in common incubators thus 

enabling continuous monitoring of OC with-

out interference with the cell culture. The 

HepaChip-MP is developed in the SBS-stand-

ard 96-well plate format and can be easily in-

tegrated into common cell culture workflows. 

Unidirectional perfusion results in continuous 

substance supply at the cells representing a 

more realistic substance exposure than ob-

served in static cell culture systems for most 

applications. Cell response to fructose treat-

ment demonstrated stability and robustness as 

well as intraday and interday reproducibility 

of OC measurements (Figure 4). When com-

pared to the benchmark systems MitoXpress 

and the seahorse XF analyser (Ferrick et al., 

2008; Hynes et al., 2009) the system pre-

sented here adds perfusion and thus, a more in 

vivo-like supply of oxygen. In addition, me-

dium and test substances can easily be ex-

changed during the continuous measurement, 



EXCLI Journal 2022;21:144-161 – ISSN 1611-2156 

Received: September 29, 2021, accepted: November 29, 2021, published: January 07, 2022 

 

 

 

155 

which enables numerous consecutive treat-

ments and versatile treatment schemes (see 

Table 2). In contrast to electrochemical oxy-

gen sensors (used by e.g. Moya et al., 2018; 

Weltin et al., 2017), optical sensors do not 

consume oxygen. The consumption of oxygen 

by the sensors would lead to erroneous results 

in static cultures, in case of very low perfusion 

rates, low medium volume or under hypoxic 

conditions. In these conditions, the amount of 

oxygen is initially already low and by con-

suming oxygen, the sensors might influence 

cellular function. Organ-on-chip systems of-

ten have low medium volumes and oxygen 

exchange with the atmosphere may be diffi-

cult due to the closed chamber. Hence, optical 

sensors are preferred in these systems. Optical 

sensors have already been introduced in or-

gan-on-chip systems (Matsumoto et al., 2018; 

Prill et al., 2016; Rennert et al., 2015). These  

 

Table 2: Comparison of features of the HepaChip-MP to other available systems to measure oxygen 
consumption in cell culture systems 
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Hepa-
Chip-
MP 

yes Sinus-
oid 

Optical no yes yes Constant 
due to per-

fusion 

This paper 

Sea-
horse 

XF ana-
lyzer 

no 2D Optical Yes (declining 
of oxygen 

concentration 
[closed cham-

ber]) 

yes no Declines 
over time 

due to 
consump-

tion 

Ferrick et 
al., 2008 

MitoX-
press 
plat-
form 

no 2D optical Yes (declining 
of oxygen 

concentration 
[closed cham-

ber]) 

no no Decreases 
over time 

due to 
consump-

tion 

Hynes et 
al., 2009 

Moya, 
2018 

yes 2D elec-
tro-

chemi-
cal 

Yes (sensors 
using up oxy-

gen) 

yes yes Constant 
due to per-

fusion 

Moya et al., 
2018 

Weltin, 
2017 

no 3D 
sphe-
roids 

elec-
tro-

chemi-
cal 

Yes (declining 
of oxygen 

concentration 
[closed cham-
ber] + sensors 
using up oxy-

gen) 

yes No (me-
dium has to 

be left in 
the well to 

ensure 
spheroids 

stay in well) 

Declines 
over time 

due to 
consump-

tion 

Weltin et 
al., 2017 

Prill, 
2016 

yes 3D optical Yes (sensor 
probes in con-
tact to cells) 

yes yes Constant 
due to per-

fusion 

Prill et al., 
2016 

Ren-
nert, 
2015 

yes 2D on 
mem-
brane 

optical no yes yes Constant 
due to per-

fusion 

Rennert et 
al., 2015 

Matsu-
moto, 
2019 

yes 2D optical Yes (cells 
grow on sen-

sor film) 

yes yes Constant 
due to per-

fusion 

Matsumoto 
et al., 2018 



EXCLI Journal 2022;21:144-161 – ISSN 1611-2156 

Received: September 29, 2021, accepted: November 29, 2021, published: January 07, 2022 

 

 

 

156 

systems enable exciting insights in e.g. the es-

tablishment of an oxygen gradient (Mats-

umoto et al., 2018), mechanisms of action of 

amiodarone (Prill et al., 2016) and the influ-

ence of the flow rate on oxygen consumption 

(Rennert et al., 2015). However, cells are cul-

tured in a 2D configuration which does not re-

semble the hepatic sinusoid (Matsumoto et 

al., 2018; Rennert et al., 2015). Or sensor 

probes are in direct contact to the cells which 

may influence cell function (Matsumoto et al., 

2018; Prill et al., 2016). The HepaChip-MP 

combines culturing cells in an elongated si-

nusoid-like pattern under perfusion with non-

invasively and continuously measuring the 

oxygen consumption (Table 2). 

 

Relation of OC and flow rate  

We found that the OC of the cultured PHH 

decreased over time between readjustments of 

the difference of medium levels between inlet 

and outlet reservoirs (Figure 2). After read-

justing the height difference, the OC is ele-

vated again and starts to decrease until the fol-

lowing refillment. Most probably, this is due 

to decreasing flow velocities (see Supplemen-

tary Figure 1). Supporting this hypothesis, 

Felder et al. showed that the OC of mesenchy-

mal stem cells decreases with lower flow rates 

(Felder et al., 2020). Rennert et al. demon-

strated that higher perfusion rates lead to a 

higher total OC in a liver-on-a-chip platform 

(Rennert et al., 2015). Wei et al. showed that 

in brains of aged mice both flow rate and OC 

increase (Wei et al., 2020) suggesting that the 

relationship between flow rate and OC might 

also have relevance in vivo. It would certainly 

be interesting to analyze the correlation of 

flow rate and OC in pathological contexts, 

e.g. high and low blood pressure or aging. 

We also observed that after readjusting 

the level difference between the inlet and out-

let reservoirs, the OC does not reach initial 

levels anymore but only slightly lower values 

(Figure 2). We attribute this to a small number 

of cells being flushed out of the culture cham-

ber over time. As a result, fewer cells are pre-

sent consuming less oxygen.  

Other effects observed upon treatment 

(e.g. the fructose-effects), however, cannot be 

attributed to a decrease of cell number. As 

Figure 4 shows, the relative intensity of the 

fructose-induced effect is reproduced well 

over different days and different chambers 

while the oxygen consumption of the refer-

ence is reproduced over 5-6 hours within a 

few percent.  

Normalizing OC to cell number would be 

highly desirable to account adequately for the 

possible loss of cells. However, chip dimen-

sions, 3-dimensional structure of cell aggre-

gates and perfusion hamper precise cell count 

in organ-on-chip systems. Therefore, data 

was normalized to the initial oxygen con-

sumption to determine relative changes in ox-

ygen consumption over the course of an ex-

periment.  

 
Fructose effect 

Fructose is used extensively as a sweet-

ener for food and especially drinks. Con-

ducted studies have correlated long-term fruc-

tose intake with an increased risk of develop-

ing liver diseases and diabetes mellitus (for 

reviews see (Alwahsh and Gebhardt, 2017; 

Bidwell, 2017)). Fructose is also known to be 

quickly phosphorylated by hepatocytes and 

thus using a large amount of energy (van den 

Berghe et al., 1977). Hence, we applied fruc-

tose as a model substance in our system to an-

alyze treatment-induced changes of cellular 

OC. Fructose treatment resulted in an initial 

drop of OC and a subsequent increase to sim-

ilar to initial levels within approximately 2 

hours after treatment start (Figure 3). We used 

glucose as a control since it consists of the 

same atoms but has a slightly different struc-

ture than fructose. Lactate and glycerol are 

used as controls because they are products of 

the fructose metabolism. None of the control 

substances caused a change in OC of PHH af-

ter treatment (Figure 3). Therefore, the 

demonstrated effect of fructose seems to be 

fructose-specific. Pyruvate also did not show 

the biphasic effect of fructose on OC after 

treatment of PHH in preliminary experiments 

(data not shown). Hence, the availability of 
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NADH does not seem to play an important 

role in the fructose effect. The biphasic effect 

of fructose has already been described by 

Ylikhari et al. in perfused rat livers in 1971 

(Ylikahri et al., 1971). To our knowledge, 

there are not any more recent experiments 

giving insights into the immediate effect on 

OC after fructose-treatment of hepatocytes. 

Ylikhari et al. propose that the initial drop in 

oxygen consumption is due to depletion of Pi 

and thus inhibition of oxidative phosphoryla-

tion (Ylikahri et al., 1971). With increasing 

concentrations of Pi, the oxidative phosphor-

ylation is induced again and thus cellular res-

piration also increases. This would imply that 

the ATP is regenerated through oxidative 

phosphorylation. In our experiments how-

ever, the ATP concentration stayed low even 

though the cellular OC increased to the initial 

level after two hours of fructose incubation 

(Figure 3). This finding suggests that a mech-

anism different from ATP and Pi depletion 

might be responsible for the change of oxygen 

usage of PHH after fructose treatment. One 

might then expect that glycolysis instead of 

oxidative phosphorylation would fuel ATP 

recovery in order to regenerate the metabolic 

equilibrium. However, after fructose treat-

ment ATP level remained low even as oxygen 

consumption reaches initial levels again. In 

case of enhanced glycolytic activity, ATP 

level would be expected to rise independently 

of oxygen consumption rather than remaining 

at a low level. Short-term application of fruc-

tose is known to protect cells from hypoxia-

induced injury and oxidative stress (Lefebvre 

et al., 1994; Semchyshyn, 2013). Our experi-

ments implicate that 2 hours of fructose-treat-

ment might result in a new equilibrium be-

tween cellular OC and ATP concentration 

(Figure 3). The mechanisms behind this equi-

librium are still unclear but may give more in-

sight into the protective effect of short-term 

treatment with fructose. 

 

Cellular respiration and toxicity  

measurements 

Measuring the uptake of oxygen by cell 

cultures is an important marker of cell viabil-

ity and status of cellular metabolism. In gen-

eral, a higher energy demand of cells leads to 

higher oxygen uptake while a low energy de-

mand results in lower OC. The consecutive 

treatment with oligomycin A, FCCP and rote-

none+antimycin A (R/A) in combination with 

a measurement of OC gives insights into cel-

lular respiration and mitochondrial (dis-)func-

tion (Divakaruni et al., 2014). Oligomycin A 

inhibits the ATP synthase and thus the OC de-

creases after treatment. FCCP functions as an 

uncoupling agent and rapidly increases OC. 

Rotenone and antimycin A inhibit the electron 

transport chain, which leads to the inhibition 

of OC of mitochondria. Here, we demon-

strated that these effects can be reproduced in 

our system as expected (Figure 5). This ena-

bles the possibility to analyze the influence of 

substances on cellular respiration and its 

mechanisms. 

As an example, we treated PHH cultured 

in the HepaChip-MP with ammonium chlo-

ride. Ammonium is known to have toxic ef-

fects on different tissues, cells and mitochon-

dria, but the detailed mechanism of action is 

still unclear (Dasarathy et al., 2017). 

Niknahad et al. demonstrated mitochondrial 

toxicity in hepatocytes treating isolated liver 

mitochondria of mice with ammonia 

(Niknahad et al., 2017). Mechanisms of ac-

tion possibly include activation of NMDA re-

ceptors, intracellular Ca2+ accumulation, 

opening of mitochondrial permeability transi-

tion pores and thus a disturbance of the mito-

chondrial membrane potential (Bai et al., 

2001; Monfort et al., 2002; Rama Rao et al., 

2003). We found that PHH treatment with 

FCCP did not lead to the expected rise in cel-

lular OC if cells are pretreated with ammo-

nium (Figure 5). Instead, the OC of pretreated 

cells rose in a sigmoidal curve in contrast to 

the fast increase of OC in untreated PHH. This 

finding was specific for ammonium chloride 

in our experiments (compare to Figure 6, Sup-
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plementary Figure 3) and might act as a start-

ing point to obtain deeper insights into its tox-

icity.  

Diclofenac is known to be connected with 

drug-induced liver injury (DILI) and mito-

chondrial damage (Boelsterli, 2003). Van 

Leeuwen et al. reported that diclofenac inhib-

its cellular respiration by inhibiting subunits 

of the respiratory chain in Saccharomyces 

cerevisiae (van Leeuwen et al., 2011). We 

also demonstrated disturbed mitochondrial 

respiration after treatment with 450 µM diclo-

fenac for 24 hours (Figure 6). Syed et al. re-

ported IC50 values as low as 19.5 µM for di-

clofenac in isolated rat mitochondria (Syed et 

al., 2016). They also demonstrated the protec-

tive effect of GSH. Thus, the GSH contained 

in whole hepatocytes could explain the higher 

concentration needed to induce toxic effects 

in our study. In a previous study, we presented 

diminished viability after diclofenac treat-

ment for 24 hours only at a concentration as 

high as 1500 µM (Busche et al., 2020). 

Hence, analyzing the cellular respiration with 

on-chip oxygen sensors seems to be more sen-

sitive than the resazurine assay, we used in 

our earlier study to detect diclofenac-induced 

toxicity. The main differences between cells 

treated with ammonium chloride or diclo-

fenac and control cells were in the response to 

FCCP treatment. Zhdanov et al. showed that 

cell response on FCCP treatment may depend 

on the nutrient supply and the metabolic sta-

tus of the cell (Zhdanov et al., 2014). Thus, 

modulating the cellular microenvironment in 

combination with FCCP treatment supports in 

depth analysis of metabolic changes in cells 

treated with various physiologic and toxic 

compounds.  In summary, the microfluidic 

system presented here allows extensive inves-

tigations of metabolic interactions and DILI 

by measuring cellular respiration and mito-

chondrial function. 

 

CONCLUSION 

We presented an innovative organ-on-

chip system to measure oxygen concentration 

online and non-invasively after substance 

treatment. This enables the analysis of de-

tailed mitochondrial (dis-)function in patho-

physiological situations. The system is paral-

lelized, easy-to-use and integrates well into 

common cell culture workflows. The demon-

stration of different effects of fructose, am-

monium chloride and diclofenac shows po-

tential to enable analysis of mechanisms of 

action of diverse substances under continuous 

and unidirectional perfusion in an advanced in 

vitro model. 
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