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Abstract
Microfluidic tissue culture and organ-on-a-chip models provide efficient tools for drug testing in vivo and are considered to 
become the basis of in vitro test systems to analyze drug response, drug interactions and toxicity to complement and reduce 
animal testing. A major limitation is the efficient recording of drug action. Here we present an efficient experimental setup 
that allows long-term cultivation of cells in a microfluidic system in combination with continuous recording of luciferase 
reporter gene expression. The system combines a sensitive cooled luminescence camera system in combination with a 
custom build miniaturized incubation chamber. The setup allows to monitor time-dependent activation, but also the end of 
drug response. Repeated activation and recovery as well as varying durations of drug treatment periods can be monitored, 
and different modes of drug activity can be visualized.
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Introduction

The development of a new drug is a costly and time-con-
suming process, which can take over 12 years and only 1 of 
10 applicants succeeds with the final approval (Dimasi et al. 
2010; Hay et al. 2014). The reason for such low approval 
rates often lies in the incapacity of pre-clinical in vitro stud-
ies to represent the physiology of the human body and the 
low prediction quality of results. In consequence, the choice 
of pre-clinical testing method has a crucial impact on the 
final success rate.

Animal testing and conventional two-dimensional cell 
culture are two methods presently used in preclinical stud-
ies (Low and Tagle 2017). Due to genetic and physiological 

differences, the comparability of the results in animal testing 
to the actual outcome in the human body is problematic, 
apart from ethical concerns of this method (Sharma and 
McNeill 2009; Seok et al. 2013). Giving consideration to 
these challenges, the method of choice for early drug candi-
date screening often is a conventional two-dimensional cell 
culture system as a cost saving and high-throughput method. 
Nevertheless, 2D-cell culture is a very simplified approach 
to display the complex network of processes in the human 
body and an extrapolation of results obtained from a multi-
well plate on an organism is seen as critical. Lack of cell-
microenvironment interaction as well as metabolic enzymes 
and altered signaling pathways are often resulting in dis-
crepancies in pharmacodynamic and pharmacokinetic (Jiang 
et al. 2014; Birgersdotter et al. 2005). This demonstrates a 
great need for new methods for early drug testing capable of 
making more accurate predictions about the resulting effects 
on a human organism.

Recently developed 3D-based culturing techniques use 
scaffolds and matrices to mimic physiological microen-
vironment of the cells (Ravi et al. 2015; Jensen and Teng 
2020). 3D spheroid and organoid culturing methods provide 
another option to obtain an in vivo comparable phenotype 
(Chua et al. 2019; Rossi et al. 2018). Furthermore, techno-
logical development in microfabrication and microfluidics 
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allowed the fabrication of small devices which can help to 
close the gap between static cell culture and animal models. 
These devices, known as organ-on-a-chip, consist of a sys-
tem of chambers and channels. This allows a constant nutri-
ent supply of cells seeded in the chambers by perfusing the 
chip with a cell culture medium. It has been shown, that a 
flow-induced shear stress is an important component for the 
development of physiological functions and an environment 
more comparable to living organs (Huh et al. 2011; Delon 
et al. 2019). Previous research of our group showed that 
hepatic cells cultivated on a chip under fluidic conditions 
were able to improve the synthesis of biomarkers such as 
albumin and urea among others in comparison to cells in a 
static two-dimensional cell culture (Theobald et al. 2018). 
Organ-on-a-chip can either represent a single-layer co-cul-
turing system of different cell types (Shin et al. 2012), single 
organs such as liver, kidney, lung or heart (Esch et al. 2015) 
as well as combinations of multiple organs or disease models 
(Bhatia and Ingber 2014).

In this paper, we demonstrate a new real-time monitor-
ing method based on capturing bioluminescence induced by 
drug treatment in a microfluidic chip system.

The bioluminescence signal confirmed the activation 
of a specific gene of interest fused with a firefly luciferase 
reporter gene (Thorne et al. 2010). Typically, to perform a 
luciferase reporter assay, it is necessary to harvest and lyse 
the cells at each time point, hence the procedure is time con-
suming and provides end-point results. Currently, available 
detection kits are designed to be performed in a typical well-
format plate of a static 2D-based cell culture system. Our 
method facilitates cell cultivation under improved microflu-
idic conditions with a non-invasive real-time measurement 
of luciferase signal.

Cell viability in microfluidic culture

To perform online luminescence measurement, reporter cells 
were cultivated in the capturing device during the treatment 
period. To provide a temperature of 37 °C the Biostep Celvin 
 S® capturing device was equipped with heating (Fig. 1a). For 
this purpose, a silicone tubing was placed in the lid of the 
device and connected to a pump, positioned inside a water 
bath and perfusing the silicone tubing with tempered water. 
For better heat distribution inside the capturing device, two 
ventilators were installed in proximity to the heating and 
the inner space was equipped with a sensor to monitor the 
temperature. For the first heating prototype, a Peltier element 
was used as a more compact alternative to a silicon tubing. 
The accumulation of the heat, created by the Peltier element, 
despite distribution by ventilators, resulted in cell detach-
ment and loss. For this reason, silicone water tubing and a 
temperature-controlled water bath were used for heating for 
all further experiments. To maintain the physiological pH 

of the cultured cells without external  CO2 supply, the com-
position of the buffering system of the cell culture medium 
was adjusted. Thus, the purchased minimal essential medium 
containing 26 mM sodium bicarbonate was supplemented 
with 10 mM HEPES buffer. To evaluate the comparabil-
ity of the incubation conditions, one microfluidic chip was 
incubated in a conventional cell culture incubator at 37 °C 
with 5%  CO2 in humidified atmosphere, while another chip 
was incubated in the Biostep Celvin  S® device at 37 °C. In 
the incubator MEM without HEPES (without phenol red, 
10% FCS, 1% penicillin–streptomycin, 2 g/l glucose) was 
used, in the Biostep device the same medium was used but 
supplemented with 10 mM HEPES. Supplementary Fig. 3 
shows that both conditions have the same outcome regarding 
cell survival. Thus, the Biostep Celvin  S® can be utilized for 
the further experimental procedure.

Microfluidic treatment in continuous mode

Firefly luciferase signal was measured in real-time during 
continuous treatment of HEK293 STF reporter cells with 
the Wnt/ ß-catenin-pathway inductors LiCl or E738. LiCl 
is reported to inhibit glycogen synthase kinase-3 (GSK-3) 
activity, leading to accumulation of ß-catenin, binding to 
TCF/LEF factors and in this manner activating Wnt-pathway 
(Supplementary Fig. 4) (Stambolic et al. 1996). HEK293 
STF reporter cells were seeded in microfluidic chips and 
continuously perfused for six days with either 2  mM, 
5 mM or 10 mM concentrated aqueous solution of LiCl, 
as described in the experimental procedure. For 2 mM and 
5 mM LiCl treatment, no significant fold change could be 
measured. An initial increase of luciferase activity could 
be observed during the first three hours of treatment with 
10 mM LiCl, reaching the highest induction after 26 h of 
perfusion and decreasing to the baseline for the next three 
days of treatment (Fig. 1c). Another potent GSK-3 inhibi-
tor used for the system validation is E738, a previously in 
our group synthetized and reported indirubin derivative 
(Cheng et al. 2012). Figure 1d clearly shows a concentra-
tion-dependent course of continuous treatment with 0.1 µM, 
0.5 µM and 1 µM E738, resulting in a higher and longer-
lasting fold change compared to LiCl treatment. An explana-
tion for this could be that E738 leads to the accumulation of 
ß-catenin due to both canonical activation of the pathway as 
well as interaction with non-canonical signaling (Huelsken 
and Behrens 2002).

Microfluidic treatment in discontinuous mode

In the next experimental setting, the impact of repeated 
drug treatment periods on HEK STF cells was analyzed 
with simultaneous luminescence measurement. Two per-
fusion modes were applied for this purpose. The first one 
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Fig. 1  General overview and real-time luminescence measurements. 
A Schematic drawing of experimental set-up for cell cultivation on 
chip and direct luminescence measurement. Real-time measurements 
in continuous perfusing mode (B–D). C Treatment of HEK STF cells 
with 2  mM, 5  mM and 10  mM LiCl. Non-treated cells were per-
fused with a medium containing only D-Luciferin. D Treatment of 
HEK STF cells with 0.1 µM, 0.5 µM and 1 µM E738. Mock repre-

sents cells perfused with medium containing D-Luciferin and 0.01% 
DMSO. Real-time measurements in discontinuous perfusing mode 
(E–J). F, G Stimulation mode of HEK STF cells consisting of 6  h 
perfusion with 10 mM LiCl or 1 µM E738 and 18 h perfusion without 
treatment. I, J Stimulation mode of HEK STF cells consisting of 6 h 
perfusion without treatment and 18 h perfusion with 10 mM LiCl or 
1 µM E738. E, H Time charts representing perfusion modes
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with initial treatment time of 6 h followed by 18 h perfusion 
without drug treatment (Fig. 1e) and the second one utiliz-
ing switched periods, meaning initial 6 h perfusion without 
drug treatment followed by 18 h of treatment (Fig. 1h). The 
cycles were performed with an initial flow rate of 50 µl/h 
to ensure the faster exchange of medium conditions and 
slowed to 20 µl/h for the remaining time interval. Perfu-
sion with 10 mM LiCl showed an increase of luminescence 
signal corresponding to the duration of treatment in both 
modes (Fig. 1f, i). In the case of 18-h treatment with 10 mM 
LiCl (Fig. 1i) the time span of luminescence increase was 
prolongedcompared to 6-h treatment. With the removal of 
drug treatment, the fold change started to decrease according 
to the progressing perfusion time without treatment. While 
using treatment with 1 µM E738 for 6 h the first lumines-
cence peak appeared after withdrawal of the compound with 
a delay of several hours, before the signal decreased in the 
drug-free cultivation period (Fig. 1g). When drug exposure 
is maintained for 18-h with 1 µM E738 resulted the signal 
increased during drug exposure, but still shows a delayed 
response profile when compared to treatment with LiCl 
(Fig. 1j). In all three treatment periods with 1 mM E738 the 
luminescence signal remained high several hours into the 
drug-free period, suggesting a delayed elimination of the 
compound from the cells. Nevertheless, the signal is reduced 
upon withdrawal of the compound and induced again, upon 
repeated addition of the drug compound, demonstrating sta-
ble long-term cultivation of the cells and continued sensitiv-
ity in the chip system. Similar to the result of the continuous 
perfusion mode, E738 showed a distinct difference in the 
luminescence signal compared to LiCl treatment, reflecting 
different biological activities.

Conclusion

In our study, we present a simple and efficient system using 
microfluidic on-chip tissue culture in combination with real-
time recording of reporter gene expression in a non-invasive 
and automatized manner. Reporter gene assays based on fire-
fly luciferase measurements are a well-established tool for 
the rapid analysis of gene expression and often used to ana-
lyze drug response in a tissue culture model. Usually, these 
types of experiments are designed in a way which requires 
the need of lysing the cells thereby only single end-point 
measurements are obtained. The experimental design pre-
sented in this paper in contrast does not require any cell lysis 
and therefore continuous monitoring of gene expression can 
be integrated into microfluidic on-chip experiments. Contin-
uous cultivation of the cells in the microfluidic chip design 
also provides an improved environment for the cells com-
pared to standard 2-dimensional cell culture more closely 
reflecting in vivo conditions (Wu et al. 2020; Lucchetti et al. 
2021).

Moreover, reporter cell cultivation on a chip over 
extended time periods combined with microfluidic perfusion 
provides the possibility of drug treatments with different 
modes and time courses and the simultaneous registration 
of the outcome of the varying treatment protocols. Online 
reporter gene recording can be easily combined with dif-
ferent organ properties, more complex drug treatment and 
metabolization options (Theobald et al. 2019).

The continued microfluidic perfusion provides to adopt 
the cultivation to more in vivo physiologically conditions 
in comparison to standard static tissue culture drug activity 
assays in established microtiter plate cell culture assays. A 
further advantage of continuous online recording of reporter 
gene expression in on-chip microfluidic tissue cultures is the 
direct recording of time-dependent drug response, that can 
be acquired effortless due to the automatized online captur-
ing of the signal and provides additional information on drug 
action (Alborzinia et al. 2011).

Thus, implementing continuous monitoring of gene 
expression by online recording of luciferase luminescence in 
a microfluidic on-chip tissue culture model will be a promis-
ing tool for pre-clinical in vitro drug research and a possible 
alternative to animal testing experiments. The luminesce sig-
nal generated by the STF cells is much larger than in other 
cell lines with other promotors (e.g. NFkB promotor, data 
not shown). In those cases, cameras that are more sensitive 
or the use of photo multipliers might be required in this 
setup.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00204- 022- 03272-8.
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