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Oxygen concentration plays a crucial role in (3D) cell culture. However, the oxygen content in vitro is usually not comparable to the in vivo situation, which is partly due to the fact that most experiments are performed under ambient atmosphere supplemented with 5% CO2, which can lead to hyperoxia. Cultivation under physiological conditions is necessary, but also fails to have suitable measurement methods, especially in 3D cell culture. Current oxygen measurement methods rely on global oxygen measurements (dish or well) and can only be performed in 2D cultures. In this paper, we describe a system that allows the determination of oxygen in 3D cell culture, especially in the microenvironment of single spheroids/organoids. For this purpose, microthermoforming was used to generate microcavity arrays from oxygen-sensitive polymer films. In these oxygen-sensitive microcavity arrays (sensor arrays), spheroids cannot only be generated but also cultivated further. In initial experiments we could show that the system is able to perform mitochondrial stress tests in spheroid cultures to characterize mitochondrial respiration in 3D. Thus, with the help of sensor arrays, it is possible to determine oxygen label-free and in real-time in the immediate microenvironment of spheroid cultures for the first time.
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1 INTRODUCTION
Cells have been cultivated in 2D for more than a century (Altmann et al., 2009; Jensen and Teng, 2020) and due to their advantages, such as inexpensiveness and easy handling, they have been the standards in most assays. However, 2D culture approaches suffer from several limitations. In particular, due to differences in cell-cell or cell-matrix contacts, lacking of a proper polarization, as well as hyperoxic culture conditions, 2D cultured cells cannot properly simulate a tissue and therefore, are not able to mimic the in vivo situation. This is especially true for nutrient gradients, proliferation, morphology, or even signal transduction (Huh et al., 2011; Lv et al., 2017; Badr-Eldin et al., 2022).
Both, fundamental research and drug development are in an urgent need of cell culture models that reflect physiological conditions more reliably, thus a number of 3D cell culture systems have been established in the last decades. These organotypic models also promise to reduce the number of animal tests in drug development (Shen et al., 2021).
3D cell cultures can be classified into scaffold-free and scaffold-based methods. Scaffold-free 3D cell cultures include (multi) cellular spheroids, which can be generated, e.g., by hanging drop methods, in spinner flasks, or multiwell plates that feature a non-adhesive U- or V-shaped bottom and which have become of widespread use (Buentello et al., 2021). Scaffold-based 3D cell culture models comprise hydrogels, made of extracellular matrix components or synthetic structures, such as polymer scaffolds (Justice et al., 2009; Badr-Eldin et al., 2022). A further step towards a higher complexity comprises those 3D cell cultures that can be cultivated in microbioreactors or organ-on-chip systems since, e.g., an active flow can be applied (Huh et al., 2011; Grün et al., 2020; Cacciamali et al., 2022). At the Karlsruhe Institute of Technology, the so-called microcavity array system has been developed. It is based on a 50 µm thin polymer film with an area of 1 cm2 containing several hundred microcavities with a typical diameter of 300 µm and a depth of up to 300 µm in which cells/organoids can be cultivated three-dimensionally. These arrays are generated by a microthermoforming process (Giselbrecht et al., 2006; Gottwald et al., 2007; Giselbrecht et al., 2008). Due to the fixed position and the large number of microcavities, the system is also suitable for high-throughput applications (Nies et al., 2019). As mentioned earlier, one advantage of 3D cell culture models is the fact that oxygen gradients can be formed, along with others, such as those of nutrients, metabolites, and waste molecules. However, the oxygen concentrations occurring in 3D cell cultures do not always reflect the in vivo situation. A large majority of experiments to date are performed under ambient atmosphere, which translates into hyperoxic culture conditions, or with extremely hypoxic values rather than with the tissue-typical oxygen concentrations (Al-Ani et al., 2018; Tse et al., 2021). Moreover, typical tissue oxygen concentrations are sometimes not known because they can hardly be determined although they are essential for the maintenance of tissue-specific metabolism (Carreau et al., 2011; Zhang et al., 2016; Cani et al., 2022). The measurement of oxygen gradients and also the regulation of the oxygen supply of the culture system is still a major challenge but will be necessary to mimic in vivo-like oxygen concentrations in the cell culture model. There are several methods to analyze the dissolved oxygen concentration. One of them is the Winkler titration, an improvement of the iodometry (Carpenter, 1965). This technique consumes oxygen and leads to the insoluble precipitate Mn(OH)2, rendering the Winkler method not suitable for in situ measurements in cell culture. Electrochemical dissolved oxygen sensors, such as Clarke-type electrodes, also consume the analyte and are therefore neither suitable for use in cell culture (Wei et al., 2019). In contrast to the above-mentioned methods, optical oxygen sensors are especially suitable for cell culture applications because they do not consume oxygen during measurement, have a high precision, and can be miniaturized, which also enables their integration in lab-on-chip or organ-on-chip devices (Azimzadeh et al., 2021). Their measuring principle, fluorescence- or phosphorescence-based methods, is becoming increasingly popular. They are based on a quenching effect in which a fluorophore, often a platinum, palladium, or ruthenium complex, is first excited by light of a specific wavelength that, in the presence of oxygen, does not emit the energy in the form of light, but rather is transferred radiation-free to oxygen. Thus, quenching allows the oxygen concentration to be measured (Wang and Wolfbeis, 2014; Rivera et al., 2019b). These oxygen-sensitive fluorophores can directly be bound to a hydrogel, a scaffold, or to nanoparticles (Dmitriev and Papkovsky, 2012; Dmitriev et al., 2014; Jenkins et al., 2015; Ashokkumar et al., 2020), which are taken up by the cells or spheroids and can thus directly influence or affect the cells, for example. Alternatively, the fluorophores can be immobilized on a polymer film (Kellner et al., 2002; Babilas et al., 2005) that can then be used for various applications. For example, oxygen can be measured at a specific point or two-dimensionally over an entire area of the cell culture (Westphal et al., 2017; Rivera et al., 2019a; Wolff et al., 2019). One approach to determine oxygen in three dimensions is to move a sensor along the Z-axis. Systems using both optical (Eggert et al., 2021) and electrochemical (Kagawa et al., 2015) needle-based sensors have been described for this purpose. Peniche Silva et al. (2020) described a system where they used an oxygen-sensitive film fixed on a ramp in order to measure oxygen gradients and profiles above a monolayer of cells. However, most systems are not really suited for the use in 3D cell culture. For example, measuring oxygen in the microenvironment of spheroids with needle-based sensors, as described by Eggert et al. (2021) or Kagawa et al. (2015), requires an enormous amount of equipment. Also, the parallel investigation of several spheroids is not possible. The system of Peniche Silva et al. (2020) would also allow for the introduction of 3D cell cultures, however the system would not allow measurements in the immediate microenvironment of the cells.
In this work, we introduce a method that combines the microcavity array 3D culturing technique with that of a fluorophore-based oxygen sensing via microthermoformed oxygen-sensitive polymer films. This approach allows us to create a 3D cell culture system (sensor arrays) in which we can generate and culture a large number of spheroids in parallel and, for the first time, determine the oxygen level label-free and in real-time in the microenvironment of single spheroids and, in principle, of a complete spheroid array. In pilot experiments, we evaluated different culture conditions using HepG2 cells and performed oxygen measurements during cultivation. In addition, various parameters of mitochondrial functions were measured in a proof-of-concept series of experiments, that currently can only be performed in 2D cell cultures according to the so-called Mito Stress Test (Agilent Technologies). The use of spheroids in the above-mentioned experimental setup is of limited use because oxygen can only be measured globally (well). Currently, our system is able to measure profiles of mitochondrial respiration on a single spheroid/organoid level and determines the basal respiration, the ATP-linked respiration, and the maximal respiration of up to 120 aggregates/organoids at a time and that number can easily be upscaled.
2 METHODS
2.1 Design and manufacturing of oxygen sensor arrays
For the manufacturing of the sensor arrays we used a standard polycarbonate film (it4ip) with a thickness of 50 µm and that was coated with an oxygen-sensitive fluorescent dye incorporating polymer film (fluorescent optical sensor) supplied by PreSens Precision Sensing GmbH. A microthermoforming system, developed at the Karlsruhe Institute of Technology, was used to generate the sensor arrays. For this process, the sensor films were placed on top of a brass molding mask and formed into microcavity arrays by applying 20 bars at a temperature of 152.5°C. The microcavity arrays were further characterized by using a standard bright field microscope that was equipped with a micrometer screw attached to the microscope base, so that the microcavity depths could be determined and which was done at 4 representative positions of each array. The results were further validated with a laser scanning microscope for material characterization (Keyence VHX5000).
2.2 Cells and culture conditions
HepG2 cells were cultured under standard conditions in a humidified atmosphere containing 5% CO2 and 18.6% O2 at 37°C in T75 cell culture flasks. The cells were passaged as needed, but were usually split every 3–4 days at a ratio of 1:3. MEM medium (ThermoFisher Scientific) containing 10% FBS, 1% non-essential amino acids solution (NEAA, ThermoFisher Scientific), 1% GlutaMAX™ (ThermoFisher Scientific), 1%, Penicillin-Streptomycin (ThermoFisher Scientific), and 0.1% phenol red (ThermoFisher Scientific), hereafter referred to as HepG2 medium, was used for the standard culture. HepG2 medium without phenol red was used for the oxygen measurements and is referred to as assay medium.
2.3 Cell staining and fluorescence microscopy
Live cell staining was performed with CellTracker™ green (ThermoFisher Scientific). For this, the cells were incubated with 1 µM CellTracker™ green for 30 min before seeding. Afterwards, the cells were washed once with PBS+/+ and seeded at a density as needed for the experiment duration. Staining with SYTO™16 (ThermoFisher Scientific) was done immediately before microscopy by incubating the cells/spheroids with 5 µM SYTO™16 for 45 min. This was followed by a medium change. Propidium iodide (Biotium, 1 μM, 45 min) was used for counterstaining dead cells. After staining, the cells were washed and immediately examined under a fluorescence microscope.
A Leica TCS SP5 confocal microscope with an argon laser for 488 nm excitation and a diode laser for 561 nm excitation wavelength was used for microscopy of the different coating types. For z-stacks, the step-size was 5 µm and comprised 80 steps. The hanging drop spheroids were observed on a Zeiss fluorescence microscope with appropriate filter sets.
2.4 Assembly of the cell culture inserts and coating
After thermoforming, the sensor array was cut by punching to a diameter of 16 mm. To sterilize the arrays and to remove air bubbles from the microcavities, the array was subjected to an isopropanol series consisting of 100%, 70%, 50%, and 30% isopropanol for 15 s, respectively, and afterwards washed twice with sterile, demineralized water. The arrays prepared in this way were placed into a CellCrown™ 12NX (Scaffdex) cell culture insert and placed in one well of a 12-well cell culture plate. For coating with BIOFLOAT™ (FaCellitate), the arrays were sterilized in 70% isopropanol for 15 s, mounted into the CellCrown™ holder, and then air dried.
Collagen coating was performed by diluting 18 µl of a collagen stock solution [2 mg/ml in 0.2% (v/v) acetic acid] with 132 µl of PBS−/− (ThermoFisher Scientific). 150 μl of this working solution were placed on top of the sensor array and incubated for 1 h under standard incubation conditions. Afterwards, the array was washed twice with PBS+/+ (ThermoFisher Scientific).
For coating with BIOFLOAT™ (FaCellitate), 300 µl of the solution were added to the sensor array which was then centrifuged at 300 g for 1 min. The cell culture insert was incubated for 5 min at room temperature. Afterwards, the arrays were air dried under the clean bench for at least 30 min. 2 ml assay medium were added into the cell culture insert as well as into the plate well below. Air bubbles were removed from the cavities by gentle tapping, the use of negative pressure by using an adapter and a vacuum pump, or centrifugation at 300 g for 1 min. In addition, 2 ml of sterile water were added to the surrounding wells to ensure proper humidity during the cultivation.
2.5 Generation of spheroids
Prior to the inoculation of the cells, the medium in the cell culture insert as well as in the plate well was removed, except for 200 µl that remained in the well to avoid air bubble formation below the insert.
Spheroids were generated in two different ways. For a direct generation of cell aggregates within the microcavities, 50.000–150.000 HepG2 cells, depending of the duration of the experiment, were added in 40 µl assay medium on top of the dried center of the sensor array in the cell culture insert. Cells were incubated at 37°C, 5% CO2 for 15 min in order to sediment the cells into the microcavities. Afterwards, 550 µl of HepG2 or assay medium were added to the insert as well as to the well compartment below.
Alternatively, spheroids were generated by the hanging drop method. For this, assay media drops with a volume of 25 µl containing 625 cells, were pipetted onto the inner lid surface of a 10 cm petri dish. To prevent evaporation, 5 ml PBS−/− were added to the petri dish. The cells in the drops were incubated for 4 days to ensure a proper spheroid generation. After spheroid formation, the drops were collected, the spheroids were allowed to sediment, the supernatant was removed, the spheroids were resuspended in 40 µl medium, and as such, pipetted on top of the sensor arrays. After 5 min for the sedimentation of the spheroids, their positions in the microcavities were checked under the microscope after which additional 550 µl medium were added to each well and insert, respectively.
2.6 Sensor film calibration
A two-point calibration was performed to calibrate the sensor array foil. For the maximum value of dissolved oxygen, a drop of 100 µl water was placed on the foil surface, equilibrated for 10 min in the incubator under experimental conditions after which an image was taken with the help of the VisiSens system (PreSens Precision Sensing GmbH). The ratio of the red and the green fluorescence signal of this image corresponds to the maximum soluble oxygen and is subsequently referred to as 100% oxygen. For the zero-point calibration (0% oxygen), one drop (100 µl) of a sodium sulfite solution (10 mg/ml) was pipetted on top of the foil. The ratio (R) of the red and green fluorescent signal of the sensor foil was used to create a calibration plot from both points (Klimant et al., 1995; Tschiersch et al., 2012), which can be used to convert the measured values into oxygen concentrations.
2.7 Real-time oxygen measurements in 3D cell cultures
To measure the dissolved oxygen concentration during cultivation, the 12-well plates with the inserts were placed on the VisiSens system stage (PreSens), the illumination parameters were set according to the calibration parameters. Images were recorded, depending on the experimental setup, every 1–60 min.
2.8 Characterization of mitochondrial respiration
The characterization of the mitochondrial respiration was executed in a humidified atmosphere without additional CO2. Spheroids were prepared 3–4 days prior to the experiment. Four modulators of the electron transport chain (ETC) were added sequentially. Images were taken every 2 min. In particular, the spheroids were first incubated for 30 min without any treatment in assay medium including 10 mM HEPES to determine the basal level of respiration. Then, assay medium including 10 mM HEPES was added as a control. After 30 min, 4 µM oligomycin, a complex V inhibitor, was added to determine the ATP-linked respiration. The measurement continued for another 30 min. Afterwards, 2 µM carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), an uncoupling agent, was added to determine the maximum respiration capacity. After another 30 min, 1 µM of each, rotenone and antimycin A, inhibitors of complex I and III, respectively, were added to inhibit the total respiration of the mitochondria.
2.9 Analysis with CellProfiler™
For a quick analysis, the software plug-in MITOS from PreSens was used. For a more detailed analysis we used the open source CellProfiler™ Image Analysis Software (RRID:SCR_007358) (Lamprecht et al., 2007). For this, the microscope image was split into the red and green channel. The green channel represents the signal of the reference fluorophore, which remains constant during the series of measurements. Therefore, this channel was chosen for the identification of the cavities. First, the illumination of the image was optimized (applying a filter, correcting the illumination, adjusting the intensity). Then, the objects (cavities) were detected by CellProfiler™. Based on the cavities, the regions of interest (ROIs) were defined for the spheroids, the cavity walls, and the chamfer. These were used as masks to extract the intensities of the individual fluorophores in the respective ROIs from the raw data (Figure 3B). Further analysis was done using Microsoft Excel.
3 RESULTS
3.1 Manufacturing of oxygen sensor arrays
In preliminary tests (data not shown), different oxygen sensitive coatings and designs of the molding masks were tested with regards to their microthermoforming process suitability. Polycarbonate-based oxygen-sensitive polymer films showed the best characteristics concerning forming parameters and sensor stability. The different film prototypes showed good biocompatibility and low toxicity for HepG2 and Hela cell lines in preliminary toxicity tests. In sensor material development, different polymer, dye and base film combinations were assigned base film identifiers and an ascending number. Of the tested combinations, SF-RPC3, a sensor foil based on sensor material combination number 3 on polycarbonate base film was identified as the lead material which was selected for further experiments. Depending on the biological application, plasma and non-plasma treated variants of the SF-RPC3 film were used. Figure 1 shows the details of the brass molding mask (Figure 1A) for 8 × 8 microcavity arrays with an inner microcavity diameter of 300 µm. At the upper side, a bevel around each microcavity with an outer diameter of 500 µm was integrated (Figure 1B) which enables the measurement of oxygen gradients. For characterization of the thermoformed structures and optimization of the forming parameters, the profiles of the microcavities were measured (Figures 1C, D). Microthermoforming can be used to produce sensor arrays in a form-accurate, reproducible manner.
[image: Figure 1]FIGURE 1 | Manufacturing sensor arrays: (A) Brass molding mask with 8 × 8 microcavities and a bevel at the upper side of the mask. (B) Detailed view of the bevel. (C) Microscopic image of the depth profile of the microcavities. (D) Characterization of the forming depth. Microscopic images taken with a Keyence VHX 5000 digital microscope, magnification ×20 (A) and ×200 (B,C). (E) Comparison of O2-sensitive microcavity arrays with other established optical oxygen sensors.
3.2 Coating method comparison
By using the hanging drop method, spheroids were obtained that could be cultivated further and analyzed in our microcavity sensor array (Figure 2A). However, it is also possible to generate spheroids directly in the sensor array by inoculating a single-cell suspension (Figure 2B). For cultivation of cells within the oxygen-sensitive microcavities, different coatings on both, argon-plasma treated as well as the non-plasma treated sensor films, were tested. Plasma treatment had a tremendous effect on cell growth. While cells could be cultivated on plasma-treated SF-RPC3 films even without further coating, this was not possible on the non-treated films. Collagen coating is widely used to enable adhesion of cells to polymer surfaces. We could show that cells could be cultured on both the plasma-treated and the non-treated SF-RPC3 films for several days when coated with collagen. The combination of plasma-treatment and collagen-coating was most suitable for adherent cultivation. The influence of the plasma treatment is also clearly visible in the non-coated films. While some cells still grew outside the cavities on the plasma-treated films, this was no more possible on the non-plasma-treated films.
[image: Figure 2]FIGURE 2 | (A) Spheroids, stained with Syto™16 and propidium iodide, generated by the hanging drop method could be cultivated in sensor microcavity arrays. (B) Another method is to generate spheroids directly in the sensor microcavity array (stained with CellTracker™ green and propidium iodide after 4 days of cultivation). (C) Proliferation and aggregation comparison of different SF-RPC3 sensor film coating methods.
For a convenient 3D cell culture setup, spheroids can be generated directly in the microcavities. However, for this purpose, the cells must not adhere. Therefore, the sensor arrays were coated with BIOFLOAT™ solution. As a result, the cells formed spheroids in the microcavities within several days of culture. Propidium iodide staining after 4 days showed that the surfaces were biocompatible due to the low number of dead cells.
3.3 Oxygen measurement in microcavities
Although an analysis of the oxygen concentration was already possible with the help of the plug-ins integrated in the VisiSens software, this method was sensitive to errors because of slight position shifts in the microcavity images that were not automatically corrected during the measurement. Therefore, we developed a protocol, based on the CellProfiler™ software modules, that adapt the image quality, automatically detects objects (the microcavities) and defines the different regions of interest (ROI) based on these objects (Figures 3A, B). To obtain information about the gradients in the microenvironment of the spheroids, the bevel was defined as one ROI. Another one corresponded to the direct microenvironment of the spheroid at the bottom of the microcavity.
[image: Figure 3]FIGURE 3 | (A) Experimental setup and definition of different regions of interest. (B) Workflow for the analysis with CellProfiler™. First, the microcavities were detected in the image, subsequently, the three regions of interest were defined. For every ROI of each microcavity, the mean intensity of the red and the green signal was determined after which the oxygen concentrations were calculated with the help of the calibration curve.
3.4 Proof-of-concept: Characterization of mitochondrial respiration
As a proof-of-concept, a so-called mitochondrial stress test was performed. The addition of medium after a 30 min incubation period served as a control. For the assay, a test substance was applied to investigate its effect on mitochondrial respiration. In the initial phase of the test, a decrease in the oxygen concentration can be seen (Figure 4). The addition of the medium causes the oxygen concentration to increase briefly, as expected. Afterwards, it levels off at around 25% in the bevel area and 20% in the spheroid area (values are relative to the maximum soluble oxygen concentration). After the addition of oligomycin, the oxygen concentration rises to over 70%, reflecting the reduced oxygen consumption of the cells. FCCP, as an uncoupling agent, leads to a decrease in the oxygen concentration (Bertholet et al., 2022; Campioni et al., 2022). After addition of rotenone and antimycin A, all mitochondrial respiration is blocked, causing the dissolved oxygen concentration to reach a maximum. Most interestingly, the difference in oxygen concentrations between the bevel and the spheroid can clearly be differentiated.
[image: Figure 4]FIGURE 4 | Plot of oxygen concentration in the sensor array (average of the number of the detected microcavities) during the mitochondrial stress test. 4 μM oligomycin, 2 µM FCCP, and 1 µM of rotenone and antimycin A, respectively, were added. The oxygen values are measured with open cavities, no closed microcompartment is formed and oxygen is not consumed during the measurement process. The respective spheroid in its cavity generates an oxygen (post) diffusion equilibrium with the medium, thus is in a stress-free state under optimal cultivation conditions. Closed microcompartments, on the other hand, induce temporary hypoxic (stress) situations by cutting off oxygen post-diffusion (e.g., OCR measurements Seahorse/Agilent), even the measurement process itself can result in hypoxia when polarographic sensors (electrodes) are used. Methodically or sensorically induced hypoxia is avoided with the new method, furthermore hyperoxic situations can be detected by online monitoring and controlled, e.g., via incubator gassing changes. The overall outcome is that the spheroid can be cultured stress-free and physioxically, so that the mitochondrial stress caused by the test compounds can be optimally quantified.
4 DISCUSSION
The introduced system allows the determination of oxygen in the direct microenvironment of cells in 3D aggregates/organoids. Therefore, for the first time, a mitochondrial stress test in 3D is possible with this system. Until now, this was limited to monolayers, i.e., 2D cell cultures. Spheroids could also be studied with these standard methods. However, here, too, measurements could only be made above the cells at a single point (Campioni et al., 2022). By measuring up to 16 data points (spheroids) per measurement time point, significantly more data is generated than with measurement systems that only measure oxygen globally in the entire cultivation unit. This allows a more detailed statistical analysis.
In the proof of concept experiments, we could show that the oxygen concentrations increase or decrease as expected after addition of the respective test substances. Since the last substance cocktail (rotenone/antimycin A) inhibits complexes I and III and thus blocks the complete respiratory chain, only non-mitochondrial respiration remains, which is, however, negligible compared to mitochondrial respiration (Buttgereit et al., 2022). This allowed us to normalize our curves to an average of the last 10 measurement data points to compensate for any deviations due to differences in exposure. This was performed under the assumption that with inhibited cellular respiration, oxygen diffuses into the medium, resulting in a maximally saturated state. As previously noted, a large difference in oxygen concentrations can be observed between the region of the bevel and that of the spheroid, especially after the addition of FCCP. This can be explained by the establishment of an oxygen gradient, since more oxygen is consumed in the area of the spheroid than can be delivered by diffusion, causing the oxygen concentration to drop.
In this study, we showed the principal suitability of oxygen measurements in 3D with HepG2 spheroids. Of course, other cell types for the generation of aggregates/organoids can be used as well. By combining plasma-treated films with a collagen coating, it is possible to culture adherent cells directly on the polymer surface (Figure 2C). The characterization of spheroids produced by other methods is also possible, shown here by means of the spheroids generated by hanging drops. Due to the flexibility of the thermoforming process, other geometries of the microcavities are possible, e.g., to cultivate larger spheroids up to organoids in the sensor arrays. The size limitation then depends on the nutrient supply of the spheroids and not on the measurement method since we measure the dissolved oxygen concentration in the direct microenvironment of the spheroids/organoids and not within the aggregate. The use of a cell repellent coating, in this case BIOFLOAT™, allows the generation of spheroids directly within the microcavities. This shortens the workflow, minimizes error potentials, and allows experiments to be carried out more reproducibly.
As explained at the beginning, the tissue-relevant oxygen concentration (physioxia) plays a crucial role in cell culture. Cell culture experiments are often performed under ambient atmosphere, which corresponds to an oxygen concentration of 18.6% in the standard incubator with 5% CO2 (Wenger et al., 2015; Alva et al., 2022b). However, this is in no way comparable to physiological conditions and can lead to hyperoxia. On the other hand, especially in 3D cell cultures, too low an oxygen concentration can lead to hypoxia (Alva et al., 2022a). It is therefore necessary to precisely analyze and adjust the oxygen concentration in the microenvironment of the cells as needed in order to extract tissue-typical data as, e.g., by verifying the tissue marker expression in comparison to the corresponding primary tissue. The method is also applicable for very low oxygen concentrations, so that experiments under hypoxic conditions are not only feasible but are rather the assays of choice for this system. With the sensor foil SF-RPC3 used here, oxygen concentrations of 0%–150% (air saturation, a.s.) could be measured, with a higher resolution in the direction of 0% (a.s.). The standard application range is between 0% and 100% (a.s.) with a detection limit of 0.03% (a.s.) and a precision of ±0.02% (a.s.) at 0% (a.s.) and ±0.1% (a.s.) at 100% (a.s.). In the experiments presented here, the measurement of oxygen in the microenvironment of spheroids was demonstrated for the first time. Several spheroids can be characterized in different regions of interest in parallel in one experiment, which dramatically increases the data depth and thus differs from current 2D measurement systems. This approach will be used not only to show the effect of known substances on cells, e.g., by mitochondrial stress tests, as described here, but also to test the potentially harmful characteristics of new chemical entities on mitochondrial metabolism. The measurement principle is also not influenced by cells secreting extracellular matrix material since this reflects even more normal in vivo tissue, does not alter the oxygen signal, and therefore, increases the comparability and transferability of the results to the in vivo situation. Finally, by being able to continuously measure the oxygen concentration in the system, we think of feedback-regulated systems that adjust the oxygen level according to tissue needs, i.e., marker expression resembles that of primary tissue. This would be a decisive step towards the goal of establishing physioxia in cell culture.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
CG and JP performed the experiments, acquired the data, performed the data analysis. CG wrote the first version of the manuscript and developed the sensor microcavity arrays. GL developed the oxygen-sensor film coatings and provided the measurement system. EG and CG participated in experimental design. EG conceived the project, critically revised the manuscript, and supported in data analysis. All authors contributed to the article and approved the submitted version.
FUNDING
This research was funded by the Federal Ministry for Economic Affairs and Energy (BMWi) by the program “Zentrales Innovationsprogramm Mittelstand” (support code: ZF4397304CR).
ACKNOWLEDGMENTS
We acknowledge the support by the KIT-Publication Fund of the Karlsruhe Institute of Technology.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 AL-Ani, A., Toms, D., Kondro, D., Thundathil, J., Yu, Y., and Ungrin, M. (2018). Oxygenation in cell culture: Critical parameters for reproducibility are routinely not reported. PLoS One 13, e0204269. doi:10.1371/journal.pone.0204269
 Altmann, B., Welle, A., Giselbrecht, S., Truckenmuller, R., and Gottwald, E. (2009). The famous versus the inconvenient - or the dawn and the rise of 3D-culture systems. World J. Stem Cells 1, 43–48. doi:10.4252/wjsc.v1.i1.43
 Alva, R., Gardner, G. L., Liang, P., and Stuart, J. A. (2022a). Supraphysiological oxygen levels in mammalian cell culture: Current state and future perspectives. Cells 11, 3123. doi:10.3390/cells11193123
 Alva, R., Mirza, M., Baiton, A., Lazuran, L., Samokysh, L., Bobinski, A., et al. (2022b). Oxygen toxicity: Cellular mechanisms in normobaric hyperoxia. Cell Biol. Toxicol. , 1–33. doi:10.1007/s10565-022-09773-7
 Ashokkumar, P., Adarsh, N., and Klymchenko, A. S. (2020). Ratiometric nanoparticle probe based on FRET-amplified phosphorescence for oxygen sensing with minimal phototoxicity. Small 16, 2002494. doi:10.1002/smll.202002494
 Azimzadeh, M., Khashayar, P., Amereh, M., Tasnim, N., Hoorfar, M., and Akbari, M. (2021). Microfluidic-based oxygen (O2) sensors for on-chip monitoring of cell, tissue and organ metabolism. Biosens. (Basel) 12, 6. doi:10.3390/bios12010006
 Babilas, P., Liebsch, G., Schacht, V., Klimant, I., Wolfbeis, O. S., Szeimies, R. M., et al. (2005). In vivo phosphorescence imaging ofpO2Using planar oxygen sensors. Microcirculation 12, 477–487. doi:10.1080/10739680591003314
 Badr-Eldin, S. M., Aldawsari, H. M., Kotta, S., Deb, P. K., and Venugopala, K. N. (2022). Three-Dimensional in vitro cell culture models for efficient drug discovery: Progress so far and future prospects. Pharm. (Basel) 15, 926. doi:10.3390/ph15080926
 Bertholet, A. M., Natale, A. M., Bisignano, P., Suzuki, J., Fedorenko, A., Hamilton, J., et al. (2022). Mitochondrial uncouplers induce proton leak by activating AAC and UCP1. Nature 606, 180–187. doi:10.1038/s41586-022-04747-5
 Buentello, D. C., Koch, L. S., Santiago, G. T.-D., Alvarez, M. M., and Broersen, K. (2021). Use of standard U-bottom and V-bottom well plates to generate neuroepithelial embryoid bodies. bioRxiv. 12.17.473219. 
 Buttgereit, T., Pfeiffenberger, M., Frischbutter, S., Krauß, P.-L., Chen, Y., Maurer, M., et al. (2022). Inhibition of complex I of the respiratory chain, but not complex III, attenuates degranulation and cytokine secretion in human skin mast cells. Int. J. Mol. Sci. 23, 11591. doi:10.3390/ijms231911591
 Cacciamali, A., Villa, R., and Dotti, S. (2022). 3D cell cultures: Evolution of an ancient tool for new applications. Front. Physiol. 13, 836480. doi:10.3389/fphys.2022.836480
 Campioni, G., Pasquale, V., Busti, S., Ducci, G., Sacco, E., and Vanoni, M. (2022). An optimized workflow for the analysis of metabolic fluxes in cancer spheroids using Seahorse Technology. Cells 11, 866. doi:10.3390/cells11050866
 Cani, A., Tretti Parenzan, C., Frasson, C., Rampazzo, E., Scarparo, P., Francescato, S., et al. (2022). Long-term proliferation of immature hypoxia-dependent JMML cells supported by a 3D in vitro system. Blood Adv. 2021, 006746. doi:10.1182/bloodadvances.2021006746
 Carpenter, J. H. (1965). The accuracy of the winkler method for dissolved oxygen Analysis1. Limnol. Oceanogr. 10, 135–140. doi:10.4319/lo.1965.10.1.0135
 Carreau, A., EL Hafny-Rahbi, B., Matejuk, A., Grillon, C., and Kieda, C. (2011). Why is the partial oxygen pressure of human tissues a crucial parameter? Small molecules and hypoxia. J. Cell Mol. Med. 15, 1239–1253. doi:10.1111/j.1582-4934.2011.01258.x
 Dmitriev, R. I., Kondrashina, A. V., Koren, K., Klimant, I., Zhdanov, A. V., Pakan, J. M. P., et al. (2014). Small molecule phosphorescent probes for O2 imaging in 3D tissue models. Biomater. Sci. 2, 853–866. doi:10.1039/c3bm60272a
 Dmitriev, R. I., and Papkovsky, D. B. (2012). Optical probes and techniques for O2 measurement in live cells and tissue. Cell Mol. Life Sci. 69, 2025–2039. doi:10.1007/s00018-011-0914-0
 Eggert, S., Gutbrod, M. S., Liebsch, G., Meier, R., Meinert, C., and Hutmacher, D. W. (2021). Automated 3D microphysiometry facilitates high-content and highly reproducible oxygen measurements within 3D cell culture models. ACS Sens. 6, 1248–1260. doi:10.1021/acssensors.0c02551
 Giselbrecht, S., Gietzelt, T., Gottwald, E., Trautmann, C., Truckenmuller, R., Weibezahn, K. F., et al. (2006). 3D tissue culture substrates produced by microthermoforming of pre-processed polymer films. Biomed. Microdevices 8, 191–199. doi:10.1007/s10544-006-8174-8
 Giselbrecht, S., Gottwald, E., Truckenmüller, R., Trautmann, C., Welle, A., Guber, A., et al. (2008). Microfabrication of chip-sized scaffolds for the three-dimensional cell cultivation JoVE, 15. 
 Gottwald, E., Giselbrecht, S., Augspurger, C., Lahni, B., Dambrowsky, N., Truckenmuller, R., et al. (2007). A chip-based platform for the in vitro generation of tissues in three-dimensional organization. Lab. Chip 7, 777–785. doi:10.1039/b618488j
 Grün, C., Altmann, B., and Gottwald, E. (2020). Advanced 3D cell culture techniques in micro-bioreactors, Part I: A systematic analysis of the literature published between 2000 and 2020. Processes 8, 1656. doi:10.3390/pr8121656
 Huh, D., Hamilton, G. A., and Ingber, D. E. (2011). From 3D cell culture to organs-on-chips. Trends Cell Biol. 21, 745–754. doi:10.1016/j.tcb.2011.09.005
 Jenkins, J., Dmitriev, R. I., Morten, K., Mcdermott, K. W., and Papkovsky, D. B. (2015). Oxygen-sensing scaffolds for 3-dimensional cell and tissue culture. Acta Biomater. 16, 126–135. doi:10.1016/j.actbio.2015.01.032
 Jensen, C., and Teng, Y. (2020). Is it time to start transitioning from 2D to 3D cell culture?Front. Mol. Biosci. 7, 33. doi:10.3389/fmolb.2020.00033
 Justice, B. A., Badr, N. A., and Felder, R. A. (2009). 3D cell culture opens new dimensions in cell-based assays. Drug Discov. Today 14, 102–107. doi:10.1016/j.drudis.2008.11.006
 Kagawa, Y., Matsuura, K., Shimizu, T., and Tsuneda, S. (2015). Direct measurement of local dissolved oxygen concentration spatial profiles in a cell culture environment. Biotechnol. Bioeng. 112, 1263–1274. doi:10.1002/bit.25531
 Kellner, K., Liebsch, G., Klimant, I., Wolfbeis, O. S., Blunk, T., Schulz, M. B., et al. (2002). Determination of oxygen gradients in engineered tissue using a fluorescent sensor. Biotechnol. Bioeng. 80, 73–83. doi:10.1002/bit.10352
 Klimant, I., Meyer, V., and Kühl, M. (1995). Fiber-optic oxygen microsensors, a new tool in aquatic biology. Limnol. Oceanogr. 40, 1159–1165. doi:10.4319/lo.1995.40.6.1159
 Lamprecht, M. R., Sabatini, D. M., and Carpenter, A. E. (2007). CellProfiler™: Free, versatile software for automated biological image analysis. BioTechniques 42, 71–75. doi:10.2144/000112257
 Lv, D., Hu, Z., Lu, L., Lu, H., and Xu, X. (2017). Three-dimensional cell culture: A powerful tool in tumor research and drug discovery. Oncol. Lett. 14, 6999–7010. doi:10.3892/ol.2017.7134
 Nies, C., Rubner, T., Lorig, H., Colditz, V., Seelmann, H., Muller, A., et al. (2019). A microcavity array-based 4D cell culture platform. Bioeng. (Basel) 6, 50. doi:10.3390/bioengineering6020050
 Peniche Silva, C. J., Liebsch, G., Meier, R. J., Gutbrod, M. S., Balmayor, E. R., and VAN Griensven, M. (2020). A new non-invasive technique for measuring 3D-oxygen gradients in wells during mammalian cell culture. Front. Bioeng. Biotechnol. 8, 595. doi:10.3389/fbioe.2020.00595
 Rivera, K. R., Pozdin, V. A., Young, A. T., Erb, P. D., Wisniewski, N. A., Magness, S. T., et al. (2019a). Integrated phosphorescence-based photonic biosensor (iPOB) for monitoring oxygen levels in 3D cell culture systems. Biosens. Bioelectron. 123, 131–140. doi:10.1016/j.bios.2018.07.035
 Rivera, K. R., Yokus, M. A., Erb, P. D., Pozdin, V. A., and Daniele, M. (2019b). Measuring and regulating oxygen levels in microphysiological systems: Design, material, and sensor considerations. Analyst 144, 3190–3215. doi:10.1039/c8an02201a
 Shen, H., Cai, S., Wu, C., Yang, W., Yu, H., and Liu, L. (2021). Recent advances in three-dimensional multicellular spheroid culture and future development. Micromachines (Basel) 12, 96. doi:10.3390/mi12010096
 Tschiersch, H., Liebsch, G., Borisjuk, L., Stangelmayer, A., and Rolletschek, H. (2012). An imaging method for oxygen distribution, respiration and photosynthesis at a microscopic level of resolution. New Phytol. 196, 926–936. doi:10.1111/j.1469-8137.2012.04295.x
 Tse, H. M., Gardner, G., Dominguez-Bendala, J., and Fraker, C. A. (2021). The importance of proper oxygenation in 3D culture. Front. Bioeng. Biotechnol. 9, 634403. doi:10.3389/fbioe.2021.634403
 Wang, X. D., and Wolfbeis, O. S. (2014). Optical methods for sensing and imaging oxygen: Materials, spectroscopies and applications. Chem. Soc. Rev. 43, 3666–3761. doi:10.1039/c4cs00039k
 Wei, Y., Jiao, Y., An, D., Li, D., Li, W., and Wei, Q. (2019). Review of dissolved oxygen detection Technology: From laboratory analysis to online intelligent detection. Sensors 19, 3995. doi:10.3390/s19183995
 Wenger, R., Kurtcuoglu, V., Scholz, C., Marti, H., and Hoogewijs, D. (2015). Frequently asked questions in hypoxia research. Hypoxia 35, 35–43. doi:10.2147/hp.s92198
 Westphal, I., Jedelhauser, C., Liebsch, G., Wilhelmi, A., Aszodi, A., and Schieker, M. (2017). Oxygen mapping: Probing a novel seeding strategy for bone tissue engineering. Biotechnol. Bioeng. 114, 894–902. doi:10.1002/bit.26202
 Wolff, P., Heimann, L., Liebsch, G., Meier, R. J., Gutbrod, M., VAN Griensven, M., et al. (2019). Oxygen-distribution within 3-D collagen I hydrogels for bone tissue engineering. Mater Sci. Eng. C Mater Biol. Appl. 95, 422–427. doi:10.1016/j.msec.2018.02.015
 Zhang, K., Zhao, T., Huang, X., He, Y., Zhou, Y., Wu, L., et al. (2016). Dissolved oxygen concentration in the medium during cell culture: Defects and improvements. Cell Biol. Int. 40, 354–360. doi:10.1002/cbin.10570
Conflict of interest: Author GL is employed by PreSens Precision Sensing GmbH.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Grün, Pfeifer, Liebsch and Gottwald. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1111316-g003.gif
[r——

Res G

Extactoncf o ot it
e o eon





OPS/images/fbioe-11-1111316-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		O2-sensitive microcavity arrays: A new platform for oxygen measurements in 3D cell cultures		1 Introduction

		2 Methods		2.1 Design and manufacturing of oxygen sensor arrays

		2.2 Cells and culture conditions

		2.3 Cell staining and fluorescence microscopy

		2.4 Assembly of the cell culture inserts and coating

		2.5 Generation of spheroids

		2.6 Sensor film calibration

		2.7 Real-time oxygen measurements in 3D cell cultures

		2.8 Characterization of mitochondrial respiration

		2.9 Analysis with CellProfiler™





		3 Results		3.1 Manufacturing of oxygen sensor arrays

		3.2 Coating method comparison

		3.3 Oxygen measurement in microcavities

		3.4 Proof-of-concept: Characterization of mitochondrial respiration





		4 Discussion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-11-1111316-g001.gif
e Dncsiomes





OPS/images/fbioe-11-1111316-g002.gif
BOFLOAT™  Colagen

plasma-reated









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





