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Oxygen gradients strongly influence cellular behaviour in 3D tissues, but their 
controlled implementation in standard cell culture remains technically 
challenging. Here, we present a simple 3D-printed oxygen gradient chamber 
for hydrogel-based cell culture. The system uses a screw-mounted glass cover to 
locally restrict oxygen exchange between the gelatine methacryloyl (GelMA) 
hydrogel and its surrounding medium, thereby generating a diffusion- and 
consumption-driven radial oxygen gradient without pumps, gas channels, 
introduction of additional chemicals or complex microfluidics. Hypoxia 
reporter mesenchymal stem cells embedded within the GelMA hydrogel 
showed distinct hypoxia sensor signalling underneath the glass-covered region 
after 24 h. Direct oxygen measurements confirmed gradient formation, with 
oxygen levels stabilising around 2% O2 in the middle of the construct and 
increasing to 5%–6% O2 in its peripheral regions. As a proof of concept, the 
hypoxia-activated prodrug tirapazamine was applied in 2D cell culture, 3D 
hydrogel discs of two different stiffnesses and within the oxygen gradient 
chamber. The results showed oxygen-dependent toxicity in 2D MSC culture, 
with IC50 values of 148.7 µM at atmospheric oxygen and 20.4 µM at 2.5% oxygen. 
In 3D hydrogel discs, the calculated IC50 value at atmospheric oxygen 
was >400 µM and 47.3 µM at 2.5% oxygen. In the oxygen gradient chamber, 
tirapazamine-induced cell death was enhanced in the central hypoxic region. 
Thus, the presented chamber provides an accessible and well-plate-compatible 
platform of simple geometry for studying spatiotemporal effects of hypoxia and 
oxygen-dependent drug effects in 3D hydrogel cultures.
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1 Introduction

Oxygen availability is a key regulator of cellular physiology, 
tissue homeostasis and disease progression. In vivo, cells are rarely 
exposed to atmospheric oxygen levels and local oxygen tensions vary 
depending on tissue vascularisation levels, the diffusion distances 
between the cells and their surrounding vessels, as well as the cell- 
type specific oxygen consumption rate (Carreau et al., 2011; 
Ivanovic, 2009; Malda et al., 2007). This spatial oxygen 
heterogeneity is relevant in both physiological and pathological 
contexts, including embryonic development, stem cell regulation, 
wound healing, inflammation or progression of solid tumours (Al 
Tameemi et al., 2019; Carreau et al., 2011; Höckel and Vaupel, 2001; 
Keith and Simon, 2007; Malda et al., 2007; Simon and Keith, 2008). 
Therefore, in vitro systems that reproduce defined oxygen gradients 
are valuable tools for studying oxygen-dependent cell behaviour and 
drug responses under more physiologically relevant conditions.

Three-dimensional (3D) hydrogel cultures are well-suited for 
modelling the in vivo cellular microenvironment as they provide 
cell-matrix interactions, mechanical cues and diffusion-limited 
transport conditions absent in conventional two-dimensional 
(2D) monolayer culture (Kapałczyńska et al., 2018; Pampaloni 
et al., 2007). Hydrogels are especially useful for 3D cell culture 
because their water-rich polymer networks can mimic some features 
of the extracellular matrix while allowing adjustment of material 
stiffness, composition and degradation behaviour (Catoira et al., 
2019; Malda et al., 2013; Peppas and Hoffman, 2013; Schuurman 
et al., 2013). However, O2 availability in 3D constructs is governed 
by the equilibrium between diffusion transfer and cellular 
consumption; therefore, it is affected by the construct’s geometry, 
seeded cell density and overall hydrogel properties (Malda et al., 
2007; Schmitz et al., 2020; 2022; Wolff et al., 2019). Combining 3D 
culture with controlled oxygen gradients is therefore of particular 
interest for modelling of tumour hypoxia under physioxic or 
hypoxic conditions and when investigating oxygen-dependent 
drug responses. Nevertheless, the implementation of 
reproducible, accessible and easy-to-use oxygen gradients in 3D 
cell culture remains technically challenging (Palacio-Castañeda 
et al., 2022).

Several strategies have been developed to generate oxygen 
gradients in vitro. Gas-driven microfluidic systems can generate 
defined oxygen profiles with gas channels or gas-permeable 
membranes. They have been successfully used to study oxygen- 
dependent signalling, migration and angiogenesis in 2D and 3D 
culture systems (Allen and Bhatia, 2003; Funamoto et al., 2012; Hsu 
et al., 2023; Koens et al., 2020; Orabi et al., 2025; Rexius-Hall et al., 
2014; Sato et al., 2014). Other approaches generate gradients by 
spatially confined chemical oxygen scavenging by introduced 
chemicals or the hydrogel itself or by combining cellular oxygen 
consumption with diffusion barriers (Ando et al., 2017; Blatchley 
et al., 2021; Chang et al., 2014; Chen et al., 2011; Park and Gerecht, 
2014; Volkmer et al., 2008). Cell-density gradients and rolled or 
thick hydrogel constructs have also been used to generate oxygen 
gradients through cell-mediated oxygen consumption and extended 
diffusion distances (Cheema et al., 2008; Volkmer et al., 2008). These 
systems have provided important biological insights and 
demonstrated that oxygen gradients can influence cell signalling, 
migration, viability and drug response. However, many existing 

platforms require specialised fabrication procedures, gas or pump 
connections, complex microfluidic architectures, introduction of 
additional chemical components or highly material-specific 
chemistries (Boyce et al., 2019; Palacio-Castañeda et al., 2020; 
Park and Gerecht, 2014). Our group previously also reported the 
development of an oxygen gradient system for 3D hydrogels; 
however, its implementation required active air perfusion and the 
use of a hypoxia incubator (Schmitz et al., 2022). These 
requirements can limit routine use in standard cell culture 
laboratories, as assays should best be compatible with 
conventional culture ware and readout formats while still 
enabling stable culture over a biologically meaningful time.

Here, we present a simple and low-cost oxygen-gradient 
chamber for hydrogel-based 3D cell culture. The system consists 
of a 3D-printed bottom frame serving as a hydrogel mould and a 
screw-mounted top part that fixes a glass slide onto the central 
region of the hydrogel. The glass locally restricts oxygen exchange 
between the hydrogel and the surrounding medium, while the 
uncovered peripheral regions remain exposed to oxygen supplied 
from the culture medium. In combination with the cellular oxygen 
consumption, this geometry generates a bidirectional oxygen 
gradient without requiring pumps, gas channels, oxygen 
scavengers or complex microfluidics. We characterised the 
chamber using GelMA hydrogels containing mesenchymal stem 
cells (MSCs). Gradient formation was assessed by direct oxygen 
measurements using oxygen-sensitive sensor foils and by hypoxia- 
reporter MSCs expressing the fluorescent protein UnaG upon HIF-1 
stabilisation. As a functional proof of concept, we evaluated 
tirapazamine toxicity in 2D culture, 3D GelMA hydrogel discs 
and the oxygen-gradient chamber. Finally, we suggest design 
variants that allow the covered area to be modified and provide a 
basis for future implementation of orthogonal gradients. Together, 
this study introduces a low-complexity and well-plate-compatible 
platform for generating and analysing oxygen gradients in hydrogel- 
based 3D cell culture.

2 Materials and methods

2.1 Chamber design, manufacturing and 
post-processing

A computer-aided design (CAD) model was created using 
Solidworks 2024 (Dassault Systèmes Deutschland GmbH, 
Stuttgart, Germany) and saved as an.STL file for printing. 
All.STL files are provided as Supplementary Material.

The chambers’ top and bottom constructs were fabricated via 
MultiJet 3D printing with a ProJet® MJP 2500 Plus (3D Systems 
GmbH; Mörsfelden-Walldorf, Germany) from M2-RCL printing 
material and M2-SUP support material (3D Systems GmbH, 
Mörsfelden-Walldorf, Germany). Following printing, the build 
platform was cooled at −18 °C for 15 min, after which the 
printed objects were detached from the platform. All pieces were 
placed in hot steam in EasyClean units (3D Systems GmbH, 
Mörsfelden-Walldorf, Germany), followed by dissolving residues 
of the support wax in paraffin oil (Carl Roth GmbH und Co. KG, 
Karlsruhe, Germany) at 65 °C. Afterwards, the oil was removed by 
rinsing three times with hot (50 °C) detergent (Procter and Gamble 
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Germany Holding GmbH, Schwalbach am Taunus, Germany) 
solution in an ultrasound bath (Elmasonic S30; Schmidbauer 
GmbH, Singen, Germany) for a minimum of 30 min, followed 
by two separate incubations at 60 °C with deionised water for 20 min.

After the printed constructs had fully dried, two droplets of UV- 
curable adhesive (Norland Optical Adhesive 72; Norland Products 
Inc., Cranbury, United States) were thinly spread on the bottom 
construct and the construct was glued onto the middle of a 
conventional cell culture 6-well plate (Sarstedt, Nümbrecht, 
Germany) for adherent cells. The optical adhesive was cured at 
365 nm with 1.5 mW/cm2 for 30 min using a UV lamp (VL-6.LC UV 
lamp 365/254 nm 6 W; Vilber Lourmat, Collégien, France). The edge 
between the outer corner of the bottom construct and the cell culture 
plate bottom was additionally sealed with a silicone glue (Silicone 
Rubber compound flowable fluid; RS Components GmbH, 
Frankfurt am Main, Germany) which was left to dry for 24 h. 
Glass plates were cut from conventional microscopy slides (1 mm 
thickness; VWR International, Leuven, Belgium), using a sliding 
calliper and a sharp cemented carbide tip to scratch the glass surface 
at the defined width of 6 or 8 mm, followed by breakage of the glass 
over the edge of an engineer’s square, resulting in a dimension of 1 × 
6 × 27 mm per piece.

Disinfection of the chamber parts was performed using 70% v/v 
isopropanol in an ultrasound bath (SONOREX SUPER RK 100 H; 
Bandelin, Berlin, Germany) followed by an additional 20 min under 
the aforementioned UV lamp at 365 nm after aspiration of the 
isopropanol. Top constructs, glass plates, stainless steel M2 screws 
and the hex key were sterilised in the same manner but without 
using an ultrasound bath.

2.2 GelMA hydrogel synthesis, 
characterisation and preparation

Low and high degree of functionalisation (DoF) gelatine 
methacryloyl hydrogels were synthesised using the one-pot 
synthesis protocol of Shirahama et al. from type A porcine skin 
gelatine (260 bloom for high and low DoF batch with 29.3%; 
GELITA AG; Eberbach, Germany; 300 bloom for low DoF batch 
with 21.5% DoF; Sigma Aldrich Chemie GmbH, Munich, Germany) 
(Shirahama et al., 2016). 0.04 mL methacrylic anhydride (MAA; 
Sigma-Aldrich Chemie GmbH; Taufkirchen, Germany) per g of 
gelatine was used for the synthesis of low DoF GelMA and 0.1 mL 
MAA per g of gelatine were used for the high DoF batch, 
respectively. The low DoF materials had a DoF of 29.3% and 
21.5%, respectively, while the high DoF material had a DoF of 
99.6%, as determined by 2,4,6-trinitrobenzene sulfonic acid (TNBS) 
assay (Shirahama et al., 2016).

Hydrogels were prepared at a final concentration of 7.5% w/v 
(low DoF) or 5% w/v (high DoF) by solubilising the desired 
lyophilised hydrogel amount at 37 °C in PBS until complete 
dissolution. The solution was sterile filtered through a syringe 
filter with a 0.45 µm pore size and polyether sulfone (PES) 
membrane (qpore® via NeoLab GmbH, Heidelberg, 
Germany). Lastly, lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP; Tokyo Chemical Industry, 
Zwijndrecht, Belgium) dissolved in phosphate-buffered saline 
(PBS) was added as the photoinitiator at a final concentration of 
0.1% w/v.

2.3 Oscillatory rheology

Oscillatory rheology with a MCR 302 Modular Rheometer 
(Anton Paar GmbH, Baden-Württemberg, Germany), equipped 
with a parallel-plate geometry with a diameter of 20 mm was 
used to determine material stiffness. Storage and loss moduli 
were evaluated using a time sweep oscillatory test with a strain 
amplitude of 1% and a frequency of 1 Hz with the plate temperature 
set to 37 °C. The gap width was 0.6 mm, leading to a sample volume 
of 200 µL. Samples were exposed to ultraviolet (UV) light at 365 nm 
during the first 5 min of each measurement, followed by an 
additional 5 min without UV irradiation.

2.4 Isolation and routine culture of primary 
mesenchymal stem cells

Primary human adipose-derived mesenchymal stem cells (hAD- 
MSC, in the following abbreviated as MSC) were isolated from 
adipose tissue after abdominoplasty applying the protocol of Zhu 
et al. as previously described (Schmitz et al., 2020; Zhu et al., 2008). 
Cells from one donor were used in this study. The donor provided 
their informed consent, as approved by the Institutional Review 
Board (Hannover Medical School) with the reference number 3475– 
2017. The obtained cells were characterised by MSC-typical surface 
markers and functional properties and the presence of adipogenic, 
chondrogenic, and osteogenic differentiation potential (Dominici 
et al., 2006; Schmitz et al., 2020).

α-minimum essential medium (α-MEM; Thermo Fisher 
Scientific, Waltham, MA, United States) was used as the 
cultivation medium, containing 1 g/L glucose, 2 mM 
L-glutamine, 10% v/v human serum (CC-pro, Overdorla, 
Germany) and 50 μg/mL Gentamicin (Merck KGaA, Darmstadt, 
Germany) and cells were routinely cultivated in a humidified 
incubator at 37 °C with 5% CO2. Subconfluent cells were 
subcultured twice per week. Briefly, the medium was aspirated, 
cells were rinsed with PBS and detached with Accutase® for up to 
8 min until cells detached from culture ware, followed by pelleting of 
cells by centrifugation. All centrifugation steps were carried out at 
300 × g for 5 min if not noted otherwise. The cell pellet was 
resuspended in fresh cell culture medium and reseeded at an 
approximate density of 3,000 cells/cm2 after quantification of cell 
density in a Neubauer type haemocytometer. Cells were routinely 
tested negative for mycoplasma. MSCs and hypoxia reporter MSCs 
at the passages of 6–13 were used for all experiments.

For the cryopreservation of cells, the culture medium was 
supplemented with 20% v/v human serum instead of 10% and 
with an additional 10% v/v of Dimethyl sulfoxide (DMSO; Sigma 
Aldrich, Munich, Germany).

2.5 Generation of hypoxia reporter MSCs

hAD-MSCs were used for lentiviral transduction, to stably 
integrate the HRE-dUnaG sequence (Erapaneedi et al., 2016) as 
described in Erapaneedi et al. A detailed protocol of this method can 
be found in our method book chapter (Fleischhammer et al., 2024).

As an alternative to the cloning process described below, the 
Addgene plasmid #124372 can be directly purchased. As the 
lentiviral transfer vector, the pL-CMV-purom backbone was used 
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and the cytomegalovirus (CMV) promoter and enhancer were 
replaced with the amplified HRE-dUnaG sequence as described 
in previous work (Schmitz et al., 2020). Polymerase chain 
reaction amplification of HRE-dUnaG was executed using specific 
flanking primers with restriction sites for ClaI and BamHI. The 
HRE-dUnaG sequence consists of a minimal human CMV promoter 
(mCMV), which is preceded by five HRE sequence motifs to drive 
the expression of the downstream UnaG protein. The C-terminus of 
UnaG is in frame with a PEST motif as a signal for rapid protein 
degradation.

The pL-CMV-purom-HRE-dUnaG vector was used in a 
second generation lentiviral system in combination with the 
envelope vector pMDG (Addgene plasmid #187440) and the 
packaging vector p8.91 (Addgene plasmid #187441) to 
produce lentiviral particles with HEK293T cells (Kindly 
provided by the Constanca Figueiredo group), using MEXi 
TM (IBA Lifesciences GmbH, Göttingen, Germany) 
transfection medium and 20 µL Polyethyleneimine (1 mg/mL; 
linear, MW 25 000; PEI 25K; Polysciences Europe GmbH, 
Hirschberg an der Bergstrasse, Germany) as the transfection 
agent. Viral supernatant was harvested after 48 h, 72 h and 96 h 
of incubation, sterile filtered with a 0.45 µm PES syringe filter 
(qpore® via NeoLab GmbH, Heidelberg, Germany). The 
presence of lentiviral particles was confirmed with a lateral 
flow assay (Lenti-X GoStix or Lenti-X GoStix Plus; Takara 
Bio Inc., Kusatsu, Japan).

MSCs were transduced at passage 2 with the viral supernatant. 
Medium was exchanged with cultivation medium after 6 h of 
incubation with lentiviral particles and cells were maintained for 
at least 2 weeks in S2 facilities to ensure that residual lentiviral 
particles were absent. The supernatant was also tested negative in the 
aforementioned lateral flow assay for lentiviral particle detection.

Efficient transduction with HRE-dUnaG, presence of stem cell 
markers, differentiation potential as well as the oxygen-dependent 
UnaG expression was shown in our previous work (Schmitz et al., 
2020). Hypoxia reporter cells were only used for the visualisation of 
the oxygen gradient. In other experiments, non-transduced MSCs 
were used.

2.6 Cell encapsulation in hydrogels

Encapsulation and cultivation of cells in hydrogels was 
performed as previously described (Pepelanova et al., 2018). 
Briefly, cells were harvested as during routine culture and 1 × 
106 cells per mL of hydrogel were resuspended in 
warm hydrogel.

To encapsulate cells in hydrogel discs, hydrogel moulds were 
poured from room-temperature crosslinking ELASTOSIL® RT 
601 A/B silicone (Wacker Chemie AG, Munich, Germany) in a 
custom-made Teflon mould and cured. The hydrogel mould was 
disinfected with 70% isopropanol for sterilisation and placed in a 
Petri dish (ThermoFisher, Waltham, MA, United States) under a 
laminar flow hood overnight until full liquid evaporation. Each 
silicone mould has multiple hydrogel wells with a diameter of 
6 mm and a 2 mm height. 50 μL of cell-laden hydrogel was 
transferred per mould and polymerised at 1.2 J/cm2 using a UV 
irradiation system at 365 nm (Bio-Link®; Vilber Lourmat, 
Collégien, France).

To encapsulate cells in hydrogel in an oxygen gradient chamber, 
225 µL of hydrogel was polymerised in the gel mould inside the 
bottom chamber part at 1.4 J/cm2 in the same aforementioned UV 
curing system.

2.7 Assembly of gradient chamber

After the polymerisation of the hydrogels in the bottom part of 
the chamber, the (optional) 6 mm glass plate and top part were 
added and fixed with four M2 screws using a sterilised hex key. 
Afterwards, 7 mL of fresh medium were added, ensuring full 
submersion of the oxygen gradient chamber within the medium.

2.8 Non-invasive oxygen measurements 
with oxygen sensor foil

A 10 × 10 mm piece of the self-adhesive SF-RPSu4 oxygen 
measurement foil by PreSens Precision Sensing GmbH (Regensburg, 
Germany) was glued to the bottom of the gradient chamber directly 
onto the surface of the 6-well plate.

The VisiSens ScientifiCal 1.0.2.9 software (PreSens Precision 
Sensing GmbH, Regensburg, Germany) was used and a two-point 
calibration was carried out at atmospheric oxygen by very thinly 
covering the foil with cell culture medium and at 0% oxygen in a 
saturated Na2SO3 solution in cell culture medium after stabilisation 
of the resulting measurement. One oxygen gradient chamber with a 
6 mm glass slide and the uncovered control sample were monitored 
every 24 h for a total period of 8 days after assembly. After 
application of the calibration values, the region of interest (ROI) 
with oxygen sensor foil was manually cropped from each file and 
ROI were placed in front of a black background for 
enhanced contrast.

To yield enough pixels for the data analysis, chamber images 
were divided in a total of 10 horizontal sections of 1 mm width (see 
Supplementary Figure S6; sections 3–8 are positioned under the 
6 mm wide glass slide) and analysed within the VisiSens software. 
The mean oxygen concentration of each segment and standard 
deviation were calculated within the software. As the oxygen sensor 
foil is not translucent, either the hypoxia reporter cell signal could be 
microscopically analysed, or the oxygen sensor foil was used to 
measure the oxygen concentration within the chamber.

2.9 Fluorescence microscopy

Imaging of 2D cell culture and 3D hydrogel discs was carried out 
using the Incucyte S3 (Sartorius AG, Göttingen, Germany). Image 
acquisition parameters were set as follows: Brightfield: automatic; 
green channel: 300 ms exposure time, red channel: 400 ms exposure 
time. For 2D image acquisition, the time-lapse scan function was 
used; for the acquisition of 3D hydrogel discs, a whole well scan was 
executed. Instead of using the intrinsic autoscaling function of the 
Incucyte software during export, the export parameters were 
adjusted for all experiments. For 2D cell culture experiment: 
green channel–min: 25, max: 500; red channel: min: 1.4, max: 
6.2; For 3D high DoF hydrogel discs with 5% GelMA: green 
channel–min: 4, max: 1,400; red channel–min: 1.5, max: 5.5; For 
3D low DoF hydrogel discs with 7.5% GelMA: green channel–min: 
4, max: 1,400; red channel–min: 0.4, max: 3. For 3D high DoF 
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hydrogel discs with 5% GelMA covered with 8 mm glass slide: green 
channel–min: 16, max: 81; red channel–min: 1.4, max: 6.2.

For the microscopy of the oxygen gradient chamber, a BioTek 
Cytation 5 Cell Imaging Multimode Reader (Agilent Technologies 
Inc., Santa Clara, United States) with the following exposure settings 
within the Gen5 V3.10 software was used: Bright field; light emitting 
diode (LED) intensity: 4; exposure time: 100 ms; gain: 1.1; GFP 
channel (469/525 nm): LED-intensity: 5; exposure time: 200 ms; 
gain: 10. Texas Red channel (586/647 nm): LED-intensity: 10; 
exposure time: 2,800 ms; gain: 10. Depicted images are either one 
representative image from a Z-stack with 40 µm distance between Z 
layers (PI stain) or from a Z-stack projection to a single plane with 
standard software parameters (hypoxia signalling), which is 
indicated under the respective graph.

For the display of the hydrogel discs after tirapazamine 
treatment and for the visualisation of the gradient chambers, the 
area of the hydrogel was manually cropped after exporting of the 
whole-well image, and each cropped image was placed in front of a 
black background for enhanced contrast.

2.10 Tirapazamine treatment

For 2D experiments, 6,000 MSCs were seeded per well of a 96- 
well plate (Sarstedt, Nümbrecht, Germany) the day before 
incubation with tirapazamine (TPZ, Merck, Germany) and 3D 
hydrogel discs were prepared as described above.

TPZ was diluted from a stock solution in dimethyl sulfoxide 
(DMSO) in supplemented cell culture medium at a final 
concentration of 400 μM, 200 μM, 100 μM, 50 μM, 25 μM, 
12.5 µM and 6.25 µM. Medium was aspirated from cells or 
hydrogels 24 h after seeding and exchanged with the 
respective TPZ-containing or TPZ-free (mock-treated) 
medium. Throughout this study, samples cultured in a 
conventional humidified incubator at 37 °C and 5% CO2 

without active oxygen control are referred to as “normoxic” 
samples, describing the non-controlled gas-phase culture 
condition. Hypoxia samples were incubated for 24 h at 2.5% 
oxygen in an oxygen control incubator (C16; Labotect Labor- 
Technik-Göttingen GmbH, Göttingen, Germany), while 
normoxia samples were incubated in a conventional 
humidified incubator. To keep sample description as brief as 
possible, samples that were incubated without additional 
lowering of the oxygen in the gas phase are “coined” as 
“normoxic”, even though the resulting oxygen tension within 
a humidified incubator with 5% CO2 are not at atmospheric 
levels (Wenger et al., 2015).

For the treatment of cells in oxygen gradient chambers, 
chambers were seeded with MSCs as described above and 
incubated for 48 h. Half of the samples were then covered with a 
glass slide and all samples were incubated for 24 h to induce an 
oxygen gradient in the covered samples before TPZ addition. To 
minimize potential differences in TPZ diffusion between covered 
and uncovered regions of hydrogels, chambers were disassembled 
and incubated with 200 µM TPZ in cell culture medium for 1 h. 
After incubation, chambers were reassembled and incubated with 
the TPZ-containing medium for another 24 h before further 
analysis. A schematic representation of the process is shown in 
Supplementary Figure S5.

2.11 CellTiter-Blue® cell viability assay

After 24 h of TPZ treatment, cells from incubation under 
reduced oxygen tension (2.5% O2) were reoxygenated for 3.5 h at 
atmospheric oxygen tension in a humidified incubator at 37 °C with 
5% CO2. Afterwards, the CellTiter-Blue® (CTB; Promega 
Corporation, Madison, WI, United States) solution was 1: 
10 diluted with prewarmed unsupplemented α-MEM and 100 µL 
of this solution were added per well. The CTB test was executed 
according to the manufacturer’s instructions and six technical 
replicates were prepared per sample, including a cell-free 
background control. Cells were incubated for 2.25 h and the 
fluorescence was measured (Excitation: 544 nm, Emission: 
590 nm) with a microplate reader (Fluoroskan Ascent, Thermo 
Fisher Scientific Inc., Waltham, MA, United States). The mean of the 
cell-free replicates was subtracted from all measurements of each 
plate, followed by normalisation to the mean of the mock-treated 
control samples, resulting in a relative viability to control.

2.12 Live/dead cell staining

Medium was aspirated and cells or hydrogels were covered with 
1.5 μg/mL propidium iodide (PI; Sigma Aldrich Chemie GmbH, 
Munich, Germany) and/or 7 µM calcein acetoxymethyl ester 
(Calcein-AM; Merck KGaA, Darmstadt, Germany) in 
unsupplemented α-MEM. Cells cultivated in 2D were incubated 
for 10 min, while 3D hydrogel samples were incubated for 30– 
40 min. Hydrogels were stained outside of the respective cultivation 
chamber in a separate well of a 24-well plate (Sarstedt, Nümbrecht, 
Germany) to reduce staining solution volume.

2.13 Analysis of 3D microscopy data

For the analysis of hydrogel discs, the number of propidium 
iodide stained cells per area was calculated from three different areas 
of 500 x 500 pixel (px) size per hydrogel from a total of three 
different hydrogel replicates per TPZ concentration. For the 
automated analysis, Fiji/ImageJ 1.54p was used. First, a “top hat” 
filter (r = 3 px), then a “variance” filter (r = 1 px) and lastly a 
“median” filter (r = 3 px) were used. Then, objects were highlighted 
with “find edges”, followed by a “despeckle” action. Lastly, images 
were binarised and particles between the size of 10–100 px2 and with 
a circularity of ≥0.3 were counted, including “hollow” particles.

For the analysis of segments within the oxygen gradient 
chamber, each chamber was horizontally divided into 
10 segments of equal width and length. The number of 
propidium iodide stained cells per segment was calculated with 
Fiji/ImageJ 1.54p. First, the contrast was enhanced by 0.2%, then a 
“top hat” filter (r = 3 px) was used, followed by binarisation. Lastly, 
images were binarised and particles between the size of 3–100 px2 

and with a circularity of ≥0.3 were counted.

2.14 Calculation of IC50 values

TPZ concentration causing a 50% reduction in cell viability 
(50% inhibitory concentration; IC50) was calculated from the 
acquired data in Microsoft Excel (Microsoft Corporation, 
Redmond, WA, United States) using the solver tool with the 
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GRG non-linear algorithm and standard parameters to minimise the 
sum of squared errors between measured and calculated viabilities 
using the following formula: 

y � min +
max -min

1 + x
IC50
􏼐 􏼑

Hill coefficient

with x = concentration, y = response (cell viability in %), min = 
minimum asymptote (plateau) of curve, max = maximum 
asymptote (plateau) of curve, Hill coefficient = steepness of 
curve, IC50 = concentration causing a 50% reduction of cell 
viability (half-maximum concentration).

Calculations for 3D samples were executed in the same fashion 
but from the relative toxicity to control derived from the 
microscopy data.

2.15 Statistical analysis and visualisation

All shown data derived from one single donor, the number of 
replicates is indicated under each graph. Data are shown as mean 
value with error bars indicating standard deviation (SD) in 
positive and negative direction unless indicated otherwise. 
Data were tested for normal distribution via Shapiro-Wilk 
test and variance homogeneity was tested with Levene’s test. 

Statistical significance was assessed with a two-sided Welch’s 
t-test, applying a Bonferroni correction. Shown asterisks depict 
the respective Bonferroni-adjusted p-values. Significance was 
assumed for p-values of 0.05 or smaller. Graphs were generated 
with Origin Pro® 2025 (OriginLab Corporation, Northampton, 
MA, United States).

2.16 Use of generative artificial intelligence

Generative artificial intelligence (GPT-5.5 Thinking, OpenAI) 
was used for spelling and grammar correction. All scientific content, 
data interpretation and phrasing were reviewed and approved by the 
authors.

3 Results

3.1 Chamber design and manufacturing

In order to create in vitro gradients in 3D hydrogel constructs, 
which can be easily monitored with a conventional microscope, we 
developed a simple oxygen gradient chamber which utilises limited 
oxygen diffusion. The design of the 3D hydrogel oxygen gradient 
chamber is shown in Figure 1. The chamber consists of a bottom 

FIGURE 1 
Schematic representation of 3D hydrogel oxygen gradient chamber. (A) Isometric exploded view of oxygen gradient chamber. (B) Isometric view 
(left) and top view (right) of assembled oxygen gradient chamber and depiction of expected resulting oxygen gradient inside the hydrogel. (C) Photograph 
of the assembled gradient chamber glued to the bottom of a conventional cell culture 6-well plate. (D) Technical drawing of bottom part (left) and top part 
(right) of the chamber with dimensions presented in mm.
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part that serves as a mould for the hydrogel and a top part that 
enables mechanical fixation of the glass cover above the hydrogel 
(Figures 1A,B). The top part has an indentation on both sides that 
fits the 6 mm wide glass slide, clearance holes for the fixation screws 
and it is secured with M2 screws that screw into the bottom part’s 
threads. The oxygen gradient chamber was designed for 

compatibility with conventional cell culture ware and was glued 
to the bottom of a 6-well plate for its cultivation and subsequent 
analysis (Figure 1C). The respective. STL files are provided in the 
Supplementary Material.

While the bottom construct of the oxygen gradient chamber has 
a nominal capacity of 200 μL, it was filled with 225 µL to ensure 

FIGURE 2 
Spatiotemporal changes in the oxygen gradient chamber with high DoF Gelatine methacryloyl hydrogel with and without glass coverage from 3 h 
until 8 days after glass mounting. (A) Spatial distribution of oxygen concentration within one oxygen gradient chamber with and without glass cover. Scale 
bar represents 1 cm. (B) Spatiotemporal quantification of oxygen concentrations in each segment per day. Data are shown as mean ± SD within each 
segment. (C) Schematic representation of segmentation used within the VisiSens software for the quantification of the oxygen concentrations within 
the oxygen gradient chamber.
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direct contact between the hydrogel surface and the mounted glass 
slide. The glass covers the central region of the hydrogel and thereby 
blocks oxygen exchange between the hydrogel and the cell culture 
medium in which it is submerged. Oxygen exchange is still possible 
in the non-covered peripheral regions of the hydrogel. This setup 
was expected to result in the lowest oxygen concentrations where the 
diffusion distance is the largest, with oxygen concentrations 
bidirectionally increasing towards the non-covered hydrogel areas 
(Figure 1B, right).

An oxygen sensor foil can optionally be integrated into the 
chamber on the bottom to allow spatiotemporally resolved oxygen 
quantification during cultivation (Figure 1A). The technical 
drawings in Figure 1D show the exact dimensions of top and 
bottom parts in mm.

3.2 Characterisation of resulting 
oxygen gradient

To evaluate oxygen gradient formation inside the chamber, non- 
modified MSCs were embedded in the high DoF GelMA hydrogel 
and the spatiotemporal oxygen concentration within hydrogel 
segments after glass mounting was measured using a 
phosphorescence-based oxygen sensor foil for a time period of 
over 1 week. Additionally, hypoxia reporter MSCs were 
embedded in the GelMA hydrogel and UnaG fluorescence 
reflecting HIF1α stabilization was analysed over time after the 
glass was mounted on top of the hydrogel.

3.2.1 Visualisation and quantification of oxygen 
concentrations in gradient chamber segments

To quantify the spatiotemporal changes within the oxygen 
gradient chamber, oxygen sensor foils were integrated on the 
bottom of the chamber and the oxygen concentration was 
monitored over the duration of 8 days (Figure 2A). A non- 
covered sample (top row) served as a control which was 
compared to a sample covered with a 6 mm glass slide (bottom 
row). For subsequent quantification, the full hydrogel area was 
horizontally segmented within the VisiSens software into a total 
of 10 segments, as shown in Figure 2C. Segments 3–8 are placed 
under the glass slide, while segments 1–2 and 9–10 are not covered.

In the non-covered control chamber, the oxygen concentration 
initially showed a slight reduction within the central region 3 h after 
assembly, with central oxygen values ranging around 5% O2 in the 
middle of the chamber, while outer segments showed a higher 
concentration of 6%–6.5% O2 (Figures 2A,B). The central 
reduction in O2 disappeared in the following days of cultivation. 
However, a slight decrease in the oxygen concentration from the rear 
part of the chamber to its front was observed in the control.

In the chamber covered with the 6 mm glass slide, a central 
reduction of the oxygen concentration was detectable 3 h after glass 
mounting, and a similar shape of gradient initially also formed in the 
non-covered sample, indicating the initiation of the formation of a 
radial bidirectional gradient. After 24 h of glass coverage, a distinct 
oxygen gradient had formed only in the glass-covered chamber. The 
lowest O2 concentrations were measured in the mid segment 
underneath the cover with the largest distance to the peripheral 
non-covered oxygen exchange surface. Oxygen concentration 

decreased to just under 1% O2, while peripheral regions showed 
a concentration of approximately 3.5%–4% O2. Compared to the 
non-covered control chamber, the glass-covered sample displayed a 
pronounced oxygen gradient. Even though only segments 3–8 were 
directly covered by the glass slide, oxygen concentrations in non- 
covered peripheral segments were lower in the covered chamber at 
most time points than in the control sample, indicative of a 
bidirectional gradient formation. After an initial stabilisation 
phase during the first days of cultivation, where the measured 
oxygen concentrations were lowest, the oxygen gradient 
remained relatively stable from day 5 after glass mounting 
onwards. During this phase of the cultivation, the lowest oxygen 
concentrations in the central segments ranged around 2% O2, while 
the concentration in the outer segments increased to values between 
5%–6% O2.

3.2.2 Visualisation of oxygen gradient with the 
hypoxia reporter cells

To assess the cellular response to the oxygen gradient generated 
inside the chamber, hypoxia reporter MSCs were embedded in the 
oxygen gradient chamber and analysed via fluorescence and 
brightfield microscopy over 10 days after mounting of the glass 
slide (Figure 3). A distinct UnaG-based hypoxic signal was detected 
within the central region of the hydrogel underneath the glass cover 
at 24 h after the cover was mounted, indicative of the formation of a 
hypoxic region within the hydrogel. Different layers within the 
hydrogels’ Z-axis did not reveal differences within the Z-axis 
layers (Supplementary Figure S1). The region with hypoxia 
reporter signal expanded with continued cultivation, and 
stabilised at days 4 and 5 after the glass was mounted. 
Microscopic images covering the complete hydrogel width are 
shown in Supplementary Figure S2 and are indicative of hydrogel 
contraction in the outer regions of the hydrogel. Contrasting to the 
presence of fluorescent hypoxia reporter signal during the first 
5 days in low DoF hydrogel, hypoxia reporter signalling was only 
present for the first 18 h in a high DoF hydrogel with the same setup 
conditions (Supplementary Figure S3).

3.3 Application of hypoxia-activated 
prodrug tirapazamine (TPZ)

To investigate whether the generated oxygen gradient can be 
applied to test spatially dependent drug responses, tirapazamine 
(TPZ) was used as a hypoxia-activated model prodrug. TPZ 
cytotoxicity was first evaluated under defined normoxic (21% O2) 
and hypoxic (2.5% O2) conditions in 2D culture and 3D GelMA 
hydrogel discs, before the compound was used within the oxygen 
gradient chamber.

3.3.1 TPZ toxicity in 2D cell culture

The cytotoxic effect of TPZ was first evaluated in MSCs in a 2D 
cell culture setting in normoxic and hypoxic conditions. Cells were 
incubated for 24 h with TPZ concentrations ranging from 6.25– 
400 µM either at atmospheric oxygen (21%) or hypoxia (2.5%). Cell 
viability was then assessed with live/dead cell staining as well as with 
CTB-based quantification of cell viability (Figure 4).
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As shown in Figure 4A, the live/dead cell staining revealed a 
strong oxygen-dependent increase of TPZ-induced cytotoxicity. The 
number of viable cells, indicated by Calcein-AM fluorescence, is 
decreased in the hypoxic samples in a dose-dependent manner. Only 
a few viable cells with rounded morphology are detectable in the 
highest TPZ concentrations in the samples cultivated at 2.5% O2, 
while in the normoxic samples only some reduction in confluency 
was observed. Similarly, the propidium iodide staining confirmed 
the oxygen-dependent increased TPZ cytotoxicity, with more dead 
cells in the hypoxia samples than for the corresponding TPZ 
concentration in normoxia samples.

The quantification of the cell viability using a CTB assay 
confirmed this observation (Figure 4B). Under normoxic 
conditions, TPZ concentrations ≤50 µM did not result in a 
significant reduction in cell viability compared to the mock- 
treated control. Contrastingly, all TPZ concentrations tested at 
2.5% O2 resulted in a significantly reduced viability compared to 
the respective concentration that was cultivated at 21% O2 and even 
the lowest tested TPZ concentration of 6.25 µM reached a relative 
viability to control of approximately 65%. Thus, the calculated IC50 

values for MSCs were 148.7 μM at 21% O2 and 20.4 μM at 2.5% O2, 

showing a 7.2-fold increase in cytotoxicity.

3.3.2 TPZ toxicity in 3D hydrogel discs

TPZ toxicity was next investigated in 3D GelMA hydrogel discs 
in both 7.5% low DoF and 5% high DoF GelMA under normoxic 
and hypoxic conditions.

The storage modulus G′ of the 7.5% low DoF hydrogel was 
determined to be 110 Pa, while G′ for the 5% high DoF hydrogel was 
1,570 Pa. The degree of functionalisation was determined by TNBS 
assay to be 29.3% for the low and 99.55% for the high DoF hydrogel, 
respectively.

Hydrogel discs with encapsulated cells were treated with TPZ 
concentrations ranging from 6.25–400 µM either for 24 h at 
atmospheric oxygen levels or at hypoxia (2.5%). Cell viability was 
subsequently assessed via live/dead cell staining of the whole discs 
(Figure 5 for high DoF; Supplementary Figure S4 for low DoF). In 
both GelMA batches, a similar oxygen-dependent TPZ toxicity was 
observed: Viable cells were still present under normoxic conditions 
even after treatment with the highest TPZ concentration of 400 μM, 
showing the strongest Calcein-AM signal around the outer rim of 
the discs. Contrastingly, hypoxic cultivation at the same 
concentration resulted in very low viability. Quantification of the 
images revealed that 400–100 µM TPZ showed a 4.6-times higher 
cytotoxicity at 2.5% O2 compared to atmospheric O2 and still a 
significantly increased cytotoxicity after hypoxic culture when 
compared to normoxic culture for 50 µM TPZ (Figure 5C). The 
calculated IC50 value at hypoxia was 47.3 µM, while for the normoxic 
samples, no significant trend in hypoxia-increased cytotoxicity was 
observed.

3.3.3 TPZ toxicity in gradient chamber

Lastly, TPZ was applied in oxygen gradient chambers to evaluate 
whether the created oxygen gradient within the chamber resulted in 
region- and thus hypoxia-dependent cytotoxicity after 24 h of 
incubation. Chambers were assembled with or without a 6 mm 
wide glass cover and therefore an oxygen gradient was created before 
the addition of 200 µM TPZ. The experimental workflow is shown in 
Supplementary Figure S5. Cytotoxicity was then assessed with 
propidium iodide staining (Figure 6). The experimental setup 
and selected segmentation used during the analysis are shown in 
Supplementary Figure S6.

In both TPZ-treated oxygen gradient chambers, an increased 
number of dead cells was present when compared with the TPZ-free 

FIGURE 3 
Brightfield (top) and fluorescence (bottom) microscopy of hypoxia reporter MSCs in oxygen gradient chamber at day 1–10 after glass mounting. 7.5% 
w/v low DoF GelMA seeded with 1 × 106 MSCs per mL of hydrogel. Z-stack projection to single image plane of whole construct thickness acquired with 
BioTek Cytation 5. (A) Microscopy of the whole chamber on day 1 after glass mounting. Scale bar: 1 cm. (B) Microscopy of middle section of gradient 
chamber on day 1–5 after glass mounting. White dotted line in the chamber sketch (left) indicates the depicted microscopy area. Cells are derived 
from n = 1 donor, and n = 1 technical replicates are shown. Scale bar: 500 µm.
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controls (Figures 6A,B). Both TPZ-free controls showed a low 
number of dead cells, with no increase in the glass-covered area, 
indicating that the process of covering the hydrogel did not induce 
substantial cell death during the investigated cultivation period. 
Images acquired at different focal planes along the hydrogel Z-axis 
showed a comparable spatial distribution of PI-positive cells without 
pronounced Z-dependent differences (Supplementary Figure S7). 
While TPZ treatment resulted in some increased cytotoxicity in the 
TPZ-treated but non-covered sample, the number of non-viable 
cells was strongly increased under the glass covered region. This 
indicates that TPZ-induced cytotoxicity was indeed enhanced in the 
core hypoxic region of the chamber where oxygen concentration 
was the lowest.

3.4 Further applications of oxygen 
gradient chamber

To evaluate whether the geometry of the chamber could be 
adapted to cover a broader area of the hydrogel, an alternative top 
part for the integration of an 8 mm wide glass slide was designed 
(Figure 7A). The corresponding. STL file is provided as a 

Supplementary Material. After 24 h of cultivation with an 8 mm 
glass slide, hypoxia reporter MSCs embedded in 5% high DoF 
GelMA showed a distinct and widened UnaG-based hypoxia 
reporter signal underneath the covered area (Figure 7B) with 
only few non-viable cells detectable in the propidium iodide stain.

Furthermore, a casting comb was designed to enable the 
generation of three segments of different hydrogel composition 
during the pouring of the gel in order to create a gradient that is 
perpendicular to the bidirectional oxygen gradient (Figure 7C). The 
anticipated shape of the resulting dual gradients is illustrated in 
Figure 7D. Potential applications include the introduction of a 
stiffness gradient, a cell seeding density gradient, a gradient with 
a different seeding density of an additional cell type for co-culture or 
a gradient of bioactive molecules (Figure 7E).

4 Discussion

Given hypoxia’s central role in pathological and physiological 
processes, relevant in vitro models must be developed. Although 
many different setups have been established and these systems have 

FIGURE 4 
Comparison of tirapazamine (TPZ) toxicity at 0–400 µM in 2D cell culture of MSCs after 24 h of hypoxic (2.5% O2) or normoxic (21% O2) incubation. 
(A) Fluorescence microscopy of live/dead cell staining with Calcein-AM (green, upper row) and Propidium iodide (red, lower row) after normoxic (21% O2, 
top) and hypoxic (2.5% O2, bottom) cultivation. Images acquired with Incucyte S3. Scale bar: 800 µm. (B) Quantification of relative viability to control via 
CTB cell viability assay. Cells are derived from n = 1 donor, and n = 6 technical replicates were analysed. Data are shown as mean ± SD of six 
replicates. n. s. – not significant, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 5 
Comparison of tirapazamine (TPZ) toxicity at 0–400 µM in 5% high DoF 3D hydrogel discs seeded with 1 × 106 MSCs per mL of hydrogel after 24 h of 
hypoxic (2.5% O2) or normoxic (21% O2) incubation. Fluorescence microscopy of (A) full hydrogel construct (Scale bar: 3 mm) and (B) Representative 
magnified view of a selected area (Scale bar: 800 µm) after live/dead cell staining with Calcein-AM (green, upper row) and Propidium iodide (red, lower 
row) after normoxic (21% O2, upper rows) and hypoxic (2.5% O2, lower rows) cultivation. One representative image shown of a total of 3 single-plane 
images acquired with Incucyte S3. (C) Quantitative analysis of the relative cytotoxicity to control of TPZ, generated by analysis of PI-stained cells per 
image. Cells are derived from n = 1 donor, and n = 3 technical replicates were analysed. Data are shown as mean ± SD of three replicates. n. s. – not 
significant, **p < 0.01, ***p < 0.001, ****p < 0.0001. DoF = Degree of functionalisation, GelMA = Gelatine methacryloyl.
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also contributed to the understanding of oxygen-dependent cell 
behaviour, most are only applicable to 2D cell culture and a majority 
also require complex handling procedures in order to prepare or 
analyse samples and many cannot be monitored with a standard 
inverted microscope. This can limit their implementation into a 
standard cell culture laboratory.

The aim of the present study was to develop and characterise a 
simple and low-cost 3D hydrogel-based oxygen gradient chamber 
that can be manufactured by 3D printing and used within 
conventional cell culture ware. The chambers rely on the partial 
coverage of a cell-laden hydrogel with a glass slide, which locally 
restricts the O2 exchange between the hydrogel and the surrounding 
cell culture medium, while oxygen exchange remains possible in the 
non-covered, peripheral regions. The cellular oxygen consumption 
contributes to lowered oxygen levels underneath the covered central 
region. The oxygen gradient chambers form a spatial oxygen 
gradient without the need for gas perfusion, external pumps or 
complex chamber or microfluidic geometries. Since the chamber can 
be integrated into a standard 6-well plate and analysed with 
conventional microscopy systems, it provides increased 
accessibility for the targeted generation of oxygen gradients in 
3D hydrogel cultures.

Direct oxygen measurements using integrated oxygen sensor 
foils confirmed the presence of a distinct, spatially defined oxygen 
gradient. In non-covered control chambers, only a slight and 
transient gradient was detected during the early cultivation stage 
in its central region. Contrastingly, glass-covered chambers showed 

a decrease in oxygen concentration underneath the covered area. 
The higher variability of oxygen concentrations observed at the 
hydrogels rim may be related to changes in hydrogel geometry. 
Although the hydrogels were designed to fit flush with the chamber, 
some lateral access of medium between the hydrogel and the bottom 
construct cannot be excluded, which would increase the effective 
diffusion surface and could contribute to the observed edge effects. 
Furthermore, there could be a possible contribution of the printing 
material, which does show some autofluorescence and could have 
influenced the measurements with the sensor foils, or used adhesives 
that were both not directly assessed. Following an initial stabilisation 
period where oxygen levels in the central regions transiently 
dropped to just under 1% and peripheral regions measured 
approximately 4%, the gradient remained relatively stable in its 
shape and the measured spatial oxygen values from day 5 onwards. 
The increase of oxygen levels after the initial low-oxygen phase may 
be due to changes in cellular adaptation to the microenvironment 
and should be considered when planning the experimental setup 
and time frames. The central oxygen value stabilised afterwards at 
2% O2 in the central region underneath the glass slide and varied 
between 5%–6% in the peripheral region. The measured oxygen 
levels within the gradient are known to induce HIF-dependent 
response in many cell types while still facilitating cell survival 
(Malda et al., 2007; Pattappa et al., 2019; Schmitz et al., 2020; 
Volkmer et al., 2008). A bidirectional oxygen gradient over 
several days was maintained without the need of active external 
manipulation. Though the oxygen sensor foils were used as a crucial 

FIGURE 6 
Spatially dependent tirapazamine-induced cytotoxicity in the oxygen gradient chamber (proof-of-concept). (A) Propidium iodide stain of oxygen 
gradient chambers seeded 1 × 106 MSCs per mL of a 5% high DoF hydrogel, cultivated with or without a 6 mm glass cover and treated with or without 
200 µM tirapazamine (TPZ) for 24 h. Cells are derived from n = 1 donor, and one chamber per condition was analysed as a proof-of-concept experiment. 
For each condition, three representative segments of the chamber are shown, corresponding to peripheral (upper and lower row) and central regions 
(middle row) of the hydrogel. One single plain shown from an acquired Z-stack with BioTek Cytation 5. Scale bar: 1,000 µm. (B) Quantification of dead 
cells per segment. TPZ = Tirapazamine; PI = Propidium iodide; GelMA = Gelatine methacryloyl.
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validation approach, they could not be implemented in all 
experiments due to their lack of translucency. The integration of 
a different oxygen measurement method, such as commercially 
available oxygen sensor beads, could circumvent this limitation 
in future experiments.

In addition to direct oxygen measurements, hypoxia reporter 
MSCs were used to evaluate the biological response to the generated 
oxygen gradient. These reporter cells have previously been 
established as a tool for monitoring cellular hypoxia in 2D and 
3D culture systems (Schmitz et al., 2020; 2022). This reporter system 
is based on HIF-1-dependent expression of the fluorescent protein 
UnaG. Previous studies demonstrated that UnaG fluorescence 
negatively correlates with oxygen concentration, providing a 
quantitative readout (Dienemann et al., 2023; 2025; Schmitz 
et al., 2020). Hypoxia reporter MSCs seeded inside the oxygen 
gradient chamber showed a distinct fluorescence signal in the 
central hydrogel region already 24 h after glass mounting, 
corresponding to the area with the largest diffusion distance to 
the non-covered hydrogel areas. The hypoxia reporter signal 
expanded with increasing cultivation time until it stabilised at 
day 4 and day 5. Oxygen profiles in 3D cell culture constructs 
cannot only be influenced by diffusion, but also by cellular 
proliferation and oxygen consumption adjustment, matrix 

remodelling or hydrogel contraction/swelling throughout its 
cultivation (Carroll et al., 2021; Colom et al., 2014; Fiedler et al., 
2014; Malda et al., 2007; Schmitz et al., 2022; Volkmer et al., 2008; 
Wagner et al., 2011). Hydrogel contraction, as observed in the 
peripheral areas of the chamber, may alter the geometry in such 
a way that it changes diffusion area over time and thus needs to be 
kept at a minimum for best reproducibility of results.

Interestingly, reporter MSCs encapsulated in high DoF GelMA 
showed hypoxia reporter signalling only during the initial period 
after glass mounting. This difference between the cellular reactions 
to low and high DoF GelMA may be related to differences in 
hydrogel stiffness, pore size, cell-mediated contraction and the 
resulting cellular activity. The reduction in cellular reporter signal 
intensity in stiffer hydrogels is consistent with the findings of 
Schmitz et al. who demonstrated that hypoxia signalling in 
GelMA-based 3D cultures of higher stiffnesses is not mainly 
reduced due to lower hydrogel oxygen permeability, but is 
mediated by cellular adaptations to hydrogels with higher storage 
moduli (Schmitz et al., 2022). However, the present study did not 
aim to systematically investigate the mechanisms underlying the 
different reporter responses in low and high DoF GelMA. While the 
hypoxia reporter signal does not reproduce the initial oxygen 
minimum detected by the direct oxygen measurement, this does 

FIGURE 7 
Possible variations of oxygen gradient chamber setup, such as variation of glass width and introduction of orthogonal gradients within hydrogels. (A) 
Schematic comparison of oxygen gradient chamber covered with a 6 mm (left) or 8 mm (right) glass slide. (B) Fluorescence microscopy of hypoxia 
reporter MSCs in 5% high DoF GelMA after 24 h of covering with a glass slide of 8 mm width. Images show dead cell staining with Propidium iodide (red, 
left) and UnaG-based hypoxia signalling (green, middle) as well as the overlay of dead cell stain and hypoxia signalling (right). Images acquired with 
BioTek Cytation 5. Scale bar: 3 mm. (C) Application of a casting comb during hydrogel pouring, allowing for 3 segments with different hydrogel 
composition. (D) Anticipated shape of oxygen gradient and orthogonal gradient within oxygen gradient chamber. Dotted line marks the area covered by 
6 mm glass slide. (E) Examples for potential orthogonal gradients. Mio. = Million, Pa = Pascal, conc. = concentration.
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not necessarily represent a contradiction between the two readouts. 
The early oxygen minimum detected by the sensor foils may indicate 
the initial establishment of the gradient underneath the glass- 
covered region, but the fluorescent protein accumulation within 
the cells is delayed by several hours after transfer of cells to the 
hypoxic environment. While Schmitz et al. showed some increase in 
hypoxia reporter signal during the first 10 h after hypoxic incubation 
at 2.5%, the highest signal intensity was detected 24 h after transfer 
to hypoxic culture (Schmitz et al., 2020). Thus, the differences 
between these measurements may be due to the temporal offset 
between the introduction of oxygen limitation and the cellular 
response, which should be further investigated in future studies.

In this study, cells isolated from one single donor were used and 
present a limitation of this work, which may restrict the 
generalisability of the cellular response in the gradient, as well as 
the gradient profile itself. Moreover, since, different cell types have 
different oxygen consumption rates and metabolic activity, any 
gradient profile created with the presented system must be 
characterised for each cell type intended to be used in future 
experiments. An overall limitation of this used gradient 
characterisation set-up with oxygen sensor foils and hypoxia 
reporter cells is that the oxygen gradient across the hydrogel 
thickness is not quantitatively resolved in Z-axis direction. 
Oxygen was quantitatively measured only at the hydrogel-foil 
interface at the construct bottom, whereas the hypoxia reporter 
cell signalling Z-stacks provide qualitative information the hypoxic 
regions within the constructs. Thus, while our data support the 
formation of 3D oxygen gradient, the exact shape of the O2 profile 
along the Z-axis would benefit from the future determination using 
advanced microsensor techniques or computational modelling.

As a proof-of-concept, the hypoxia-activated prodrug 
tirapazamine (TPZ) was used to investigate whether the 
generated oxygen gradient would also be able to induce a 
spatially dependent increase in cytotoxicity. TPZ is a bio- 
reductive compound with increased cytotoxicity at low oxygen 
tensions in which radical TPZ-derived intermediates cannot be 
reoxidised due to the lack of oxygen, thus inducing DNA 
damage (Brown, 1993; Denny and Wilson, 2000; Peters and 
Brown, 2002). Although clinical translation of TPZ has been very 
limited, this compound remains a useful model substance for 
evaluating oxygen-dependent cytotoxicity changes in vitro 
(Rischin et al., 2010; Spiegelberg et al., 2019; Von Pawel et al., 2000).

In 2D MSC culture, TPZ showed a significant increase in 
hypoxia-induced cytotoxicity. The calculated IC50 value decreased 
from 148.7 µM under atmospheric oxygen conditions to 20.4 μM at 
2.5% O2. Published TPZ toxicity data at normoxia versus hypoxia 
show that IC50 values generally show higher TPZ potency under low 
oxygen tensions than under normoxia (Guise et al., 2020; Patterson 
et al., 1995; 1997; Saunders et al., 2000). The IC50 values from this 
study are most comparable to those reported by Blaszczak- 
Swiatkiewicz et al., who measured TPZ-induced cytotoxicity in 
A549 lung adenocarcinoma cells after 48 h of incubation that 
resulted in an IC50 of 166.2 μM at atmospheric O2 and 30 μM at 
1% O2 with a 4.61-fold increased cytotoxicity in hypoxia (Blaszczak- 
Swiatkiewicz et al., 2013). IC50 values from literature vary extensively 
as different concentrations of oxygen (most often even anoxia), cells 
and incubation times were used. Consequently, increase in hypoxia- 
dependent cytotoxicity also varied considerably between a 2-fold– 

100-fold increase (Alimohammadvand et al., 2025; Blaszczak- 
Swiatkiewicz et al., 2013; Koch, 1993; Patterson et al., 1995; 1997; 
Saunders et al., 2000).

Hypoxia-associated TPZ cytotoxicity was also present in 3D 
GelMA hydrogel discs. In both low and high DoF GelMA discs, 
incubation with 400 to 100 µM TPZ at 2.5% O2 resulted in a 
significant reduction of viable cells, as quantified by live/dead 
staining. More viable cells were consistently observed at disc 
peripheries, likely due to central oxygen depletion due to 
diffusion limitations. This is similar to findings by Schmitz et al. 
in their study on thick hydrogel discs with hypoxia reporter cells 
(Schmitz et al., 2022). To minimise diffusion effects in future 
investigations, hydrogel disks could be miniaturised and/or the 
spatial distribution of oxygen within the discs could be 
additionally monitored. While TPZ toxicity has been extensively 
studied in 2D cell cultures, spheroids or directly in vivo (Close and 
Johnston, 2022; Evans et al., 2020; Wan et al., 2016), only few 
publications investigated the use of TPZ in scaffold-based 3D cell 
culture settings (Lu-Chinh Phan et al., 2020; Ornell et al., 2019). To 
our knowledge, the effect of TPZ in hypoxia versus normoxia has 
been compared only once in a silk-scaffold approach with 
neuroblastoma cells with no direct reporting of IC50 values 
(Ornell et al., 2019). While IC50 values have been reported for 
Matrigel-based hydrogels with TPZ without additional oxygen 
control during the culture (Lu-Chinh Phan et al., 2020), the 
current number of publications is very limited. This present 
study estimated an IC50 value for MSCs at atmospheric oxygen 
levels of 148.7 µM in 2D vs. >400 µM in 3D hydrogel discs, and of 
20.4 µM in 2D vs. 47.3 µM in 3D hydrogel discs at hypoxia (2.5% 
O2), indicating that substantially higher TPZ concentrations are 
required to achieve equivalent cytotoxicity in 3D GelMA hydrogel 
cultures and thus emphasising the importance of selecting an 
appropriate culture model for drug response testing.

Lastly, TPZ was applied within the oxygen gradient chamber to 
test whether the created oxygen gradient also translated into a 
spatially defined cytotoxic response. Oxygen gradients were 
generated by mounting of glass slides for 24 h before the 
addition of 200 µM TPZ for 24 h. TPZ-treated samples showed 
an overall increased number of dead cells compared with untreated 
controls, but only the glass-covered sample showed an additional 
increase in the central region of the sample where the oxygen 
limitation is most pronounced. Thus, the oxygen gradient 
chamber converted a physical oxygen gradient into a biologically 
and pharmacologically relevant readout. Though the spatial 
difference in TPZ-induced cell death was clearly detectable and 
in agreement with the oxygen gradient’s shape, the non-covered 
regions of the chamber also showed lower oxygen concentrations 
that induced residual TPZ toxicity, likely due to moderate hypoxia 
(4%–6% O2). Although our experimental design was aiming to 
equalise TPZ exposure and accord for potential diffusion 
limitations created by glass coverage, we cannot fully exclude 
differences in the local drug concentration in the presence or 
absence of the glass cover. However, the spatial pattern of 
cytotoxicity supports the conclusion that the observed effect in 
primarily driven by oxygen-dependent TPZ activation rather 
than by differences in drug distribution alone. Generally, it 
cannot be excluded that diffusion limitations of TPZ played an 
additional role and the different assessment of local TPZ 
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concentrations should be used in future studies to elucidate the 
extent of additional diffusion limitations.

GelMA hydrogel was used in this study because of its high 
transparency, good biocompatibility and mechanical tunability, 
making it an excellent candidate for microscopy-based 3D 
culture experiments (Chai et al., 2026; Pepelanova et al., 2018; 
Shirahama et al., 2016). However, the presented chamber is not 
limited to GelMA only and could be used with different hydrogels, 
which is an advantage for tissue engineering and disease modelling 
applications. One limiting factor for the matrix of choice is that 
hydrogel swelling must not be excessive in order to enable 
subsequent glass mounting without too much additional 
pressure. Another limitation of this study is the potential 
additional influence of the hydrogel stiffness and potential 
cellular reaction due the compression in samples with mounted 
glass plates on top. Even though we did not have any indication for 
glass-induced cytotoxicity, or changes in the cells’ reaction to 
different mechanotransduction, during the adaptation of the 
oxygen gradient chamber to different hydrogels and/or cell types, 
seeding densities and hydrogel composition should therefore be 
optimised to meet the demands of the specific experiment. Future 
investigations could also include the integration of orthogonal 
gradients that could be of interest for, but are not necessarily 
limited to, cell migration experiments, co-culture effects and 
testing of concentration gradients of bioactive or 
pharmacological molecules.

The oxygen gradients presented in this work are established by 
diffusion and defined by the chamber geometry, presence of glass 
covers as well as by metabolic activity of the embedded cells. 
Although, based on this design we expect the gradients be stable 
over the time ranges used in our experiments, longer cultivation 
periods can lead to increased cell density and changes in metabolic 
demand, leading to changes of local oxygen concentrations. 
Moreover, batch-to-batch variability of hydrogels and media 
exchange may introduce differences in absolute oxygen 
concentrations and gradient profile. Future studies will benefit 
from systematic quantification of gradient stability over time 
under different cell densities, used hydrogel materials and 
medium-change schedules. Moreover, the mechanism underlying 
the observed reporter activity after 18 h of cultivation in high-DoF 
GelMA requires further investigation.

Taken together, the present study demonstrates a simple and 
accessible 3D hydrogel-based oxygen gradient chamber. The system 
generates spatial oxygen gradients through the combined effect of a 
diffusion barrier with oxygen depletion caused by cellular 
metabolism. It does not require any pumps, gas channels or gas- 
permeable membranes, introduction of oxygen scavengers, complex 
microfluidics or high-resolution 3D printing. Oxygen gradient 
formation was demonstrated by hypoxia reporter signalling of 
MSCs and directly quantified using oxygen sensor foils. As a 
functional proof of concept, the hypoxia-activated prodrug TPZ 
induced enhanced cell death in the hypoxic region of the chamber, 
while also showing a hypoxia-dependent increase in cytotoxicity in 
2D cell culture and 3D hydrogel discs. This oxygen gradient 
chamber offers a versatile platform for studying hypoxia 
responses and oxygen-dependent drug effects in a 3D 
environment. Its simple geometry and compatibility with 
standard cell culture ware may enable a broader implementation 

of oxygen gradient experiments in biomaterial research, tissue 
engineering and disease modelling.
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