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Control over molecular oxygen concentrations in cell cultures is vital for maintaining normal physiological
functions and modelling pathological conditions. However, current approaches for measuring oxygen are
often invasive or limited in their capability to assess oxygen distribution in large-volume 3D cell cultures
beyond a few hundred microns in depth. In this work, we have developed an adaptable method utilizing
multifocal optical projection microscopy and commercially available fluorescent microsensor beads.
Fluorescent projection images of the beads were acquired while simultaneously measuring oxygen
concentration with an optical fibre-based sensor. A Stern—Volmer calibration curve was then generated
by depleting oxygen with sodium sulfite, allowing fluorescence intensity to be converted into oxygen
concentration. The method was demonstrated to quantify oxygen concentrations at depths beyond
typical 3D cell culture dimensions, up to 21 mm. Fibroblasts were cultured within agarose hydrogels at
varying cell densities (200 000 to 700 000 cells per ml). The results revealed a significant decrease in
oxygen concentration with increasing cell density and depth of the specimen, thus also highlighting the
need for O, measurements in 3D cell cultures. Here we demonstrated that our method is well suited for
minimally invasive quantification of oxygen levels and gradients, especially in large-volume hydrogel-

rsc.li/methods based 3D cell cultures.

1. Introduction

Advances in in vitro cell culture and engineered tissue models
have highlighted the importance of controlling and monitoring
the spatiotemporal distribution of key molecules. Among these,
molecular oxygen (O,) is vital for cell survival and mimicking in
vivo conditions. Typical in vitro cell culture experiments are
done in a 20% O, normoxic atmosphere, while the normal
physiological or physioxic conditions in our tissues approxi-
mately range from 1.1% in the skin' to 13.5% in the alveoli.*
Tumor tissues, which are known to exhibit a lack of oxygen,
have concentrations ranging from 0.3% to 4.2%, whereas the
corresponding healthy tissues range from 3.4 to 6.8%.>
Mimicking different oxygen conditions is required not only for
modelling healthy or tumor tissues, but also for trauma
modelling, where the conditions are hypoxic as in cardiac
ischemia® or ischemic stroke.* In this paper, we demonstrate
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our three-dimensional (3D) cell culture measurement system
and the need to measure oxygen concentrations within the
cultures.

The transition from two-dimensional (2D) to 3D cell culture
models has introduced challenges. As cells also consume
oxygen, it is no longer uniformly distributed throughout the
culture above critical cell densities.”” Consequently, the oxygen
availability within the 3D cell culture depends on factors such as
the rate of cellular oxygen consumption, cell density, scaffold's
diffusion properties, homogeneity, dimensions, and the avail-
ability of oxygen paths such as open-air channels. To address
these limitations, various strategies have been proposed,
including vascularization approaches,'" implementation of
different perfusion systems,'>** and modification of hydrogel
properties.*** However, the current availability for oxygen
measuring methods for these systems remains limited.

Optical fibres with oxygen sensitive dye at the tip can provide
accurate measurements in large samples. However, these
probes are invasive and offer only pointwise
measurements.*"**” Additionally, integrating the probes into
imaging and incubating setups can be challenging, and not well
suited for closed-top organ-on-chip platforms. Several studies
have demonstrated 2D measurements taken from the periphery
of a 3D sample using oxygen sensitive films,'®" spots®** and
oxygen microsensor beads.””* While these surface-based
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measurements provide valuable insight into oxygen concen-
trations and gradients, they lack direct measurements from
within the interior of the 3D sample. A ratiometric method
using custom-made microsensor beads has been developed for
3D cell cultures,” enabling localized oxygen measurements.
However, the use of custom-made beads limits the method's
accessibility. More recently, advanced imaging systems such as
phosphorescence lifetime imaging microscopy (PLIM),"*?*** in
combination with luminous beads, have been utilized for 3D
oxygen mapping. Lifetime-based methods provide greater
accuracy compared to intensity-based techniques, as they are
inherently independent of dye concentration.>®** Nonetheless,
PLIM imaging systems often require highly specialized and
expensive instrumentation, posing a challenge to a broader
adoption. Therefore, there remains a need for non-destructive,
minimally invasive, and adaptable methods with imaging
depth extending beyond several millimetres.

To address this, we developed a method to measure oxygen
concentrations in 3D cell cultures using an optimized multi-
focal optical projection microscopy (MF-OPM) system.?” MF-
OPM enables imaging at different focal depths via applying an
electric current to an electrically tunable lens (ETL), making it
suitable for capturing fluorescence signals throughout the thick
3D culture. Oxygen sensitive fluorescent microsensor beads
(CPOx-50-PtP) were embedded into the cell cultures and their
fluorescence was imaged using MF-OPM. Local oxygen
concentrations were quantified based on the oxygen-dependent
quenching of the beads' signal. To demonstrate and validate the
developed method, fibroblasts at varying cell densities were
cultured to show the effect of cell density and depth on oxygen
availability. These results revealed clear gradients with
increasing cell density and imaging depth, indicating the
applicability of the method for characterizing oxygen condi-
tions in 3D cultures.

This paper presents a quantitative method to analyse oxygen
concentrations in large-volume 3D hydrogel cell cultures. The
method is based on MF-OPM and oxygen microsensor beads,
enabling effective measurement of oxygen concentrations.

2. Materials and methods

2.1. Multifocal optical projection microscopy

The schematic of the in-house built MF-OPM setup is shown in
Fig. 1. The MF-OPM imaging system is based on an electrically
tunable lens (ETL) integrated into an optical projection
tomography (OPT) setup for multifocal imaging. The more
detailed description of the system can be found in our recent
publications.”””*® By remotely controlling the ETL, multifocal
plane imaging can be achieved without moving the sample or
the microscope objective lens. The multifocal images were
acquired by applying varying current values into the ETL,
ranging from 0 mA to 280 mA, with an interval of 5 mA. In all
MF-OPM imaging experiments, the samples were prepared in
a glass cuvette which was immersed in a larger cuvette filled
with water (see zoomed-in view in Fig. 1). Images were acquired
using a 5x infinity-corrected microscope objective with
a numerical aperture (NA) of 0.14 and with an sCMOS camera
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(ORCA-Flash 4.0, Hamamatsu, Japan). For brightfield imaging,
a white light emitting diode (LED) (LED1 in Fig. 1) source was
used to illuminate the sample. Epi-illumination was used for
fluorescence imaging, with the sample illuminated using an
LED (LED2 in Fig. 1). In all fluorescence imaging experiments
using MF-OPM, an LED source at a constant power of 500 mV
with 530/33 nm (M530L3, Thorlabs, USA) excitation wavelength
and an emission bandpass filter of A = 716 + 40 nm was used.
The image size was 2048 x 2048 pixels, with an effective pixel
size of 1.3 ym x 1.3 pm. The MF-OPM system is controlled
using in-house-developed LabView-based (National Instru-
ments, USA) image acquisition software.

2.2. CPOx-50-PtP microsensor bead photostability
experiment

2.2.1 Sample preparation. To evaluate the photostability of
the oxygen sensing microbeads (CPOx-50-PtP, Colibri
Photonics, Germany) during the fluorescence imaging experi-
ment, the samples were prepared by mixing 200 pl of bead
solution (67 000 beads per ml in de-ionized H,0) with 850 pl of
gently microwave heated 1% agarose hydrogel (Sigma, USA).
The sample was allowed to gelate at room temperature.

2.2.2 Imaging procedure. The photobleaching behaviour of
the beads was characterized by measuring the fluorescence
intensity of the beads for every 5 minutes for a total of 2 hours
using the MF-OPM system. The images were captured with a 1-
second exposure time.

2.2.3 Image analysis. Fiji software® was used for data
analysis. Mean intensity from a 10 x 10 pixel area at the centre
of each bead at a single focal plane was measured. The back-
ground signal intensity from the same plane was measured and
subtracted from the bead intensities. The resulting mean
intensity values were plotted with standard deviation.

2.3. CPOx-50-PtP microsensor bead fluorescence intensity
calibration for oxygen measurements

2.3.1 Sample preparation. Samples were prepared by mix-
ing 200 pl of bead solution (67 000 beads per ml in de-ionized
H,0) with 1000 pl of 1% liquid agarose, which was gently
heated in a microwave oven. The mixture was placed in a glass
cuvette, and a needle-type optical fibre oxygen microsensor (see
Fig. 1) was inserted into the sample before the agarose gelated.
The optical fibre's tip was positioned close to at least one oxygen
sensitive bead, ensuring an accurate correlation between the
measured oxygen concentration and the fluorescence intensity
of the beads. The samples were then allowed to further gelate
and stabilize for 24 h at room temperature before the
measurement.

2.3.2 Imaging procedure and oxygen sensing. Before
imaging, the sample was positioned so that both the bead(s)
and the optical fibre tip were in focus. To deplete oxygen from
the sample, 500 ul of a Na,SO; solution (35 g/100 ml in de-
ionized H,0) was added on top of the hydrogel. Oxygen levels
were simultaneously measured with the fibre-based sensor and
imaged using MF-OPM. The fibre recorded oxygen concentra-
tion every 3 seconds, while fluorescence images were acquired

Anal. Methods, 2026, 18, 2970-2980 | 2971
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Fig. 1 A schematic of the MF-OPT setup. For label-free bright-field imaging, an LED (LED 1) with a telecentric lens (TL) is used to illuminate the
sample, and the transmitted light is collected by an objective lens (OL). For fluorescence imaging, a second LED (LED 2) together with a bandpass
filter and a light diffuser lens (LD) serves as the excitation source, and the backscattered fluorescence signal is collected by the same OL. Both
transmitted and fluorescence signals pass through a filter wheel (FW) and a pinhole (P) and are then imaged using a tube lens (TL). The electrically
tunable lens (ETL) system consists of a 4f configuration formed by two relay lenses (L1 and L2), an offset lens (OL), a remotely controlled ETL, and
beam-steering mirrors (M1 and M2) that direct the beam in the vertical direction, which is finally imaged by an sCMOS camera. The zoomed-in
schematic illustrates a hydrogel sample embedded with CPOx-50-PtP oxygen-sensing beads and an optical fibre oxygen probe (PM-PSt7,
PreSens, Germany). The sample cuvette (S) is placed inside a larger water-filled glass cuvette (W).

at 1 frame per second with a 1-second exposure time. The
experiment was performed at room temperature.

2.3.3 Image analysis. Oxygen sensing bead intensities were
measured from the images with Fiji at 1% intervals, from 18%
to 0% oxygen, to create the calibration curves. Mean intensities
were calculated from 20-pixel diameter circular areas from each
bead's centre. A linear fit was created by using the Stern-Volmer
equation to obtain the variables a and b:

I/I=a+ bx )]

where I,: intensity at 0% oxygen, I: measured intensity and x:
oxygen concentration. The linear curve was used to determine
the O, level in 3D cell culture experiments.

2.4. CPOx-50-PtP microsensor bead cytocompatibility 2D cell
culture

Cytocompatibility of the beads was evaluated using a Live/dead
Viability Kit for mammalian cells (Invitrogen, USA) with
Commercial WI-38 human lung fibroblasts at passage 22
(Culture Collections, Public Health England, UK). The cells were
cultured for 2 weeks with the beads, and viability percentage
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was calculated after 4, 7 and 14 days of culture. The experiment
is described in more detail in SI chapter S1.

2.5. Demonstration of oxygen measurement in 3D cell
culture

2.5.1 CPOx-50-PtP microsensor bead sterilization. The
beads were sterilized by incubating them in 100 pl of 70%
ethanol for 1 hour. Ethanol was aspirated after centrifuging for
1 minute at 300g. To remove any ethanol residues, 1 ml of sterile
phosphate buffer solution (PBS) was added. The suspensions
were vortexed, followed by 1 minute centrifugation at 300g, after
which the PBS was removed. Washing with PBS was repeated
twice, and the beads were stored in sterile PBS at a concentra-
tion of 5 mg ml™" (67 000 beads per ml). Prior to plating cells,
PBS was aspirated after centrifuging and replaced with cell
culture medium.

2.5.2 Cell culture. Commercial WI-38 human lung fibro-
blasts (passage 13) were used with the same materials as in the
2D cell cultures described in SI chapter S1. This robust cell line
is commonly used in cytocompatibility testing and known for its
highly proliferative behaviour, especially at passages under 30.%°
Three 3D cell culture samples were prepared at cell densities of

This journal is © The Royal Society of Chemistry 2026
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200 000 cells per ml, 400000 cells per ml and 700 000 cells
per ml in 1% agarose hydrogel mixed with sterilized sensor
beads. Agarose hydrogels were used as a simple, inert, and non-
adhesive 3D matrix for method development, enabling
controlled and reproducible oxygen measurements indepen-
dent of cell-matrix adhesion or matrix remodeling. For each
sample, cells were suspended in 100 pl of pre-warmed (37 °C)
culture medium. Separately, 20 pl of sensor beads, suspended
in 37 °C medium at a concentration of 1 000 000 beads per ml,
were mixed with the cell suspension by pipetting. Subsequently,
900 pl of liquid agarose hydrogel (37 °C) was added and thor-
oughly mixed with the cell-bead suspension. The resulting
samples were transferred into glass cuvettes and incubated at
37 °C to allow the agarose to gelate. Once gelated, 500 pl of 37 °C
medium was added on top of each sample. The final resulting
hydrogel samples had dimensions of 8§ mm x 5 mm x 25 mm
(length x width x height). All the samples were incubated at
37 °C in 5% CO,, and the medium was refreshed after 2 days,
a few hours before imaging. Cell viability was studied in 3D cell

E
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cultures with the same live/dead assay used in the 2D cyto-
compatibility experiment. The samples were visually inspected
with the MF-OPM microscope and images were taken from the
approximate centre of the 200 000 cells per ml and 700 000 cells
per ml samples.

2.5.3 Imaging procedure. The MF-OPM and microsensor
beads were used to measure oxygen levels at different depths
within the 3D cell cultures. Imaging was performed with a 5x
objective lens (NA = 0.14) and an sCMOS camera (2048 x 2048
pixels, 6.5 pm pixel size), resulting in a field of view of 2.66 mm x
2.66 mm. A motorized vertical stage was used to acquire eight
image stacks along the vertical axis, extending up to ~21.3 mm
below the sample surface. At each depth position, 280 focal
planes were imaged, covering a range of ~700 um in the middle
of the sample. Bright-field images were also taken at each posi-
tion prior to fluorescence imaging. All imaging was conducted at
room temperature under ambient air conditions. To further
ensure measurement consistency, all imaging parameters (exci-
tation power, exposure time, and detector settings) were kept

a.u. I8589

4294

Fig.2 A series of images demonstrating the image processing steps and conversion of intensity into an oxygen concentration map. The images
are taken from a cell culture with 700 000 cells per ml, located ~20 mm below the surface. (A) Brightfield image from a single focal plane,
showing both cells and beads, (B) fluorescence image from the same plane as A, (C) maximum intensity projection (MIP) generated from
multifocal fluorescence imaging, (D) thresholded image from C after background subtraction, small size bead filtering, application of a high-
intensity cutoff, and removal of small artefacts. (E) Oxygen concentration map generated from D using intensity to oxygen calibration. In D,

fluorescence intensity (a.u.) is represented using the Fire LUT color bar.
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Fig. 3 Photobleaching experiment results for CPOx-50-PtP beads.
No significant photobleaching behaviour was detected from the three
measured beads.

constant throughout calibration and sample acquisition. This
controlled acquisition workflow ensured that intensity-to-oxygen
conversion remained valid across experiments and minimized
variability introduced by instrumental factors.

2.5.4 Image processing and conversion of intensity to
oxygen map. To quantify oxygen distribution within 3D cell
cultures, fluorescence images were processed and converted into
oxygen concentration maps using a step-by-step image analysis
flow. For each lateral position in the sample, maximum intensity
projection (MIP) images (Fig. 2C) were generated from the
multifocal fluorescence projection images (Fig. 2B) for each
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position in the samples using the z-stack function in Fiji. The
MIP was applied only along the optical axis, where the oxygen
concentration is assumed to be uniform within the cuvette
height. This approach ensured that the brightest focal plane of
each bead (centre) was captured. Three-dimensional oxygen
variation was assessed by translating the sample laterally (Y-axis),
thereby enabling depth-dependent oxygen measurements.
Representative images from different stages of the processing
pipeline are shown in Fig. 2. Beads were segmented from the
background using manual thresholding in MATLAB (Mathworks,
USA) (Fig. 2D). For each MIP image, the background fluorescence
intensity was determined by measuring the highest intensity
value adjacent to the beads using Fiji. To further remove high-
intensity artefacts, values above calibrated mean bead intensity
(+ standard deviation) at 0% oxygen were also removed from the
MIP images in MATLAB. For bead size quantification and
subsequent conversion of intensity values into oxygen concen-
tration, binary thresholding was applied to create a binary mask.
Following this, connected component analysis (using 8-connec-
tivity) was performed on the binary mask to identify and label
individual beads. Each connected object was treated as a separate
bead and analysed individually. The diameter of each bead was
then quantified and beads smaller than 45 pum (cut-off) in
diameter were filtered out from the analysis to remove debris and
partial detections. The selected size range was consistent with the
manufacturer-reported average bead diameter of approximately
50 pm, considering expected size variability. Beads outside the
defined size range were not included in the quantitative analysis.
Within this selected size range, a sufficient number of beads were
distributed throughout the image to ensure reliable averaging for
the retained beads (Fig. 2E). The intensity values were converted
to oxygen concentration using a simplified linear Stern-Volmer

y=a+bx=1.26+0.14x

1000 T T T T T T T T
18 16 14 12 10 8 6 4

Oxygen concentration (%)

N o
o

18 16 14 12 10 8 6 4 2
Oxygen concentration (%)

-

Fig. 4 Calibration curve for CPOx-50-PtP beads at different oxygen concentrations. (A) Mean intensity data acquired from the calibration
measurement plotted with an error band showing the standard deviation (n = 5). Decreasing oxygen concentration is shown on the x-axis and
fluorescence intensity on the y-axis. (B) Relationship between O, concentration and fluorescence intensity after calibration: intensity ratios
plotted by dividing the highest mean intensity (/) by the mean intensity (/) at each oxygen concentration level. Linear fit shown in red.
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model derived from calibration experiments. Analysis was per-
formed on multiple segmented probes within each field of view
to reduce the influence of local intensity fluctuations and
improve the robustness of the oxygen mapping. This conversion
was implemented in Python within an Anaconda environment.
The results were visualized using the Fire colormap in Fiji, and
the mean and standard deviation of the oxygen values were
calculated and plotted. For quantitative comparison across
different cell culture conditions, including variations in cell
density and imaging depth, oxygen concentrations were extracted
from individual microsensor beads and averaged over all probes
detected within the field of view at each depth, with values re-
ported as mean + standard deviation. The measurements were
validated by measuring oxygen concentrations with the PM-PSt7
optical fibre sensor near the centre of each field of view after the
whole sample had been imaged.

View Article Online
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3. Results

3.1. Photostability of CPOx-50-PtP microsensor beads

To ensure the stability and reliability of oxygen measurement
using the CPOx-50-PtP beads, a photobleaching experiment was
performed using the MF-OPM system. Fluorescence intensity
was recorded for a duration of 120 minutes by measuring a 10 x
10 pixel region at the centre of individual microbeads. The
intensity remained stable throughout the measurement period,
as shown in Fig. 3, indicating no significant photobleaching.
The differences in intensities between the beads reflect spatial
variation within the beads rather than temporal signal decay, as
further shown in SI Fig. S1. These findings confirm the photo-
stability of the sensor beads under the applied imaging settings.

<
~ 95
b >
8 5
> Control
Beads
Day 4 Day 7 Day 14

Fig.5

(A) Representative viability test micrographs and (B) viability percentage calculations show good viability for the WI-38 fibroblast cells in all

samples during the 2-week culture. In (A) live cells are shown in green and dead in red. Scale bars indicate 500 um. The chart (B) shows mean

viability percentages and standard deviation. N = 4.
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3.2. Calibration curve for oxygen concentration
measurements

To measure oxygen levels in the 3D sample using MF-OPM,
a calibration curve was established by correlating the fluo-
rescence intensity of CPOx-50-PtP beads with oxygen concen-
tration measured using the PM-PSt7 optical fibre probe. The
relationship between mean fluorescence intensity and oxygen
level, along with the associated standard deviations, is shown
in Fig. 4. At low oxygen levels (0-4%), the fluorescence inten-
sity changed more noticeably, indicating higher sensitivity
under hypoxic conditions. In contrast, higher oxygen values
exhibited small intensity differences and lower sensitivity,
though with relatively larger standard deviations. The cali-
bration data were fitted to a linear model based on the Stern-
Volmer equation (eqn (1)), where the ratio I,/I showed a clear
linear relationship with oxygen concentration. The parameters
of the fitted model are shown in Fig. 4B. These results
demonstrate the suitability of the Stern-Volmer model for
converting fluorescence intensity into oxygen concentration in
the subsequent measurements.

3.3. CPOx-50-PtP microsensor bead cytocompatibility

Based on visual observation, the fibroblasts started to show
their normal elongated shape after 24 hours in culture during
the first inspection after plating. Cell confluency changed from
approximately 50% to 100% in 10 days, indicating good cell
proliferation. Viability was high in all the samples and all the
controls in the cell culture experiment as shown in Fig. 5.
Calculated viability percentage was above 98% (98.5 + 0.2%) at
all points and standard deviation did not exceed 0.6%. These
results show good cytocompatibility for the microsensor beads,
which have also been previously successfully used in cell culture
experiments.**?

3.4. Oxygen concentration measurements in large volume
3D hydrogel cell cultures

Across all samples, oxygen concentration decreased with
increasing depth as shown in oxygen maps in Fig. 6. Some
variation in oxygen levels can be observed within each image.
Because the image area is relatively large, slight differences in
local oxygen concentration were expected. Some outlier beads,
caused by non-uniform coating (SI Fig. S1), led to localized
oxygen values exceeding the normoxic level (Fig. 6). However,
these variations have insignificant effect on the overall mean
oxygen values. Fig. 7 presents the mean oxygen concentration
plot with standard deviations at each measured position. The
results show that both higher cell density and deeper imaging
depth contribute to lower oxygen availability, resulting in
a steep oxygen gradient throughout the samples. Specifically,
for 200 000 cells per ml, oxygen concentration decreased from
20.8% near the medium surface to 15.3% at the bottom of the
sample. At 400 000 cells per ml and 700 000 cells per ml, the
decreases were from 16.8% to 8.0% and from 12.0% to 2.5%,
respectively. As expected, the change in oxygen concentration
was most significant at the highest cell density (700 000 cells per

2976 | Anal. Methods, 2026, 18, 2970-2980
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ml), indicating the greater oxygen consumption associated with
increased cell numbers. Although bead distributions were not
perfectly uniform (Fig. 6) at higher densities, the oxygen values
in Fig. 7 represent averages over multiple probes within the field
of view, accounting for local heterogeneity. Live/dead staining
showed mostly viable cells with rounded morphology consistent
with a 3D culture state throughout the samples (Fig. S2). Over-
all, these results highlight the suitability of the developed
oxygen imaging method for assessing depth-dependent oxygen
gradients in 3D cell cultures. Validation measurements using
a fibre-optic sensor at eight depths within the cultures, with
pointwise measurements performed near the centre of the
corresponding MF-OPM field of view, showed acceptable
statistical agreement (Table S1).

200 000 400000 700000 cells/ml

21.3 mm

29%

20%

10%

v . 0% O,

Fig. 6 O levels in fibroblast 3D cell cultures with oxygen sensitive
beads shown as an intensity color map after 48 hours of incubation.
The results show that oxygen concentration is affected by cell density
and measurement depth. The scale bar indicates 1 mm.
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4. Discussion

We developed a quantitative measurement method and
a protocol utilizing multifocal optical projection microscopy®”
(MF-OPM) combined with oxygen sensitive fluorescent micro-
sensor beads and oxygen level calibration to measure oxygen
concentration in large volume hydrogel-based 3D cell cultures.
This robust approach allowed us to assess the oxygen concen-
trations and here we demonstrated the minimally invasive
method at depths up to 21 mm and across different densities of
fibroblasts within agarose hydrogel. The multifocal imaging
capabilities of the system enabled rapid acquisition of images
from different focal planes, providing 2D visuals of the culture.
The presence of oxygen molecules reversibly quenches the
fluorescence signal from the sensor beads. This allowed us to
calibrate the sensor beads' fluorescence intensity with oxygen
concentration, and to successfully quantify oxygen concentra-
tions and their gradients in our samples. We demonstrated the
capability of the method by showing that oxygen concentrations
decrease with both increasing cell density and increasing
distance from the oxygen source.

To ensure the reliability of intensity-based oxygen measure-
ment, we first characterized the photostability and cyto-
compatibility of microsensor beads. The beads exhibited
minimal photobleaching during the 120-minute imaging
experiment. The fibroblast cells were viable above 98% at all
time-points during the two-week culture period. Live/dead
staining was used to briefly inspect cell viability in the 3D
cultures. The rounded cell morphology reflects the bioinert
nature of agarose and supports that fibroblasts are cultured in
a true 3D environment. The number of live cells in each sample
was sufficient to create oxygen concentration gradients needed
to demonstrate our method. Previous publications demon-
strating the use of microsensor beads to study cell cultures*3*3*
further support the suitability of their use for monitoring
oxygen concentrations in cell cultures. These results collectively
demonstrate that the microsensor bead approach is reliable
and cytocompatible for oxygen measurement in in vitro 3D cell
culture environments. Also, they demonstrate the need for such
methods in 3D cell cultures as the oxygen is consumed by the
cells, possibly resulting in oxygen deprivation and unwanted
ischemic conditions.

Quantification of oxygen concentration from sensor beads'
fluorescence intensity required generation of a calibration
curve. To this end, we established a Stern-Volmer relationship
using sodium sulfate as an oxygen quencher. The changes in
fluorescence intensity were largest in the 0-6% oxygen range,
indicating that the method is most sensitive at low oxygen
concentrations. On the other hand, the standard deviation in
the 6-18% oxygen range was lower, which enhances the accu-
racy of measurements in that range. These calibration results
show that the sensor bead-based method provides high sensi-
tivity at low oxygen concentration and improved accuracy at
higher concentrations. This makes the developed method
suitable for characterizing physioxic, hypoxic and anoxic
conditions in vitro 3D cultures.

This journal is © The Royal Society of Chemistry 2026
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In the fluorescence-intensity-based oxygen sensing, varia-
tions in imaging focus can significantly affect the measured
intensity values, especially when using relatively large sensor
beads such as in this work with a 50-micron diameter. Since
fluorescence intensity directly influences oxygen quantification,
such variability could lead to incorrect interpretation of spatial
oxygen distribution. To address this, our protocol incorporates
multifocal imaging using an electrically tunable lens (ETL),
which allows rapid and precise focus scanning.***¢ As demon-
strated in our previous work, an applied current to the ETL
produces a linear shift in focal position.*” By acquiring multiple
focal planes and computing maximum intensity projection
(MIP) images, we minimized focus-related signal variations and
ensured a more consistent representation of bead fluorescence.
These MIP images were then converted into oxygen concentra-
tion maps using the Stern-Volmer calibration curve.

To further validate the oxygen measurement protocol and
investigate how cell density and depth influence oxygen avail-
ability, fibroblasts were cultured at 200 000-700 000 cells per ml
within 3D agarose hydrogels and imaged using the MF-OPM
system. Although a 21 mm measurement depth exceeds the
typical 3D culture dimensions, we demonstrated that our
system enabled the evaluation of oxygen concentration gradi-
ents throughout the relatively large samples. After 48 hours of
culture, the cellular oxygen consumption resulted in decreasing
oxygen concentrations with both increasing cell density and
depth of the specimen. At the lowest cell density, oxygen
dropped by approximately 26% from top to bottom. In the
medium- and high-density cultures, the relative decreases were
even more pronounced, at around 52% and 79%, respectively.
Of the 24 measured positions, 9 fell outside the broad physioxic
range (1.1-13.5%),"* and only two were within 1% of the 5.6%
oxygen concentrations typical for human lung fibroblasts in
vivo.*” These comparisons emphasize how much variation these
cells experience regarding surrounding oxygen concentration.
In addition, pointwise measurements performed near the
centre of the corresponding MF-OPM field of view using the PM-
PSt7 fibre-optic sensor showed acceptable statistical agreement,
further supporting the accuracy of the approach. These findings
also align with the previous studies on oxygen availability in
hydrogel-based 3D cell cultures,®”® confirming that higher cell
density results in increased oxygen consumption, which limits
diffusion and accelerates oxygen depletion. Importantly, the
developed method effectively detected these gradients,
demonstrating its sensitivity and suitability for oxygen quanti-
fication in 3D culture.

Although useful, the cell densities used here are relatively
low compared to those in human tissues (1-3 billion cells
per ml),*® or typical tissue-engineered constructs (few million
cells per ml to few hundred million cells per ml).* However,
densities below 1 million cells per ml have been previously used
with these fibroblasts.*® Additionally, oxygen consumption rate
varies across cell types*' and culture approaches like spheroids
and organoids,” which further affects oxygen availability. At
higher densities and cellular oxygen consumption rates as in
the case of neuronal cells and myocytes, the risk of hypoxia
increases without adequate perfusion or vascularization. It can
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Fig.7 O, concentration in fibroblast 3D cell cultures shown as a line graph after 48 hours of incubation. The mean intensities from each position
are presented with standard deviation shown as error bands. Oxygen concentration can be seen to decrease together with increased depth and
cell density. Only half of the measured positions were within the physioxic range.

be advantageous when modelling, for example pre-vascular
development,” cancer** or hypoxic disease® in tissues, but it
can be a serious problem when modelling healthy tissues.*’
These results show the need to carefully consider cell density,
oxygen delivery, and model design in 3D culture systems.

A key limitation of intensity-based oxygen measurement with
microsensor beads is its sensitivity to factors such as variations
in bead size and non-uniform oxygen-sensitive coating. These
introduce inconsistencies in fluorescence signals, reducing the
reliability of localized oxygen measurements. As a result, the
method is more suitable for estimating average oxygen
concentration across a region rather than precise, bead-level
accuracy. This limitation is evident in the relatively high stan-
dard deviation in the calibration curve, especially at low oxygen
concentrations and in the presence of high intensity individual
pixels corresponding to an oxygen concentration of 29% in the
oxygen map (Fig. 6). In addition, as an intensity-based
approach, oxygen quantification is referenced to defined
experimental conditions and may require generation of a new
calibration curve under different optical settings or gel
compositions. The method relies on commercially available
oxygen-sensitive beads, fluorescence imaging and quantitative
analysis and is therefore not restricted to a specific biological
model or device. This study demonstrates reliable performance
under controlled conditions. However, broader validation
across different devices and biological samples remains an
important direction for future work. While more accurate
quantification could be achieved using luminescence lifetime
methods," such approaches typically require advanced instru-
mentation, which are complex and costly. However, since life-
time measurements are independent of signal intensity, the
influence of artifacts caused by bead size and coating variability
is minimal. Further advances in the development of commer-
cially available sensor beads with uniform fluorescence

2978 | Anal. Methods, 2026, 18, 2970-2980

properties would improve the accuracy and reproducibility of
intensity-based oxygen measurement. However, even if our
method may not be the best to assess the environment of single
cells, it shows promise in assessing the entire cell culture and
the dependence of O, availability on cell density and depth.
Our method complements existing approaches by allowing
measurements from the entire large-volume samples, facili-
tated by the relatively uniform spatial distribution of sensor
beads. Its use, however, depends on sample transparency, as the
beads must be optically excited and imaged using fluorescence
microscopy. Optical fibre measurements®***” do not require
transparent samples but are invasive and limited to single point
detection. In contrast, after calibrating with dedicated samples,
our measurements can be performed without further disturbing
the sample by inserting a probe. Averaging intensities across
multiple beads reduce spatial resolution but minimize the
influence of local variations within the sample volume.
Peripheral oxygen measurements>**>* avoid the need for
sample transparency but lack direct measurements from most
of the volume. Other volumetric approaches rely on dispersed
beads******3! or a stationary ramp*® and are commonly based on
ratiometric**?***® and PLIM"?**" imaging. These methods offer
more accurate measurements with higher spatial resolution but
typically require custom-made sensors or specialized instru-
mentation. Our approach, which uses commercially available
sensor beads and allows relatively larger sample dimensions,
provides a practical and versatile alternative to existing tools.
While fibre-based and other 1D methods®***” allow continuous
real-time monitoring at a single point, our method enables
spatial mapping of oxygen gradients within the sample.
Although measurements are acquired at discrete time points
and require post-processing, of the previously
mentioned methods are also capable of 2D and 3D time-

several

dependent measurements from sample interiors.*?>*>*16
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To summarize, MF-OPM and fluorescent oxygen sensing
beads after calibration enable reliable estimation of molecular
oxygen concentrations in large-volume hydrogel-based 3D cell
cultures. We successfully demonstrated the novel method's
capability to detect the expected relationship between cell
density, measurement depth, oxygen concentrations, and
oxygen gradients. Given the commercial availability of the
beads and the established analysis method, they can be adapted
for use with MF-OPM. The reversible oxygen binding of the
beads allows for monitoring dynamic changes in oxygen levels.
Combined with environmental control and the method's
minimal invasiveness, this approach has the potential for
online measurements during long-term cell culture experi-
ments with further development. The protocol is also compat-
ible with both in-house and commercial fluorescence systems,
including wide-field and confocal fluorescence microscopy. In
addition to strong applications in 3D cell culture, it also offers
a potential tool for quantifying oxygen in complex systems such
as organoid cultures and tissue engineering constructs.

5. Conclusions

In this work, we developed an optical method for estimating
oxygen concentrations in large-volume hydrogel-based 3D cell
cultures using the MF-OPM system. We have successfully
demonstrated the method's capability to quantify oxygen levels
and gradients across varying cell densities and depths with
minimal invasiveness. This approach can provide valuable
support for development, monitoring, and validation of 3D cell
culture models. Accurate control and measurement of oxygen
availability are crucial not only for mimicking physiological
conditions but also for modelling disease states such as
ischemic stroke or cardiac ischemia. Together with its minimal
invasiveness nature and straightforward implementation, the
method can be adapted for routine use with wide-field fluo-
rescence microscopy systems.
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