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Abstract: Oxygen (O 2 ) availability critically governs cellular 

physiology, however, standard cell culture systems often fail 

to recapitulate physiological oxygenation due to limited O 2 
diffusion across the culture medium. Poorly defined O 2 equi-

libration dynamics in vitro can compromise reproducibility 

and contribute to experimental variability. Here, we employ 

live-cell fluorescence lifetime imaging microscopy (FLIM) 

using the genetically encoded O 2 reporter CMV-dUnOFLS – a 

PEST-destabilized UnaG-mOrange2 fusion protein – to mon-

itor O 2 equilibration in real time. Frequency-domain FLIM 

(FD-FLIM) revealed rapid and reversible changes in UnaG 

fluorescence lifetime in Gli36 and CHO cells during cyclic 

variations of ambient O 2 , reflecting culture medium oxy-

genation dynamics. Unexpectedly, in three different types 

of cell culture vessel, we noted a critical surface-area-to-

volume (SA/V) ratio threshold of approximately 0.3 mm −1, 

below which O 2 equilibration appeared to be delayed. Con-

sequently, in 96-well plates, media volumes ≥100 μl signifi- 
cantly decelerated O 2 equilibration, while it occurred faster
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in 8-well imaging slides and 3.5 cm glass bottom dishes. 

Our findings demonstrate multiple factors critically influ-

encing pericellular oxygenation and emphasize the neces-

sity of real-time O 2 monitoring in vitro. The CMV-dUnOFLS 

reporter combined with FD-FLIM provides a powerful tool 

for assessing and optimizing O 2 dynamics in live-cell culture 

systems.

Keywords: in vitro oxygen equilibration; cellular oxygen 

sensor; FLIM reporter; FD-FLIM; TCSPC-FLIM

1 Introduction

Molecular oxygen (O 2 ) is a critical determinant of cellular 

function and strongly impacts processes such as cell sur-

vival, proliferation, metabolism and gene expression [1], [2]. 

In vitro cell culture models inevitably fail to replicate the

complex oxygenation patterns of cells and tissues in vivo, 

leading to discrepancies between experimental outcomes 

[3]. In standard cell culture systems, O 2 from the gas phase 

diffuses through the medium to the cells. Although only 

scarcely studied and rarely documented, medium compo-

sition, height of the fluid column and a high oxygen con-

sumption rate (OCR) may contribute to steep O 2 gradients, 

resulting in a hypoxic pericellular microenvironment even 

under ambient O 2 concentrations [4]. Variations in O 2 avail-

ability contribute to inconsistent cell behavior and signaling 

as well as poor reproducibility, limiting the physiological 

relevance of conventional culture models [3], [5]. 

Consequently, cells in culture have been claimed to be 

exposed to hyperoxia as well as hypoxia [3], [6], [7]. While 

both statements are encountered in the literature, they are 

rarely experimentally validated. Indeed, culturing cells in 

normobaric atmospheric versus normobaric reduced O 2 gas 

concentrations of 1 %–5 %, which are then referred to as 

normoxia and hypoxia respectively, is common practice. 

A recent landmark study focused on adipocytes provided 

experimental evidence for a critical medium height, which 

when exceeded, limits diffusive O 2 availability resulting in
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metabolic adaptation. Changes included a shift from oxida-

tive to glycolytic metabolism, resulting in massive transcrip-

tional changes and a reduction in TCA cycle metabolites [3]. 

A major obstacle for the derivation of quantitative 

data on cell oxygenation in culture are the complex instru-

mentation and costs associated with dynamic and reli-

able O 2 sensing at the cellular level. Planar sensor foils, 

dye-impregnated scaffolds and microsensor beads quan-

tify cell culture oxygenation non-invasively and spatially 

resolved in real-time [8]–[11]. However, they frequently 

rely on specialized and costly measurement devices, while 

revealing only pericellular or intramatrix O 2 gradients, 

and in general do not reach cellular resolution. Quenched-

phosphorescence O 2 -sensing techniques, including nano 

sensors, quantum dots and metal complexes, have been 

constantly developed over the last two decades and enable 

the near real-time evaluation of intracellular oxygena-

tion states [12]–[19]. This technique also allows the study 

of cell aggregates, as recently elegantly demonstrated in 

live tumor spheroids, where cell staining using advanced 

O 2 -sensitive red/near-infrared (NIR) emitting nanoparti-

cles revealed inverse O 2 gradient formation due to a 

glycolytic core in the presence of OxPhos-active cells at 

the periphery [20]. Limitations of intracellular quenched-

phosphorescence O 2 sensing are posed by heterogenous 

membrane permeability, opposing robust cellular internal-

ization, and in some cases the need for continuous probe 

administration – parameters that can vary substantially 

across replicates and experimental conditions. We refer to 

excellent reviews on the available O 2 sensing technologies 

[21]–[24].

Genetically encoded hypoxia or O 2 reporters based on 

luciferases or fluorescent proteins [25]–[29] overcome some 

of these constraints by allowing endogenous O 2 sensing with 

single-cell resolution. Although the temporal responsive-

ness of these reporters is inherently limited by the turnover 

of their functional protein domains, they provide a stable 

and continuous readout once integrated into the genome. 

More recently, a family of such genetically encoded O 2 sen-

sors enables the direct monitoring of cellular oxygenation 

with both spatial and temporal resolution [30]–[35], offering 

a promising avenue toward dynamic and physiologically 

relevant O 2 measurements in vitro.

A novel addition to this sensor family is CMV-dUnOFLS, 

a dual-fluorescent reporter comprising a PEST-destabilized 

UnaG-mOrange2 fusion protein [33]. In well oxygenated 

cells, Förster resonance energy transfer (FRET) between 

UnaG and mOrange2 results in reduced UnaG fluorescence 

lifetime, while under hypoxic conditions mOrange2 fluo-

rescence maturation is inhibited, resulting in decreasing

FRET efficiency and increasing UnaG fluorescence lifetimes. 

Consequently, measurement of FRET efficiency, most effi-

ciently performed using fluorescence lifetime imaging 

microscopy (FLIM), enables a graded assessment of the oxy-

genation status of living cells. CMV-dUnOFLS was initially 

calibrated in formaldehyde (FA)-fixed and live CHO and 

Gli63 cells across various O 2 concentrations ranging from

1 to 18 % O 2 , using time-correlated single photon count-

ing (TCSPC)-FLIM endpoint measurements of UnaG fluo-

rescence lifetimes after 24–30 h incubation [33]. This ini-

tial description confirmed the capacity of CMV-dUnOFLS 

to distinguish defined O 2 environments, however, the 

sensor’s dynamic response to oxygenation changes was not 

investigated.

Herein we demonstrate frequency-domain (FD)-FLIM 

measurements that dynamically monitor O 2 equilibration in 

cultured CMV-dUnOFLS-expressing Gli36 cells. In response 

to cycling ambient O 2 concentrations, live-cell FD-FLIM of 

CMV-dUnOFLS showed rapid, near real-time changes in 

UnaG fluorescence lifetime that reflected the equilibration 

of culture media under new steady-state O 2 levels. The 

kinetics of these lifetime changes varied depending on the 

applied medium volume and culture vessel type. These 

findings underscore the utility of genetically encoded O 2 
reporters, such as CMV-dUnOFLS, to address limited O 2 
equilibration of cell culture systems that may lead to peri-

cellular hypoxia, possibly confounding outcomes of in vitro 

experiments. Integration of real-time monitoring should 

therefore provide a powerful approach to control O 2 equi-

libration dynamics in culture systems and thereby increase 

the physiological relevance and reproducibility of in vitro 

studies.

2 Materials and methods

2.1 Cell culture

The stable transgenic adherent glioma cell lines Gli36 

CMV-dUnOFLS and CMV-dUnOFLS (G220A) as well as 

CHO CMV-dUnOFLS [33] were maintained in high glucose 

Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supple-

mented with 10 % (v/v) fetal calf serum (FCS), penicillin 

(100 U/ml)/streptomycin (0.1 mg/ml), 2 mM L-glutamine, 1 % 

(v/v) MEM non-essential amino acids (MEM NEAA 100×, 
PAN-Biotech) and 1 mM sodium pyruvate. Cells were cul-

tured in a humidified incubator (95–100 % humidity) at 

37 ◦ C under 10 % CO 2 and normobaric atmospheric O 2 
concentrations. To seed the cells in preparation for the 

herein described experiments or for passaging, cells were 

washed with 1X phosphate-buffered saline (PBS) and treated



N. Bauer et al.: Oxygen equilibration in tissue culture — 3

with 0.05 % (w/v) trypsin/0.02 % (w/v) ethylenediaminete-

traacetic acid (EDTA) in 1X PBS. The enzymatic reaction 

was stopped by adding cell culture media after completed 

cell detachment. Depending on the experimental setup, 

cells were seeded at a density of 2.5 × 10 4 cells/cm 2 into 

either 96-well flat glass bottom plates (1.5H, Cellvis (P96-1.5H-

N)), 8-well glass bottom imaging slides (1.5H, ibidi (80,827)) 

or 3.5 cm glass bottom dishes (1.5H, WillCo (GWST-3512)). 

For live-cell FLIM imaging, cultures were maintained in 

Fluorobrite™ DMEM imaging media (Thermo Fisher Scien-

tific), supplemented with penicillin (100 U/ml)/streptomycin 

(0.1 mg/ml), 2 mM L-glutamine, 1 % (v/v) MEM NEAA (100X, 

PAN-Biotech) and 1 mM sodium pyruvate.

2.2 Time-correlated single photon 
counting-FLIM

For TCSPC-FLIM, Gli36 cells stably expressing CMV-dUnOFLS 

or CMV-dUnOFLS (G220A) were seeded onto polystyrene cell 

culture dishes or glass cover slips and grown to approx. 

40 % confluency. CMV-dUnOFLS expressing cells were sub-

sequently incubated for an additional 24 h under either nor-

mobaric atmospheric O 2 or normobaric hypoxic conditions 

(1 % O 2 ). Following incubation, cells were fixed in 4 % (w/v) 

FA/PBS for 15 min at room temperature and washed with 

1X PBS. For TCSPC-FLIM, using a PicoQuant MultiHarp 150 

TCSPC device and PicoQuant PMA Hybrid detectors cou-

pled to a Nikon AX-R confocal microscope, either on an 

upright Nikon AX-FN stand or on an inverted Nikon Ti2-E 

microscope, cells were covered with 1X PBS or mounted in 

Mowiol onto microscopy slides. Cells were imaged using a 

20X water-dipping lens (Nikon Apo LWD 20× C WI, NA 1.00) 

or 20X dry objective (CFI PlanApo Lambda 20× D, NA 0.8), 
exciting with a 485 nm laser pulsed at 32 MHz. The lifetime 

signal was detected using a 520/35 nm emission filter.

2.3 Live-cell frequency-domain-FLIM

FD-FLIM of live CMV-dUnOFLS expressing Gli36 or CHO cells 

was performed using a Nikon Ti2-E epifluorescence micro-

scope equipped with a humidified incubation chamber and 

gas mixing unit (OkoLab) for dynamic regulation of O 2 
concentrations under culture conditions (37 ◦ C, 10 % CO 2 ). 

The Nikon NIS-Elements software controlled automated 

image acquisition and O 2 changes during time-lapse exper-

iments by employing the O 2 control and multipoint func-

tions. Multiple fields of view per condition were acquired 

every 10 min for 1 h under normobaric atmospheric (18 %) 

O 2 and for 2 h under normobaric hypoxia-inducing (1 %) 

O 2 followed by reoxygenation at normobaric atmospheric 

(18 %) O 2 for 2 h. Images were recorded at 40X magnification

(CFI S P-Fluor ELWD ADM 40× C, NA 0.6) using a FD-FLIM 

camera pco.flim X (1,008 × 1,008 pixel, 5 μm × 5 μm pixel 

size, dynamic range of 1:1,024, modulation frequency range 

of 5 kHz–40 MHz) with a fast modulatable CMOS sensor 

[37]–[39]. Upon excitation at 488 nm using a pco.flim laser 

unit (200 mW CW power with 3 mm liquid light guide out-

put), lifetimes were recorded at 525/50 nm.

2.4 Trypan blue dynamic mixing in liquid 
phase

2 μl of a 0.4 % (v/v) trypan blue solution (Sigma-Aldrich 

(T8154)) were automatically infused at a speed of 4 μl/min 
via a glass capillary into an 8-well glass bottom imaging slide 

(1.5H, ibidi (80,827)) holding 200 μl of dH 2 O, using a stereo-
tactic injector (Stoelting Quintessential Stereotaxic Injector 

(QSI™)). Trypan blue distribution in the aqueous phase was 
monitored by time-lapse imaging using a Nikon Ti2-E wide-

field microscope with a 4X objective (CFI Plan Fluor DL 

4X F, NA 0.13). A single field of view was observed every

2 s under static conditions, starting before the trypan blue 

injection. The total observation time lasted at least 5 min. In 

order to quantify the observed dynamic equilibration of the 

solution, the dye gradient was analyzed using FIJI by ImageJ 

[39]. To determine whether the observed mixing kinetics are 

dominated by either convection or diffusion, the theoretical 

diffusion-driven movement of trypan blue within the herein 

described experimental setup was calculated according to 

Fick’s first law [40]:

J = −D 
(
𝛥c

𝛥x

) 

(1)

With J as the diffusion flux (mol/(m 2 s)), D as the diffu-

sion coefficient of trypan blue (2.21 × 10 −6 m 2 /s) as exper-

imentally determined by Inglesby & Zeronian in D 2 O at 

30 ◦ C [41], Δc as the difference in concentration at two 
different points in space (mol/m 3 ) and Δx as the total 
difference between those points (mm). While J and Δc 
were experimentally determined by our dataset using Lam-

bert–Beer’s law, we calculated Δx, the theoretical diffusion-
driven movement of trypan blue, via

𝛥x = − 
(
D · 𝛥c
J

) 

. (2)

2.5 Image analysis

Fluorescence intensity, brightfield and FLIM imaging data 

were analyzed using FIJI by ImageJ [39] and the Nikon NIS-

Elements imaging and analysis software. Quantification of 

UnaG lifetimes based on the TCSPC-FLIM measurements
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Figure 1: Principle of FLIM-based cellular O 2 -sensing using the genetically encoded sensor CMV-dUnOFLS. (A) Schematic representation of the 

FLIM-sensor CMV-dUnOFLS. The UnaG-mOrange2 fusion protein is expressed under a constitutive cytomegalovirus (CMV) promoter and destabilized 

by a C-terminal PEST degradation motif. UnaG serves as the O 2 -independent FRET donor, whereas mOrange2 functions as the O 2 -sensitive acceptor. 

Under normobaric atmospheric O 2 concentrations mOrange2 efficiently matures to the fluorescent form and FRET leads to a reduced UnaG lifetime. 

Under hypoxia, impaired mOrange2 fluorophore maturation inhibits FRET, stabilizing increased UnaG lifetime [33]. (B) Excitation (ex., open curves) 

and emission (em., filled curves) spectra of UnaG and mOrange2. The spectral overlap between UnaG emission and mOrange2 excitation confirms 

their suitability as a FRET-pair. (C) Confocal TCSPC-FLIM of FA-fixed CMV-dUnOFLS-expressing Gli36 cells after 24 h of ambient (normobaric 

atmospheric, 18 %) versus normobaric hypoxic (1 %) O 2 incubation. Depicted are the UnaG lifetimes (mean first arrival times in ns) and representative 

phasor plots (scale bars: 20 μm). ROI analysis (normoxia: n = 13, hypoxia: n = 19) revealed a significant increase of UnaG lifetimes under O 2 
deprivation ( ∗∗∗ indicates significance p < 0.001).

were defined as mean first arrival times of photons per 

ROI (region of interest) using NIS-Elements. To extract phase 

lifetimes from live-cell FD-FLIM time-lapse datasets, ROIs 

corresponding to CMV-dUnOFLS-positive cells were defined 

by generating binary images of the fluorescence intensity 

stacks using FIJI. Binary stacks were processed by parti-

cle analysis (size: 100 − ∞, circularity: 0–1) to generate 

ROI masks, which were subsequently applied to the cor-

responding phase lifetime image stacks of the same field 

of view. Background subtracted lifetimes were obtained 

using the ROI Manager “Measure” function in FIJI. Fluores-

cence intensity images, FLIM images and phasor plots were 

extracted from time-lapse image stacks using NIS-Elements 

and FIJI. Mean phase lifetimes were calculated and visu-

alized using Excel and GraphPad Prism Software. For the 

statistical analysis of the TCSPC-FLIM datasets, Welch’s t-

test was applied, with the significances represented by the 

p value (NJEM formatting; ∗∗∗ p < 0.001, ∗∗ p = 0.001–0.01,
∗ p = 0.01–0.05 and ns (not significant) p ≥ 0.05). Second

order polynomial smoothing of the UnaG lifetimes extracted 

from FD-FLIM time-lapse experiments was performed by 

averaging in consideration of 10 neighboring values without 

differentiating or integrating the raw data points. Statistical 

analysis of the FD-FLIM time-lapse experiments was con-

ducted using a two-way ANOVA with a mixed-effects model. 

The interaction term (time × condition (media volume)) was 
evaluated to quantify the influence of media volume on life-

time dynamics over time and to determine whether O 2 equi-

libration kinetics differed significantly between conditions.

2.6 Oxygen consumption measurements

U87 ΔEGFR wildtype, Gli36 wildtype, Gli36 CMV-dUnOFLS 
and CMV-dUnOFLS (G220A) as well as CHO wildtype, CHO 

CMV-dUnOFLS and CMV-dUnOFLS (G220A) cell lines were 

seeded into XFe96/XF Pro Cell Culture 96-well microplates

(Agilent) at a density of 2.5 × 10 4 and 5 × 10 4 cells/cm 2 .

Quantifications of OCRs were performed at 37 ◦ C via an
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extracellular flux analyzer (Seahorse XFe96, Agilent) using 

the Seahorse XF Cell Mito Stress Test Kit (Agilent) accord-

ing to the manufacturer’s protocol. Basal, ATP-synthase 

dependent and maximal respiration were determined 

by sequential addition of oligomycin (1.5 μM), carbonyl 
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; 2 μM) 
and rotenone (0.5 μM)/antimycin A (0.5 μM). Analysis and 
OCR calculation was conducted using the seahorse software 

Wave (Agilent).

3 Results

3.1 The sensor protein dUnOFLS allows 
monitoring of oxygen equilibration 
in cultured cells by live-cell FD-FLIM

The FLIM-based genetically encoded cellular O 2 sensor 

CMV-dUnOFLS was previously shown to reliably react to 

normobaric O 2 concentrations between 1 and 18 % O 2 
(Figure 1A and B) [33]. However, its characterization was 

limited to endpoint measurements of live and FA-fixed 

cells following 24 h of incubation at defined O 2 tensions 

using confocal TCSPC-FLIM. Here, we were able to confirm

the previously reported increase in UnaG lifetime in 

dUnOFLS under hypoxic conditions, from 1.675 ns in nor-

mobaric atmospheric O 2 to 2.087 ns in 1 % O 2 (Figure 1C), 

demonstrating suitability as a cellular oxygenation sen-

sor. To confirm that the observed changes in UnaG life-

time were due to directly altered O 2 availability and 

not due to cellular metabolic adaptation to hypoxic or 

atmospheric conditions in the presence of high glucose 

medium and pyruvate, we also again validated the mOr-

ange2 maturation-deficient donor-only control construct 

CMV-dUnOFLS (G220A), which displayed no significant dif-

ference in UnaG lifetimes between normobaric hypoxic and 

normoxic oxygenation states (Figure S1) [33].

Given the enhanced turn-over to be expected for the 

PEST-sequence containing sensor fusion protein, we won-

dered if response times of the sensor CMV-dUnOFLS were 

sufficiently short to follow O 2 equilibration kinetics by live-

cell microscopy during O 2 -switching experiments. Attracted 

by the ease and speed of measurement and the increased 

capacity for multiplexed image acquisition, we switched to 

lifetime determination in the FD. Therefore, we employed a 

FD-FLIM camera coupled to an epifluorescence microscope 

equipped with an incubation chamber (Figure 2), which 

allowed us to dynamically monitor the signal kinetics of

Figure 2: Scheme of the widefield FD-FLIM setup used in this study. The pco.flim laser depicted on the right receives its steering modulation

and dark-gate signals (laser enable) from the pco.flim X camera system. Excitation laser light (488 nm) passes a mild diffusor (not drawn) and is 

coupled into a 3 mm liquid light guide, which annihilates coherence and guides the excitatory light into the epifluorescence input of an inverted Nikon 

Ti2-E fluorescence microscope, equipped with an O 2 -controlled incubation chamber. Excitation light is reflected by a dichroic mirror (Dichro) (495 nm 

longpass filter) into the objective (Obj) to illuminate the sample, which is also blocking light ≤ 495 nm for exclusive detection of the emitted photons. 

Fluorescence emission collected by the objective is projected through the dichroic mirror and an emission bandpass filter (BP em ; 525/50 nm)

and finally reflected by a silver mirror towards the camera port of the pco.flim X camera. The entire setup is controlled by the Nikon NIS elements 

software, which was also employed for lifetime determination.
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CMV-dUnOFLS-expressing Gli36 cells grown in glass bottom 

96-well plates during transitions between oscillating O 2 con-

centrations. Here we applied sequential transitions between 

normobaric ambient (1 h), normobaric hypoxic (2 h) and 

normobaric ambient (2 h) O 2 concentrations (18 % O 2 ⇨ 1 % 

O 2 ⇨ 18 % O 2 ). To probe the impact of the media column 

height atop the cells, we added media volumes between 

30 μl and 350 μl corresponding to liquid column heights 
between 0.98 mm and 10.63 mm and determined UnaG life-

times during the O 2 transitions every 10 min (Figure 3A). 

Notably, independent of the media volume UnaG lifetime 

started to adapt within 20 min after transitioning to the

new O 2 concentration, with a tendency to stabilize during 

the following 3 h (Figure 3B). In agreement with the liq-

uid column forming a diffusion barrier for O 2 , UnaG life-

time changes were increasingly delayed with increasing 

media volume. This was particularly notable for culture 

volumes ≥100 μl, suggesting that while O 2 dissolved in the 
higher media columns still reached the cells alleviating the 

hypoxic state, the reduced gradient steepness resulted in a 

diminished flux. To highlight these differences, we gener-

ated denoised mean phase lifetime plots of the time-series 

data that preserved the overall signal kinetics by applying 

second order polynomial smoothing (Figure 3C). Compared

Figure 3: The genetically encoded O 2 sensor CMV-dUnOFLS revealed a pronounced impact of media column height on O 2 equilibration dynamics

in 96-well plates. Gli36 cells stably expressing CMV-dUnOFLS were cultured in 96-well flat glass bottom plates and maintained in various media 

volumes ranging from 30 to 350 μl. UnaG fluorescence lifetimes were monitored by live epifluorescence FLIM in the frequency domain (FD) during 

sequential shifts between normobaric atmospheric and hypoxic conditions (18 % O 2 ⇨ 1 % O 2 ⇨ 18 % O 2 ). (A) Representative fluorescence intensity 

(FL) images, FD-FLIM images and corresponding phasor plots are shown (scale bars: 100 μm). (B) Mean UnaG lifetimes and (C) corresponding 
smoothed average traces demonstrate a marked influence of media height on O 2 equilibration dynamics within 96-well plates (fields of view, n = 4). 
(D) The normalized smoothed trajectories highlight the timepoints of maximal changes (t max ) of the relative UnaG lifetimes (Δrel.LT) within
the various culture volumes, allowing to summarize three major dynamics at t max1 (2.3 h, 30 and 40 μl), t max2 (2.5 h, 50 and 75 μl) and t max3 (2.7 h, ≥ 
100 μl) respectively.



N. Bauer et al.: Oxygen equilibration in tissue culture — 7

to the smallest volumes (30 and 40 μl, t max1 = 2.3 h), the 
maximum of the resulting curve was delayed for larger 

volumes by approx. 12 min (50 and 75 μl, t max2 = 2.5 h) and 
24 min (≥100 μl, t max3 = 2.7 h) respectively, highlighting the 
major variation in the dynamic changes of UnaG life-

time based on the applied culture media volume within 

96-well plates (Figure 3D). The largest volumes (≥300 μl) 
showed no further increase when compared to smaller 

media heights, however, the relative change in UnaG life-

time (Δrel.LT = rel.LT max − rel.LT t0 ) was minimal for 350 μl. 
In line with this, statistical analysis demonstrated that the 

time-course profiles obtained for the smallest media vol-

umes (30 and 40 μl) differed significantly from those mea-

sured at volumes ≥100 μl. For intermediate volumes (50 and 
75 μl), significant differences were detected only in compar-
ison to the 300 μl-condition, while no significant differences 
were observed among media volumes ≥100 μl when com-
pared with any larger column heights (Table S1).

Upon incubation under comparable conditions, Gli36 

cells expressing the control construct CMV-dUnOFLS 

(G220A) also showed a measurable lifetime response to O 2 
switching (Figure S2). However, the signal barely exceeded 

the background fluctuation and showed no volume 

dependent delay. It potentially reflected adaptive and 

metabolic cellular responses to altered oxygenation rather 

than direct sensor effects. Finally, to demonstrate a more 

general applicability of our sensor, we repeated the live-cell 

FD-FLIM measurements with CMV-dUnOFLS-expressing 

CHO cells, which showed similarly rapid and pronounced 

lifetime shifts during O 2 cycling (Figure S3). Also in this cell 

line, the maxima of the mean phase lifetime plots showed 

the above described temporal delay between minimal (30 

and 40 μl), intermediate (50 and 75 μl) and larger media 
volumes (≥100 μl).

3.2 Parameters affecting oxygen 
equilibration in cell culture systems

Equilibration of ambient O 2 in the gas phase by passive 

diffusion is driven by the concentration gradient between 

the O 2 dissolved at the surface and the concentration at 

the bottom of the media column, where O 2 is consumed. 

Consequently, equilibration is inversely proportional to the 

diffusion distance, i.e. the height of the media column. 

Knowledge of the cellular OCR allows the calculation of the 

maximal diffusion distance that would replenish cellular O 2 
consumption, based on Fick’s law. Accordingly, we deter-

mined the cellular OCR at basal respiration of the cells used 

in this study as 59 amol/s/cell (29.5 fmol/s/mm 2 ) for Gli36 

wildtype cells and 68.17 amol/s/cell (34 fmol/s/mm 2 ) for CHO 

wildtype cells (Figure S4) and calculated the corresponding 

cell type-specific maximal diffusion distances of 16.5 and

14.3 mm, based on the experimentally determined O 2 dif-

fusion coefficient of Inglesby & Zeronian [41]. This suggests 

that these cell lines, when grown in 96-well plates with the 

maximal medium volume (350 μl, media column height of 
10.6 mm), should not encounter persistent hypoxia. How-

ever, as our results show that varying column heights indeed 

seemed to influence oxygenation dynamics, we aimed to 

consider further parameters that may impact the involved 

equilibration kinetics.

Tissue culture vessels possess a wide variety of geome-

tries, which, depending on the culture volume, result in 

largely varying ratios of media column height to culture 

surface area. We were wondering if culture vessel geometry 

impacted on O 2 equilibration, e.g. by an increased occur-

rence of convective or mixing fluid motion in vessels with 

a high surface area to volume ratio at common culture 

volumes. To exemplify these differences, we outlined the 

dimensions of three selected, commonly used cell culture 

vessels, 96-well plates, 8-well imaging slides and 3.5 cm petri 

dishes (Figure 4A) and annotated the resulting averaged 

surface area to volume (SA/V) ratios in Figure 4B. In 96-well 

plates a culture volume of 30 μl results in a media column 
height of 980 μm, i.e. a SA/V ratio of approx. 1 mm −1 . This 

arithmetic average ignores the inevitable fluid meniscus 

formation, therefore real media column height in the center 

of the well is likely significantly lower. Every addition of 

30 μl medium add approx. another 1 mm of fluid column 

height, with decreasing impact of meniscus formation. At 

the maximal culture volume of 350 μl the fluid column
approaches 10.63 mm height, i.e. a SA/V ratio of 0.10 mm −1. 

In a 3.5 cm dish, with a range of culture volumes between 

1.5 ml and 4 ml the SA/V ratio varies between 0.64 and

0.24 mm −1. 

Diffusive O 2 transport through the aqueous phase in 

cell culture systems strictly only applies under static condi-

tions. In real life scenarios various environmental factors, 

like vibration and thermal inhomogeneities of the incu-

bated volume may cause fluid motion ultimately resulting in 

convective mixing. Using time-lapse widefield microscopy 

and trypan blue as a proxy, we aimed to visualize kinetic 

mixing, which could contribute to equilibration within the 

aqueous phase in a chamber of an 8-well imaging slide. 

We detected a spread of the forming dye front over a dis-

tance of approx. 2.61 mm during the observed timeframe 

(Figure 4C). Application of Fick’s first law yielded a theoreti-

cal diffusion distance of 2.85 mm for trypan blue molecules, 

under the assumption that the observed equilibration of the 

solution was governed solely by passive diffusion kinetics 

(Figure 4C). These data therefore suggest that solution equi-

libration within cell culture vessels under static conditions
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Figure 4: Geometric parameters of three common cell culture vessel types. (A) Dimensions (in mm) and respective surface areas (in mm 2 ) of 96-well 

flat glass bottom plates (1.5H, Cellvis (P96-1.5H-N)), 8-well glass bottom imaging slides (1.5H, ibidi (80,827)) and 3.5 cm glass bottom dishes (1.5H, 

WillCo (GWST-3512)). (B) Relationship of media volume and height of the resulting fluid column in different cell culture vessels. Annotations indicate 

the calculated surface-area-to-volume ratios (SA/V = mm 2 /mm 3 ) in mm −1 . Color-coding of ratios indicates fast (blue) or slow (red) media O 2 
equilibration, which was reflected by the experimentally determined, delayed arrival at the new steady-state after a normobaric switch in O 2 
concentration. Media heights and surface areas were approximated without consideration of the cohesive forces, which result in concave meniscus 

formation at aqueous surfaces. (C) Kinetic distribution of trypan blue within an aqueous phase. The expanding, nascent dye front generated by gentle 

infusion of a concentrated trypan blue volume into 200 μl dH 2 O within an 8-well glass bottom imaging slide was visualized using widefield microscopy. 

Images were recorded every 2 s. According to Fick’s first law, the theoretical diffusion-driven distance (Δx) of trypan blue within the herein observed 
conditions and timeframe results in a distance of 2.85 mm (D, diffusion coefficient [41]; Δc, difference in concentration at two different points
in space; J, diffusion flux). The experimentally determined distance closely approximated this value with 2.61 mm, scale bar: 500 μm.

is predominantly governed by diffusion, whereas convec-

tive and kinetic effects have only a minor impact on the 

observed fluid equilibration.

We still wondered to what extent varying SA/V ratios 

contributed differentially to O 2 equilibration of cell cul-

tures within the different culture vessel geometries. Having
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demonstrated the potential of dUnOFLS to monitor cellu-

lar oxygenation dynamically with cellular resolution, we 

employed it to also record O 2 equilibration in ibidi 8-well 

imaging slides and 3.5 cm glass bottom dishes.

3.3 Changes in media height caused less 
pronounced effects on oxygenation 
when cultures were kept in larger 
diameter culture vessels

In 8-well imaging slides variation of the media volume 

(100–600 μl) had a less pronounced impact on the kinetic 
of UnaG lifetime changes in dUnOFLS-expressing Gli36 cells 

after O 2 switching when compared to 96-well plates. While 

media volumes ≤300 μl displayed fast switching kinetics 
(t max = 2.4 h) in response to new steady-state O 2 concentra-
tions, higher media volumes (≥350 μl) resulted in a slightly 
delayed equilibration of UnaG lifetimes upon de- and reoxy-

genation (t max = 2.7 h; Figure 5A and B). However, statistical 
analysis indicated that the differences between the time-

course datasets did not reach an appreciable level of signifi- 

cance (Table S2). Nevertheless, our sensor system detected a 

threshold for fast O 2 equilibration at media column heights 

⪅3 mm, or a SA/V ratio ⪆0.34 mm −1 , in 8-well imaging slides 

with a surface area of 100.58 mm 2 per well. This ratio com-

pares well with the threshold identified for 96-well plates 

(Figure 4B).

In 3.5 cm glass bottom dishes, increasing the media 

volume from 1,500 to 4,000 μl did have mild, but signif-
icant effects on the culture media oxygenation kinetics 

(Figure 5C and D; Table S3). UnaG lifetimes adapted within

1 h when transitioning from atmospheric to hypoxic O 2 con-

centrations, with a t max at approx. 2.5 h for volumes ≤3 ml 

and 2.7 h for volumes ≥3,500 μl, while reoxygenation was 
meaningfully delayed at higher media volumes ≥3,500 μl. 
For 3.5 cm glass bottom dishes, media volumes of 3,500 μl 
correspond to a column height of approx. 4.4 mm and, 

given a surface area of 960 mm 2 , a SA/V ratio of approx. 

0.27 mm −1 (Figure 4B). Thus, SA/V ratios ⪅0.27 mm −1 indi-

cate a threshold for potentially delayed equilibration of 

culture media during O 2 transitions within 3.5 cm glass 

bottom dishes (Figure 4B). FLIM images and phasor plots 

of CMV-dUnOFLS-expressing Gli36 cells cultured in 8-well 

imaging slides (Figure S5A) and 3.5 cm glass bottom dishes 

(Figure S5B) represent the observed UnaG lifetime shifts in 

response to ambient O 2 changes.

Collectively, these findings demonstrate that FD-FLIM 

of CMV-dUnOFLS-expressing cells provides reliable detec-

tion of O 2 equilibration dynamics in in vitro systems

– including consistent performance across all cells in inde-

pendent fields of view (Figure S6) – and further revealed 

that the influence of media heights on O 2 diffusion progres-

sively diminishes with increasing SA/V ratios.

4 Discussion

Here we have exploited the recently described, genetically 

encoded O 2 sensor CMV-dUnOFLS to monitor O 2 equilibra-

tion in cultured cells after normobaric switching of the O 2 
concentration in the incubator gas phase from atmospheric 

concentration to 1 % and back. The sensor protein dUnOFLS 

is comprised of a PEST-sequence-destabilized fusion of the 

green fluorescent protein UnaG, which acquires its fluores-

cent state independent of the presence of molecular O 2 in 

a complex with bilirubin, and mOrange2, which matures 

in an O 2 -dependent fashion [33], [43]–[45]. UnaG and mOr-

ange2 form an efficient FRET pair upon expression from 

a ubiquitously active cytomegalovirus (CMV) promoter ele-

ment, allowing a graded readout of cell oxygenation. The 

sensor protein therefore avoids the potentially unrecog-

nized sensor failure inherent to sensor systems that express 

a fluorescent marker, selectively in either oxygenated or 

hypoxic cells. Taking advantage of its inherent insensitivity 

to concentration changes and background fluorescence, we 

employed live-cell FLIM imaging to determine UnaG life-

times of cell lines stably expressing dUnOFLS.

In a first step, we determined the lifetime of UnaG in 

the context of the sensor under normobaric atmospheric 

and 1 % O 2 confocally by TCSPC-FLIM. The measured val-

ues of dUnOFLS of approx. 1.7 ns (ambient) and 2.1 ns (at

1 % O 2 and measured for the acceptor-deficient control 

dUnOFLS (G220A)) were in excellent agreement with our 

own previous measurements and published data [33], [45], 

[46]. Unexpectedly, our measurement revealed a previously 

unnoted biphasic lifetime distribution, which may reflect 

the two described reversibly interconvertible UnaG fluores-

cent states [47]. In our previous study, we directly fitted 

the TCSPC data by applying a biexponential fitting model 

and regarding the acceptor-deficient control lifetimes of 

dUnOFLS (G220A) as a fixed monoexponential variable. This 

provided a single time constant of 2.2 ns, which however 

missed the biphasic distribution revealed by direct plotting 

of the mean first photon arrival times.

The capacity of dUnOFLS to report oxygenation in cul-

tures with cellular resolution, potentially opens the pos-

sibility to dynamically assess O 2 equilibration by live-cell 

microscopy, depending on the cellular turnover of the 

sensor.
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Figure 5: Changes in media volume resulted only in minor variations of O 2 equilibration dynamics in 8-well imaging slides and 3.5 cm glass bottom 

dishes. Gli36 cells stably expressing CMV-dUnOFLS were cultured in (A, B) varying media volumes ranging from 100 to 600 μl in 8-well glass bottom 

imaging slides or (C, D) various media volumes ranging from 1.500 to 4.000 μl in 3.5 cm glass bottom dishes. UnaG lifetimes during sequential 

normobaric changes of the O 2 concentration from 18 % O 2 to 1 % O 2 and back to 18 % O 2 were determined by FD-FLIM. (A, C) Mean UnaG lifetimes 

and (B, D) corresponding averaged lifetime changes (smoothed average traces) indicated only a minimal dependence of cellular oxygenation

on media volumes within the 8-well imaging slides (fields of view, n = 3) and in 3.5 cm glass bottom dishes (fields of view, n = 10).

To assess the dUnOFLS sensor response after normo-

baric changes in ambient O 2 concentration and probe the 

influence of media volume and hence culture vessel geom-

etry, we switched from TCSPC measurements to FD life-

time determination using a dedicated FLIM camera system, 

which offers increased measurement speed and improved 

capacity for multiplexed image acquisition. Satisfactorily, 

after O 2 concentration switching, dUnOFLS displayed a suf-

ficiently short reaction time of approx. 20 min and a clear 

lifetime change response of about 0.5 ns. Taken together, 

these parameters allowed meaningful dynamic measure-

ments. However, the UnaG lifetime determined for dUnOFLS 

in the FD at normobaric atmospheric conditions of approx. 

0.85 ns differed significantly from the approx. 1.7 ns lifetime 

determined by TCSPC. Possible reasons could be of technical 

nature, like differences in the principle and precision of 

the instrument calibration method or consequences of the 

inherent differences between confocal and epifluorescence-

based acquisition used for the here presented TCSPC and 

FD measurements respectively. Also, epifluorescence acqui-

sition in the FD records a vastly larger excitation volume 

compared to confocal TCSPC. Recently, Mukherjee et al. [48] 

reported subtle phototoxic effects of widefield FD-FLIM 

in HeLa and Cos7 cells when directly comparing FD- and

TCSPC-FLIM measurements. In their study, light activation 

of an imaging medium component resulted in the degrada-

tion of a signaling agonist, identifying the molecular compo-

sition of imaging media as a potential source of variability 

in lifetime measurements [48]. In contrast, CMV-dUnOFLS-

expressing cells exhibited consistent results across TCSPC-

FLIM measurements live in cell culture media and under 

FA-fixed conditions in PBS or Mowiol. Our herein reported 

discrepancies between FD- and TCSPC-FLIM-derived UnaG 

lifetimes are therefore more likely attributable to differ-

ences in imaging modality. Furthermore, UnaG lifetime has 

been reported to vary depending on the cellular localization 

of the protein, which is likely even more pronounced in 

fusion proteins like dUnOFLS [46] and might contribute to 

the small, detectable change of approximately 0.15 ns in the 

lifetime of the dUnOFLS (G220A) control sensor. We had 

not detected a corresponding change in TCSPC endpoint 

measurements, suggesting that it likely reflects metabolic 

adaptations and possibly internal changes in protein local-

ization and organelle distribution that are only revealed in 

real-time FD measurements and probably do not reflect real 

sensor responses.

O 2 transport in cell cultures is generally assumed to 

occur through diffusive flux, which, according to Fick’s first
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law, is directly proportional to the concentration gradient 

forming over the media fluid column. The media column 

height at which O 2 flux matches the cellular OCR is gener-

ally considered as the culture volume, above which cells 

grow under persistent hypoxia. Maximal diffusive flux is 

reached, at a media volume where the cellular OCR reduces 

peri-mitochondrially available O 2 to near zero. Under these 

conditions the concentration gradient equals the O 2 concen-

tration at the gas interface, 0.181 mM [49]. Due to its excep-

tionally high affinity for O 2 , cytochrome c oxidase is still 

capable of extracting O 2 and reaching half maximal activity 

at values lower than 0.01 mM O 2 [49]. However, due to the 

significantly lower affinity of other O 2 consuming enzymes, 

notably prolyl hydroxylases (approx. 0.25 mM), cells may 

already mount a response to consumptive O 2 depletion at 

distinctly higher O 2 concentrations [50].

Tan et al. calculated the critical media height based on 

an OCR of 200 fmol/mm 2 /s for adipocytes as 2.43 mm [3]. 

Wagner et al. report OCRs spanning nearly three orders of 

magnitude, covering the range from single to three digit 

numbers in amol/cell/s [51]. We noted significant varia-

tion in the cellular OCRs reported for glioblastoma cell 

lines. Vlashi and coworkers reported the OCRs of U87 and 

GBM147 glioblastoma cell lines at ∼9,000 pmol/min/10 6 cells 
(∼150 amol/cell/s) [52], while Sharapova et al. reported 35 
to 100 amol/s/cell [53]. These values as well as the val-

ues we determined for Gli36 (59 amol/s/cell) and CHO cells 

(68 amol/s/cell) lie well within the range described by Wag-

ner et al. [51]. The higher OCR of CHO cells may be a con-

sequence of Warburg effect active in the tumor cell line. 

In contrast, Arthurs et al. report OCRs for glioblastoma cell 

lines around 150–200 pmol/cell/s, which is approx. 10 4 –10 5 

higher compared to the otherwise reported literature value 

[54].

While our measurements indicate that under all con-

ditions investigated in this study, diffusive O 2 flux would 

compensate the OCR, the discrepancy in reported OCRs 

impressively highlights the requirement for a reproducible 

experimental method to determine cellular oxygenation. 

Using stable expression of dUnOFLS, we here show a distinct 

delay of O 2 equilibration in 96-well plates dependent on the 

media volume. This effect was less pronounced in 8-well 

imaging slides and 3.5 cm dishes. The rapid kinetic, i.e. a 

detectable change in dUnOFLS lifetime after already 20 min, 

was surprising as it essentially relies on protein turnover. 

However, an equally swift response in CHO cells demon-

strated that the effect was not specific to tumor cell lines. 

Remarkably, independent of the vessel geometry, oxy-

genation trended to be delayed at SA/V ratios <0.3. Our 

trypan blue-based assays performed in 8-well imaging slides

at SA/V ratios <0.3 under static conditions are in agreement 

with equilibration predominantly being driven by passive 

diffusion. In contrast, the presented live-cell FLIM experi-

ments involved sequential acquisition of multiple fields of 

view, necessitating repeated automated mechanical move-

ment of the culture vessels. Such perturbations are likely 

to induce kinetic mixing phenomena, including convective 

flow, thereby facilitating enhanced equilibration dynam-

ics during multipoint time-lapse imaging. Furthermore, the 

SA/V value we have determined here may be specific for 

the live-cell incubation chamber at hand and might need to 

be independently determined for different incubators and 

experimental setups. Growing cells at low media volumes 

clearly reduces the risk of hypoxic episodes, however, at 

the risk of early nutrient depletion or even fluid evapo-

ration. On the other hand, cells grown at the maximally 

recommended culture volumes showed clearly delayed O 2 
equilibration.

5 Conclusions

Taken together, we show that cycling changes in the oxy-

genation state of tissue cultures can be monitored by life-

time measurements of sensor proteins like dUnOFLS with 

a cellular response time of approx. 20 min. Due to the 

fast evaluation process, the phasor approach and lifetime 

determination by FD-FLIM are particularly well suited for 

this task. We also provide evidence that fluid equilibra-

tion of static cell cultures is indeed predominantly gov-

erned by passive diffusion. However, our FD-FLIM measure-

ments indicated that diffusive gas equilibration appeared 

to only insufficiently provide O 2 to cells that grow at cul-

ture conditions below a SA/V ratio of approx. < 0.3. Our 

results highlight the value of experimental approaches that 

monitor cellular states including oxygenation in tissue cul-

tures. Moreover, the applicability of dUnOFLS has previ-

ously been demonstrated not only in vitro but also ex vivo 

in an intracranial glioma xenograft model [33]. In light of 

the rapid dynamic sensor responsiveness revealed in the 

herein presented study, we propose that in the future FD-

FLIM could also be employed to intravitally monitor tissue 

oxygenation in preclinical disease models using dUnOFLS.
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