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Hypoxia is an essential regulator of cell metabolism, affects cell migration and angiogenesis during development
and contributes to a wide range of pathological conditions. Multiple techniques to assess hypoxia through
oxygen-imaging have been developed. However, significant limitations include low spatiotemporal resolution,
limited tissue penetration of exogenous probes and non-dynamic signals due to irreversible probe-chemistry.
First genetically-encoded reporters only partly overcame these limitations as the green and red fluorescent
proteins (GFP/RFP) families require molecular oxygen for fluorescence. For the herein presented ratiometric and
FRET-FLIM reporters dUnORS and dUnOFLS, we exploited oxygen-dependent maturation in combination with
the hypoxia-tolerant fluorescent-protein UnaG. For ratiometric measurements, UnaG was fused to the orange
large Stokes Shift protein CyOFP1, allowing excitation with a single light-source, while fusion of UnaG with
mOrange2 allowed FRET-FLIM analysis. Imaging live or fixed cultured cells for calibration, we applied both
reporters in spheroid and tumor transplantation-models and obtained graded information on oxygen-availability
at cellular resolution, establishing these sensors as promising tools for visualizing oxygen-gradients in-vivo.

1. Introduction Lecoq et al., 2011; Papkovsky and Dmitriev, 2013), which are however

upon in-vivo application excluded from the parenchyma of most tissues

Oxygen is essential for metazoan life and hypoxia, the disequilibrium
of oxygen-consumption and -delivery, has been intensely investigated in
development and pathological conditions (Span and Bussink, 2015).
Various techniques for the assessment and visualization of hypoxic mi-
croenvironments within multicellular systems have been developed
(Roussakis et al., 2015). Histomorphometric studies of fixed tissue
provided first quantifications of the distance between vessels and hyp-
oxic regions (Thomlinson and Gray, 1955) and initial measurements of
local oxygen-concentrations within living tissues were performed using
invasive polarographic needles, which are limited by their own
oxygen-consumption and tissue compression (Raleigh et al., 1996). Less
invasive, quantitative oxygen-imaging is possible using exogenous
fluorescent- and/or phosphorescent-(nano)probes (Kiyose et al., 2010;

and require constant perfusion. Non-invasive organ or whole-body im-
aging is finally achieved by magnetic resonance imaging (MRI) or
positron emission tomography (PET) with nitroimidazole-based probes
(Nunn et al., 1995; Apte et al., 2011) however, these imaging modalities
lack cellular resolution (Roussakis et al., 2015).

In contrast, genetically-encoded reporters based on fluorescent-
proteins (FPs) visualize hypoxia directly within each investigated cell,
allowing to follow hypoxia and its impact on the cellular microenvi-
ronment longitudinally (Takahashi et al., 2006; Papkovsky and Dmi-
triev, 2018). Ratiometric fluorescence sensors further enable
quantitative ~ oxygen-imaging  for  visualization @ of  local
oxygen-concentrations (Lidsky et al., 2018; Misra et al., 2017). How-
ever, common FPs of the GFP and RFP-families are poorly suited as
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hypoxia-reporters due to slow oxygen-dependent maturation and
scaffold-rearrangement, essential for their fluorescence (Remington,
2006; Heim et al., 1994). These limitations were overcome by FPs,
which adapt their fluorescent-state oxygen-independently upon binding
of endogenously present or exogenously applied fluorogenic cofactors
(fluorogens) (Peresse and Gautier, 2019). One example is the green FP
UnaG from the Japanese eel, which acquires fluorescence by binding the
porphyrin-metabolite bilirubin (BR) (Kumagai et al., 2013), making
UnaG ideal for the generation of genetically-encoded hypoxia-sensors.
The functionality of UnaG-based hypoxia-sensors, driven by
hypoxia-inducible gene expression, was proven in-vitro and in-vivo
(Erapaneedi et al., 2016; Panicucci et al., 2020; Schmitz et al., 2020).

Here, we introduce two novel, genetically-encoded, UnaG-based
oxygen-reporters, dUnORS (destabilized-UnaG-CyOFP1-Ratiometric-
Sensor) and dUnOFLS (destabilized-UnaG-mOrange2-Fluorescence-
Lifetime-Sensor), which were derived from the recently described
destabilized-UnaG-mOrange2-Hypoxia-Reoxygenation-Sensor
(dUnOHR, Erapaneedi et al., 2016). Both new sensors aim for a graded
assessment of tissue oxygen-concentration and their sensing-moiety, like
the one of dUnOHR is comprised of a fusion-protein exploiting the
dual-emission characteristics and differential oxygen-requirements of
oxygen-dependent and -independent FPs.

The UnaG-mOrange2 fusion protein dUnOHR was expressed under a
hypoxia-responsive promotor-element (HRE), requiring hypoxia-
inducible transcription factor (HIF) binding to HREs and allowing it to
mark areas of reoxygenation after transient hypoxia in-vitro and in-vivo
(Erapaneedi et al., 2016). Consequently, in the absence of the cellular
HIF-response, dUnOHR expression ceases under normoxia. To overcome
this limitation and unlock the potential of a ratiometric analysis,
dUnORS and dUnOFLS are expressed under a constitutively active
human cytomegalovirus (CMV)-promoter, uncoupling their expression
from the cellular response to oxygen-deprivation. To enable faster
switching-kinetics of the UnaG-based hypoxia fusion-protein sensors, a
turnover enhancing PEST degradation-motif was fused C-terminally to
the sensor-constructs (Li et al., 1998; Rogers et al., 1986). As shown by
live-cell imaging experiments (Erapaneedi et al., 2016), the PEST-motif
decreases the lifetime of UnaG from 20 h to 8 h, while fusion to the
HIFla-derived degradation domain reduced the life time to 5 h and a
combination of both even to 30 min. While highly destabilized proteins
allow faster switching-kinetics, their overall accumulation and hence
brightness is correspondingly reduced. These previous studies indicated
that a single C-terminal PEST-domain may provide the optimal
compromise between switching kinetics and brightness. Here, we
characterize the new sensors dUnORS and dUnOFLS for the detection of
molecular oxygen (Oj) in-vitro, but also for the visualization of
oxygen-gradients within intracranial, in-vivo grown glioblastomas.
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2. Materials and Methods

A detailed Materials and Methods-section is presented in the Sup-
plementary Information.

2.1. Plasmid design

CMV-dUnORS, contains an UnaG-CyOFP1 expression-cassette with a
PEST degradation-sequence expressed from the CMV-promoter. For
generation of CMV-dUnOFLS, the HRE-promoter sequence of HRE-
dUnOHR was replaced by the CMV-promoter. CMV-UnaG and the
maturation-deficient mOrange2-mutant dUnOFLS(G220A) were used as
controls. For the latter, a point mutation within mOrange2 generated a
non-fluorescent mutant (confirmed by flow cytometry in Suppl. Fig. 1).

2.2. Cell-lines

Cell-bulks stably expressing CMV-dUnORS or CMV-dUnOFLS were
derived by selection and fluorescence activated cell sorting (FACS)
(Suppl. Fig. 2). For oxygen-depletion experiments, cells were incubated
at the indicated ambient oxygen-concentrations.

2.3. Isolation of a cell-free enriched solution of the FRET-reporter

The reporter CMV-dUnOFLS and the respective control dUnOFLS
(G220A) were isolated from transiently transfected HEK293T cells via
cell lysis and ultracentrifugation. Subsequently, the fluorescence life-
times of the cell-free enriched protein solutions were analyzed as
described in 2.7. FRET-FLIM.

2.4. Formation of tumor-cell spheroids

Spheroids were grown following a protocol based on liquid-overlay
techniques and cell-aggregation methods (Metzger et al., 2011; Mar-
itan et al., 2017; Costa et al., 2014).

2.5. Intracranial tumor-injections

Gli36 reporter cell-lines were intracranially injected into SCID-mice.
Tumors were grown for approximately 20 days before intravenous
PECAM-1 antibody (Wegmann et al., 2006) injection to contrast blood
vessels, followed by euthanization. Brains were explanted, fixed with
3% glyoxal or 4% PFA-fixative and vibratome-sectioned.

A

Fig. 1. Properties of the genetically-encoded,
ratiometric oxygen-sensor CMV-dUnORS. A)
Scheme of CMV-dUnORS. A PEST-motif destabilized
UnaG-CyOFP1 fusion-protein, is expressed under
control of the human cytomegalovirus (CMV)-pro-
moter. B) Excitation (open curves) and emission (fil-
led curves) spectra of UnaG and CyOFP1 (Chu et al.,
2016; Kumagai et al., 2013). Due to the LSS of
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Fig. 2. The CyOFP1/UnaG-fluorescence intensity-
ratio in stably dUnORS-expressing cell-bulks cor-
relates with the ambient oxygen-concentration.
A-C) Temporal change of the CyOFP1/UnaG-MFI
ratio in bulk cell cultures (CHO /Gli36 /HEK293T)
stably expressing dUnORS. Cells were grown for 24 h
at ambient oxygen before being shifted to the indi-
cated oxygen-concentrations (0 h). Fluorescence was
recorded every 15 min at 525/50 nm (green) and
645/75 nm (red); excitation at 470 nm. Line graphs
depict the mean and s.d. of five viewfields in each
series., D) UnaG- and CyOFP1-fluorescence in
dUnORS-expressing CHO bulk cell culture (40 h time
point of timelapse in A), filter-settings a described for
A-C). Scale-bar: 100 pm. E) Quantification of UnaG-
and CyOFP1-MFI depicted in D). Shown are relative
fluorescense-intensities normalized to UnaG, bars
depict the mean and s.d. of 4 or 5 viewfields. Signif-
icance is indicated for the relative difference in the
UnaG/CyOFP1-MFI (black asterisks) and the change
in CyOFP1-MFI (0 h vs 40 h, gray asterisks). (***p <
0.001, ns (not significant) p > 0.05). F) Intensity-ratio
[UnaG/CyOFP1]-1 of dUnORS-expressing CHO-cells
plotted against the ambient oxygen-concentration.

between 1% and 18%, was used for live-cell time-lapse-imaging of
dUnORS. Both FPs were excited at 470 nm and independently visualized
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via dichroic filter-cubes (525/50 nm, 645/75 nm). For confocal analysis,
tumor-cell spheroids and tissue-sections were excited at 488 nm.

Fig. 3. Structure and in-vitro characterization of
the fluorescence lifetime-based oxygen-sensor
CMV-dUnOFLS

A) Scheme of CMV-dUnOFLS, the destabilized FRET-
sensor UnaG-mOrange2(PEST) fusion-protein, and
its oxygen-sensing principle. UnaG matures oxygen-
independent, whereas mOrange2 requires O,. FRET
(yellow arrow) is strong under normoxia and reduced
under hypoxia, resulting in an increasing UnaG-
lifetime. B) Spectral properties of the UnaG-
mOrange2 FRET pair (open curves: excitation; filled
curves: emission) demonstrating the overlap between
UnaG-emission (donor) and mOrange2-excitation
(acceptor) (Kumagai et al., 2013; Shaner et al.,
2008). C) Photon-count histogram of UnaG-lifetime
measurements in dUnOFLS-expressing CHO-cells.
Decay-curves exhibit a shift of the photon-count plot,
corresponding to a gradual increase in the
UnaG-lifetimes (Tav.Amp.) under progressive
oxygen-depletion, approaching the donor-only life-
times (zp) of cUnaG or the dUnOFLS(G220A) mutant.
IRF: instrument response function. D)
Lifetime-images of dUnOFLS-expressing CHO-cells
grown at 1% or ambient oxygen, depicting the
UnaG-lifetime (74, 4mp.) after pulsed laser excitation at
485 nm and the corresponding LUT of the
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2.7. FRET-FLIM

A FLIM detection unit (PMA Hybrid Series, PicoQuant, Berlin, GER)
coupled to an LSM 880 (Zeiss) confocal microscope equipped with a 63x
oil immersion objective (Zeiss 63x Plan Apo, NA = 1.4) was used for
TCSPC-FLIM analysis of living cells expressing the FRET-sensor
dUnOFLS. For live-cell imaging at various oxygen concentrations a mi-
croscope temperature- and gas-control system was used (Life Imaging
Services, Basel, CHE). After pulsed laser excitation at 485 nm (PDL 828,
PicoQuant), UnaG-lifetime was measured at 520/35 nm to block
acceptor-photons and analyzed by SymPhoTime64 software (Pico-
Quant). For FRET-FLIM analysis, first, the mean UnaG-only lifetimes
(7p) were measured in the absence of, or in the presence of a maturation-
deficient acceptor-fluorophore (donor-only construct cUnaG or mutated
sensor construct mOrange2(G220A)) and fitted by a monoexponential
decay model. Analysis of the amplitude-weighted UnaG-lifetime in the
presence of its acceptor (T4, amp.) in dUnOFLS was performed keeping 7
of the G220A-mutant-construct as a fixed variable while applying a
biexponential fitting model (Sillen and Engelborghs, 1998; Peter et al.,
2005). The fitting-constrain implied by the fixation of the 7p-variable is
justified by the oxygen-independence of the UnaG-only lifetime (Suppl.
Fig. 3), validating UnaG as reference-signal. The applied computation
relies on the multi-exponential tailfit-model of the SymphoTime64
software, whereas 74, 4mp. is defined according to the following equation

1):
ZAmpl,- X T;

TavAmp. = W (€D)]

The goodness-of-fit was evaluated by considering the y-distribution
during each calculation of 74, 4mp For lifetime-measurements of
dUnOFLS expressing tumor spheroids and fixed vibratome sections of
intracranial tumors, the same settings of the FLIM-unit were applied,
utilizing 10x (Zeiss Plan Apo, NA = 0.45) and 40x (Zeiss C Apo, NA =
1.2) objectives.

2.8. Two-photon-FLIM

Two-Photon excited lifetime measurements on fixed cells and tissue
samples were performed using an IX 73 confocal microscope (Olympus,
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Hamburg, GER) coupled to a laser combining unit and a multichannel
detection unit (Microtime 200, PicoQuant). A two-photon Ti:Sapphire
(Ti:Sa) Mai Tai® Ultrafast Laser (MSK | Spectra Physics, Stahnsdorf,
GER), with a tuning range of 690-1040 nm, was equipped to the main
optical unit (MOU) and used as the excitation source at 810 nm, making
sure to exclusively excite the donor-fluorophore (Suppl. Fig. 4). The Ti:
Sa Laser was connected to a Pulse Picker (A.P.E.®, Berlin, GER) while
the scanning was performed using the Galvo Scanner FLIMbee (Pico-
Quant). For signal detection a Hybrid-Photomultiplier detector was
used, whereas the data acquisition was based on the method of TCSPC.
Band pass and/or low pass filters were used accordingly, depending on
the desired experiment as well as the wavelength of the excitation
source. Lifetime-analysis was performed as outlined in 2.7., applying the
same fitting models.

2.9. Image and data analysis

Image analysis was performed using FIJI by ImageJ (Schindelin
etal., 2012). A custom ImageJ-plugin enabled automated processing of
the time-lapse-image series (Suppl. Fig. 5+6). Statistical analysis and
sample numbers are indicated in the figure-legends and dUnORS
signal-intensities were determined following the Holm-Siddk-method;
dUnOFLS FLIM-data were analyzed by the Kolmogorov-Smirnov-test
and calculations performed using Excel or GraphPad-PRISM. Corre-
sponding significances are represented by the p-value (NJEM-format-
ting): ***p < 0.001, **p = 0.001-0.01, *p = 0.01-0.05, ns (not
significant) p > 0.05. The Stern-Volmer-constant Kgy was calculated
according to the slope-value of the corresponding regression-line.

3. Results
3.1. CMV-dUnORS: reporter for ratiometric oxygen-sensing

In CMV-dUnORS the UnaG-CyOFP1 fusion-protein is constitutively
expressed under control of the human cytomegalovirus(CMV)-promoter
(Fig. 1A) and mOrange2 of dUnOHR was replaced by the orange large
Stokes Shift (LSS) FP CyOFP1 (Chu et al., 2016), enabling simultaneous
excitation of both proteins (Fig. 1B, red arrow). This avoids intensity
ratio fluctuations between the two light-sources, which are required for
the excitation of dUnOHR, impairing its suitability for ratiometric

Fig. 4. Graded sensing of ambient O, using
dUnOFLS lifetime-measurement in living and
PFA-fixed cells. Statistical significance was deter-
mined for the change in the UnaG-lifetime in CHO-
and Gli36-cells expressing dUnOFLS under oxygen-
depletion compared to lifetimes at normoxia. A)
Cells were cultured for 30 h at the indicated oxygen-
concentrations and calculated average lifetimes of
UnaG (Z4y.amp.) Were determined in a live-cell exper-
iment. Control-lifetimes were measured in cells
expressing cUnaG or dUnOFLS(G220A). The latter
formed the basis for determination of 74, omp. Within

dUnOFLS (7p: 2.18 (CHO) and 2.13 ns (Gli36)). (***p
< 0.001 and **p = 0.001-0.01; Mean + SD; n =
21-60) B) Cells were cultured at the indicated
oxygen-concentrations for at least 20 h, fixed in 4%
PFA/PBS and UnaG-lifetimes (z4,4mp.) Were deter-
mined as described in A). 7p of dUnOFLS(G220): 2.2
ns (CHO) and 2.25 ns (Gli36). (***p < 0.001, *p =
0.01-0.05; Mean + SD; n = 29-43) C) CHO- and
Gli36-cells were cultured as described in C), the
UnaG-lifetimes of dUnOFLS(G220A) (7p: 2.2 ns
(CHO) and 2.25 ns (Gli36)) determined and used for
the dUnOFLS-lifetime (z4y.4mp.) analysis following 2P-
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Fig. 5. Graded response of dUnORS and dUnOFLS in a 3D-tumor-spheroid
model. A) Left: Confocal section through the central plane of a propidium io-
dide (PI)-stained Gli36 tumor-spheroid and corresponding fluorescence-
intensity plot, indicating necrotic core formation. Right: CyOFP1-/mOrange2-
fluorescence is expected to decrease from the peripheral (proliferative and
quiescent) zones towards the centre due to restricted oxygen-diffusion and
necrotic core formation. Scale-bar: 100 pm. B + C) Top: Confocal equatorial
section through dUnORS-expressing Gli36-cell tumor-spheroids. Shown are the
UnaG, CyOFP1 and brightfield signals and a projection of the CyOFP1/UnaG-
ratio. Bottom: Fluorescence-intensity and CyOFP1/UnaG-fluorescence ratio
plots across the spheroid diameter (position corresponding to the yellow line in
the confocal sections). Scale-bars: 100 pm. D) UnaG-lifetimes (74, .4mp.) in the
central focal plane of spheroids formed by dUnOFLS-expressing Gli36-cells. The
lifetime-LUT was derived from the values determined in Fig. 4A. Scale-bars:
200 pm.

measurements. CyOFP1 is comparably bright to mOrange2, but matures
significantly faster (CyOFP1: 15 min, mOrange2: 2.5 h) (Chu et al.,
2016; Shaner et al., 2008), which combined with the degradation
PEST-motif improves the dynamic response of dUnORS, enabling faster
sensor-adjustment to variations in the ambient oxygen-concentrations
(Li et al., 1998; Rogers et al., 1986). Here, CyOFP1-emission provided
the oxygen-sensing signal, whereas UnaG acted as the
oxygen-independent internal reference (Fig. 1C, Suppl. Fig. 7). To
demonstrate the sensor-functionality, analysis was performed with
FACS-sorted bulk cell cultures (CHO /Gli36 /HEK293T) expressing in-
termediate to high dUnORS-levels, aiming to average clonal
variation-effects and avoid potential toxicity of excessive FP expression
(Suppl. Fig. 2). Cytometry of UnaG- and CyOFP1-fluorescence in
CHO-cultures prior and following incubation under oxygen-depletion
(1% O3) revealed a strong oxygen-dependence of the CyOFP1-signal
(Fig. 1D), while stable UnaG-fluorescence was detected independent of
the ambient oxygen-concentration.

3.2. Oxygen-dependency of CyOFP1-maturation in dUnORS enables
ratiometric oxygen-sensing

Having verified a strong oxygen-limited restriction of CyOFP1-
maturation, we determined if the CyOFP1/UnaG-fluorescence ratio
correlated with the ambient oxygen-concentrations. Thus, cell-bulks
(CHO /Gli36 /HEK293T) were grown for 40 h at the conditions indi-
cated in Fig. 2. UnaG- and CyOFP1-fluorescence were recorded every 15
min using an epifluorescence microscope. The mean fluorescence in-
tensities (MFIs) of both channels stabilized during the 40 h incubation-
period, allowing a ratiometric evaluation (Fig. 2A-C). dUnORS distin-
guished concentrations between 1 and 10% ambient oxygen in CHO-
and Gli36-cells (Fig. 2A + B), while only concentrations between 1 and
3% oxygen were discernible in HEK293T-cells (Fig. 2C). Fig. 2D depicts
the 40 h-time point of dUnORS-expressing CHO-bulks, indicating a
graded restriction of the CyOFPl-signal under oxygen-depletion.
Determination of the corresponding CyOFP1/UnaG-fluorescence ratio
displayed the expected corresponding reduction (Fig. 2E). A plot of the
ratio [UnaG/CyOFP1]-1 versus the oxygen-concentration, displayed a
steep decline between 1 and 10%, but only little change between 10 and
18% oxygen, suggesting the optimal sensor operation-range below and
saturation above 10% oxygen (Fig. 2F).

3.3. CMV-dUnOFLS: FRET allows oxygen-sensing in the lifetime-domain

Spectral properties of UnaG and mOrange2 indicate a substantial
overlap of UnaG-emission and mOrange2-absorption spectra, suggesting
efficient Forster resonance energy transfer (FRET) between the proteins
(Fig. 3A + B). To exploit this property for oxygen-sensing, we replaced
the HRE-dependent promoter of dUnOHR (Erapaneedi et al., 2016)
against a constitutive CMV-promoter, generating dUnOFLS (Fig. 3A).
Non-radiative energy transfer between a donor- and an
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acceptor-molecule during FRET results in a decrease of the donor
fluorescence-lifetime (Forster, 1946; Lakowicz, 1999). Due to the
restricted mOrange2-maturation under oxygen-depletion and the
insensitivity of the UnaG-lifetime to fluctuations in the
oxygen-availability (Suppl. Fig. 3, Suppl. Fig. 7), we expected FRET
between UnaG (donor) and mOrange2 (acceptor) to decrease under
hypoxia, resulting in increasing UnaG-lifetimes (Fig. 3A). For assess-
ment of FRET, fluorescence lifetime imaging microscopy (FLIM) pro-
vides a robust analysis-mode. We decided to measure the UnaG
fluorescence-lifetime in the time-domain using time-correlated single--
photon counting (TCSPC). We therefore cultured dUnOFLS-expressing
CHO-cells at various oxygen-concentrations and measured the decay
profiles of the TCSPC-curves, displaying a shift in photon-counts under
hypoxia (Fig. 3C). As control-constructs, we used a cUnaG donor-only
construct or UnaG fused to the maturation incompetent mOrange2
(G220A)-mutant (Suppl. Fig. 1). The latter allowed determination of
the UnaG-lifetime in the context of the UnaG-mOrange2-fusion-protein
in absence of FRET due to the non-fluorescent mOrange2(G220A).
Under pronounced hypoxia the dUnOFLS photon-count profile
approached the decay-curves characteristic for the control-constructs.
Intracellular UnaG-lifetimes in the control cell-lines approximated the
reported lifetime of 2.21 ns for purified UnaG-protein (Cao et al., 2019).
Using the previously defined, averaged lifetime of our control-constructs
as reference, we defined a dUnOFLS-specific look-up table (LUT), with
amplitude-weighted averaged UnaG-lifetimes (7ayamp.) of approxi-
mately 2.2 ns at maximal hypoxia (1% O3) and approximately 1.6 ns at
normoxia (Fig. 3D).

Furthermore, sensor lifetime at normoxic conditions was confirmed
by measuring the UnaG-lifetime within dUnOFLS in a cell-free solution
obtained from transiently transfected HEK293T cells (Suppl. Fig. 8). To
explore the correlation between fluorescence-lifetime and ambient
oxygen-concentration, dUnOFLS-expressing CHO- and Gli36-cells were
analyzed in live-cell experiments. Both cell-lines displayed the longest
UnaG-lifetime under hypoxia (1% O,), approximating the lifetime of
isolated UnaG or UnaG in the context of the maturation-incompetent
sensor dUnOFLS(G220A) (Fig. 4A). As expected increasing oxygen-
concentrations resulted in a decrease in UnaG-lifetime.

Read-out of dUnOFLS in a tissue context will inevitably rely on post
mortem analysis. Therefore, dUnOFLS-expressing cell-monolayers were
also analyzed after PFA-fixation and comparatively measured by
confocal one (1P)- and two photon (2P)-microscopy (Fig. 4B + C). The
fixation process did not have a significant impact, as lifetimes of live and
fixed cells were within the same range (Fig. 4B) and were also not
altered when determined after increasing intervals following fixation
(Suppl. Fig. 9). Analysis by 2P-pulsed laser excitation (810 nm) revealed
a small increase in UnaG-lifetime compared to 1P-FLIM (Fig. 4C),
importantly, the lifetime-change between cells cultured in 1% oxygen
and normoxia showed the same shift as for 1P-excitation (Fig. 4B + C).
Furthermore, we assessed, whether the increase in UnaG-lifetime be-
tween 1P- and 2P-measurements was caused by the excitation-regime or
if it was due to the different microscopic instruments applied. Therefore,
a 1P-excited (440 nm) analysis of dUnOFLS-expressing cells was per-
formed using the microscope, filters and detectors used for the
multiphoton-experiment. Detected 1P-lifetimes (440 nm excitation)
were comparable to the lifetime-measures during the initial 1P-excited
(485 nm) FLIM analysis (Suppl. Fig. 10). Hence, instrument-related
lifetime differences were minimal in the same excitation-regime.
Exciting mOrange2-expressing CHO cells at 810 nm, we noted a com-
plete lack of fluorescence, excluding cross-excitation of mOrange2 as a
potential source compromising 2P-FLIM measurements (Suppl. Fig. 4).

3.4. Visualization of oxygen-gradients in a 3D-tumor-spheroid model
To test our sensors in the context of an in-vitro 3D-model, we turned

to tumor-spheroids, which are widely applied as a simplistic tumor
model. During their initial growth, small spheroids are expected to
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consist mostly of proliferating cells, whereas further growth leads to the
development of a quiescent and ultimately necrotic core due to a lack of
O, (Mueller-Klieser et al., 1986; Freyer and Sutherland, 1986). We grew
Gli36-cells into tumor-spheroids of approximately 700 pm diameter and
readily detected a core that was stained by propidium iodide (Fig. 5A),
confirming previous studies that had demonstrated formation of
necrotic cores in spheroids larger than 500 pm (Briiningk et al., 2020;
Daster et al., 2017; Khaitan et al., 2006). Using a single excitation
wavelength of 488 nm, dUnORS signal-intensities within the central
plane of the spheroids were recorded by confocal microscopy. In a small
spheroid the CyOFP1/UnaG-fluorescence ratios indicated largely suffi-
cient oxygenation (Fig. 5B), however, in large tumor-spheroids, the
complete absence of CyOFP1 and the strong reduction of
UnaG-fluorescence were not only indicative of strong hypoxia, but very
likely also the result of spheroid-core necrosis (Fig. 5C). Outside this
core-area towards the spheroid surface, we measured, based on our
previous calibration, ratios corresponding to oxygen-concentrations
from 1 to 10% oxygen (Fig. 2B). In addition, tumor-spheroids express-
ing dUnOFLS (Fig. 5D) reported the presence of an oxygen-gradient
within large spheroids, with UnaG-lifetimes roughly corresponding to
1-10% ambient oxygen, as calibrated in the monolayer-experiments
(Fig. 4A). Photon-counts dropped sharply towards the spheroid center,
which is in agreement with the necrotic core formation detected by
propidium iodide staining.

3.5. Approaches towards graded oxygen-sensing in-vivo

For a sensor-analysis in the context of intact organs, the Gli36 re-
porter cell-lines were intracranially transplanted into mice and
vibratome-sections of explanted tumors were analyzed. Fig. 6A depicts a
dUnORS-expressing tumor and particularly striking was the predomi-
nant UnaG-signal within the tumor-core. The contrasted vasculature
(PECAM-1) revealed the irregular, tumor-typical vascular bed, with
varying microvessel diameters, indicative of dysfunctionality and poor
perfusion. In agreement with an insufficient oxygen-supply, elevated
CyOFP1-fluorescence was restricted to the proximity of presumably
perfused, larger vessels, whereas UnaG was readily detected at greater
distances from these vessels (Fig. 6A, Suppl. Fig. 11A). Visualization of
intra-tumoral dUnORS/UnaG fluorescence-ratios via the described LUT
indicated a highly heterogeneous hypoxia-landscape.

We repeated the analysis of intracranial tumors now formed by
dUnOFLS-expressing Gli36-cells, which also showed distinct differences
between densely vascularized areas at the tumor-rim and the scarcely
vascularized tumor-core. In accordance, 1P-FLIM revealed a reduced
UnaG-lifetime in the tumor periphery, where maturation of mOrange2 is
inferred as well as prolonged lifetimes in the tumor-core, indicating
hypoxia and predominantly UnaG-derived signals (Fig. 6B — close-up
views).

Intravital microscopy benefits strongly from the increased tissue-
penetration achieved by near-infrared excitation in multiphoton-
microscopy. To explore a possible application of dUnOFLS in intravital
analysis, we compared sections of dUnOFLS-expressing intracranial tu-
mors using 1P- and 2P-FLIM (Fig. 6C + D). The tumor visualized in the
top-panel showed decreased lifetimes corresponding to a moderately
oxygenated region in the tumor-center, colocalizing with several large
blood vessels. This central area was flanked by regions with predomi-
nantly longer UnaG-lifetimes and a comparatively low vessel density
(Fig. 6C — close-up view). In the glioma shown in the bottom-panel, the
formation of ring-shaped zones with increased UnaG-lifetime around
selected large vessels was remarkable (Fig. 6C). Close-up views revealed
a small rim of well-oxygenated cells proximal to the vessels, surrounded
by a larger ring of increasingly hypoxic tumor-cells up to a distance of
100 pm (Fig. 6C - close-up). 2P-FLIM visualizations of corresponding
regions (Fig. 6D) up to cellular resolution (Suppl. Fig. 11B) revealed
consistently comparable patterns of the intra-tumoral oxygen-
landscape.
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Fig. 6. Intracranial tumors formed by UnaG-
oxygen-sensor expressing cells. Stably dUORS- or
dUnOFLS-expressing human glioma-cells (Gli36)
were orthotopically injected into mice. Shown are
vibratome brain-sections of explanted organs. Visu-
alized is the endogenous sensors-fluorescence or cor-
responding UnaG-lifetimes, while vasculature was
stained by intravenous injection of labelled PECAM-1-
antibodies (white). A) Overview of dUnORS-
expressing tumors revealing a heterogeneous
CyOFP1/UnaG-signal ratio. A scarcely vascularized
central tumor-area (ii) shows low signal-ratio, while
densely vascularized areas (i) display higher signal-
ratios. Scale-bars: 500 pm (overview), 100 pm
(close-up view). Bottom: LUT visualization of
CyOFP1/UnaG-ratio, PECAM1 delineates vasculature.
B) Overview of dUnOFLS-expressing tumor with
spatial variation of the UnaG-lifetime (zayAmp.)
determined by 1P-microscopy. Close-up views of the
intra-tumoral volume revealed increased UnaG-
lifetimes after 485 nm-excitation, in particular to-
wards the tumor-core. Scale-bars: 500 pm (overview),
300 pm (close-up view). C + D) dUnOFLS-expressing

UnaG mOrangeZ UnaG mOrangeZ
B | unaG mOrange2 " oEcAm Lo IlfetleT ns) & PECAM

tumors, analyzed by 1P-(485 nm) and 2P-(810 nm)
excited FLIM (identical instrument). Both modalities
revealed similar UnaG-lifetime (7ay.amp.) distribution
patterns. Purple arrowheads and asterisks indicate
corresponding structures within both microscopic
modalities. Scale-bars: 300 pm (1P-overview), 100
pm (1P-close-up view), 200 pm (2P-overview).

4. Discussion

Despite the central role of hypoxia during development and disease,
there is still a lack of methodology to visualize O»-availability longitu-
dinally and with cellular resolution in entire organs or organisms. Here,
we report two novel genetically encoded hypoxia-sensors: dUnORS and
dUnOFLS, in which the oxygen-independent FP UnaG provides the
reference-signal, while the oxygen-dependent FPs CyOFP1 and mOr-
ange2 act as sensing-units. Thus, the equimolar presence of both sensor
and reference within the fusion-proteins allowed a straightforward
ratiometric (dUnORS) or fluorescence lifetime-based (dUnOFLS) read-
out. We calibrated both sensors using stable cell-lines and probed their
suitability in in-vitro spheroid-models and in an in-vivo tumor
transplantation-model. Both sensors indicated the presence of oxygen-
gradients under circumstances where these had been reported

previously, supporting for their functionality and applicability. dUnORS
can be readily used on any fluorescence microscope, however, fluores-
cence ratios will depend on the actual filter-sets used. dUnOFLS requires
a more complex setup, which however is less susceptible to inter-
instrument variations (Fig. 4 + 6) due to determination of the physical
observable fluorescence-lifetime. Application of this FLIM sensor in live
cell and intravital microscopy is only limited by the requirement for
collection of sufficient photons without inducing toxic effect due to
forced protein expression or phototoxicity. We do not refer to our
approach as quantitative measurement because we do not report abso-
lute tissue oxygen concentrations. However, we attribute individual
cells relative oxygen-levels with reference to cultured cells grown at
specific ambient Oy-concentrations; here, referred to as graded oxygen
imaging.

Previously, FRET has been used to visualize hypoxia-mediated acti-
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vation of the HIF1-pathway after nuclear HIF1a/1f-heterodimer for-
mation (Prost-Fingerle et al., 2017). Combination of reference (donor)-
and sensing (acceptor)-moieties within one molecule provides a robust
read-out, is independent of the sensor-concentration and
well-established for FRET-biosensors (Bolbat and Schultz, 2017). One
FRET-based hypoxia sensor exploited the affinity of the HIF1a-derived
oxygen-dependent degradation domain and the Hippel-Lindau tumor
suppressor (VHL) to juxtapose the ECFP and YPet in normoxia (Youssef
et al., 2016). Different to the use of FRET as a molecular ruler, dUnOFLS
senses the environmental parameter O, via mOrange2-maturation.
Changes in the UnaG-lifetimes (74y.amp.) therefore reflect the number
of oxygen-independent UnaG-molecules capable of energy transfer to
the, under hypoxic conditions maturation-deficient mOrange2, best
approximated with a biexponential-fit (Sillen and Engelborghs, 1998).
The oxygen-dependence of aquatic FPs was already exploited in the
FRET-pair of oxygen-sensitive yellow-FP (YFP) and oxygen-tolerant
flavin-binding-FP (FbFP) for O,-sensing in bacteria (Potzkei et al.,
2012). However, the functionality of the FbFP-based sensor might be
limited in higher eukaryotes due to the lack of the de-novo
riboflavin-machinery (Merrill et al., 1981) and a sensor-analysis within
mammalian cells has not been published. Like FbFP, UnaG matures
oxygen-independent, but utilizes unconjugated BR as its fluorophore
(Kumagai et al., 2013), identifying BR-availability as a potentially
confounding element in UnaG-based reporters. BR is an open, poorly
water-soluble tetrapyrrole, that readily passes the cell membrane and is
transported in blood after non-covalent binding to albumin (Nogales and
Lightner, 1995). We previously found approximately 3.5 pM unconju-
gated BR in our tissue culture media (Erapaneedi et al., 2016), providing
sufficient BR-supply for sensor-functionality. In this study we detected
differences in the intracellular bilirubin concentration of the employed
cell lines, which however did not correlate with the detected differences
in ratiometric readout (Fig. 2 A-C, Suppl. Table 1).

In contrast to several other sensors (Erapaneedi et al., 2016; Prost--
Fingerle et al., 2017; Panicucci et al., 2020; Schmitz et al., 2020, 2021;
Youssef et al., 2016), transcription of dUnORS and dUnOFLS was no
longer coupled to the cellular hypoxia-response, but constitutively
expressed.  Although  reporter-proteins  under  control  of
hypoxia-inducible promotor-elements mostly provide a faithful
approach to indicate hypoxia, several potentially confounding
non-hypoxic activators of the HIF-pathway have been defined (Dery
etal., 2005), and variable promotor-activity or sensor failure bear in this
setting the risk of misinterpretation as normoxia.

We characterized dUnORS and dUnOFLS at ambient oxygen-
concentrations, ranging from 1% to atmospheric oxygen-levels,
defining their working-range within the physiologically relevant O»-
levels of 1-10%. Most mammalian tissues prevail at 2-9% oxygen with
tissue-hypoxia occurring at oxygen-levels below 2% and severe hypox-
ia/anoxia being defined below 0.02% oxygen (Bertout et al., 2008;
Ortiz-Prado et al., 2019). Hypoxia-sensors previously described in
Drosophila defined working-ranges of 5-60% oxygen, thus, acting
outside the optimal window of mammalian tissue-oxygenation (Misra
et al., 2017; Lidsky et al., 2018). Furthermore, these sensors require
prolonged maturation-times of up to 3 days, severely limiting their dy-
namic response (Lidsky et al., 2018), while dUnORS equilibrated after
approximately 24 h of oxygen-depletion (Fig. 2). Further destabilization
of the fusion-protein to increase turn-over would improve the dynamic
response rate, however, at the cost of lower steady-state protein-levels
and hence reduced signal-to-noise ratios. Future attempts to improve the
dynamic range of dUnOFLS could include spacer-modifications to
optimize the spatial orientation and/or flexibility between donor- and
acceptor-fluorochromes, further enhancing FRET-efficiency (Nagai
et al., 2004).

Here, we successfully visualized a graded oxygen-distribution in 3D-
spheroids in-vitro and in ex-vivo tissue-slices, derived from intracranially
transplanted tumors. As previously observed at the single-cell level,
UnaG-based sensor-signals are strongly heterogeneous in hypoxic areas
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(Erapaneedi et al., 2016; Schmitz et al., 2020). Although BR-production
and -availability are subject to physiological changes (Wu et al., 2019),
these are unlikely to be responsible for this effect. The heterogeneity
may reflect differences in the individual metabolic states of single-cells
within a given tissue-volume or be caused by cell-migration towards a
more favorable metabolic environment. Within solid glioblastomas, a
diversity of metabolic microenvironments has been demonstrated,
effecting intra-tumoral gradients of not only oxygen- and
nutrient-supply but also oxidative phosphorylation, anabolic meta-
bolism and mTOR-activity, depending on the grade of vascularization
(Kumar et al.,, 2019). In agreement with this report, we noted
ring-shaped zones of reduced oxygen-availability, or increased meta-
bolic activity, around selected vessels in many tumor-sections. These
blood vessels may be dysfunctional and poorly perfused, a characteristic
for intra-tumoral vasculature and emphasizing the importance of
large-volume imaging in the analysis of tumor vascularization and
microenvironment using endogenous reporter-systems.

5. Conclusions

So far, analysis of hypoxia with cellular resolution was dominated by
antibody-mediated detection of neoepitopes, which precluded a live-cell
dynamic assessment. Analyzing hypoxia in living organisms is presently
best achieved by injection of probes, including phosphorescent-
nanoparticles or fluorescent quantum-dots, into selected cavities (Sha-
mirian et al., 2016; Wu et al., 2009; Yoshihara et al., 2012). However,
expression of genetically-encoded sensors has been demonstrated to
detect hypoxia with cellular resolution independent of perfusion and/or
penetration. Here, we characterized two genetically-encoded sensors,
dUnORS and dUnOFLS, that allow a graded measurement of tissue
oxygen-levels. Hypoxia and even anoxia contribute to a multitude of
developmental processes and pathologies including tumor-biology,
myocardial infarction, stroke, severe anemia and diabetes, making
further in-vivo characterizations of our sensors worthwhile. Therefore,
the application of these UnaG-based sensors should enable a novel
approach to central biomedical questions by future intravital (multi-
photon) light-microscopic studies.
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