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ABSTRACT: The supply of oxygen (O,) to respiring tissue, cells,and
mitochondria regulates metabolism, gene expression, and cell fate.

Depending on the cell type and mitochondrial function, O, gradients ?

between extra- and intracellular compartments may vary and play
important physiological roles such as the regulation of activity of prolyl

hydroxylases and adaptive responses to hypoxia. Here we present a new ?
methodology for the analysis of localized O, gradients in cultures of
adherent cells, using three phosphorescent Pt-porphyrin based probes

: 2

with different localization. One new O, probe targeted to the cell =

membrane was developed and used together with existing MitoXpress

and Nano2 probes to monitor mean pericellular (PC), extracellular (EC), and intracellular (IC) O, concentrations, respectively.
Mouse fibroblasts and neuronal PC12 cells cultured in standard microplates were stained with probes and measured on a
commercial time-resolved fluorescence reader in phosphorescence lifetime mode. Respiring cells exposed to various levels of
atmospheric O, showed differences in oxygenation of their IC, PC, and EC compartments. Experiments with different cell
numbers and modulation of respiration activity demonstrated that these gradients are dynamic and regulated by the O, diffusion
and consumption rate. The new method facilitates the assessment of such gradients.

A- n adequate supply of molecular oxygen (O,) and
oxygenation of mammalian cells are important for their

normal functioning, while abnormalities may affect cell
proliferation, differentiation, apoptosis, and signaling and lead
to a diseased state.'”> Under physiological conditions,
oxygenation of tissues is determined by the supply of O, by
vasculature, its release from red blood cells, diffusion from
blood vessels to peripheral tissue, and consumption by the cells.
In the cell, O, is consumed in a multitude of biochemical
reactions but largely by the mitochondria which produce energy
in the form of ATP and act as “oxygen sinks”. Although
“average” O, levels have been measured in different tissues,”
variable O, supply and demand (e.g., in excited regions of the
brain) point to the existence of O, gradients in microvessels, in
tissue, and also within cells. Thus, for cardiac tissue, in addition
to the highly heterogeneous macroscopic O, distribution, both
perimitochondrial (i.e.,, between the mitochondrial membrane
and adjacent cytosol) and radial (between the sarcolemma and
center of the cell, ie, perpendicular to the long axis) O,
gradients were postulated.” '® Although the existence of
perimitochondrial gradient is still debated, the radial O,
gradient is considered to play a direct role in the regulation
of the activity of mitochondrial electron transport chain by NO
signaling and prolyl hydroxylases.'”'" Also with in vitro models,
where respiring adherent cells are maintained in static culture
and O, diffuses from the gaseous atmosphere (macro-phase)
through a liquid medium, large O, gradients can develop.'
Intracellular (IC) O, gradients were reported for cardiomyo-
cytes.,7’8’13 cancer cells,"'* cultured fibroblasts,'* and cytoplas-
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mic extracts from Xenopus;'® however, they were undetectable
in endothelial'® or resting Hep3B cells."”"®

Experimental approaches to study tissue and cellular O,
include Clarke-type electrodes,'”*° electron paramagnetic
resonance (EPR),”"** and optical methods.”>™>¢ For studying
intracellular O, gradients, noninvasive techniques such as
EPR** and luminescence-based methods are pre-
ferred.'*'”?’733 Initially, endogenous fluorescent redox in-
dicators (such as NADH),> colorimetric probes (such as
myoglobin in muscle cells),’ and genetically encoded green
fluorescent protein (GFP)*' were applied; however, these
techniques do not provide direct, quantitative, and sensitive
readout of O, and have limited spatial resolution. Other
drawbacks are the low brightness of redox indicators and the
need for DNA transfection for GFP-based sensors.””'”?!

Phosphorescence quenching technique allows for direct and
accurate measurement of O, in respiring samples.”>~>* It has
been realized in different formats, ranging from fiber-optic
microsensors and simple phosphorimeters to automated
readers and wide-field, confocal, and multiphoton FLIM
(fluorescence lifetime imaging or phosphorescence quenching
microscopy) systems.”>>”?¥37% The intravascular (cell-
impermeable) probes have been actively used for imaging O,
in bulk tissue, blood vessels, and extracellular space.16’3’5’41’44_47
Since such probes are designed and optimized to measurement
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of extracellular O,, only average values in the areas surrounding
the cell can be monitored.

More recently, a number of cell-permeable intracellular O,
sensing probes were introduced,”’>%3>3346484% which open
new opportunities in studying intracellular O, §radients and
physiological experiments with cultured cells.'"”*****" One
such probe, together with an extracellular probe, was used to
study macroscopic O, gradients in static cultures of respiring
adherent cells, for which large gradients between the bulk
medium and cell layers were reported.'” Furthermore,
endogenous protoporphyrin IX (PPIX), which exhibits weak
delayed fluorescence quenched by O, was applied to assess
perimitochondrial O, gradients in suspension cells in a stirred
chamber equilibrated at low O,.'*'***%® The levels of O,
measured in the mitochondria were seen to differ from those in
the medium, as measured with another extracellular probe
Oxyphor G2.'*%* However, the reliance on the mean O,
concentration in the medium, as measured with the
extracellular probe, and very different spectral and O, sensing
characteristics of the two probes may lead to inaccurate
estimation of the perimitochondrial or other O, gradients.

In this study, we present an improved methodology for the
assessment of localized and intracellular O, gradients in
respiring samples. A new probe targeted to the cell membrane
was developed which informs on the plasma membrane or
“pericellular” (PC) O, and which can be coupled with the
existing extracellular (EC) and intracellular (IC) probes (all of
these are Pt-porphyrin based). Using standard microplates and
a time-resolved fluorescence plate reader, we demonstrate this
system with the analysis of populations of mammalian cells
maintained at different levels of atmospheric hypoxia and
respiration activity (stimulated and resting cells).

B MATERIALS AND METHODS

Materials. The monofunctional p-isothiocyanatophenyl
derivative of Pt(II)-coproporphyrin I (PtCP-NCS), and
MitoXpress®>’ probe were from Luxcel Biosciences (Cork,
Ireland). Per-NP and Nano2 probes (Eudragit RL-100- based
nanoparticles, ~30 nm particle size with perylene or PtPFPP
dyes, respectively) were prepared as described previously.*®
pQE-30 plasmid DNA, Escherichia coli strain SG13009 were
from Qiagen (Crawley, UK.). The CellTiter-Glo cell viability
kit was from Promega (Madison, WI). Lipofectamine 2000,
fluorescent probes LysoTracker Green, ER Tracker Green,
methyl ester of tetramethylrhodamine (TMRM), Alexa488-
labeled transferrin, subunit B of cholera toxin, dextran 10,000,
and DHSa competent cells were from Invitrogen (Bio Sciences,
Dun Laoghaire, Ireland). MitoCasel2 plasmid DNA was from
Evrogen (Moscow, Russia), and GFP-Rab6 plasmid DNA was
kindly provided by Dr. Sharon Tooze (Cancer Research, U.K.).

Cells were cultured and measured in standard 96 well
microplates, except for the CellTiter Glo assay which was
performed in white 96 well plates from Greiner Bio-One
(Frickenhausen, Germany). All other reagents were from
Sigma-Aldrich Ltd. (Dublin, Ireland).

DNA Cloning and Recombinant Protein Preparation
for PC Probe ER9Q-PtCP. The DNA sequence encoding
enhanced green fluorescent protein (EGFP) with additional
nucleotides for C-terminal nonaarginine sequence was
synthesized by Genscript (Piscataway, NJ), sequenced, and
then cloned into pQE-30 vector (Qiagen) encoding N-terminal
6xHis tag according to the manufacturer’s protocol. The
sequence of the DNA insert and corresponding polypeptide are

given in the Supporting Information (Figure S1). The ER9Q
protein was expressed in E. coli strain SG13009 in LB medium
supplemented with ampicillin (100 #g/mL) and kanamycin (25
ug/mL). Briefly, cells were grown at room temperature until
reaching ODyy ~ 0.4—0.5, chilled, and induced with 0.25 mM
isopropyl-f-p-1-thiogalactopyranoside (IPTG) at 4 °C for 72 b,
then harvested and stored at —80 °C. The protein was extracted
from the cell pellet under native conditions with a buffer
containing 50 mM NaH,PO,, 0.3 M NaCl, 10 mM imidazole,
pH 8, 1 mg/mL lysozyme, protease inhibitor cocktail (Sigma
P2714), 1X CellLytic reagent (Sigma C8740). Incubation for
30 min on ice was followed by sonication, centrifugation, and
purification on a gravity-flow nickel-resin column (Sigma
P6611) with elution by 025 mM imidazole. Target protein
was analyzed by SDS-PAGE, dialyzed against buffer containing
0.1 M Na,COs;, 0.15 M NaCl, pH 9.5, and then labeled with
PtCP-NCS using a 1:10 protein/dye ratio and overnight
incubation at room temperature. The resulting ER9Q-PtCP
conjugate was purified on a desalting column using phosphate
buffered saline (PBS), pH 7.4 containing 04 M NaCl,
quantified by UV-—vis spectroscopy, concentrated using
Amicon Ultra-4 spin column filters, and stored at —18 °C in
PBS with 20% glycerol.

Spectral Measurements. Absorption spectra were col-
lected on an 8453 UV—visible diode-array spectrophotometer
(Agilent) and luminescence spectra on a LSSOB luminescence
spectrometer (PerkinElmer).

Cell Culture and Staining with Probes. Rat pheochro-
mocytoma PC12 cells and mouse embryonic fibroblasts (MEF)
from ATCC (Manassas, VA) were cultured in RPMI1640
(PC12 cells) and DMEM (MEF cells) media as described
previously.””*®  Collagen-poly-p-lysine coated glass bottom
minidishes from MatTek (Ashland, MA) or Ibidi (Martinsried,
Germany) were used for microscopy and collagen IV-coated 96
well microplates for O, measurements. Cell viability was
assessed by measuring the total cellular ATP with a CellTiter-
Glo luminescent kit according to the manufacturer’s recom-
mendations.

Fluorescence Microscopy. Cells grown on glass bottom
minidishes to a density of 30—50% were stained with the O,
sensitive probes ER9Q (5 M) and Nano2 (10 ug/mL) for 16
h, washed two times, then counter-stained with organelle-
specific probes for 30 min, washed once, and proceeded to live
cell imaging. For counter-stains, the following concentrations
were used: TMRM, 20 nM (remained in bathing solution
during imaging); Hoechst 33342, 1 uM; LysoTracker
Green,200 nM; ER Tracker Green, 10 uM; transferrin-
Alexa488, 0.5 uM; Cholera toxin-Alexa488, 0.18 yM; dextran
10,000-Alexa488, S uM. The colocalization experiments of
Nano2 dye with mitochondria and a trans-Golgi network were
achieved using transfection with plasmid DNAs MitoCasel2
and GFP-Rab6, respectively. This was performed 24 h before
the imaging using Lipofectamine 2000 reagent, accordingly to
the manufacturer’s recommendations.

Fluorescent imaging was performed on a laser scanning
confocal microscope Olympus FluoView1000 equipped with
CO, and temperature control. ER9Q protein and all green dyes
were excited at 488 nm (25% laser power for ER9Q, 1—10% for
the others) with emission collected at 500—540 nm; Nano2
probe was excited at 543 nm (35% laser power) with emission
collected at 600—700 nm; TMRM probe was excited at 543 nm
with emission collected at 555—600 nm; Hoechst 33342 at 405
nm (2.5% laser power) with emission 422 nm. In these
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Figure 1. Evaluation of ER9Q protein. (A) SDS-PAGE analysis of ER9Q protein. 1, protein ladder; 2,3, E. coli culture medium before (2) and after
(3) the IPTG induction of production; 4—8, fractions of crude lysate (4), Ni-resin unbound fraction (5) and purified ER9Q protein (eluate fractions
6, 7) and ER9Q-PtCP conjugate (8). (B) Fluorescence microscopy of MEF cells reveals plasma-membrane localization of ER9Q protein (green,
indicated by arrows). Brightfield image is shown on the left. Mitochondria are stained with TMRM (red) and nuclei with Hoechst 33342 (blue).
Scale bar 20 ym. (C) Excitation and emission spectra of EROQ-PtCP conjugate. (D) Excitation and emission spectra of EROQ-PtCP in air saturated
solution. The arrow indicates the absorption peak of EGFP. An excitation wavelength of 380 nm was used.

experiments, fluorescent and DIC images were acquired using
an UPLSAPO 60X O NAL.35 objective in multiple focal planes
using a 0.5 ym step size. The resulting images were analyzed in
Olympus FluoViewl000 and processed in Photoshop and
Illustrator software (Adobe).

Phosphorescence Measurements on Time-Resolved
Fluorescence Plate Reader. Cells grown on microplates
were stained with 10 pg/mL Nano2 and with 1 M ER9Q-
PtCP for 16 h (in separate wells), then washed three times and
measured in phenol red free DMEM medium supplemented
with 1 mM 1r-glutamine, 10 mM D-glucose, 1 mM sodium
pyruvate, 20 mM HEPES, pH 7.2, and 10% fetal bovine serum
(FBS) on Victor2 plate reader as described previously.””
Extracellular probe MitoXpress (0.1 #M) was added to the cells
immediately before commencing the measurements. Rapid-
lifetime determination was performed in time-resolved
fluorescence (TR-F) mode using D340 excitation and D642
emission filters, counting at two delay times of 30 us (t;) and
70 us (t,) with a gate time of 100 us and an integration time of
1 s. Phosphorescence lifetimes (7) were calculated as 7 = (t, —
t)/(In(F,/F,)), where F, and F, correspond to TR-F signals at
delay times t; and t,. For oxygen consumption rate (OCR)
analysis, to the cells in a 100 uL/well volume, 0.1 uM
MitoXpress probe was added and then 150 uL/well of
immersion oil (type 37, Cargille) and the plate proceeded to
the TR-F measurements for 1 h. The F, intensity slopes were
used to calculate the relative OCR as described previously.>*

Probes were calibrated on a Victor2 plate reader placed
inside the hypoxia glovebox (Coy Scientific) set at different
levels of atmospheric O,. The plate containing cells loaded with
O, probes and treated with 10 M antimycin A (AntA; to block
mitochondrial respiration) was exposed to different O, levels,
with 60 min preincubation and 30—60 min measurement time
for each O, setting. To achieve 0% O,, a solution containing

100 mM glucose and 50 pg/mL glucose oxidase (Sigma
G7141) was added to the cells. Calibration data points were
fitted in Origin 6.0 software to determine the calibration
function.

Measurement of oxygenation of resting cells was performed
without treating the cells with AntA. For oxygen-glucose
deprivation (OGD) experiment, MEF cells were grown on
microplates, then the medium was replaced with phenol red
free DMEM supplemented with 20 mM HEPES, pH 7.2, 1 mM
sodium pyruvate, and 1 mM Gln (no Glc, no serum). The cells
were exposed to 0% O, for S h, then the medium was replaced
with a complete one, and cells were returned to 21% O, and
then stained with probes as above.

For activation of respiration, MEF cells stained with ER9Q-
PtCP and Nano2 probes were incubated in phenol red free
DMEM medium, supplemented with 10% FBS, 20 mM
HEPES, pH 7.2, 1 mM sodium pyruvate, 10 mM galactose
(no Glc), and 1 mM Gln for 1 h and then MitoXpress was
added and the cells were measured in the hypoxia chamber.

Data Analysis. The data represent average values from at
least six replicates with the standard deviation expressed in
error bars. To ensure consistency, all the experiments were
performed in triplicate.

B RESULTS AND DISCUSSION

Measurement Strategy and O, Probes. For the analysis
of O, gradients in samples containing respiring mammalian
cells, three O, probes with different localization features were
employed: (i) extracellular (EC) probe added to the
surrounding medium; (ii) intracellular probe located inside
the cell (IC); and (iii) pericellular (PC) probe bound to the cell
surface. These probes can be measured on a commercial TR-F
reader Victor2 which provides a high signal/background ratio
(>20) and supports Rapid Lifetime Determination (RLD)
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mode.>® Phosphorescence lifetime-based O, sensing experi-
ments were performed in population cultured adherent cells in
standard 96-well plates.>” In this case, samples can be measured
under standard conditions (uniform microwells with the same
cell number/activity and one of the probes) and mean O,
concentrations in different compartments determined. Neces-
sary controls and replicates were present on the same plate;
hence, this measurement strategy provides reliable and
statistically plausible data (intraexperimental error <1%) on
the three cellular O, pools: EC, PC, and IC. Furthermore, O,
pools were measured under several different physiological
conditions and atmospheric pO, levels. For the experiments
under hypoxia, the instrument was placed in a glovebox with
adjustable O, levels.

In order to implement this strategy and conduct an
experimental study, three O, probes had to be selected and
optimized for use as a set on a plate with cells. The first two
probe types (IC and EC) can be chosen from the available O,
probes;*”?%3¥#455¢ L owever, PC O, probe have not been
described yet. Therefore, we had to develop a new PC O,
probe and then combine it with two other probes.

To design a PC O, probe, several approaches were tested.
Lectins or receptor agonists can be employed to deliver an O,-
sensitive dye to cell surface;>”*® however, these vectors
themselves may affect cellular function. Indeed, wheat germ
agglutinin (WGA) labeled with PtCP-NCS showed fast (0.5—2
h) and efficient staining of PCI12 cells but also significant
internalization and cytotoxicity (data not shown), so it cannot
be used in this application. Endosomal tracers, which are
expected to have mixed localization, consisting of extra-, peri-,
and intracellular pools59 were also assessed. Thus, transferrin
(marker of clathrin-mediated endosomes)® conjugate, TFN-
PtCP (protein/dye ratio 1:8) demonstrated quick (0.5—2 h)
staining of PC12 cells, low toxicity, and responses to cell
stimulation (Figure S2 in the Supporting Information) but at
the same time limited cell specificity and poor staining of MEF
cells (not shown).

Lastly, the recombinant fluorescent protein ER9Q was
tested, which contains EGFP sequence fused with a cell-
penetrating Arg, sequence at the C-terminus and Hisg sequence
at the N-terminus (see structure in Figure S1 in the Supporting
Information). This protein can be easily produced in E. coli cells
and purified by conventional methods such as metal chelate
chromatography via its Hisg tag (Figure 1A). After 1-16 h
incubation, ER9Q_ protein showed effective binding to the
surface of PC12 cells, without significant intracellular
accumulation (Figure S3 in the Supporting Information).
With MEF cells, we observed more polarized (focal) staining of
the plasma membrane, which can be explained by the different
structure of cell surface with this cell type or its polarization®!
(Figure 1B).

In order to produce an O,-sensitive probe, the ER9Q protein
was covalently labeled via its free amino groups with PtCP-
NCS dye.*”** The resulting conjugates (protein/dye ratio 1:1—
1:3) showed strong phosphorescence at 650 nm when excited
at 370 nm (PtCP), EGFP fluorescence (507—510 nm) when
excited at 488 nm, while FRET between EGFP and PtCP was
insignificant (Figure 2). In the tests with PC12 cells, the ER9Q-
PtCP conjugate showed clear staining of the plasma membrane
and low cytotoxicity (Figure S3 in the Supporting Information).
Although phosphorescence intensity signals from stained PC12
cells were low (10 000—20 000 counts per second (cps)), this
conjugate, when used at 1 uM concentration and 16 h

ER Tracker

LysoTracker

Nano2 Hoechst 33342

Figure 2. Intracellular localization of the Nano2 probe revealed by
confocal microscopy. MEF cells were stained with 10 yg/mL of Nano2
(red fluorescence) for 16 h, counter-stained with organelle-specific
stains (green fluorescence) and nuclear stain Hoechst 33342 (blue
fluorescence) and imaged. The colocalization with ER Tracker (orange
color) is marked by the arrow. The scale bar is 20 ym.

incubation time, demonstrated satisfactory performance in
phosphorescence lifetime-based O, sensing in live cells (Figure
S3 in the Supporting Information), similar to MitoXpress and
other described probes.””*”%* We therefore concluded that
ER9Q-PtCP is the most suitable candidate of the PC O, probe.

The Nano2 probe, which comprises polymeric nanoparticles
impregnated with PtPFPP dye, was recently proposed as a cell
permeable IC O, probe providing bright signals after 6—16 h
incubation time with cultured cells.* Its efficient accumulation
in MEF cells was demonstrated; however, intracellular
localization was not clearly defined.*> We therefore stained
MEEF cells with Nano2 probe and compared its localization with
the markers of nuclei, mitochondria, endoplasmic reticulum,
trans-Golgi network, lysosomes, and different pools of
endosomes (transferrin for clathrin-mediated; cholera toxin
subunit B for lipid-raft-mediated; dextran 10,000 for macro-
pinosomes). Fluorescence microscopy revealed that the Nano2
probe is located predominantly inside the cell, and it has a
mixed localization pattern. The probe signal does not overlap to
the nucleus, mitochondria, endosomes, and trans-Golgi net-
work (Figure S4 in the Supporting Information); however, it
partially colocalizes with lysosomes and the endoplasmic
reticulum (Figure 2, orange color indicates colocalization).
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Figure 3. Effects of the EC, PC, and IC O, probes on the viability and their calibration with MEF cells. (A) Cell viability measured by total ATP
levels with cells seeded at 6 000 per well (6K) and 30 000/well (30K). Cells were stained with probes as described in the Materials and Methods
section, measured on a microplate reader under 9% O, for 2 h then lysed and subjected to ATP content analysis. (B) Effects of Nano2 and ER9Q-
PtCP mimics on OCR with MEF cells. Cells were stained with nonphosphorescent analogues of indicated probes (Per-NP and unlabeled ER9Q),
then 0.1 uM MitoXpress was added, and cells were layered with mineral oil and subjected to OCR analysis on the microplate reader. (C, D)
Phosphorescence lifetime (7) calibrations and Stern—Volmer profiles for the probes obtained with nonrespiring (AntA-treated) MEF cells.

Table 1. O, Calibration Data Obtained with MEF Cells

O, probe/compartment To HS
MitoXpress/EC 66.87 0, = 4455.46 exp(—t/7.482 84), 0.993 25
ER9Q.PtCP/PC 55.02 0, = 8047.6 exp(—t/5.629 96), 0.978 33
Nano2/IC 69.14 0, = 18576 exp(—1/6.8794), 0.9863

analytical function O, = f (z) [uM], R

i Ko® [uM™']; R?
0.73176 + 0.002 85; 0.04027 + 0.0011; 0.998 17
0.686 33 + 0.014 98; 0.045 77 + 0.007 54; 0.932 32
0.614 85 + 0.007 81; 0.040 01 + 0.003 38; 0.9818

“Calculated for the two-site model, Kgy, = 0, using the equation: 7o/7 = 1/(f/(1 + Kg,[0,]) + 1 — ).

Such a pattern of intracellular distribution reflecting complex
mechanisms of cell entry®>>*° makes the combination of Nano2
and ER9Q-PtCP probes suitable for the assessment of IC and
PC O, pools, respectively.

Lastly, the cell-impermeable MitoXpress probe comprising a
protein conjugate of PtCP dye®* was selected as the EC probe.
This probe has been extensively used in biological stud-
fes. 1237546365768 Querall, ER9Q-PtCP, Nano2, and MitoX-
press comprise a set of three Pt-porphyrin based probes with
very similar spectral and O, sensing properties: phosphor-
escence excitation 370—400 nm and emission at 650 nm with
lifetime ranges 25—70 us for MitoXpress,”” 30—70 us for
Nano2,* and 25-55 us for ER9Q-PtCP. With tested cell
models, they gave clearly different localization patterns and can
be measured on the same instrument (TR-F reader) under the
same settings.

Probing O, Gradients in MEF Cells. Mouse embryonic
fibroblasts (MEF), a common line of actively respiring adherent
cells easily grown on microplates, were chosen as a model for

the assessment of a cellular (EC-PC-IC) O, gradient. Possible
effects of the probes on cell viability and respiration activity
were analyzed at first. For the cells (at 30 000 and 6 000 cells/
well seeding concentration) exposed to each of the three
probes, total cellular ATP levels were measured and compared
to data with untreated cells. We observed no measurable
changes in ATP (Figure 3A). O, probes may also influence the
oxygen consumption rate (OCR) and hence O, gradients in the
system. To test this, we treated the cells with nonphosphor-
escent mimics of the two cell-targeted probes (unlabeled ER9Q
and Per-NP nanoparticles®) and then measured OCR values
by a standard method using the extracellular probe MitoX-
press.**® Again, for the cells stained under optimized
conditions with the PC and EC probe mimics, we observed
no changes in OCR compared to nontreated (“blank”) cells
(Figure 3B and Figure S$ in the Supporting Information). We
therefore concluded that staining of MEF cells with Nano2 and
ER9Q-PtCP probes has no effect on the OCR and on cellular
O, gradients in the system.
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The three probes were calibrated under standard measure-
ment conditions over the O, range 0—200 M using
nonrespiring MEF cells treated with AntA® (nonmitochondrial
respiration in such cells was seen to be negligible, not shown).
The resulting calibrations and Stern—Volmer plots are shown
in Figure 3C,D. One can see that at a given pO,, the
phosphorescent lifetimes of the probes are slightly different but
still very comparable. Analytical equations (see Table 1) were
obtained by fitting the data points with exponential decay
functions and then were used to convert lifetime readings into
O, concentrations. All three O, pools can thus be measured in
parallel in sets of respiring samples on one plate (typically 30—
50 wells). The slightly curved Stern—Volmer plots reflect the
heterogeneous microenvironment on the probes.>>*>%*7%7!
The two-site model”' can be used for fitting such plots;
calculated parameters for this model are shown in Table 1. In
summary, O, calibrations generated with nonrespiring cells
allow reliable quantification of O, in the different compart-
ments of the sample and cells.

We then monitored the plate containing uniform samples
with respiring MEF cells (30 000/well) in the presence of
either an EC, IC, or PC probe at various levels of atmospheric
pO, (0—20% O,). On the basis of the readings of the three
probes, substantial differences in (de)oxygenation between the
EC, PC, and IC compartments were observed (Figure 4).
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Figure 4. Oxygenation of samples with resting MEF cells exposed to
graded hypoxia, measured with the EC-PC-IC O, probes: (A) mean
O, concentrations in different pools and (B) % oxygenation calculated
from part A.

Although the measurement error is still significant (see error
bars), O, gradients between different compartments are clearly
visible. The largest and statistically significant difference was
between the EC and IC O, pools, about 20 uM at 5% of
external O, (50 uM of dissolved O,). Although the difference
between PC and EC O, was small, PC O, was consistently
higher than IC O,. The results can also be expressed as relative
deoxygenation demonstrating that with a decrease of external
O, starting with a level of ~50 uM (and below), IC O, reaches
the maximal deoxygenation (87..93 + 5$%) under standard
seeding concentration employed in routine IC O, sensing
experiments (Figure 4B).>® Notably, these gradients represent
the difference in mean O, concentration for corresponding O,
pools, and they relate to the whole sample and population of
cells.

A similar experiment was performed at a S-fold lower density
of cells (seeding concentration 6 000/well) (Figure SA). As
expected, because of a lower total OCR in these samples,
measured O, concentrations were higher, EC O, was almost
equal to the external O,, and the difference between PC and IC
O, was slightly higher, e.g,, at S0 uM of dissolved O,, EC O, =
32.1 +0.5; PC O, = 28.9 + 1.5; and IC O, = 13.9 + 0.9 vs 21.4
+2.4,54 + 3, and 2.4 & 0.9 for regular seeding concentrations.
When expressed in cell deoxygenation profiles, the gradients
became better resolved (Figure SA).

We also reduced respiration activity of MEFs (30 000 cells/
well) by “oxygen-glucose deprivation” (OGD) for § h,7>™7*
with subsequent reoxygenation with fresh complete medium
and incubation at 21% O,. Compared to the untreated cells,
the OGD-treated MEFs demonstrated higher local O, levels
and a slightly bigger difference between PC and IC O, (Figure
4). Similar results were obtained with low cell numbers (Figure
SB), which altered O, gradients in the system bringing the EC-
PC-IC O, close to air-saturated levels. In another experiment,
we increased the respiration activity of MEF cells by
supplementing glucose in the medium with pyruvate and
galactose, which suppress ATP generation by glycolysis. In this
case, a higher cell deoxygenation and a smaller difference
between O, pools were observed compared to the resting cells
(Figure SB). Thus, at 46—48 uM dissolved O,, PC O, levels
were 1.9 + 0.02 yM and 54 + 3 uM and the difference
between PC and IC O, was 1.1 + 0.02 4M and 3 + 1.5 uM,
respectively. When dissolved O, was reduced to 25 yM and
lower, the PC-IC O, gradient disappeared (was less than 1 4M)
both in actively respiring and resting MEF cells. These results
further prove that O, gradients are dependent on cell
respiration activity and that the O, probes are efficient in
their quantification.

On the other hand, increased cellular respiration must lead to
decrease of the O, values at these compartments and possibly a
more “compact” O, gradient. Indeed, by the law of diffusion,
the lower IC O, must lead to lower PC O, and possibly lower
local EC O,.

B CONCLUSIONS
The use of three Pt-porphyrin based probes and phosphor-

escence lifetime-based O, sensing technique for the assessment
and quantification of EC, PC and IC O, is described. To
implement this method, a new probe targeted to cell surface
was developed, ER9Q-PtCP, which is based on a recombinant
fluorescent protein containing an Arg, moiety. This probe is
relatively easy to synthesize and use, and it provides monitoring
of plasma-membrane O, in both MEF and PC12 cells. For the
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Figure 5. Oxygenation of MEF cells exposed to graded hypoxia at different activity, measured with the EC-PC-IC O, probes: (A) resting MEF cells
at normal (30 000/well) or low (6000 per well) seeding density. (B) MEF cells exposed to OGD and to glucose(—)/galactose(+) medium.

monitoring of IC O,, the cell-penetrating Nano2 probe was
employed. Although Nano2 probe in MEF cells does not
localize in the mitochondria (the main site of O, consumption),
it reflects the O, dynamics within cell interior. These PC and
IC probes were used together with the EC O, probe,
MitoXpress. We found that at certain respiratory activity of
the cells and levels of external pO2, both PC and IC O,
concentrations become significantly reduced compared to the
EC O, in bulk medium. The PC-IC O, gradient was seen to be
small, but measurable within the accuracy of the method and
model used. We were able to modulate the magnitude of this
gradient by changing cell density and decreasing or increasing
the specific activity of the cells. The size and respiration activity
of the cell (dependent on their nature, physiological status, or
the nutrients presented in the medium) are considered as main
determinants of the intracellular (radial) O, gradient. The
absence of such gradients in some studies and cell models (e.g,
reported for endothelial cells'®) may be due to their low
respiration. The methodology presented here opens new
possibilities to investigate intracellular O, gradients in tissue
culture in a simple manner with high sample throughput. These
and other combinations of different O, probes can also be used
in physiological studies with cells, e.g, on HIF and NO
signaling, mitochondrial function, and metabolic disorders.

B ASSOCIATED CONTENT

© Supporting Information

Five supplementary figures (Figures S1—SS) including the
structure of ER9Q_protein and figures describing evaluation of
the TEN-PtCP conjugate and additional experimental data on

O, probes used in this study. This material is available free of
charge via the Internet at http://pubs.acs.org.
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