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Abstract 
 

The fluorometric Amplex™ 
UltraRed AmR assay is 
frequently used for 
quantitative assessment of 
hydrogen peroxide 
production. It is specific to 
H2O2, can be calibrated 
accurately, and allows 
continuous real-time 
measurement. Without 

correction for the background fluorescence slope, 
however, H2O2-independent formation of the 
fluorescent product UltroxRed (or resorufin from 
Amplex™ Red) leads to artefacts. 
 

 We analysed (1) the medium specificity of the 
background fluorescence slope of the AmR assay, and 
(2) the oxygen dependence of H2O2 flux in baker´s yeast 
Saccharomyces cerevisiae. Apparent H2O2 flux, O2 
concentration, and O2 flux were measured 
simultaneously by high-resolution respirometry 
equipped with the fluorescence module. The apparent 
H2O2 flux of yeast showed a maximum under hypoxia 
when incubated in Dulbecco´s Phosphate Buffered 
Saline DPBS or KCl-medium. This hypoxic peak 
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increased with the sequential number of normoxic-
anoxic transitions. Even in the absence of yeast, the 
fluorescence slope increased at low O2 levels as a 
function of fluorescence intensity. The hypoxic peak 
was not observed in mitochondrial respiration 
medium MiR05. Therefore, the hypoxic peak was a 
medium-specific background effect unrelated to cell 
physiology. In MiR05, H2O2 production of yeast 
decreased linearly from hyperoxia to hypoxia, with a 
steep decline towards anoxia. Respiration and oxygen 
dependence expressed as p50 of yeast were higher in 
MiR05 than DPBS. Respiration was a hyperbolic 
function of oxygen concentration in the low-oxygen 
range. The flux-dependence of oxygen affinity 
explained the higher p50 in MiR05. 

  

1. Introduction 
 

The formation of reactive oxygen species ROS is an inevitable side effect of aerobic 
respiration (Skulachev 1996). ROS involve several chemical species of reactive molecules 
derived from oxygen in redox reactions including photo- and chemiexcitation (Sies and 
Jones 2020). Physiologically, ROS play a vital role in many redox signaling processes such 
as differentiation and apoptosis (Brand 2016; Buettner et al 2013). The imbalance 
between generation and removal of ROS via the antioxidant systems leads to oxidative 
stress, which is accompanied by damage of proteins, lipids and nucleotides, disturbance 
of cell metabolism, and derangement of ROS signaling (Paniker 1970; Sies 1997; Xiao and 
Loscalzo 2020). According to the concept of reductive stress, reduced compounds ― e.g. 
NAD(P)H and glutathione ― accumulate at low oxygen levels causing high ROS production 
under hypoxia, inducing hypoxic ROS stress and disturbing redox homeostasis (Aon 
2010; Dawson et al 1993; Korge et al 2015; Xiao and Loscalzo 2020). In contrast, 
hyperoxic conditions induce oxidative stress driven by high concentrations of oxygen as 
a substrate for ROS production (Ottolenghi et al 2020). 
 

 Quantification of ROS species is challenging due to their short lifetime, ranging from 
nanoseconds to seconds. An ideal probe for ROS measurement (1) reacts rapidly with ROS 
to outcompete the cellular antioxidant systems, (2) produces a stable, measurable, and 
quantifiable product, (3) is specific to a particular ROS species, and (4) has sufficiently 
high sensitivity (Dikalov and Harrison 2014). Measurement of changes in fluorescence 
caused by oxidation of molecular probes provides a convenient way for determination of 
ROS production. Most popular assays for determination of ROS production are based on 
Amplex™ UltraRed (AmR), dihydroethidine (DHE), and 2´,7´-dichlorofluorescin diacetate 
(DCFH-DA).  
 

 The AmR assay is one of the most frequently applied methods for assessing H2O2 
production. H2O2 is the most stable form of ROS. AmR reacts with H2O2 catalyzed by 
horseradish peroxidase HRP, forming the fluorescent product resorufin Res in the case of 
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Amplex™ Red or UltroxRed (xRed) in the case of Amplex™ UltraRed. Superoxide 
dismutase SOD converts superoxide to H2O2 which can freely cross biological membranes 
(Bienert et al 2006). According to Mohanty et al (1997) AmR does not cross biological 
membranes, whereas other studies suggest the contrary (Miwa et al 2015). Benefits of 
this method are (1) the high sensitivity towards H2O2 (Mishin et al 2010; Tretter and 
Ambrus 2014) compared to DCFH-DA (Dikalov and Harrison 2014; Kalyanaraman et al 
2012; Mohanty et al 1997), (2) the simple and accurate calibration of the fluorescence 
signal using H2O2, since the fluorescence signal (i.e. fluorescence intensity) is a linear 
function of added H2O2 concentrations up to 5 µM (Tretter and Ambrus 2014) or up to 3 
µM resorufin (Krumschnabel et al 2015), (3) the low inhibitory effect on mitochondrial 
(mt) respiration compared to other fluorescence dyes used in studies of bioenergetics, 
e.g. safranin (Makrecka-Kuka et al 2015), and (4) instantaneous consumption of H2O2 
(less than 5-10 s; Tretter and Ambrus 2014) which makes this probe an ideal candidate 
for real-time and continuous measurement of H2O2 production. Disadvantages of the AmR 
assay are that the fluorescent product Res or xRed may be formed by H2O2-independent 
side reactions. These side reactions can be measured as the increase over time (slope) of 
background fluorescence intensity in the absence of sample without addition of H2O2: (1) 
in the absence of HRP during photooxidation of AmR upon light exposure (Zhao et al 
2012), and (2) in the presence of HRP as spontaneous autooxidation of AmR (Zhou et al 
1997). The components of the respiration medium exert an effect on the background 
fluorescence slope and thus influence the H2O2-sensitivity of the AmR assay 
(Krumschnabel et al 2015; Komlódi et al 2018).  
 

 In the present study, we investigated in various respiration media (1) the 
background fluorescence slope of the AmR assay at different O2 concentrations, and (2) 
the O2 dependence of the apparent H2O2 flux in yeast cells used as a model system. 

 
2. Materials and methods 
 

2.1. Reagents 
 

All chemicals were purchased from Sigma Aldrich (Carlsbad, CA, US) with exception 
of diethylenetriamine-N,N,N',N'',N'''-pentaacetic acid DTPA (Dr. Ehrenstorfer GmbH; 
Augsburg, Germany), Amplex™ UltraRed and Dulbecco´s Phosphate-Buffered Saline  
DPBS (Thermo Fisher Scientific, Waltham, MA, US). MiR05-Kit (Oroboros Instruments, 
Innsbruck, Austria), DPBS and KCl-based respiration medium were used for simultaneous 
high-resolution respirometry HRR and fluorescence measurements. Components of 
respiration media are listed in Table 1. 
 

2.2. Yeast preparation   
 

Commercially available freeze-dried baker’s yeast (Saccharomyces cerevisiae) was 
rehydrated in Na-phosphate buffer (50 mM Na3PO4; pH 7.1) at a concentration 20 mg/mL 
at 30 °C to 40 °C preserving high viability (Crowe et al 1998; Koga et al 1966). To avoid 
cell sedimentation and clumping, the yeast suspension was pipetted 20-times slowly and 
10-times fast up and down in a 2-mL Eppendorf tube using a 1-mL pipette. Immediately 
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afterwards, 20 µL yeast suspension was injected with a 50-µL Hamilton syringe into the 
O2k-chamber through the titration capillary of the stopper. The experimental 
concentration of yeast was 0.2 mg/mL unless otherwise stated. Independent 
preparations are indicated as separate experimental days in the figure legends.   
 

2.3. High-resolution respirometry  
 

 O2 concentration and xRed fluorescence were measured simultaneously using the 
O2k-FluoRespirometer (Oroboros Instruments, Innsbruck, Austria). The Oroboros O2k 
continuously monitors the O2 concentration and plots in real-time the O2 consumption of 
the biological sample. The O2k consists of two instrumental chambers which are designed 
to perform unlimited titrations during the experimental assay. All experiments were 
performed under constant stirring (750 rpm) in pre-calibrated 2-mL chambers. 
Polarographic oxygen sensor POS tests including air calibration (every experimental day) 
and monthly instrumental O2 background tests including zero calibration of the POS were 
performed routinely as instrumental quality control (Doerrier et al 2018; Gnaiger 2001; 
2008). The oxygen solubility of the medium at 37 °C was 9.72 µM/kPa for conversion of 
partial pressure to O2 concentration equivalent to the O2 solubility factor of 0.92. The 
volume-specific oxygen flux JV,O2 was calculated as the negative time derivative of the O2 

concentration by DatLab 7.4. The O2 flux was corrected for instrumental O2 background 
flux J°O2. 

 Sequential anoxia-reoxygenation cycles were performed to measure ROUTINE 
respiration in DPBS, KCl-medium or MiR05 without addition of external fuel substrates. 
Reoxygenations were performed by opening the chamber to the stopper-spacer position 
to obtain a well-defined gas phase above the aqueous phase (‘open’ chamber). To 
decrease the O2 concentration, nitrogen gas was injected with a 60-mL syringe into the 
gas phase obtained in the open chamber. The chambers were closed when approaching 
the required O2 level.   
 

Table 1. Composition of respiration media with concentrations [mM]. DPBS: 
Dulbecco's Phosphate-Buffered Saline; MiR05 (Gnaiger et al 2000); KCl-medium 
(Hoffman et al 2007).  

  
MiR05 DPBS KCl-medium 

sucrose 110 - 25 
K-lactobionate 60 - - 
K-HEPES 20 - - 
taurine 20 - - 
KCl - 2.68 125 
K2HPO4 10 1.42 5 
MgCl2 3 - 5 
NaCl - 136.89 - 
Na2HPO4·7H2O - 8.06 - 
EGTA 0.5 - - 
BSA [mg/mL] 1 - 0.5 
pH 7.1 (KOH; 30 °C) 7.0-7.3 (KOH, HCl; 24 °C) 7.4 (KOH, HCl; 24 °C) 
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2.4. Oxygen kinetics 
 

Oxygen kinetics is assessed in a closed chamber during normoxic-anoxic transitions 
when the O2 concentration decreases to zero (Gnaiger et al 1995; Gnaiger 2001). The 
oxygen concentration at which O2 flux is reduced to 50 % is the kinetic parameter c50 [µM] 
or p50 [kPa] calculated from the hyperbolic fit comparable to Michaelis-Menten kinetics.  
The maximum enzyme reaction velocity Vmax at saturating substrate concentration 
corresponds to pathway flux Jmax in mitochondria or cells. Oxygen kinetics was measured 
in freeze-dried baker´s yeast in DPBS and MiR05 at 37 °C in the ROUTINE state without 
exogenous substrates. Importantly, JV,O2 was corrected for instrumental O2 background.  

Zero oxygen calibrations were obtained after normoxic-anoxic transitions. The first-order 
exponential time constant τ of the POS was determined by stirrer tests at τ = 2.9 s for 
signal deconvolution (Gnaiger 2001). The data recording interval of 2 s was sufficient for 
resolution of O2 kinetics at low O2 affinity of yeast cells. Calculations were performed 
automatically by an O2 kinetics software (Oroboros Instruments; Doerrier et al 2018). 
 
2.5. Hydrogen peroxide flux 
 

Fluorescence was measured using Smart Fluo-Sensors Green (Oroboros 
Instruments; excitation 525 nm, emission ~600 nm). The optical sensors were inserted 
through the front window of the O2k-chambers. Horseradish peroxidase HRP (1 U/mL) 
and superoxide dismutase SOD (5 U/mL) were titrated into the chamber before Amplex™ 
UltraRed AmR (10 µM). The iron chelator DTPA (15 µM) was applied to decrease the 
background fluorescence slope of the AmR assay (Komlódi et al 2018). DPBS(+), KCl-
medium(+), and MiR05(+) contained DTPA; DPBS(-), KCl-medium(-), and MiR05(-) did 
not contain DTPA. The excitation light intensity was set at 500 mV except when indicated 
otherwise. 
 

AmR reacts with H2O2 forming the fluorescent dye xRed. The fluorescence intensity 
(proportional to the fluorescence signal) emitted in the AmR assay was calibrated by 0.1-
µM H2O2 titrations. At a gain setting of 1000, the amperometric raw signal of 1 µA is 
converted to 1 V. Multiple H2O2 calibrations were performed at different states of the 
protocol to quantify the sensitivity of the AmR assay over time and experimental 
conditions (Komlódi et al 2018). The fluorescence slope is calculated as the non-linear 
time derivate of the fluorescence signal by DatLab 7.4. 
 

2.6. Background fluorescence slope at air saturation 
 

In contrast to an instrumental background effect, the chemical background 
fluorescence slope of the AmR assay increased over time in DPBS and KCl-medium at 
constant normoxic O2 concentration near air saturation (~180 µM; Figure 1a and b). The 
background fluorescence slope showed deviations from linearity above ~5-6 µA 
fluorescence intensity in DPBS and KCl-medium. This can be explained by (1) the 
decreasing concentration of available AmR, and (2) the accumulation of xRed (or Res) 
over the course of the experiment leading to allosteric inhibition of HRP (Piwonski et al 
2012). In MiR05, however, a moderate and linear increase was observed of the 
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background fluorescence slope over time (Figure 1c). The background fluorescence slope 
Jamp,BGr [nA·s­1] was a hyperbolic function of fluorescence intensity Iamp in KCl-medium 
(Figure 1d) but a linear function of Iamp in MiR05 with slope bamp and intercept aamp (Figure 
1e), 
 

 MiR05: Jamp,BGr = bamp·Iamp + aamp Eq.1 
 

bamp and aamp were determined for each Lot of MiR05-Kit (Table 2).  
 

Figure 1. Background 
fluorescence slope in 
the Amplex™ 
UltraRed assay in 
different respiration 
media at constant O2 
concentration near 
air saturation (~170-
180 µM) in the 
presence of DTPA (+). 
(a) DPBS; (b) KCl-
medium; (c) MiR05 
(Lot#0915). Black 
plots: background 
fluorescence signal 
related to fluorescence 
intensity [µA]; green 
plots: background 
fluorescence slope 
[nA·s-1]. Background 
fluorescence slope 
[nA·s­1] as a function of 
fluorescence signal 
[µA] in (d) KCl-
medium (technical 
repeats, n=4) and (e) 
MiR05 (Lot#0915; 
technical repeats, 
n=9); each colour 
represents a separate 
experiment.  
 

 

 

3. Results 
 

 Respiration (Figure 2a-c) and xRed fluorescence (Figure 2d-i) were measured in a 
sequence of normoxic-anoxic transitions. When rehydrated, freeze-dried yeast rapidly 
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restored active metabolism (Crowe et al 1998). In DPBS and KCl-medium the apparent 
H2O2 flux increased with decreasing O2 concentration resulting in a hypoxic peak of the 
fluorescence slope before it declined towards anoxia (Figure 2d and e). The hypoxic peak 
became increasingly prominent following each reoxygenation after anoxia. In MiR05, 
however, the hypoxic peak was not observed, but the apparent H2O2 flux declined 
continuously with decreasing O2 concentration in a biphasic kinetic O2 dependence 
(Figure 2f). How can these contradictory observations be explained? Is the hypoxic peak 
related to acclimatization to O2 availability and O2 sensing of yeast in different buffers, or 
is it the result of a methodological artefact due to the interplay between respiration 
medium and the AmR assay? 

Figure 2. Amplex™ UltraRed assay and high-resolution respirometry in repeated 
normoxic-anoxic transitions in yeast measured in DPBS(+) (a, d, g), KCl-medium(+) 
(b, e, h), and MiR05(+) (c, f, i) with DTPA. Blue plots: O2 concentration [µM] decreasing 
due to respiration; brief periods of anoxia were followed by reoxygenations. (a, b, c) 
Volume-specific O2 flux [pmol·s-1·mL-1]; (d, e, f) non-calibrated fluorescence slope (raw) 
[nA·s-1]; (g, h, i) non-calibrated (raw) fluorescence signal (proportional to fluorescence 
intensity) [µA]. One representative trace (b, e, h) or technical repeats (n=4) recorded in 
parallel in four different chambers (a, c, d, f, g, i). Experiments DPBS and MiR05: 2018-
12-06_P3-02, 2018-12-06_P4-02, 2018-12-06_P1-01, 2018-12-06_P2-01, KCl-medium: 
2017-04-18_P7-02A.  
 

3.1. Hypoxic H2O2 peak: fact or artefact? 
 

 The fluorescence signal increases over time owing to the accumulation of xRed 
originating from AmR due to (1) titrations of H2O2 during assay calibrations, (2) 
extracellular H2O2 flux by yeast, and (3) artificial H2O2-independent increase of 
background fluorescence (Figure 2g-i). To elucidate the origin of the hypoxic peak in 
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DPBS and KCl-medium, we analysed the effect of fluorescence intensity (proportional to 
the fluorescence signal) on the apparent H2O2 flux. To differentiate between the effects of 
the O2 regime and exposure time on H2O2 production by yeast and the effect of 
fluorescence intensity, we performed parallel experiments: the control group (C) with 
initial titration of AmR before adding yeast cells, and the experimental group (E) with 
delayed addition of AmR to yeast cells (Figure 3).  
 

Figure 3. Effect of accumulating concentrations of xRed on the hypoxic peak of the 
fluorescence slopes in repeated normoxic-anoxic transitions in yeast incubated in 
DPBS(+) containing DTPA. Blue plots: O2 concentration [µM] decreasing due to 
respiration; brief periods of anoxia were followed by reoxygenation. Red plots: volume-
specific O2 flux [pmol·s-1·mL-1]; black plots: non-calibrated fluorescence signal 
(proportional to fluorescence intensity) [µA]; green plots: non-calibrated (raw) 
fluorescence slope [nA·s-1]. 1C to 6C and 1E to 6E: normoxic-anoxic transitions. (a, b) 
Control: AmR titrated before addition of yeast; (c, d) Experimental group: AmR titrated 
immediately before 4E. The fluorescence intensity was increased by titration of 0.8 µM 
H2O2 before 5E. Experiment 2018-12-19 P8-02.  

 
Consistent with results shown in Figure 2d and e, the hypoxic peak was observed 

during the normoxic-anoxic transitions and increased after each sequential 
reoxygenation in the controls (1C to 6C; Figure 3a and b). The hypoxic peak 4C was 
already highly pronounced. When AmR was not added at the start but only before 
transition 4E in the experimental group, however, the hypoxic peak 4E was comparable 
or even less pronounced than the hypoxic peak 1C in the control (Figure 3). Before 
transition 5E, titration of 0.8 µM H2O2 increased the fluorescence intensity which resulted 
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in a hypoxic peak 5E of the same extent as 5C in the control. Importantly, O2 flux did not 
differ between the two parallel experimental regimes using yeast from the same batch 
(Figure 3a and c). These results suggest that the hypoxic peak observed in DPBS at low O2 
concentration was related to artificial background fluorescence intensity in contrast to a 
redox response of yeast cells as acclimatization to the O2 regime.  

Figure 4. Oxygen dependence of the background fluorescence slope in the Amplex™ 
UltraRed assay. (a) DPBS(-); (b) KCl-medium(+); (c) MiR05(+) (see Figure 5c). Blue 
plots: O2 concentration [µM] was decreased with N2 in the gas phase followed by increase 
of the O2 concentration in several steps (1 to 15 and 1 to 12). Green plots: background 
fluorescence slope (raw) [nA·s­1]. The background fluorescence intensity (raw) [µA] is 
shown at low O2 concentration (values in orange) and at high O2 concentration (values in 
blue). Dotted orange lines: pronounced increase of the apparent H2O2 flux at low O2 
concentration as a function of the fluorescence intensity [µA] (values in orange); dotted 
blue lines: less pronounced increase of the apparent H2O2 flux at high O2 concentration as 
a function of fluorescence intensity (values in blue).  
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3.2. Background fluorescence slope as a function of O2 concentration 
 

To evaluate the contrasting patterns of apparent H2O2 flux of yeast observed in 
different media (Figure 2), we analyzed the background in the absence of yeast as a 
function of O2 concentration. The background fluorescence slope is a result of artificial 
formation of Res (or xRed) independent of the biological sample, which depends on the 
respiration medium and excitation light intensity (Krumschnabel et al 2015; Zhao et al 
2012). We investigated the background fluorescence slope in the AmR assay in DPBS, KCl-
medium, and MiR05 at different O2 concentrations obtained by decreasing the O2 level by 
N2 gas injection followed by stepwise elevation of O2 concentration up to air-saturation 
(~ 180 µM; Figure 4). In DPBS and KCl-medium (1) the fluorescence slope was high at low 
O2 concentration and decreased with increasing O2 concentration, (2) the fluorescence 
slope increased over time at the same O2 concentration, and (3) the increase of 
fluorescence intensity over time was more pronounced at low O2 concentration than at 
high O2 concentration (fluorescence signals shown by orange and blue values [µA], 
respectively, in Figure 4a and b). In MiR05, however, the background fluorescence slope 
(1) increased only slightly from low to high O2 concentrations, (2) did not change over 
time at the same O2 concentration, and (3) the final fluorescence intensity of 1.7 µA in 
MiR05 was lower compared to DPBS and KCl-medium (Figure 4c). 
 

 We further investigated the fluorescence slope in the AmR assay with DPBS and 
MiR05 in the absence and presence of yeast (Figures 5 and 6). In DPBS a hyperbolic 
relationship was observed between the background fluorescence slope and fluorescence 
intensity (Figure 5a and b). The same pattern was observed at excitation light intensities 
of 500 mV (Figure 5a) and 250 mV (Figure 5b). The background fluorescence slope 
increased with decreasing O2 concentration. Moreover, the hypoxic peaks observed with 
yeast cells in the reoxygenation cycles matched the pattern of the background 
fluorescence slope in DPBS (Figure 6a). The hypoxic peaks in the presence of yeast 
occurred at O2 concentrations in the range of 5 µM to 10 µM which were below the O2 
levels obtained in the chemical background measurements. This shows that the hypoxic 
peaks were indistinguishable from the background fluorescence slope in DPBS. 
 

 In MiR05 the background fluorescence slope was low compared to DPBS (Figure 5a 
and c). An increase of the background fluorescence slope with fluorescence intensity 
becomes apparent at enlarged scales, but the O2 concentration exerted only a subtle effect 
on the background fluorescence slope (zoom in Figure 5d). The fluorescence slope 
measured in the presence of yeast at high O2 concentrations was higher than the 
background fluorescence slope and it decreased at low O2 levels overlapping with the 
background fluorescence slope (Figure 6b and c). The background-corrected 
fluorescence slopes, therefore, indicate a decline of extracellular H2O2 flux from high to 
low O2 concentration. 
 

3.3. Background correction 
 

In DPBS, the high background fluorescence slope overlapping with the experimental 
fluorescence slope in the presence of yeast made it impossible to apply a meaningful 
background correction.  
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For experiments in MiR05, we calculated the background flux Jamp,BG applying the 
following step-wise background corrections.  
 

1. Linear dependence on fluorescence intensity Iamp [µA] measured at the reference O2 
concentration [O2]r which was close to air saturation (Figure 1e, Table 2).  

 

2. Linear dependence on O2 concentration (Figure 6b and c) described by the oxygen 
correction factor FO2. [O2]e is the experimental O2 concentration at a given respiratory 

state, 
 

 FO2=(0.0002· [O2]e+0.067)/(0.0002 ·[O2]r+0.067) Eq.2 
 

3. Oxygen-adjusted background fluorescence slope Jamp,BG [nA·s-1],  
 

 Jamp,BG = Jamp,BGr · FO2  Eq.3 
 

4. Background-corrected experimental fluorescence slope Jamp,corr [nA·s-1] based on the  
experimental fluorescence slope in the presence of sample Jamp [nA·s-1] at [O2]e, 

 

 Jamp,corr = Jamp – Jamp,BG Eq.4 
 

5.  Calibration for H2O2-sensitivity [µA·µM-1] determined from H2O2 calibrations 
(Komlódi et al 2018) to obtain extracellular H2O2 flux JH2O2 [pmol·s-1·mL-1],  

 

 JH2O2 = Jamp,corr /sensitivity  Eq.5 
 

Figure 5. Oxygen dependence of 
the background fluorescence 
slope (apparent H2O2 flux 
without yeast) as a function of 
fluorescence signal [µA] 
(proportional to fluorescence 
intensity) in DPBS and MiR05. 
Background fluorescence slope 
(raw) [nA·s-1] as a function of 
fluorescence signal.  (a) DPBS(+), 
excitation light intensity 500 mV; 
ten different O2k-chambers (n=10, 
five O2k). Lines are fitted by 
nonlinear regression; r²=0.95-0.99. 
(b) DPBS(-) without DTPA, 
excitation light intensity 250 mV; 
14 different O2k-chambers (n=14, 
seven O2k); r²=0.95-0.99. For 
DPBS, colors indicate 

measurements at constant O2 concentrations (shown by numbers [µM]) measured at 
fluorescence intensities increasing over time. (c) MiR05(+), excitation light intensity 500 
mV; O2 concentrations changed from ~ 20 µM to air saturation in the same experimental 
run (representative trace in Figure 4c). Each colour represents a technical repeat (n=8). 
(d) Zoom into panel c.  
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Figure 6. Fluorescence slope (apparent H2O2 flux with or without yeast) as a 
function of oxygen concentration in DPBS and MiR05. Non-calibrated fluorescence 
slope [nA·s-1] in background (without yeast; open grey symbols) and in the presence of 
yeast in the reoxygenation cycles with transitions from high to low O2 concentrations 
(closed symbols; enclosed by blue and orange outlines, respectively). Identical colors of 
symbols indicate technical repeats (n=4). Different colors of symbols distinguish the first 
to fourth transitions (1 to 4). (a) DPBS(+) background (from Figure 5a). Lines are fitted 
by nonlinear regression through data points at constant fluorescence signal; r2=0.96-0.99. 
Different colors of lines reflect the pattern of fluorescence intensity measured in the 
reoxygenation cycles with yeast (from Figure 2d; peak fluorescence at low O2 
concentrations). (b) MiR05(+) background (from Figure 1e). Line is fitted by linear 
regression; r²=0.80. (c) Zoom into panel b.  
 

Table 2. Background parameters for different Lots of MiR05-
Kit. Assays with DTPA. Slope bamp and intercept aamp (Eq.1; 
Materials and methods). 

 

Lot # bamp aamp 

0915 0.0082 0.1159 
18.02872 -0.0198 0.0914 
19.01689 -0.0116 0.0868 
20J01923 -0.0348 0.1248 

 

3.4. O2 kinetics of H2O2 flux and O2 flux 

 

O2 consumption and xRed fluorescence slope (apparent H2O2 flux) were measured 
simultaneously in repeated normoxic-anoxic transitions in yeast cells in MiR05 and DPBS 
(Figure 7). During the first transition the cells acclimatized to experimental conditions 
immediately after rehydration. At normoxic O2 concentration yeast respiration stabilized 
during the following reoxygenation cycles (Figure 2a, 2c and 3). Therefore, we analysed 
the second transitions (Figure 7a and b).  

 

 Respiration was a complex function of O2 concentration in the high O2 regime 
including factors of time and non-mitochondrial O2 consumption (Gnaiger et al 1995). A 
zoom into the low O2 range reveals first-order hyperbolic kinetics (Figure 7c). The 
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maximum kinetic O2 flux (Jmax) varied as a function of respiration media and the number 
of normoxic-anoxic transitions (experimental exposure time). Jmax was calculated as a 
parameter of the hyperbolic fit indicating O2 flux at high, non-limiting O2 concentrations 
(see Materials and methods). The p50 was about four times higher than the p50 of isolated 
mitochondria and small mammalian cells, indicating the effect of intracellular diffusion 
gradients in the yeast cells (Gnaiger 2003; Scandurra, Gnaiger 2010). c50 (p50) varied as a 
function of Jmax (Figure 7d) consistent with the concept of kinetic electron trapping by 
cytochrome c oxidase (Verkhovsky et al 1996; Gnaiger 2001). This indicates that the 
incubation medium did not exert any specific effect on respiratory O2 kinetics. In contrast, 
there was a dramatic difference in the dependence of apparent H2O2 flux on O2 
concentration in different media. In DPBS a sharp hypoxic peak of Jamp was observed at 
low O2 concentration (uncorrected; Figure 7b). In MiR05, however, background-
corrected JH2O2 remained low and was a linear function of O2 concentration in the 

normoxic to hypoxic range (Figure 7a). A higher resolution of H2O2 flux was obtained in a 
separate batch of yeast which showed increased respiration and H2O2 flux near air 
saturation (Figure 8). The H2O2 flux was a biphasic function of O2 concentration, with a 
linear decline in the normoxic to hypoxic range and a steep decline of H2O2 flux in the 
microoxic range when respiration was limited by O2 concentration.  
 

4. Discussion 
 

H2O2 flux of yeast in MiR05 was linearly dependent on O2 concentration; H2O2 flux 
did not increase at low O2 concentration even after multiple normoxic-anoxic transitions 
(Figure 2 and 8). This observation is in line with studies on mammalian mitochondria by 
Boveris and Chance (1973), Duong et al (2020), Li Puma et al (2020), Robb et al (2018), 
Stepanova et al (2017, 2018a, 2018b, 2020), and Szibor et al (2020) showing a linear 
increase of H2O2 production with O2 concentration. These results contrast with the 
concept of reductive stress and elevated hypoxic H2O2 generation (Chandel et al 1998; 
Guzy et al 2007; Hernansanz-Augustin et al 2014; Waypa et al 2001). The viability of 
CuZnSOD null mutants of S. cerevisiae is compromised at normoxia but not at low aeration 
levels (Longo et al 1996), consistent with decreased ROS production under hypoxia 
corresponding to intracellular oxygen pressures of mammalian cells in tissues. 

Besides H2O2-independent formation of xRed (or Res), several potential 
methodological artefacts are discussed in the literature related to the metabolites or 
enzyme activities in the biological sample. (1) Res can undergo a one-electron reduction 
to form a semiquinoneimine-type radical which regenerates AmR and superoxide anion 
by NADPH-cytochrome P450 reductase in liver microsomes (Dutton et al 1989). (2) 
Complex I can initiate cycling of oxidized and reduced Res in the presence of NADH and 
other reductants (Grivennikova et al 2018). (3) HRP can catalyze the oxidation of Res in 
the presence of peroxynitrite, and peroxynitrite-derived radicals can oxidize AmR to Res 
(Dębski et al 2016). (4) In liver and kidney, AmR can be converted to Res/xRed by mt-
carboxylesterases mtCES which can be prevented using mtCES inhibitors such as 
phenylmethyl sulfonyl fluoride (Miwa et al 2015). If AmR does not cross the cell wall and 
plasma membrane of yeast cells, these side-effects can be excluded in our experiments. If, 
however, AmR reacts with intracellular carboxylesterases, this would not explain the 
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absence of the hypoxic peak in MiR05 (Figure 8) nor the induction of the hypoxic peak in 
DPBS at high fluorescence intensity (Figure 3). We added SOD to all AmR assays to not 
only convert superoxide to H2O2 and O2 but to minimize formation of Res (or xRed) in a 
photosensitized reaction with NADH and reduced glutathione (Votyakova and Reynold 
2004; Zhao et al 2011, 2012).  
 

Figure 7. O2 flux and H2O2 flux as a function of O2 concentration in yeast cells (37 
°C). (a) MiR05(+); (b) DPBS(+); second normoxic-anoxic transitions in the ROUTINE state 
(n=4). Data are from Figure 2d and f. Red plots: mass-specific O2 flux [pmol·s-1·mg-1]; (a) 
green plots: H2O2 flux is shown after H2O2 calibration performed at ~ 150 µM O2; (b) 
fluorescence slope Jamp; (c) O2 kinetic plot of respiration with zoom into the low O2 
concentration range. Volume-specific O2 flux JV,O2 [pmol·s-1·mL-1] as a function of O2 
concentration and partial oxygen pressure pO2 [kPa] in MiR05. Dots show individual data 
points measured at 2-s time intervals. Blue line: hyperbolic fit. Experiment 2018-12-
06_P4-02A from Figure 2c, second transition. (d) c50 [µM] and p50 [kPa] as a function of 
maximum volume-specific O2 flux Jmax at identical yeast concentrations in MiR05 and 
DPBS for the first to fourth transitions. Colors distinguish peaks (1 to 6) in the first to sixth 
transitions.  

 
In the present study we investigated the O2 dependence of extracellular H2O2 flux in 

yeast. In DPBS and KCl-medium, a hypoxic peak was observed at low O2 concentration, 
which increased with the sequential number of reoxygenations and normoxic-anoxic 
transitions. Theoretically this increase of the fluorescence slope might indicate H2O2 
formation triggered by reductive stress at low O2 concentrations and hypoxic 
preconditioning (Hernansanz-Agustín et al 2014; Smith et al 2017). However, the hypoxic 
peak could be explained entirely by the background fluorescence slope. The hypoxic peak 
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is a methodological artefact caused by autooxidation of AmR at increasing fluorescence 
intensity and under hypoxia in the range of 5 µM to 10 µM O2 corresponding to 2.5 % to 
5 % air saturation (Figure 9). 

Figure 8. Oxygen dependence of H2O2 
and O2 fluxes in yeast cells in the 
second and third normoxic-anoxic 
transitions in the ROUTINE state in 
MiR05(-) at 37 °C, at excitation light 
intensity 250 mV and yeast 
concentration 0.2 mg∙mL-1. (a) Blue 
plots: O2 concentration [µM]; red and 
green plots: volume-specific O2 flux in 
chambers A and B [pmol·s-1·mL-1]. (b) 
Light green and purple plots: H2O2-

equivalent concentration [µM]; red and green plots: volume-specific H2O2 flux [pmol·s-

1·mL-1] in chambers A and B. (c) Mass-specific H2O2 flux [pmol·s-1·mg-1] from panel b 
corrected for background fluorescence slope. Shaded area indicates the low-oxygen range 
when respiration declined as a hyperbolic function of oxygen (Figure 7). Experiment 
2016-03-03_P12-02.  
 

MiR05 is optimized for assessment of mitochondrial respiration during prolonged 
incubation times to preserve mitochondrial function (Gnaiger et al 2000). The sensitivity 
of the AmR assay is more stable in MiR05 than in DPBS, KCl-medium, and buffer Z in 
experiments up to 2 h (Komlódi et al 2018). This was confirmed in the present 
background experiments at air saturation (Figure 1). Importantly, MiR05 prevented the 
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artefact of the hypoxic peak (Figures 4 to 6). This might be explained by the high 
antioxidant capacity of MiR05 (Figure 9). However, preliminary results suggest that the 
artefact of the hypoxic peak does neither occur in 50 mM phosphate buffer, at higher yeast 
concentration (1.5 mg/mL), low excitation light intensity (100 mV), and lower 
temperature (28 °C; Supplement Figure S1). 
 

Figure 9. UltroxRed (xRed) formation 
in H2O2-independent reactions in the 
absence of biological sample. xRed is 
formed in the absence of H2O2 in the 
AmR-HRP reaction contributing to the 
background fluorescence slope. 
Excitation light can initiate xRed 
generation which induces further xRed 
formation via photooxidation of AmR in 
a self-amplification process. These 
phenomena and the decrease of O2 

concentration result in the increase of the background fluorescence signal which is 
scavenged by the antioxidants in MiR05 thus preventing the hypoxic peak. 
 
 

In agreement with Li Puma et al (2020), a linear relationship was observed between 
O2 concentration and background fluorescence slope in the AmR assay measured in 
MiR05. This provides the basis for correction for background fluorescence slope and 
evaluation of the O2 dependence of H2O2 flux not only in yeast but generally in 
applications of the AmR assay in living and permeabilized cells, and isolated mitochondria 
including mammalian cell models.  
 

Conclusions 
 

In studies of H2O2 flux as a function of O2 concentration using the AmR assay, the 
respiration medium MiR05 offers advantages compared with DPBS and KCl-medium. An 
apparent maximum of H2O2 production under hypoxia was explained as chemical 
background-related artefact in DPBS and KCl-medium. The background fluorescence 
slope and its O2 dependence are minimized in MiR05, allowing for accurate background 
correction. Under these conditions, extracellular H2O2 flux of living yeast showed a 
biphasic oxygen dependence. H2O2 flux decreased abruptly towards anoxia when 
respiration showed a hyperbolic dependence on O2 concentration. Above this critical O2 
concentration, H2O2 flux increased linearly from hypoxia to hyperoxia at constant 
respiration, which does not support the concept of reductive stress. 
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Abbreviations 
 

aamp intercept 
AmR  Amplex™ UltraRed  
bamp slope 
DPBS  Dulbecco´s Phosphate Buffered 

Saline  
DCFH  2´,7´-dichlorofluorescein 
DHE  dihydroethidine  
DTPA  diethylentriamin-N,N,N',N'',N'''-

pentaacetic acid  
c50 oxygen concentration at which 

respiratory flux is 50 % of Jmax 
ETS  electron transfer system  
FO2 oxygen correction factor 
HRP  horseradish peroxidase  
H2O2  hydrogen peroxide 
Jamp experimental fluorescence slope  
Jamp,BG oxygen-adjusted background 

fluorescence slope 
Jamp,BGr raw background fluorescence 

slope 

Jamp,corr background-corrected 
experimental fluorescence slope 

JH2O2 hydrogen peroxide flux 
Jmax maximum volume-specific 

oxygen flux 
JV,O2 volume-specific oxygen flux 
Iamp fluorescence intensity 
KCl  potassium-chloride  
mtCES mt-carboxylesterases 
[O2]e experimental oxygen 

concentration 
[O2]r reference oxygen concentration 
p oxygen partial pressure [kPa] 
p50 oxygen partial pressure at which 

respiratory flux is 50 % of Jmax 
Res  resorufin   
ROS reactive oxygen species  
SOD  superoxide dismutase 
xRed UltroxRed 
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Supplement 
 

 Respiration of freeze-dried yeast suspended in 50 mM Na-phosphate buffer was 
stimulated by extracellular glucose (Figure S1a). Subsequently, respiration further 
doubled upon stimulation by ethanol and uncoupler titrations (not shown). These 
additions exerted a minor effect on extracellular H2O2 production, which was a linear 
function of environmental oxygen concentration in the hypoxic to hyperoxic range 
(Figure S1b and c). The biphasic oxygen dependence of H2O2 flux obtained in Na-
phosphate buffer was comparable with results in MiR05 (Figure 8). 

Figure S1. O2 dependence of H2O2 
and O2 fluxes in living yeast (1.5 
mg·mL-1) in 50 mM Na-phosphate 
buffer without DTPA. Repeated 
aerobic-anaerobic and hyperoxic-
hypoxic transitions at 28 °C and 
excitation light intensity 100 mV. (a) 
Blue plot: O2 concentration [µM]; red 
plot: volume-specific O2 flux 
[pmol·s­1·mL­1]. (b) Black plot: H2O2-
equivalent concentration [µM]; green 
plot: volume-specific H2O2 flux 

[pmol·s-1·mL-1]. (c) Mass-specific O2 flux [pmol·s-1·mg-1] from panel a in the first 
reoxygenation cycle (R1), and biphasic oxygen dependence of mass-specific H2O2 flux 
[pmol·s-1·mg-1] from panel b in the first, second and third reoxygenation cycles in the 
ROUTINE state (R1, R2, R3), after glucose (20 mM) addition in the third reoxygenation cycle 
(R3Glc), after ethanol (20 µL/mL) addition in the third (R3EtOH) and fourth (R4EtOH) 
reoxygenation, after uncoupler titration (2.5 to 30 µM carbonyl cyanide p-trifluoro-
methoxyphenyl hydrazone FCCP) in the sixth (E6) and seventh reoxygenation (E7). 
Experiment 2012-03-20_EF-02A. 


