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False oxygen consumption effect characterized by a decrease of the polarographic sensor readings by the introduction of neutral
microadditives into the incubation medium was modeled and tested. These neutral microadditives neither consume oxygen nor
cause its consumption by other components of the medium. It is shown that microadditives less than 3% of the volume of
incubation medium can cause statistically significant effect of false oxygen consumption more than 4% of the initial oxygen
content. The effect can reach more than 15% at higher volumes of additives. The most important properties of additives enhancing
the effect are low oxygen content, low temperature, and low concentration of oxygen salting out components.

1. Introduction

The introduction of reagents in the incubation medium is
obligatory operation for the polarographic study of oxygen
consumption. Additives such as ADP, substrate, or uncoupler
precisely start the process of consumption. Even at constant
oxygen content in the reaction mixture, the peculiarities of
additives capable to decrease the readings of the measuring
equipment are neglected. In the best case, this should lead to
a distortion of measurement results, and in worst case would
ascertain the consumption of oxygen where it is actually not.
Under such circumstances, the result appears to be more
significant than expected. Here, this phenomenon would be
called “false oxygen consumption effect.”

The most common properties of the additives, which
can cause false oxygen consumption, include: (1) absence or
low content of dissolved oxygen, (2) low temperature, (3)
low levels of oxygen salting-out components, and (4) high
viscosity.

The introduction of microadditives (10–500 µL) that
have at least one of the above listed properties should lead
to a noticeable reduction in either the concentration or
partial pressure of oxygen in medium. Moreover, viscous
additives would increase the thickness of the diffusion
layer of the measuring electrodes. This would result in the
reduction of polarographic oxygen sensor readings, which

could be incorrectly interpreted as oxygen consumption by
the biological object of study.

The effect of false oxygen consumption accompanies
almost every study of respiration in liquid incubation media,
whereas in the literature there are separate efforts to identify
the effect and to understand its mechanisms [1–5]. So a
simple system was used as a model where certain parameters
of microadditives were manipulated. This demonstrated the
quantitative aspect of false oxygen consumption, achieving
the aim of the study.

2. Methods

2.1. Measuring Cell. A measuring cell of volume 4 mL
(Figure 1), was equipped with silver-zinc polarographic
oxygen sensor, a Clark electrode [6] in the modification of
Mancy [7], and thermostabilized at 37◦C (± 0.1◦C). Sensor
readings were recorded by an oximeter N5221 (Poland). To
reduce the gas exchange between the incubation medium and
atmosphere, floating plastic lid was placed on the surface of
the medium. This allowed addition of any volume to cell
without loss of fluid. However, the lid did not completely
stop the diffusion of oxygen from the atmosphere into the
incubation medium. Therefore, the raw data were corrected
as published previously [8].
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Table 1: Parameters of oxygen-free additives used in the study of the factors causing false oxygen consumption.

no. Investigated factor Salt concentration Thickener t◦C

1 Oxygen concentration KCl, 60 g/L — 37

2 Temperature KCl, 60 g/L — 0

3 Salting out 0 g/L (H2O) — 37

4 Salting out KCl, 120 g/L — 37

5 Viscosity KCl, 60 g/L starch (10%) 37
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Figure 1: Thermostated measuring cell. (a) oxygen sensor, (b)
the incubation medium, (c) water jacket, and (d) a place to
introduction of additives. (1) the cell body (PMMA), (2) magnetic
stirrer, (3) sensor mount, (4) sensor membrane (Teflon, 20 µm), (5)
floating lid (polyethylene), and (6) gasket (rubber).

2.2. Model of the Incubation Medium. To exclude the osmotic
effects on the membrane of the oxygen sensor and to facilitate
the calculation, instead of the real incubation medium,
a simple model was used. This model was a solution of
KCl with a concentration of 60 g/L, which had the same
composition and osmotic pressure as the sensor electrolyte.
It allowed to calculate the concentration of oxygen basing
on reference data. This solution was saturated with oxygen
by continuous flow of atmospheric air enriched with water
vapor in a thermostated flask at 37◦C. The concentration
of O2 in the medium was 1.54 × 10−7 mol/mL at 37◦C and
atmospheric pressure 760 mmHg.

2.3. Oxygen-Free Additive. Solutions for taking of additives
were prepared by blowing the mixtures with water vapor
saturated nitrogen, which was begun an hour before and
continued throughout the experiment (Table 1).

Mixtures were heated in thermostat at 37◦C or cooled by
immersing the flask on melting ice. A thickening solution
was prepared by dissolving of KCl in 10% starch solution
up to a concentration 60 g/L. After mixing 3.5 mL of the
medium with various volumes of thickening additives, the
relative viscosity was detected by viscosimeter VK-4 (Russia)
in fivefold replicates at 20◦C (Table 2).
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Figure 2: Typical registration curve of false oxygen consumption.
(a) the time of additive introduction and (b) the minimal value
of oxygen partial pressure (Pmin). Recorded by ADC L-154 (L-
Card, Russia), application PowerGraph (D. Izmailov, Russia). Curve
demonstrates a distinct change in the partial pressure of oxygen
in the medium in which the proper content of oxygen was not
changed. However, the result of such measurement seems to be
oxygen consumption and can be interpreted as a consumption of
oxygen by the investigated objects under the influence of additives
(“false consumption”).

Table 2: Dependence of viscosity on the volume of thickening
additive at 20◦C (mean and coefficient of variation for n = 5).

V additive (µL) Relative viscosity of mixture CV (%)

0 1.06 5.2

100 1.16 4.7

200 1.28 3.5

300 1.36 4.0

400 1.50 0.0

2.4. Scheme of the Experiment. Once incubation medium
was oxygen-saturated at 37◦C, then 3.5 mL of medium was
placed in a thermostated measuring cell and covered with a
floating lid (Figure 1). This was left aside for 5–15 minutes
to stabilize oximeter readings. The recording was turned on.
Then, anoxic additive was introduced into the medium by a
micropipette through a notch in the lid. Registration curve is
shown in Figure 2.

The value of the false oxygen consumption effect ΔN
was determined by the minimum Pmin of registration curve
(Figure 2)

ΔN = 5.373× 10−7 · PA · (100− Pmin)
760 · 100

, (1)
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Figure 3: The dependence of false oxygen consumption caused
by various factors on the volume of additives. (1) oxygen-free
additive, (2) cooled additive, (3) absence of salts in the additive, (4)
high concentration of salt in the addition, and 5: high viscosity of
additive.

where 5.373 × 10−7 (mol): the content of O2 in 3.5 mL of
medium (37◦C, 760 mmHg),

100 (%): initial reading of oximeter, Pmin (%): oximeter
reading at the minimum, 760 (mmHg): standard atmo-
spheric pressure, and PA (mmHg): atmospheric pressure at
the time of measurement.

After each measurement, the cell was filled with a fresh
portion of solution saturated with atmospheric oxygen at
37◦C and kept for 20 minutes for the restoration of initial
readings. Additives of 100, 200, 300, and 400 µL were used
in all cases. Accordingly, 10 readings were obtained for each
volume.

In order to determine the spread of viscosity, the
coefficient of variation CV was calculated. Furthermore, for
the statistical evaluation of study results, the average mean
and standard error were also calculated. To demonstrate the
statistical significance of false oxygen consumption, t-test
was used. This test statistically compared the results obtained
by the introduction of additives no. 2–5 with the records of
additive no. 1 (volume to volume).

3. Results

Table 3 represents the mean value of false oxygen consump-
tion ΔN , at the introduction of oxygen free additives. A
distinct effect was observed in all cases even for additive of
100 µL, which is less than 3% of the incubation medium
volume.

Maximum effect was achieved with the introduction of
oxygen-free additive cooled to 0◦C (additive no. 2) and
the minimum—by using of additive containing 120 g/L KCl
(additive no. 4).

In all experiments, the effect develops in the absence of
oxygen in the additives. Therefore, individual contributions
of other factors were calculated as differences between the
effect developed under simultaneous action of two factors
(for additives no. 2–5) and the effect of the oxygen-free

additive, which did not differ from the medium by other
parameters (additive no. 1). Results are presented in Table 4.

As the table shows, absence of oxygen (additive no. 1),
low temperature of additive (additive no. 2), and an absence
of the dissolved compounds salting out the oxygen (additive
no. 3) caused a statistically significant, but nevertheless a false
reduction of oxygen content in the incubation medium. This
happened even when the volume of the additive was 100 µL.
Excess of salts in the additive (additive no. 4) caused reliable,
but an opposite effect. A more complicated picture was
created when thickening additives were used (additive no.
5). Therefore, the effect of the viscous additives on the value
of false oxygen consumption is presented in graphic form
(Figure 3). For comparison, the influence of other factors is
shown also.

According to the published data [2], an increase in the
viscosity should lead to reduction of the measuring equip-
ment readings and thereby cause the effect of false consump-
tion. However, introduction of viscous additive led to oppo-
site effect (Figure 3). Moreover, statistically confirmed mini-
mum was noted in the curve.

4. Discussion

In the present study, by appropriate methods using generally
accepted schemes of statistical analysis for biological experi-
ment it was demonstrated that introducing additives, which
neither consumed oxygen nor initiated its consumption by
other components of the medium, may cause a reproducible
and statistically significant decrease in partial pressure of
oxygen. Although the content of oxygen in the medium does
not change, a decline of partial pressure does not eliminate
a possibility of ambiguous interpretation of obtained results
[4, 9–11].

False oxygen consumption turned out to be not only
reproducible, but also quite significant. For example, under
combined effects of the factors, even if the additive does not
exceed 3% (100 µL) of incubation medium volume, there
can be statistically significant “consumption” of more than
4% of the initial amount of oxygen. With the increase in
volume of additive to 11% (400 µL), the false consumption
exceeds 15%. This is quite comparable with the real oxygen
consumption by objects such as mitochondria in biological
experiments [9, 11, 12].

There are different reasons for the fall of oxygen partial
pressure depending on the types of additives. Absence of
oxygen in additive (additive no. 1) leads to a dilution of
oxygenated medium with pure solvent [1, 4]. As a result
the concentration, but not quantity, of oxygen decreases,
leading to a drop in partial pressure. If the additive has a
lower temperature than the medium (addition no. 2), its
introduction leads to temporary cooling of the mixture.
Hence, the solubility of oxygen in the medium increases
[5], and the partial pressure decreases. Absence or lower
content of oxygen salting out components in the additive
(additive no. 3) causes a reduction in concentrations of these
components in the incubation medium. It also leads to an
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Table 3: False oxygen consumption ΔN (mol× 10−8), caused by the introduction in the incubation medium of various oxygen-free additives
(mean ± SE, n = 10).

V additive (µL)
Type of additive (Table 1)

no. 1 no. 2 no. 3 no. 4 no. 5

100 0.91± 0.05 1.84± 0.05 1.37± 0.03 0.72± 0.03 0.72± 0.09

200 2.15± 0.03 3.92± 0.03 2.91± 0.04 1.74± 0.07 1.73± 0.06

300 3.08± 0.05 5.23± 0.07 4.23± 0.04 2.68± 0.03 2.83± 0.08

400 4.20± 0.06 6.89± 0.06 5.44± 0.01 3.59± 0.03 4.16± 0.13

Table 4: Individual contributions of separate factors to the total value of false oxygen consumption ΔN (mol × 10−8), n = 10.

V additive (µL)
Acting factor

Oxygen concentration Temperature Salting out (no. 3) Salting out (no. 4) Viscosity

100 0.91± 0.05 0.93∗∗∗ 0.46∗∗∗ −0.19∗∗ −0.19∗

200 2.15± 0.03 1.77∗∗∗ 0.76∗∗∗ −0.41∗∗∗ −0.42∗∗∗

300 3.08± 0.05 2.15∗∗∗ 1.15∗∗∗ −0.40∗∗∗ −0.25∗∗

400 4.20± 0.06 2.69∗∗∗ 1.24∗∗∗ −0.60∗∗∗ −0.03
∗
P ≤ .05; ∗∗P ≤ .01; ∗∗∗P ≤ .001. Significant difference in comparison with oxygen-free additive of the same volume.

increase in oxygen solubility [13, 14] and a decrease in its
partial pressure.

Thus, the additives with high oxygen content, high
temperature, or high salt content should cause the opposite
effect. However, oversaturated with oxygen and high tem-
perature additives are not commonly used in a biological
experiment. The tests were only carried out with additives of
salt concentration twofold higher than that of the medium
(additive no. 4). The obtained result, as expected, was a
statistically significant increase in oxygen partial pressure,
which may easily mask the actual oxygen consumption
observed in biological study.

The most difficult for interpretation was the experiment
with the use of thickening additive (additive no. 5). The
increase in viscosity should cause an increase in thickness
of electrode diffusion layer [2] and consequently reduce
the oxygen sensor readings (the apparent decrease in the
partial pressure of oxygen), but the result obtained was
the opposite. Moreover, for thickening additives dependence
of false consumption effect on the volume of additive
has significant minimum, corresponding to volume 200 µL
(Figure 3). The most probable explanation for this fact may
be the simultaneous effect of two factors that have opposite
effects on readings of oxygen sensor.

The factor contributing to the reduction of false oxygen
consumption effect is the salting-out effect of additive. It
contained not only 60 g/L KCl (about 6%), but also 10% of
starch as a thickener. Their total concentration in the additive
was considerably higher than the concentration of solutes in
the incubation medium. As a result, the influence of additive
no. 5 up to the volume of 200 µL was quite similar to the
action of additive no. 4 (KCl, 120 g/L).

The factor contributed to the enhancing of the effect was
the increase of viscosity. The diffusion layer of the closed
oxygen sensor was large enough, as it included the thickness
of the membrane. A slight increase in viscosity of the solution
could not have significant influence on its work. The effect

began to appear only when the growth of diffusion layer
thickness due to the increase in viscosity was comparable
to the thickness of the membrane. It is assumed that this
occurred when the amount of additive reached 300 µL, and
the relative viscosity of the mixture increased up to 1.36 at
20◦C. Starting from this volume, viscosity determined the
character of dependence (Figure 3).

5. Conclusion

Thus, we can conclude that introduction of any additive
to the incubation medium, which differs from medium in
composition, temperature, or viscosity, will unavoidably lead
to changes in oxygen sensor readings. These changes can be
large enough to cause a significant increase in measurement
error, and also an appearance of well-reproducible artifact.
This is identified as the false oxygen consumption effect.
Under certain conditions, this effect can reach high percent-
age of the oxygen content in the incubation medium.

Exclusion of such distortions is not possible, because
additives will always be different from the incubation
medium by various parameters. Nevertheless, it is necessary
to minimize the effect. For this purpose, reagent solutions
saturated with atmospheric oxygen at the temperature of
incubation medium should be used. When the reagents with
low concentrations are prepared, water should be substituted
by incubation medium. If these recommendations are dif-
ficult to fulfill, additives should be introduced with control
measurements of oxygen partial pressure changes in the
conditions that prevent real consumption of oxygen in the
incubation medium.
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