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Abstract: Catalase is a key antioxidative enzyme, and a deficiency or malfunction of catalase is
hypothesized to be related to various diseases. To investigate catalase activity, it is important to
use reliable methods and experimental protocols enabling consistent fallouts. One major problem,
however, is that the activity values obtained with different techniques and procedures can vary to
a large extent. The aim of this work was to identify experimental conditions that provide similar
catalase activity values with two different methods based on either spectrophotometry or chronoam-
perometry. The investigated parameters include the concentration of catalase and its substrate (H2O2),
as well as the effect of deoxygenation of the catalase medium by nitrogen (N2). Within the frame of
investigated conditions, we show that spectrophotometry is strongly affected by the catalase concen-
tration, whereas chronoamperometry is shown to be more dependent on the substrate concentration.
Deoxygenation leads to elevated catalase activity values in the case of chronoamperometry, whereas
it shows no influence on the results obtained with spectrophotometry. In particular, in the case of
low substrate concentrations (i.e., low catalase reaction rates), higher and more accurate results are
obtained with deoxygenation in the case of chronoamperometry measurements due to minimized
oxygen escape. The effect of deoxygenation, giving rise to elevated catalase activity values, however,
is not statistically significant at high substrate concentrations, implying that the protocol can be sim-
plified by excluding this step as long as the other parameters are optimized. Finally, by comparing the
two methods at different experimental conditions, we identified protocols resulting in similar results,
i.e., 10 mM H2O2 and catalase activity of 4–5 U/mL. Based on this work, improved consistency of
catalase activity data obtained with different methodologies and in different labs is expected.
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1. Introduction

Oxygen is essential for life, but it is also a primary source of reactive oxygen species
(ROS), which are produced as byproducts of oxidative metabolic processes by proteins
and enzymes residing in various cell compartments. These compartments include the
cell membrane, the cytoplasm, and the various organelles (i.e., endoplasmic reticulum,
peroxisome, and mitochondria) [1,2]. Mitochondria, in particular, represent the primary
compartment where most ROS are generated (around 90% of cellular ROS is estimated
to originate from here) [1,2]. Of the total amount of molecular oxygen (O2) consumed by
mitochondria, about 0.2–2.0% is reduced to superoxide anions (O2

•−), which are the most
abundant ROS in mitochondria. Further on, the superoxide anions are converted into other
ROS, such as hydrogen peroxide (H2O2) and hydroxyl ions (OH−) and radicals (•OH) [2].

In addition to their capacity to induce damage, ROS have been shown to function as
signaling molecules and have versatile roles in the antimicrobial immune defense system
where macrophages produce ROS upon encountering bacteria [3,4]. However, elevated
ROS concentrations above physiological levels denote an adverse state associated with the
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failure of basic cellular processes due to ROS-induced damage of biomolecules such as
DNA, proteins, and lipids (often referred to as oxidative stress) [5]. Prolonged oxidative
stress affects the function of tissues and organs of the body and may eventually contribute
to the development of various diseases, including Alzheimer’s disease, Parkinson’s disease,
cancer, diabetes, skin diseases, and atherosclerosis [6,7].

On a cellular basis, superoxide anion and hydrogen peroxide represent the most
abundant species [4]. Notably, hydrogen peroxide possesses the ability to cross biological
membranes via aquaporin homologues and to induce damage in various cellular com-
partments [8]. Considering this, and the fact that this ROS is relatively stable, hydrogen
peroxide is particularly relevant as a candidate for quantifying oxidative stress [9]. In
addition, hydrogen peroxide has been increasingly recognized as a key molecule for redox
signaling, with several metabolically and biochemically relevant roles [10].

The primary line of defense against unphysiologically high levels of ROS in aerobic
organisms relies on antioxidants, which are compounds able to scavenge ROS or prevent
their formation. Physiological antioxidants consist of enzymes and a wide range of non-
enzymatic compounds, such as polyphenols, carotenoids, vitamins, or glutathione, which
constitute an interconnected antioxidant defense system [11–13]. Antioxidant enzymes are
particularly efficient scavengers of ROS and include, among others, glutathione peroxidase,
superoxide dismutase, and catalase.

Catalase, which is the focus of this study, is a heme-containing tetramer that is found
in aerobically respiring organisms, whereas anaerobic bacteria generally do not express
this enzyme [14]. The main reaction of catalase is the decomposition of cellular hydrogen
peroxide to water and oxygen according to the following equation (Equation (1)):

H2O2 + H2O2
Catalase→ 2H2O + O2 (1)

In addition to this reaction (i.e., Equation (1)), catalase can accommodate peroxidase-type
reactions by oxidizing suitable hydrogen donors, such as polyphenols or alcohols [15–17].
The human catalase is expressed in every organ, and the highest levels of activity are
measured in the liver, the kidney, and red blood cells [14]. Catalase is primarily located
in peroxisomes within the cell [14–16]. However, the existence of a cytosolic catalase has
been reported [18], as well as catalase bound to cytosolic proteins that are linked to the
cell membrane [19]. It has also been shown that active catalase is present in the outermost
layer of the skin organ (i.e., the stratum corneum) [20–23], which primarily consists of
non-viable cells (i.e., corneocytes) embedded in a solid-like extracellular lipid matrix (i.e., a
very different environment as compared to, e.g., the peroxisomal milieu) [24].

Deviation from standard catalase levels has been linked to several diseases [14], which
implies that the assessment of catalase activity may serve as a relevant clinical diagnostic
test (although not yet officially listed as one). For instance, the measurement of the catalase
activity level in the serum has been proposed as a rapid method for acute pancreatitis
diagnosis, particularly in the early stage of this medical condition [25]. Further, several
studies have suggested that abnormal catalase levels can be linked to malignant diseases.
For example, pancreatic carcinoma and basal cell carcinoma showed downregulation of
catalase [26,27], whereas the opposite trend has been reported for melanoma and gastric
adenocarcinoma cells, in which catalase was found to be overexpressed [28,29]. Interest-
ingly, reduced expression of catalase in skin has been associated with skin diseases, such as
vitiligo, which affects 0.5–4% of the world population [30]. Considering this, a proposed
solution to treat vitiligo, which has been evaluated clinically, is topical treatment with a
catalase substitute (i.e., a complex of bis-manganese III-EDTA-(HCO3)2), which is activated
by UVB, enabling the epidermal reduction of elevated H2O2 levels [30].

The most common assays for catalase activity measurements rely on UV spectropho-
tometry, where the change of absorbance at 240 nm is monitored at relatively high con-
centrations of H2O2. Notably, high levels of H2O2 may lead to the inhibition of catalase,
which is a limitation [14]. Additionally, methods that allow for the continuous assessment
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of low catalase activity against high background levels of absorbance are highly desired
due to the fact that many matrix constituents (e.g., proteins, DNA, RNA, etc.) may exhibit
intense UV absorption at 240 nm. Due to this, various modifications have been proposed
based on the formation of stable complexes involving unreacted substrate species, which
possess enhanced absorbance [31–33]. Still, spectrophotometric assays are often burdened
by time-consuming purification steps and/or complexation reactions in order to perform
the final measurement. By employing the oxygen electrode (i.e., the Clark electrode [34])
for direct monitoring of the oxygen concentration, these time-consuming steps can be
avoided. The method has previously been proven to be fast, accurate, and compatible
with complex biological samples [22,35]. Another modification of this method, referred
to as the skin-covered oxygen electrode (SCOE), allows for monitoring native catalase
activity in excised skin samples [23,36,37]. Oxygen is, however, relatively poorly soluble
in water, and any rapid elevation of its concentration in a solution at equilibrium with
atmospheric oxygen is accompanied by oversaturation and subsequent oxygen escape from
the measurement vessel [38]. This may lead to an underestimation of the actual catalase
activity recorded by the oxygen electrode, considering that the measurement relies strictly
on the amount of oxygen produced by the enzyme (see Equation (1)). Thus, by performing
deoxygenation of the reaction mixture prior to the measurement, the generated oxygen
occurs well below the solubility concentration, which is expected to attenuate the influence
of oxygen escape and improve the accuracy of the measurement. This is most frequently
achieved by saturating the reaction mixture with nitrogen (N2) gas [17,35]. However, the
influence of the deoxygenation process on the actual obtained values of the catalase activity
is not well characterized, and recent reports normally skip this procedure [22,36–40].

Taken together, the wide variety of methodologies used to measure the catalase ac-
tivity may lead to unnecessary discrepancies between the results obtained in different
laboratories and with various methods. Due to the important role of catalase as a key
enzyme preventing oxidative stress, as well as the numerous reported deviations in cata-
lase regulation associated with serious diseases, there is a clear need for standardization
of the measurement protocols. Considering this, this work aims at identifying suitable
experimental conditions that provide similar catalase activity values with two different
methods based on either spectrophotometry or oxygen electrode chronoamperometry. A
comparison between the methods is performed by investigating the influence of the follow-
ing key parameters: enzyme concentration, substrate concentration, and deoxygenation
of reaction mixture. In conclusion, this work highlights the influence of different experi-
mental conditions on catalase activity measurements with spectrophotometry and oxygen
electrode chronoamperometry. Further, the results emphasize the experimental conditions
that should be avoided, giving rise to large disagreements between the methods. Based on
this study, it is expected that unnecessary discrepancies between measured catalase activity
values can be minimized.

2. Materials and Methods
2.1. Materials

Catalase from bovine liver (EC1.11.1.6, 2000–5000 U/mg protein), hydrogen perox-
ide (H2O2, 35%), tablets for preparing phosphate-buffered saline (PBS, 10 mM, pH 7.5),
potassium chloride (KCl), and sodium azide (NaN3) were purchased from Sigma Aldrich
(Stockholm, Sweden). All solutions were prepared from water with a resistivity of 18.2 Ωcm,
purified by the Milli-Q system (Merck Millipore, Billerica, MA, USA).

2.2. Spectrophotometry Measurements of Catalase Activity

The spectrophotometric assay was performed as previously described [41]. In brief, the
decrease in absorbance at 240 nm was monitored for 3 min using a Shimadzu UV-1800 spec-
trophotometer (Shimadzu Scientific Instruments, Columbia, MD, USA). PBS solution not
containing H2O2 was used as blank. To determine a reference value of the catalase activity,
the measurements were performed according to the protocol provided by Sigma Aldrich,
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in which 6.67 U/mL (corresponding to 3.3 µg/mL or 13.8 nM) catalase was used with an
initial substrate concentration of 12 mM. In this analysis, the linear part of the curve, within
H2O2 concentrations of 10.3–9.2 mM (corresponding to absorbance values of 0.40–0.45),
was used to calculate the velocity of the substrate consumption, vH2O2 . Based on this
protocol, the reference value of the catalase activity was determined to be 2250 ± 90 µmol
H2O2 min−1 mg−1 (n = 3). However, considering that the chronoamperometric method
relies on the initial velocity of the enzymatic reaction (vH2O2), it was decided to employ
a similar protocol also for the spectrophotometric method to enable a more consistent
comparison. This was achieved by determining the slope of the initial 10 s, where a linear
decrease of the absorbance was observed, which represents the maximum rate of the H2O2
consumption (occurring immediately upon substrate addition). Further, in the spectropho-
tometry measurements, 0.1 mL of catalase solution (3.3 µg/mL for 0.46 nM and 33.0 µg/mL
for 4.6 nM) was added to 2.9 mL of 10 mM H2O2 in PBS (i.e., identical protocol as for
chronoamperometry). Finally, a control experiment was performed to investigate the effect
of deoxygenation, showing no effect in the case of spectrophotometry measurements of
the decreasing H2O2 absorbance curve. Based on this observation, the employment of
deoxygenation in the case of spectrophotometric measurements was not further considered
as relevant.

2.3. Preparation of the Oxygen Electrode

The oxygen electrode was supplied by Optronika, Vilnius, Lithuania. The surface
of the platinum cathode of the oxygen electrode was polished with alumina suspension
(Buehler, Lake Bluff, IL, USA; 1 µm diameter) and rinsed with deionized water. The gas-
permeable membrane, used to separate any electrolytes from the buffer solution, consisted
of a 5 µm-thick Teflon membrane. The body of the electrode was filled with saturated KCl.
Before each measurement, the electrode was rinsed with deionized water.

2.4. Chronoamperometry Meaurements of Catalase Activity

The oxygen electrode was employed to perform chronoamperometry measurements
of the catalase activity following the protocol previously described [22], with the following
modifications. In brief, as shown in Figure 1, the oxygen electrode was inserted into an
electrochemical cell filled with 2.9 mL of PBS solution. For all measurements, 0.1 mL of
catalase solution (3.3 µg/mL and 33.0 µg/mL for 0.46 nM and 4.6 nM, respectively) was
added to the PBS solution after reaching a stable baseline and prior to N2 purging. Further,
all experiments were conducted at room temperature (22 ◦C), and the solution was stirred
with a magnetic steering bar at 400 rpm. The cell was equipped with a syringe needle for
supplying N2 into the buffer in the case of deoxygenation experiments. The current of the
oxygen electrode was recorded with an Emstat3 Blue potentiostat (PalmSens, Bellefonte,
PA, USA). The electrode was coupled in a two-electrode configuration by applying −0.7 V,
vs Ag/AgCl/KCl(sat), on the Pt cathode. After the baseline current was stabilized (in the
presence of added catalase), a defined amount of H2O2 was pipetted into the measurement
cell. Immediately, the catalase reaction (Equation (1)) converted H2O2 into O2, resulting
in an increased reduction current of the oxygen electrode. For experiments that were
performed in deoxygenated buffer, N2 was supplied after baseline stabilization in the
presence of catalase. Simultaneously, the oxygen electrode was raised above the surface
of the reaction medium to avoid adsorption of N2 gas bubbles onto the Teflon membrane.
After several minutes, the N2 stream was stopped, and the oxygen electrode was instantly
immersed back into the buffer, followed by the addition of a defined amount of H2O2.
The reason for initiating the measurement immediately after N2 purging and performing
relatively short readings (<30 s), in the case of deoxygenation of the reaction medium, was
to minimize the influence of O2 reentering the measurement cell from the atmosphere.
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Figure 1. (A) Shows a schematic presentation of the setup used to determine catalase activity using 
oxygen electrode chronoamperometry. Catalase is kept in the measuring cell (added after reaching 
a stable baseline and prior to N2 purging). (B,C) show raw data from chronoamperometry, where 
(B) is without and (C) is with deoxygenation prior to addition of H2O2. In (B), the initial O2 concen-
tration is in equilibrium with the atmospheric O2, after which H2O2 is added (around 340 s), resulting 
in an increase in the reduction current due to production of O2. In (C), the electrode was removed 
from the buffer (around 400 s), which was purged with N2 for several minutes, effectively removing 
O2 before adding H2O2. 

2.5. Calculation of Specific Catalase Activity  
One unit of catalase activity (𝑈) is defined as the amount of catalase able to decom-

pose 1 µmol of H2O2 per one minute. The current values measured by the oxygen electrode 
were recalculated to O2 concentration, based on the assumption that PBS solution in equi-
librium with atmospheric oxygen contains 0.26 mM (or 8.3 mg/L) at T = 22 °C and 1 atm 
[38]. The calculation of the initial velocity of the enzymatic reaction (𝑣 ) was based on 
a 10 s linear part of the current trace, which represents the maximum change of the O2 
concentration (occurring immediately upon substrate addition). Considering the stoichi-
ometry of the catalase reaction (see Equation (1)), the initial velocity (in mM/s) of the sub-
strate consumption 𝑣  was calculated according to Equation (2):  𝑣 = 2𝑣  (2)

For spectrophotometry measurements, the value of 𝑣 was directly calculated 
from the change in absorbance obtained after pipetting H2O2 into the quartz cuvette and 
after manual mixing of the reaction medium. For this, an extinction coefficient of (𝜀 ) 
equal to 43.6 M−1cm−1 was used [42]. 

After the rates of H2O2 breakdown were experimentally determined, the catalase ac-
tivity was calculated based on following equation (Equation (3)): 𝑈 = 𝑣 × 𝛼 (3)

The coefficient 𝛼 is a conversion factor equal to 180 (L × s/min), arising from conver-
sion from units of mM/s to units of µmol/min, taking into consideration the volume of the 
electrochemical reaction vessel or quartz cuvette (equal to 3 mL in both cases). Finally, the 
specific catalase activity was calculated by dividing the value of 𝑈 with the mass of cata-
lase employed in the individual measurement. 

2.6. Statistics 
An unpaired t-test was used to compare the results obtained with oxygen electrode 
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Figure 1. (A) Shows a schematic presentation of the setup used to determine catalase activity using
oxygen electrode chronoamperometry. Catalase is kept in the measuring cell (added after reaching a
stable baseline and prior to N2 purging). (B,C) show raw data from chronoamperometry, where (B) is
without and (C) is with deoxygenation prior to addition of H2O2. In (B), the initial O2 concentration
is in equilibrium with the atmospheric O2, after which H2O2 is added (around 340 s), resulting in an
increase in the reduction current due to production of O2. In (C), the electrode was removed from the
buffer (around 400 s), which was purged with N2 for several minutes, effectively removing O2 before
adding H2O2.

2.5. Calculation of Specific Catalase Activity

One unit of catalase activity (U) is defined as the amount of catalase able to decompose
1 µmol of H2O2 per one minute. The current values measured by the oxygen electrode
were recalculated to O2 concentration, based on the assumption that PBS solution in
equilibrium with atmospheric oxygen contains 0.26 mM (or 8.3 mg/L) at T = 22 ◦C and
1 atm [38]. The calculation of the initial velocity of the enzymatic reaction (vH2O2) was
based on a 10 s linear part of the current trace, which represents the maximum change of
the O2 concentration (occurring immediately upon substrate addition). Considering the
stoichiometry of the catalase reaction (see Equation (1)), the initial velocity (in mM/s) of
the substrate consumption vH2O2 was calculated according to Equation (2):

vH2O2 = 2vO2 (2)

For spectrophotometry measurements, the value of vH2O2 was directly calculated from
the change in absorbance obtained after pipetting H2O2 into the quartz cuvette and after
manual mixing of the reaction medium. For this, an extinction coefficient of (εH2O2) equal
to 43.6 M−1cm−1 was used [42].

After the rates of H2O2 breakdown were experimentally determined, the catalase
activity was calculated based on following equation (Equation (3)):

U = vH2O2 × α (3)

The coefficient α is a conversion factor equal to 180 (L × s/min), arising from conver-
sion from units of mM/s to units of µmol/min, taking into consideration the volume of
the electrochemical reaction vessel or quartz cuvette (equal to 3 mL in both cases). Finally,
the specific catalase activity was calculated by dividing the value of U with the mass of
catalase employed in the individual measurement.
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2.6. Statistics

An unpaired t-test was used to compare the results obtained with oxygen electrode
chronoamperometry with and without deoxygenation, as well as the results obtained either
with chronoamperometry or spectrophotometry. All statistical analyses were performed
using the software MatLab 2019b. The significance levels were established at * p < 0.05,
** p < 0.01, and *** p < 0.001, whereas p > 0.05 was used as the level for not statistically
significant (ns) differences. All experimental data used for statistical analysis are reported
as mean ± standard deviation (SD) based on three replicates (n = 3).

3. Results

The aim of this work was to identify suitable experimental conditions that provide
similar catalase activity values with two different methods based on either spectropho-
tometry or oxygen electrode chronoamperometry. First, we investigated the influence of
deoxygenation on the catalase activity measurements based on chronoamperometry. Here,
it can be pointed out that the measurements based on spectrophotometry, with and without
deoxygenation, generated virtually identical absorbance curves of the H2O2 decomposition
by catalase, which is the reason for not including deoxygenation in the spectrophotometry
protocols. Finally, we compared the results obtained with chronoamperometry with a
method based on spectrophotometry.

3.1. The Effect of Deoxygenation on Chronoamperometry Meaurements of Catalase Activity

In several previous reports, deoxygenation has been employed in the case of oxygen
electrode chronoamperometry measurements of the catalase activity. The influence of
having O2 present or absent in the reaction mixture during the measurement is, however,
seldom discussed in detail. Instead, reports usually conclude that the application of a deoxy-
genation step translates into an improvement in the sensitivity of the measurement [40,43].
In an attempt to examine this issue in more detail, we conducted experiments aiming at
investigating the influence of deoxygenation on the results obtained with chronoamperome-
try. For this, the concentrations of both catalase (0.46 nM or 4.6 nM) and its substrate (1 mM
and 10 mM) were varied, with or without deoxygenation (see Figure 2). It was expected
that the deoxygenation step by N2 purging, prior to H2O2 injection, should increase the
catalase activity values determined by the oxygen electrode method, since the measurement
occurs well below the solubility limit of O2, effectively reducing O2 escape.

A first conclusion based on the results in Figure 2 is that the activity of catalase is
strongly influenced by the experimental conditions. For example, in the case of the lowest
tested concentrations of catalase and H2O2 (i.e., 0.46 nM and 1 mM, respectively), the
deoxygenation step caused a significant increase (p = 0.0069). The catalase activity was
determined to be 670 ± 90 µmol H2O2 min−1 mg−1 in the case of employing PBS buffer in
equilibrium with atmospheric O2, and a value of 1540 ± 280 µmol H2O2 min−1 mg−1 was
obtained after deoxygenation, corresponding to an increase of 130%. In both cases, i.e., with-
out or with deoxygenation, a notable increase in the catalase activity was observed when
the substrate concentration was increased from 1 to 10 mM, reaching values of 3370 ± 520
and 4000 ± 320 µmol H2O2 min−1 mg−1, respectively. Further, by increasing the concen-
tration of catalase ten times (i.e., to 4.6 nM), while keeping the substrate concentration at
10 mM, an additional increase in the activity was observed in both cases. However, the
catalase activities obtained with or without deoxygenation were not significantly different
when a substrate concentration of 10 mM was employed, either with 0.46 nM or 4.6 nM of
catalase (p = 0.15 in both cases). Nevertheless, under these experimental conditions, deoxy-
genation results in consistently higher catalase activity values, which are also associated
with improved precision.
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Figure 2. The effect of deoxygenation and substrate concentration on the catalase activity obtained
with oxygen electrode chronoamperometry. Experiments were conducted in PBS in equilibrium with
atmospheric O2 (i.e., air equilibrated, black bars) or in deoxygenated PBS (grey bars). All experiments
were conducted in triplicates (n = 3, mean ± SD) and with pH 7.4. ** p < 0.01 and ns = p > 0.05.

In conclusion, deoxygenation has a significant effect on the obtained catalase activity
value when the substrate concentration is low (i.e., 1 mM H2O2), leading to a prominent
discrepancy. This discrepancy is, however, attenuated when the substrate concentration is
increased to 10 mM H2O2, resulting in notably elevated and similar results, irrespective of
deoxygenation (i.e., not statistically significant differences). The results of catalase reaction
rate v and specific catalase activity are summarized in Table 1.

Table 1. Catalase reaction rate v and specific catalase activity determined with either oxygen (O2)
electrode chronoamperometry or spectrophotometry (UV) under different conditions (e.g., variable
catalase and substrate concentrations, and in PBS in equilibrium with atmospheric O2 or deoxy-
genated with N2).

Method Catalase (nM) H2O2 (mM) Protocol v (µM O2 s−1) Specific Activity
(µmol H2O2 min−1 mg−1)

O2 electrode

0.46 1 Air equilibrated 0.62 ± 0.088 670 ± 100
0.46 1 Deoxygenated 1.4 ± 0.26 1540 ± 280

0.46 10 Air equilibrated 3.1 ± 0.48 3370 ± 520
0.46 10 Deoxygenated 4.7 ± 0.29 4000 ± 320

4.6 10 Air equilibrated 38 ± 5.9 4170 ± 650
4.6 10 Deoxygenated 44 ± 0.10 4840 ± 110

UV assay 0.46 10 Air equilibrated 1.0 ± 0.23 1130 ± 360
4.6 10 Air equilibrated 32 ± 1.7 3440 ± 190
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3.2. Comparison between Chronoamperometry and Spectrophotometry Measuerments of
Catalase Activity

In order to compare the results determined with oxygen electrode chronoamperometry
with the results obtained with a standard method, we employed spectrophotometry as
a control method. To enable this comparison, experiments were performed with match-
ing experimental conditions. In other words, the same volume of PBS (i.e., 3 mL) and
similar catalase concentrations (i.e., either 0.46 nM or 4.6 nM) were used. In addition, all
calculations of enzyme activity were based on the highest linear H2O2 consumption rate
(i.e., absorbance decrease), which in all cases was obtained immediately upon substrate
addition to the reaction mixture. Here, three points should also be considered. First, based
on initial control experiments, deoxygenation of the reaction medium in the case of spec-
trophotometry measurements was concluded to not influence the absorbance curves of
the H2O2 decomposition; consequently, the spectrophotometry measurements were only
performed without deoxygenation. Second, the spectrophotometry measurements were
performed without stirring during the absorbance recording (only initial stirring of the
reaction medium). Third, by performing the spectrophotometry measurement according to
the standard protocol provided by the manufacturer of the catalase activity kit, the catalase
activity was determined to be 2250 ± 90 µmol H2O2 min−1 mg−1 (n = 3).

The results in Figure 3 show that the measured catalase activity with a lower concen-
tration of the enzyme (i.e., 0.46 nM) varies greatly depending on the method employed.
For example, the activity of catalase obtained with spectrophotometry reached merely
1130 ± 260 µmol H2O2 min−1 mg−1 (see Table 1). This should be compared to the catalase
activity levels obtained with chronoamperometry under identical enzyme and substrate
concentrations, without and with deoxygenation, which were around 200% (p = 0.014) and
250% (p = 0.0025) higher, respectively. However, by increasing the catalase concentration to
4.6 nM, more consistent results were obtained (Figure 3). The catalase activity determined
with spectrophotometry (3440 ± 190 µmol H2O2 min−1 mg−1) was found to be not signifi-
cantly different (p = 0.13), as compared with the activity measured with chronoamperometry
without deoxygenation (4170± 650 µmol H2O2 min−1 mg−1), whereas deoxygenation gave
rise to significantly (p = 0.00036) higher and more precise activity values (4840 ± 110 µmol
H2O2 min−1 mg−1). Notably, the catalase activity determined with spectrophotometry
is consistently lower compared to the results obtained with chronoamperometry. One
reasonable explanation for this is that the latter method involves continuous stirring of
the reaction medium, whereas the reaction medium in the case of spectrophotometry is
only stirred initially (i.e., prior to inserting the cuvette into the spectrophotometer). Thus,
it is possible that the substrate is diffusion limited in terms of reaching the catalytic site
of catalase during spectrophotometry measurements, effectively leading to somewhat
lower values. Finally, it can be concluded that the present spectrophotometry protocol,
with 4.6 nM catalase and 10 mM H2O2, resulted in significantly higher (p = 0.00056) val-
ues as compared to the standard protocol employing 13.8 nM catalase and 12 mM H2O2
(2250 ± 90 µmol H2O2 min−1 mg−1). The reason for this divergence is that the standard
protocol involves calculation of the catalase activity based on the absorbance decrease
corresponding to H2O2 concentrations of 10.3–9.2 mM, while the present protocol involves
determination of the activity based on the highest decomposition rate of H2O2 to enable
comparison with chronoamperometry results. This discrepancy further highlights the
complexity of comparing catalase activity values obtained with different protocols and calls
for careful consideration of both experimental conditions as well as analytical procedures
during the data evaluation.
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Figure 3. Comparison of catalase activity values obtained with UV spectrophotometry (white bars)
and oxygen (O2) electrode chronoamperometry (grey and black bars). White and grey bars show data
obtained with PBS in equilibrium with atmospheric buffer (i.e., air equilibrated), while black bars
show data obtained with deoxygenated PBS. The concentration of catalase used in these experiments
was either 0.46 nM or 4.6 nM. A fixed concentration of 10 mM H2O2 was used in all cases. All
experiments were conducted in triplicate (n = 3, mean ± SD), in PBS with pH 7.4. * p < 0.05,
** p < 0.01, *** p < 0.001 and ns = p > 0.05.

4. Discussion
4.1. The Influence of Deoxygenation in the Case of Chronoamperometry Meaurements of
Catalase Activity

The results obtained with oxygen electrode chronoamperometry, employing 0.46 nM
catalase and 1 mM H2O2 (Figure 2), show a noticeable increase in the determined enzyme
activity following deoxygenation, as compared to the case without. In both cases, the
highest reaction rate was recorded about 2–4 s after adding the substrate to the reaction
mixture, which implies that the increase in O2 concentration results from the same process
(i.e., consumption of H2O2 and release of O2 by catalase). However, it is likely that the mea-
surements without deoxygenation, in which the initial O2 concentration is in equilibrium
with atmospheric O2 (i.e., 0.26 mM), lead to the oversaturation of O2. Essentially, this is
expected to increase the impact of the concomitant O2 escape from the reaction mixture
(i.e., the O2 escape is relatively large in comparison to the amount of O2 probed by the
electrode). Saturating the buffer solution with N2 prior to adding H2O2 reduces the initial
O2 concentration and therefore decreases the possibility of reaching oversaturation, which
is likely to decrease the influence of the O2 escape occurring in parallel. Effectively, this
results in increased values of the determined catalase activity in the case of deoxygenation
(Figure 2).

Additional improvements in terms of increased catalase activity values were obtained
by increasing the substrate and enzyme concentrations, although the relative increase
following deoxygenation is notably reduced and concluded to be not statistically significant
(Figure 2). Still, under these experimental conditions, deoxygenation is shown to result in
higher and more precise catalase activity values (i.e., reduced standard deviations). In fact,
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deoxygenation by N2 purging resulted in consistently higher catalase activity values (about
723 ± 129 µmol H2O2 min−1 mg−1 higher values in average), irrespective of the protocol
used, as compared to the case without deoxygenation (Table 1). Based on this systematic
deviation, it can be concluded that O2 escape is always present; however, its influence is
less concerning as long as the substrate concentration is adequately high to enable sufficient
O2 production by catalase. This finding may be important for more realistic samples in
which O2 is, and should be, naturally present. For these types of samples, it is possible to
employ chronoamperometry without deoxygenation as long as the substrate concentration
is sufficient (i.e., 10 mM H2O2).

4.2. Comparison between Chronoamperometry and Spectrophotometry Measurements of
Catalase Activity

To validate the method based on oxygen electrode chronoamperometry, a comparison
was made with a UV spectrophotometry method. However, a limitation of spectropho-
tometry is that it is not compatible with low substrate concentrations (e.g., 1 mM H2O2)
due to low substrate absorbance with respect to the background noise. For this reason, the
comparison was made with 10 mM H2O2, either with low or high catalase concentrations.
Here, it may also be noted that the issue of O2 escape does not influence spectrophotom-
etry, which measures the disappearance of H2O2 in the measurement cell. As shown in
Figure 3, the catalase activity values varied greatly between the methods when low catalase
concentrations were used (i.e., 0.46 nM). Irrespective of deoxygenation, oxygen electrode
chronoamperometry resulted in about 200–250% higher catalase activity values at this
enzyme concentration. However, when higher catalase concentrations were employed (i.e.,
4.6 nM), comparable results were obtained with specific activity values ranging between
3400–4800 (Figure 3). These values correspond to 4–5 U (based on a catalase molecular
weight of 240 kDa).

Nevertheless, the spectrophotometric method resulted in consistently lower catalase
activity values, as compared to the activities obtained with chronoamperometry (i.e., 21%
and 41% lower values without and with deoxygenation, respectively, see Table 1). A
reasonable explanation for this discrepancy is due to limited diffusion of H2O2 to the active
site of catalase, resulting in somewhat reduced activity values in the case of the static
spectrophotometry measurements. Here, it should be pointed out that stirring is required
for the chronoamperometry measurements in order to minimize the O2 diffusion layer
at the Teflon membrane and enable adequate O2 transport from the bulk to the cathode.
However, to estimate the variation in catalase activity values obtained with either stirring
or at static conditions, in the case of chronoamperometry measurements, we performed
control experiments. Based on these experiments, chronoamperometry without stirring
resulted in 73% lower catalase activity values (n = 3) as compared to conditions with stirring
at 400 rpm (n = 3). This discrepancy can be rationalized by diffusion limitation of both O2
(from the bulk, across the Teflon membrane, to the cathode), as well as of H2O2 (to the active
site of catalase), in the case of static chronoamperometry measurements (i.e., no stirring).
On the other hand, spectrophotometry (without stirring) is only influenced by the latter
issue (i.e., limited substrate diffusion to the active site of catalase), which results in about
20–40% lower values, as compared to chronoamperometry (irrespective of deoxygenation
or not). Thus, it can be expected that spectrophotometry employing stirring (not used here),
as well as matching enzyme and substrate concentrations, should minimize any diffusion
limitations of H2O2 to the active site of catalase, effectively resulting in slightly elevated
catalase activity values.

5. Conclusions

In this work, we highlight some experimental parameters that influence the deter-
mination of catalase activity values using oxygen electrode chronoamperometry and UV
spectrophotometry. The present findings illustrate the significance of considering the
concentrations of catalase and its substrate employed during the measurement process
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and highlight the concentrations at which both methods give comparable activity values
(Table 1). Importantly, at some experimental conditions investigated here, the results ob-
tained by the different methods diverge greatly from each other, emphasizing conditions
that should be avoided. Further, the experimental conditions affect the outcome of the
methods differently. In particular, spectrophotometry is shown to be strongly affected
by the catalase concentration in the reaction medium, whereas chronoamperometry is
shown to be more dependent on the substrate concentration and less sensitive towards the
catalase concentration.

Taken together, the results of the present study illustrate that any comparisons between
catalase activity results that are obtained with different methodologies should be made
with care. However, the results compiled in Table 1 are helpful to identify experimental
conditions that provide similar catalase activity levels, irrespective of using spectropho-
tometry or oxygen electrode chronoamperometry. In particular, 10 mM H2O2 and catalase
activity of 4–5 U represent suitable conditions for comparing results obtained with the
different methods, especially between spectrophotometry and chronoamperometry without
deoxygenation (i.e., not statistically different catalase activity values). Based on this study,
improved consistency of catalase activity determination employing different methodologies
and in different labs is expected.
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