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Abstract: The generation of reactive oxygen species presents a destructive challenge for the skin
organ and there is a clear need to advance skin care formulations aiming at alleviating oxidative
stress. The aim of this work was to characterize the activity of the antioxidative enzyme catalase in
keratinocytes and in the skin barrier (i.e., the stratum corneum). Further, the goal was to compare the
activity levels with the corresponding catalase activity found in defatted algae biomass, which may
serve as a source of antioxidative enzymes, as well as other beneficial algae-derived molecules, to
be employed in skin care products. For this, an oxygen electrode-based method was employed to
determine the catalase activity and the apparent kinetic parameters for purified catalase, as well as
catalase naturally present in HaCaT keratinocytes, excised stratum corneum samples collected from
pig ears with various amounts of melanin, and defatted algae biomass from the diatom Phaeodactylum
tricornutum. Taken together, this work illustrates the versatility of the oxygen electrode-based method
for characterizing catalase function in samples with a high degree of complexity and enables the
assessment of sample treatment protocols and comparisons between different biological systems
related to the skin organ or algae-derived materials as a potential source of skin care ingredients for
combating oxidative stress.

Keywords: antioxidants; skin care; oxidative stress; skin organ; oxygen electrode; Clark electrode

1. Introduction

Reactive oxygen species (ROS) constitute a collection of molecules that are contin-
uously generated, transformed, and consumed in all living organisms as a consequence
of the fact that aerobic life relies on oxygen metabolism. ROS are traditionally viewed as
oxidative stressors, which cause damage that leads to a decline of tissue and organ systems
in aging and disease [1]. In addition, ROS can be induced by several other biological
processes, such as cytokine-based immune responses and chronic psychological stress,
as well as from exogenous sources, such as ionizing radiation, UV light, environmental
pollutants, and various xenobiotics [2,3]. Uncontrolled oxidative stress due to elevated
concentrations of ROS in the biological milieu represents a hazardous state that may lead
to detrimental effects on a wide range of biological processes, mainly due to ROS-induced
modifications of RNA, DNA, proteins, or lipids on a molecular level [1]. Here, our skin is
one of the most exposed organs to oxidative stress due to the fact that it is in direct contact
with the oxygen-rich external environment, in combination to exposure to UV radiation,
environmental pollution, and overall, rather harsh conditions.

It is clear that increased free radical action can overwhelm the antioxidative defense
mechanisms of the skin organ and intensify skin aging via pigmentation, wrinkling, and
dryness, as well as the promotion of more severe skin disorders, including dermatitis and
skin cancer [3,4]. To combat these issues, one main goal of many skin care products is to
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neutralize ROS overproduction and thereby delay the onset of skin aging by slowing down
any processes leading to structural and visual skin aging effects over time. The cosmetics
industry has focused on bioactive substances derived from natural products such as plants,
microbial metabolites, and marine algae to meet the increasing demand of consumers for
natural and sustainable sources for beneficial skin care ingredients [5,6]. In particular,
the fact that many marine organisms live in complex habitats associated with extreme
conditions implies that these organisms have adopted themselves to these environments
by producing a wide variety of antioxidative enzymes and antioxidative metabolites that
may not be found in other organisms [7,8]. Considering the well-developed antioxidative
system of these organisms and the environmentally friendly process of producing them,
cosmetic products based on algae biomass have gained attention both from industry as
well as academia [9].

However, at present, there is a lack of in vitro methods allowing for the investigation
of ROS reactions at controlled conditions where the antioxidative enzyme is residing in
a realistic biological matrix, such as the skin organ or various biomaterials. The impor-
tance of antioxidative enzymes in the skin organ, such as catalase, superoxide dismutase,
glutathione peroxidase, glutathione reductase, peroxiredoxin, and heme oxygenase, is
emphasized by their high expression in this tissue [10]. In particular, the activity of cata-
lase was reported to be 720% higher in human epidermis as compared to the underlying
dermis [11]. Further, it has been shown that active catalase is present in the outermost
layers of the epidermis [12–15]. This a remarkable finding considering that the solid-like
matrix of the corneocytes or the extracellular lipids of the stratum corneum (SC) mem-
brane [16–20] clearly represents a very different environment in comparison to, for example,
the environment of the peroxisomes where catalase is normally found [21]. Further, re-
duced expression of catalase in the skin has been associated with skin diseases, such as
vitiligo, polymorphic light eruption, and xeroderma pigmentosum [13,22,23]. For some
skin diseases associated with reduced catalase expression, the topical application of ex-
ogenous catalases was suggested to compensate for this loss [23]. Moreover, the potential
for topical formulations containing catalase, encapsulated in vesicles, was investigated
with the aim of reducing oxidative stress during wound healing [24]. Nevertheless, the
clinical use of antioxidant-related therapies, such as formulations containing catalase, is
still relatively unexplored.

Since the discovery of catalases in 1947, this group of enzymes has been recognized as
one of the most important players of the biological antioxidative system [21]. Considering
this, the aim of this work is to characterize the function of this antioxidative enzyme in
various biological samples related to the skin organ or potential sources of catalase to
be used in topical skin care formulations. In particular, we investigated the potential
of using defatted algae biomass (DAB) as a source of catalase. The DAB used in this
work is a byproduct derived following the lipid extraction of the microalga Phaeodactylum
tricornutum, which is a diatom with rapid growth, high lipid content, especially omega-
3 long chain polyunsaturated fatty acids, and therefore exhibits a commercial potential
as a food supplement [25]. However, in order to increase the economic feasibility of
using the oleoresin fraction of this microalga as an ingredient in food supplements, it is
advantageous to add value to the byproduct derived after lipid extraction, for example, by
employing DAB as a source of beneficial skin care ingredients. As such, it has been shown
that Phaeodactylum tricornutum contains a multitude of different components, in addition
to its oleoresin fraction, such as polyphenols (e.g., gallic acid and rosmarinic acid) and
carotenoids (e.g., fucoxanthin [26,27]). Yet, the potential of using DAB as a source of the
antioxidative enzyme catalase for skin care products remains an unexplored issue, which
was the reason for including this biomaterial in this study, particularly in comparison to
the catalase activity in SC samples.

The main reaction of catalase is the conversion of H2O2 into H2O and O2 according to
Equation (1), which can be viewed as a detoxification process. In fact, catalase is one of
the most efficient known enzymes, with an impressive turnover rate of 10 million H2O2
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molecules per second, and it was even proposed that it cannot be saturated by H2O2 at any
concentration [28]. However, it should be noted that the catalase reaction is more complex
as it occurs in two stages. During the first stage, the enzyme binds to H2O2 and breaks it
into H2O and an O atom, which is instantaneously attached to the iron atom in a heme
group. In the second stage, catalase decomposes another H2O2 molecule, which leads to the
release of H2O and gaseous O2 [29]. Catalase can also take part in peroxidase-type reactions
by oxidizing suitable hydrogen donors, such as polyphenols or alcohols (e.g., ethanol),
with the production of aldehydes (e.g., acetaldehyde), according to Equation (2) [30].

H2O2 + H2O2
Catalase−−−−→2H2O + O2, (1)

H2O2 + CH3CH2OH Catalase−−−−→2H2O + CH3CHO. (2)

Here, it may be noted that catalase is the only enzyme of the antioxidative system that
produces O2 after exposure to H2O2. This unique feature can be taken advantage of by
the oxygen electrode as a general method to determine the catalase activity in different
biological materials exposed to oxidative stress from H2O2. Thus, the aim of this work
is to evaluate an oxygen electrode-based chronoamperometric method for characterizing
the function of catalase in various biological samples related to the skin organ or potential
green sources of catalase to be used as a skin care ingredient. The presented method is
based on the Clark oxygen electrode, which was employed to determine the concentration
of oxygen produced by the catalase reaction, see Equation (1). Although the use of the
oxygen electrode in this context was first introduced in 1967 [31], the technique has not
been fully explored. In contrast to the often employed spectrophotometric methods [32,33],
the oxygen electrode method allows the investigation of catalase function in biological
samples in the form of suspensions, or even in the form of whole parts of excised tissue,
as recently demonstrated with the skin-covered oxygen electrode [14,15]. In other words,
the present method provides a more realistic representation of the enzyme behavior in
its native biological environment as it avoids, for example, some parts of the biological
matrix being lost during centrifugation or filtration, which is a frequent problem for optical
methods in the production of clear and transparent solutions.

In summary, the purpose of this work is to assess the catalase activity and the apparent
kinetics of catalase in keratinocytes and SC samples and to make a comparison with the
corresponding catalase function in DAB, which may serve as a potential source of catalase
and other antioxidative enzymes or metabolites to be used in skin care applications. In
conclusion, the results of this work illustrate the advantages of the simple and highly
available oxygen electrode method, such as its versatility and ability to provide fast and
accurate measurements with small sample amounts of various biological samples.

2. Materials and Methods
2.1. Materials

Catalase from bovine liver (CAS no. 9001-05-2, MWTetramer ≈ 250 kDa, 2000–5000 U/mg),
hydrogen peroxide (H2O2, 35%), tablets for preparing phosphate buffered saline (PBS,
10 mM phosphate buffer, 2.7 mM potassium chloride, and 137 mM sodium chloride, pH 7.5),
sodium azide (NaN3), sodium hydroxide (NaOH), hydrochloric acid (HCl), Triton™ X100,
and sodium dodecyl sulphate (SDS) were purchased from Sigma-Aldrich (Stockholm,
Sweden). All solutions were prepared from Milli-Q water.

2.2. Preparation of HaCaT Keratinocytes

Human immortalized epidermal keratinocyte cell line (HaCaT, CLS Cell Lines Service
GmbH, Eppelheim, Germany) was maintained in Dulbecco’s Modified Eagle Medium
(DMEM) growth medium, supplemented with 4.5 g/L glucose, L-glutamine, 10% fetal
bovine serum, and 1% penicillin-streptomycin from Gibco (Thermo Fischer Scientific,
Waltham, MA, USA). Cells were cultured at 37 ◦C, 5% CO2 in a humidified atmosphere and
were passaged with accutase cell detachment solution (Thermo Fisher Scientific, Waltham,
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MA, USA) at 90% confluency. For the experiments, 2 × 105 HaCaT cells diluted in PBS
were used.

2.3. Preparation of Stratum Corneum (SC)

Pig ears with clear variations of melanin content (i.e., skin color) were obtained from
a local abattoir (Strömbecks, Brösarp, Sweden). Eleven pig ears with darkly pigmented
skin and 17 pig ears with lightly pigmented skin were used to prepare four pooled SC
batches of dark or white SC from either the backside or the inside of the ears. First, the
skin tissue was dermatomed and placed on filter paper soaked in PBS, containing 0.2 wt%
trypsin, at 4 ◦C for 12 h. Next, sheets of SC were removed with forceps and rubbed with
cotton-tipped applicators to remove tissue not belonging to SC, and further washed in PBS
solution. After drying the SC sheets in a vacuum desiccator for two days, the sheets were
pulverized into a flaky powder with the use of a mortar and pestle. It should be noted that
each of the four pooled batches contained SC tissue from all available ears; i.e., black inside
(n = 11), black backside (n = 11), white inside (n = 17), and white backside (n = 17). Further,
the batches were handled separately to avoid mixing between the samples to enable a
comparison of the catalase activity of the different SC batches. The measurements were
performed within a few days after preparing the SC samples.

2.4. Preparation of Defatted Algae Biomass (DAB)

DAB was obtained from Simris Alg AB, Sweden. The microalgae Phaeodactylum
tricornutum were grown under natural sunlight and LED light in multiple bioreactors.
After harvest by centrifugation, the partly dewatered biomass was ground in a bead
mill, freeze-dried, and treated by supercritical carbon dioxide extraction to separate the
lipophilic fraction from the DAB. The residual DAB was stored in a freezer (−20 ◦C) for no
longer than 4 years.

2.5. Protocols for Sample Treatments

The various biological samples were added to a reaction vessel in the form of dis-
persions in PBS containing either 3.0 µg of neat catalase from bovine, 2 × 105 HaCaT
keratinocytes, 1.0 mg of SC, or 1.0 mg of DAB. Here, it can be noted that the SC and DAB
samples were in a form of dried powder and in order to disperse these samples they were
mildly sonicated. In brief, the sample dispersions were exposed to 40 s in 10 s intervals
of sonication at 20 kHz and 400 W (Digital Sonifier®, Model S-450D, Branson, Emerson
Electric Co, St. Louis, MO, USA). In this manner, a fine dispersion was obtained, which
allowed for the precise addition of 1.0 mg of SC or DAB to the reaction vessel by pipetting.
In addition, to disrupt the keratinocyte cell membrane and release intracellular catalase,
different methods were employed, including incubation in surfactant solutions for 60 s
(SDS or Triton X100) and sonication according to the protocol described above.

2.6. Preparation of the Oxygen Electrode

The oxygen electrode was purchased from Optronika UAB (Vilnius, Lithuania) and
consisted of a 250 µm diameter platinum (Pt) electrode melted in glass with an internal
Ag/AgCl reference electrode. The surface of the Pt cathode of the oxygen electrode was
polished using an alumina suspension (1 µm alumina particles, Buehler, Lake Bluff, IL,
USA) and rinsed with water. The body of the electrode was filled with saturated KCl
solution and covered with a 5 µm Teflon membrane (Optronika UAB, Vilnius, Lithuania)
before measurements.

2.7. Measurements of Catalase Activity by the Oxygen Electrode-Based Method

The oxygen electrode was immersed into an electrochemical cell filled with 5 mL of
PBS (see Figure 1A). In the case of measurements in alkaline or acidic environments, NaOH
or HCl was used to adjust the pH of the PBS solution between 5.0 and 9.0. The current of
the electrode was recorded using a CompactStat potentiostat from IVIUM Technologies
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(Eindhoven, The Netherlands). The oxygen electrode was connected to the potentiostat in
a two-electrode configuration and the chronoamperometric measurement was conducted
by applying −0.7 V vs. Ag/AgCl/KCl (sat) on the Pt cathode of the oxygen electrode.
A defined amount of the sample was dispersed in PBS and added to the electrochemical
cell. Here, it may be noted that the total masses of the different samples (per 5 mL of PBS)
were 3.0 µg of neat catalase, 2 × 105 of keratinocytes, 1.0 mg of DAB, and 1.0 mg of SC.
Once a stable baseline current was established, a defined amount of H2O2 was pipetted
into the electrochemical cell to achieve a specific H2O2 concentration. In the presence of
active catalase, a reduction in the current of the oxygen electrode was observed due to
O2 production, see Equation (1). In all experiments, the solution surrounding the oxygen
electrode was continuously mixed with a magnetic stirrer at 400 rpm. All measurements
were conducted at room temperature (i.e., 22 ◦C).

Figure 1. (A) Schematic illustration of the oxygen electrode set-up and the experimental protocol
used to measure the change in oxygen concentration due to H2O2 decomposition by catalase. The
electrode is immersed in glass reaction vessel filled with 5 mL of PBS, which is kept under continuous
stirring. (B) Current response due to oxygen production after H2O2 addition followed by catalase
inhibition by sodium azide. (C) Change of the O2 concentration in the reaction vessel, corresponding
to the current response in (B). The dashed lines illustrate the tangents used to determine the initial
reaction velocity d[O2]/dt, see Equation (3).

2.8. Determination of Catalase Activity

The general aim of this paper was to the evaluate the versatility of an electrochemical
chronoamperometric method for measuring the catalase activity in biological systems
with varying complexity. The chronoamperometric data (Figure 1B) were recalculated
to obtain values in O2 concentration as a function of time (Figure 1C), given that the
equilibrium O2 concentration in PBS is equal to 0.26 mM [34]. To ensure that the observed
response was strictly related to O2 production by catalase due to decomposition of H2O2,
the catalase inhibitor sodium azide (NaN3) was added to the system (3.0 mg to 5 mL
PBS), which instantly inhibited catalase, as observed by the rapid return to baseline values
(Figure 1B,C) [35]. This result concludes that the change of the amperometric signal entirely
reflected the enzymatic reaction where O2 was produced by catalase.

d[O2]

dt
=

1
2
× v0, (3)

U = v0 × α. (4)
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In Equation (3), d[O2]/dt (mM/s) is the rate of oxygen production, which is used
to define the initial reaction velocity v0 (mM/s) of H2O2 consumption by the catalase
reaction, taking into account that one O2 molecule is produced from two H2O2 molecules,
see Equation (1). In Equation (4), α is a conversion factor equal to 300 (L × s/min), going
from units of mM/s to units of µmol/min and taking into account the volume of the
electrochemical reaction vessel (i.e., 5 mL).

2.9. Determination of Apparent Kinetic Parameters of the Catalase Reaction

The apparent Michaelis constant KM (mM) and the apparent maximal reaction velocity
vmax (µM/s) for the substrate H2O2 were determined with the Lineweaver–Burk method, ac-
cording to Equations (5) and (6), where v0 has the same meaning as in Equations (3) and (4),
but in units of µM/s. Here, it should be noted that the kinetic constants for catalases must
be labeled as “apparent”, due to the fact that catalases do not exhibit Michaelis–Menten
kinetics over the complete range of substrate concentration and due to the two-step nature
of the catalytic reaction [20]. However, at H2O2 concentrations below 200 mM, most cata-
lases do exhibit a Michaelis–Menten-like dependence of velocity as a function of substrate
concentration [20], as shown in this work.

v0 =
vmax × [H2O2]

KM + [H2O2]
, (5)

1
v0

=
KM

vmax
× 1

[H2O2]
+

1
vmax

. (6)

In these measurements, dispersions of the various biological samples were pre-
pared in PBS to obtain 3.0 µg of neat catalase, 1.0 mg of pulverized DAB or SC, or
2 × 105 keratinocytes per 5 mL of reaction vessel medium (i.e., PBS). Next, the substrate
was added to the system to obtain the specified H2O2 concentration, which ranged between
5 and 50 mM. The initial reaction velocity v0 of the O2 production was recorded after each
H2O2 addition (Figure 2B). The reaction vessel was emptied and cleaned before performing
the next measurement, each time with a fresh dispersion containing the biological sam-
ple under investigation. All measurements were repeated three times for each substrate
concentration. The reciprocal values of v0 were plotted against the reciprocal values of
substrate concentrations to obtain Lineweaver–Burk plots (Figure 2C).

Figure 2. (A) The effect of pH on bovine liver catalase activity. All experiments were performed in
triplicates (n = 3, mean± SD) with 10 mM H2O2 and the addition of 3.0 µg catalase. (B) Representative
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data obtained for 3.0 µg of bovine liver catalase in 5 mL of PBS at pH 7.5 presented in the form of
a Michaelis–Menten plot where the initial reaction velocities were plotted as a function of H2O2

concentration (i.e., 5, 10, 15, 30, and 50 mM). (C) Lineweaver–Burk plot (r2 = 0.996) of the data
corresponding to (B) where linear extrapolations were used to determine the apparent Michaelis
constant (KM) and the apparent maximal reaction velocity (vmax) according to Equation (6). * p < 0.05
and ns = p > 0.05.

2.10. Statistics

Statistical comparisons were performed by one-way ANOVA tests using the software
OriginPro 2021b. For measurements of catalase activity in dispersions of DAB, SC, or
keratinocytes, the ANOVA test was followed by a post-hoc Tukey test. The significance
levels were established at * p < 0.05, ** p < 0.01, and *** p < 0.001, while the not significant
(ns) level was determined at p > 0.05. All experimental data used for statistical analysis are
reported as mean ± standard deviation from at least three replicates.

3. Results

The overall aim of this study was to employ an oxygen electrode-based method to
characterize the catalase activity in biological systems with varying degrees of complexity.

As an initial means of control of the accuracy of the method, the specific catalase
activity in units of U/mg was determined according to Equations (3) and (4), where one
unit of catalase is defined as the amount of catalase that decomposes 1 µmol of H2O2 in
1 min at room temperature (22 ◦C). For this, 3.0 µg of pure catalase was placed in 5 mL
of buffer solution (pH 7.5), after which H2O2 was added to obtain a concentration of
50 mM. Based on these measurements, the specific activity of catalase was determined to
be 3600 ± 200 U/mg, which is in agreement with the specified range of 2000–5000 U/mg.
However, due to the fact that 50 mM of H2O2 is a relatively high concentration that may
lead to the formation of gaseous O2, which was observed in some measurements with
high substrate concentrations, it was decided to perform future experiments with a lower
concentration of H2O2, i.e., 10 mM.

In the following, we start by investigating the effect of pH on the catalase activity of
neat catalase from bovine liver. Next, we explore the catalase activity in keratinocytes of the
cell line HaCaT and explore the effect of different treatments of the cell dispersions before
measurements. Following this, we investigate the catalase activity in the skin barrier with
a particular focus on stratum corneum (SC) samples with different amounts of melanin
(i.e., skin colors). Finally, we evaluate the potential for employing defatted algae biomass
(DAB) as a source of the antioxidative enzyme catalase in topical skin care formulations.

3.1. Electrochemical Chronoamperometric Measurements of Catalase Activity

To investigate the effect of pH on the enzyme activity, the catalase activity was mea-
sured in PBS with pH ranging between 5.0 and 9.0 (see Figure 2A). Notably, the specific
activity levels presented in Figure 2A were lower as compared to the results obtained with
the higher substrate concentration of 50 mM H2O2 (i.e., 3600 ± 200 U/mg). However,
as beforementioned, to avoid the formation of gaseous O2, it was decided to perform all
comparative evaluations of the catalase activity with a lower concentration of 10 mM H2O2.

The results in Figure 2A show that the catalase activity was relatively constant between
pH 5.5 and 9.0. The highest activity was observed at pH 7.0, while the lowest activity
was recorded at the most acidic pH of 5.0. In addition, the most alkaline solution (i.e.,
pH 9.0) resulted in a slightly lower catalase activity. In addition, the kinetic parameters
were determined at pH 7.5 by linear extrapolation according to Lineweaver–Burk plots (see
Figure 2B). From this evaluation, the apparent Michaelis constant and the apparent maximal
reaction velocity were determined to be KM = 110 ± 55 mM H2O2 and vmax = 87 ± 30 µM
H2O2/s, respectively (see Table 1). The reason for this kinetic analysis was to enable
comparisons of the kinetic parameters of neat catalase with catalase in various biological
systems (vide infra).
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Table 1. Apparent kinetic parameters of neat catalase and catalase in various biological systems,
including keratinocytes exposed to different treatment protocols, stratum corneum (SC) samples with
visually different melanin contents, and defatted algae biomass (DAB) samples. Linear extrapolations
were used to determine the apparent Michaelis constants KM (mM H2O2) and the apparent maximal
reaction velocity vmax (µM H2O2/s) according to Equation (6). All experiments were performed in
triplicates for each concentration of H2O2 (i.e., at 10, 15, 25, and 50 mM H2O2) in PBS at pH 7.5.

Sample Treatment KM vmax

Bovine liver catalase (3.0 µg) Untreated 110 ± 55 87 ± 30

HaCaT keratinocytes (2 ×105 cells)
Untreated 30 ± 12 2.2 ± 0.53

Triton X100 0.5 wt% 79 ± 22 36 ± 9.0
Triton X100 5 wt% 56 ± 11 16 ± 2.9

Stratum Corneum
(SC, 1.0 mg)

Black Backside (BB) Sonication N/A N/A
White Inside (WI) Sonication 30 ± 13 7.3 ± 2.9
Black Inside (BI) Sonication 30 ± 11 9.3 ± 3.3
White Backside (WB) Sonication 51 ± 45 34 ± 27

Defatted Algae Biomass
(DAB, 1.0 mg)

DAB1 Sonication 130 ± 33 3.0 ± 0.71
DAB6 Sonication 110 ± 71 1.3 ± 0.78

3.2. Catalase Activity and Enzyme Kinetics in Keratinocytes

An important mechanism leading to skin disorders is oxidative stress originating in
the viable basal layers of the epidermis where the dominating cell type is keratinocytes [4].
The activation of various harmful cell signaling pathways in the epidermis can be trig-
gered by both external (e.g., UV light exposure or xenobiotics) and internal factors (e.g.,
down-regulation of antioxidative enzymes), resulting in an overall imbalance between
antioxidants and oxidants and destructive oxidative stress. To enable simple studies of
catalase function in viable and lysed keratinocytes, we employed the present method in
a series of experiments. First, the catalase activity of intact HaCaT keratinocyte samples
was measured by dispersing 2 × 105 cells in PBS (pH 7.5). The results of this experiment
are presented Figure 3A (referred to as untreated). For comparison, the same number of
cells was used, but they were treated using various protocols intended to disrupt the cell
membranes and release catalase from the intracellular compartments. These protocols
included measurements in alkaline (pH 9.0) and acidic (pH 6.0) environments, treatment
with SDS or Triton X100 surfactants, and treatment by mild sonication (Figure 3A).

Figure 3. (A) The effect of treatment protocol on the catalase activity measured with 2 × 105 HaCaT
keratinocytes dispersed in PBS. The treatments included adjusted pH values (6.0 and 9.0), 60s cell
incubation in Triton X100 (0.5 wt% or 5.0 wt%) or in SDS (0.5 wt% or 1 wt%), or sonication. All
experiments were performed in triplicates (n = 3, mean ± SD) with 10 mM H2O2 and pH 7.5 (if not
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stated otherwise). (B) Lineweaver–Burk plots of representative data obtained with 10, 15, 25, and
50 mM of H2O2, where linear extrapolations were used to determine the Michaelis constant KM and
maximal reaction velocity vmax according to Equation (6). The correlation coefficients were r2 = 0.846
for untreated keratinocytes, r2 = 0.996 after treatment with 5.0 wt% Triton X100, and r2 = 0.997 after
treatment with 0.5 wt% Triton X100. *** p < 0.001 and ns = p > 0.05.

The results in Figure 3A show that the lowest catalase activity was recorded for the
untreated cells, which implies that the cell membrane remained intact and thereby lim-
ited the diffusion of H2O2 and/or O2 across the cell membrane. In contrast, the results
obtained after the various treatment protocols imply that, by disrupting the cell mem-
brane, the transport of both the substrate and the product (i.e., O2) was increased, which
effectively resulted in elevated catalase activities. In particular, the highest activity was
observed after treating the cells with 0.5 wt% Triton X100. Based on these findings, it was
decided to explore the catalase kinetics from three selected samples, namely the intact
keratinocytes (untreated sample) as well as the samples treated with 0.5 and 5.0 wt% Triton
X100 (Figure 3B). In brief, after treatment, aliquots of these samples were added to the
reaction vessel containing 10, 15, 25, or 50 mM H2O2 (Figure 3B). The calculated values of
KM and vmax are summarized in Table 1. The highest values of KM (79 ± 22 mM H2O2) and
vmax (36 ± 9.0 µM H2O2/s) were recorded for the sample treated with 0.5 wt% Triton X100.

3.3. Catalase Activity and Enzyme Kinetics in Stratum Corneum (SC)

The outermost skin layer represents the main skin barrier and this layer is usually
referred to as the stratum corneum (SC). The SC represents a thin membrane (ca. 20 µm)
that is composed of corneocytes (dead cells), which are embedded in an extracellular lipid
lamellae [36]. The major fraction of both the keratin filaments inside the corneocytes and
the extracellular lipids are solid-like [16,17,37,38]. In several aspects, the SC membrane is
thought of as non-viable tissue. However, the SC represents a dynamic structure in which
several enzymes are embedded in a functional state, such as enzymes of the antioxidative
system of the skin. For example, the enzyme superoxide dismutase converts harmful ROS
to the less harmful ROS H2O2, which in turn is converted by catalase to harmless H2O
and O2. The body’s antioxidative system also includes low molecular weight molecules,
such as melanin, that absorb and scatter incoming UV radiation without causing harm,
thereby preventing the formation of oxygen radicals [39,40]. Despite this comprehensive
antioxidative system, our body remains susceptible to oxidative damage from harmful
ROS and exposure to UV light. With this as background, the aim here was to employ the
present methodology to investigate the catalase activity and enzyme kinetics in SC samples
with clear variations of the skin color, indicating different amounts of melanin. For this,
four types of SC sample batches, obtained from either the inside or the backside of darkly
or lightly pigmented pig ears, were investigated (see Figure 4A).

The results in Figure 4A show clear catalase activity variations in the SC samples. In
particular, the highest catalase activity was recorded for the SC samples originating from
the backside of pale ears (i.e., WB). Interestingly, the catalase activity of the SC samples
from the same batch of ears, but taken from the inside (i.e., WI), was approximately three
times lower. Further, the opposite relationship was recorded for the SC samples collected
from the darker tissue, where the catalase activity was approximately 3–4 times lower in
the samples originating from the backside of the ears (i.e., BB), as compared to the samples
from the inside (i.e., BI).
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Figure 4. (A) Catalase activity in SC samples with noticeable differences in skin color (i.e., melanin
content). All experiments were performed in triplicates (n = 3, mean ± SD) with 10 mM H2O2 at
pH 7.5 and with the addition of 1.0 mg of SC sample in 5 mL of PBS. (B) Lineweaver–Burk plots
obtained with 10, 15, 25, and 50 mM of H2O2, where linear extrapolations were used to determine the
Michaelis constant KM and maximal reaction velocity vmax according to Equation (6). The correlation
coefficients were r2 = 0.986 for black backside (BB), r2 = 0.980 for white inside (WI), r2 = 0.980 for
black backside (BI), and r2 = 0.999 for white backside (WB). *** p < 0.001 and ns = p > 0.05.

The results from the Lineweaver–Burk plots, corresponding to the different SC sam-
ples, are presented in Figure 4B, while the calculated apparent Michaelis constants (KM)
and apparent maximal reaction velocities (vmax) are summarized in Table 1. In brief, the
data corresponding to the WI, BI, and WB samples showed relatively similar values of
KM, ranging between 30 ± 13 and 51 ± 45 mM H2O2, while the average vmax value for the
WB samples (34 ± 27 µM H2O2/s) was notably higher as compared to the data obtained
from the WI and BI samples (i.e., 7.3 ± 2.9 and 9.3 ± 3.3 H2O2/s, respectively). Here, it
should also be pointed out that the linear extrapolation failed to yield a positive value of
the intercept for the data corresponding to the BB samples, which prevented the analysis of
the kinetic parameters in this case.

3.4. Catalase Activity and Enzyme Kinetics in Defatted Algae Biomass (DAB)

One of the main goals of many skin care products is to neutralize ROS overproduction
and thereby delay the onset of skin aging by slowing down any processes that lead to
structural and visual skin aging effects over time. Considering that catalase is recognized
as one of the most important antioxidative enzymes to combat ROS [21], we investigated
the potential of using defatted algae biomass (DAB) as a source of catalase for skin care
formulations. The DAB represents a byproduct derived from the diatom microalga Phaeo-
dactylum tricornutum after lipid extraction. In brief, Phaeodactylum tricornutum is a primary
producer of the omega-3 fatty acid EPA (eicosapentaenoic acid) and is grown primarily
to obtain an oil rich in omega-3 fatty acids as a food supplement. However, during this
manufacturing process, the DAB fraction remains as a potential source of various beneficial
chemical constituents to be employed, for example, in skin care products. Thus, as an initial
examination of this possibility, we investigated if DAB may represent a suitable source
of the antioxidative enzyme catalase. To determine the catalase activity in six different
batches of DAB, the oxygen electrode-based method was employed. The samples were
numbered chronologically from the earliest acquired (i.e., DAB1 harvested in 2016) to the
latest (i.e., DAB6 harvested in 2018) (see Figure 5A).
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Figure 5. (A) Catalase activity in DAB samples harvested at different time points between 2016
(DAB1) and 2018 (DAB6). All experiments were performed in triplicates (n = 3, mean ± SD) with
10 mM H2O2 at pH 7.5 and 1.0 mg of DAB sample in 5 mL of PBS. (B) Lineweaver–Burk plots
for DAB1 and DAB6 obtained with 10, 15, 25, and 50 mM of H2O2, where linear extrapolations
were used to determine the Michaelis constant KM and maximal reaction velocity vmax according to
Equation (6). The correlation coefficients were r2 = 0.993 for DAB1 and r2 = 0.996 for DAB6. ** p < 0.01
and ns = p > 0.05.

The results in Figure 5A show that, overall, the catalase activity of the DAB samples
was similar in all samples. Further, the apparent kinetic parameters, calculated based on the
results in Figure 5B, were also similar for both samples with KM values determined to be
130 ± 33 mM H2O2 for DAB1 and 110 ± 71 mM H2O2 for DAB6, while the corresponding
values of vmax were 3.0 ± 0.71 µM H2O2/s and 1.3 ± 0.78 µM H2O2/s, respectively (see
Table 1).

3.5. The Effect of pH on Catalase Activity in Stratum Corneum (SC) and Defatted Algae Biomass
(DAB) Samples

To employ catalase as an antioxidative skin care ingredient, it is necessary to develop
a skin care formulation that provides appropriate conditions for the enzyme to maintain its
functionality and activity. In relation to this, the pH of the potential skin care formulation is
important to consider, which will ultimately depend on the specific chemical composition
of the formulation. Further, it is expected that the pH of the aqueous microenvironment of
the skin tissue can vary between 4.5 and 6.0 [41–43]. In particular, in the case of a defective
skin barrier, such as an open wound, the pH is normally significantly alkaline with values
as high as 9.0 [44]. Thus, it is clear that pH fluctuations are expected in the case of a realistic
topical skin care application. Considering this, it is relevant to investigate the influence
of the pH on the catalase activity, both of SC samples as such, and the DAB as a potential
catalase source. Therefore, the oxygen electrode-based method was employed to determine
the enzyme activity in both SC and DAB samples at different pH values (see Figure 6).



Biomedicines 2021, 9, 1868 12 of 19

Figure 6. The effect of pH on catalase activity in SC and DAB samples. All experiments were
performed in triplicates (n = 3, mean ± SD) with 10 mM H2O2 and 1.0 mg of SC or DAB samples in
5 mL of PBS. ns = p > 0.05.

The results in Figure 6 show that the catalase activity in the complex biological samples
of SC and DAB was dependent on the pH of the medium to some extent. In particular,
higher activity was observed at the most alkaline pH value (i.e., pH 9.0) for both the SC
as well as the DAB samples. Here, it should be noted that the SC samples, corresponding
to the results in Figure 6, were obtained from the same batch as the WI presented in
Figure 4 (i.e., inside of white ears). However, this batch of samples was stored in vacuum
for several weeks, which can explain the lower catalase activity observed in Figure 6, as
compared to the results from this batch in Figure 4. Further, the apparent kinetic parameters
at pH 7.5 of these samples, after prolonged storage in vacuum, were determined to be
KM = 140 ± 67 mM H2O2 and vmax = 15 ± 6.5 µM H2O2/s, which should be compared to
the values of 30 ± 13 mM H2O2 and 7.3 ± 2.9 µM H2O2/s, respectively, for the fresher
samples (see WI in Table 1).

4. Discussion
4.1. The Effect of pH on Catalase Activity in Biological Samples

In the first set of experiments, the activity of neat bovine liver catalase was evaluated
in PBS with pH values adjusted between 5.0 and 9.0 (Figure 2A). In conclusion, based
on the results from triplicate measurements, the enzyme activity was observed to remain
at an overall stable level at pH values varying between 6.0 and 7.5, while a noticeable
decrease of approximately 40% was observed at pH 5.0 (Figure 2A). Further, the activity
at alkaline pH values was also slightly lower, as compared to the activity at pH 7.0, with
approximate decreases of 10% at pH 8.0 and 20% at pH 9.0 (Figure 2A). However, at pH 8.5,
the corresponding decrease was only around 5%. Overall, this bell-shaped pH-activity
curve, centered around pH 7.0, is in line with previous studies showing a decrease in the
activity of native catalase at pH 4.5–5.0 of about 20–80% and an approximately 10–60%
decrease at pH 8.0–8.5 [45–47]. On the other hand, a study by Costa et al. showed that
catalase retained more or less constant activity between pH 7 and 10, while a significant
decrease was observed at higher pH values [48]. Possibly, the time of catalase exposure to
the acidic or alkaline medium, which in this study was no longer than 15 min, could be the
reason for this kind of discrepancy.

Taken together, the results presented in Figure 2A confirm the well-established bell-
shaped pH-activity curve of neat catalase, centered around pH 7.0 [45–47]. This is an
important finding, which implies that any observations of, for example, increased catalase
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activity at moderately acidic (i.e., pH 6.0) or alkaline (i.e., pH 9.0) conditions are likely
related to effects resulting in higher substrate accessibility to catalase in the investigated
biological sample and/or elevated diffusion of O2 from the catalase site to the oxygen
electrode and not due to higher catalase activity per se. Considering this, it is more
appropriate to classify any changes of the catalase activity in terms of effective catalase
activity in the following discussion.

Interestingly, the keratinocytes exposed to solutions with pH 6.0 and pH 9.0 resulted
in elevated effective catalase activity levels (see Figure 3A). In particular, the alkaline
treatment resulted in a notable increase in the effective catalase activity, as compared to pH
7.5. These effects were most likely caused by an altered charge status of the phospholipid
headgroups and subsequent electrostatic repulsion, leading to defects in the lipid bilayer
and increased cell membrane permeability of both H2O2 and O2 into and out of the
cytosol [49]. The corresponding pH effect on the effective catalase activity was different
for the SC and DAB samples (see Figure 6). In this case, only the alkaline treatment
resulted in elevated effective catalase activity. Starting with the results obtained with
the SC samples, the natural pH of the skin barrier oscillated around 4.5–5.0, where the
acidic mantle primarily protected against antimicrobial invasion and provided healthy
conditions for the resident skin microflora [50]. Further, it is well-known that the skin
pH is an important factor for maintaining the integrity of the skin barrier. For example,
it was shown by electrical impedance studies that treatment of the SC tissue for 24 h in
a solution with pH 5.5 improves skin integrity, as judged from the observed increase in
the skin membrane’s electrical resistance [51]. In contrast, the same treatment of the skin
membrane in solutions with pH 7.4 and 8.8 resulted in a rather drastic decrease in the skin
barrier’s resistance [51]. On a molecular level, this can be explained in a similar manner
as given above in connection to the keratinocytes. In other words, treatment in alkaline
solutions modifies the charge status of the molecular components of the SC tissue, such as
the fatty acids residing in the extracellular lipid matrix or titratable amino acid residues of
the keratin filaments, which ultimately leads to swelling induced by electrostatic repulsion
forces, loss of tissue integrity, and increased permeability characteristics [51]. In conclusion,
the observed elevated effective catalase activity in the SC samples, after treatment in
solution with increasing alkalinity, can therefore be explained by loss of SC tissue integrity,
leading to improved substrate accessibility for catalase and overall increased transport
characteristics of both H2O2 and O2 into and out of the SC tissue.

A similar explanation can most likely be assigned to explain the notable higher
effective activity of catalase in the DAB sample, which is composed mainly of proteins and
carbohydrates with several functional groups that are susceptible to alterations in charge
status depending on the specific pH [52]. However, in the case for DAB, the pH effect,
leading to increased effective catalase activity, was only observed at pH 9.0, while pH 6.0
and 7.5 resulted in similar results (see Figure 6).

4.2. Catalase Activity in Intact and Lysed HaCaT Keratinocytes

To enable investigations of the effect of oxidative stress, such as exposure to UV ra-
diation or exposure towards various xenobiotics, on the catalase expression and function
of keratinocytes, it is crucial to optimize the experimental protocol employed before mea-
suring the catalase activity with the oxygen electrode. Therefore, the presented method
was employed to investigate the effect of various treatment protocols aiming to disrupt the
keratinocyte cell membranes and thereby increase the accessibility of intracellular catalase
to the substrate, as well as increasing the diffusion of O2 to the oxygen electrode, without
inactivation of the catalase function (see Figure 3). For this, mild sonication was tested
and compared with two surfactants, Triton X100 (0.5 wt% and 5.0 wt%) and SDS (0.5 wt%
and 1 wt%). In brief, mild sonication resulted in an approximately 3.5-fold increase in the
effective catalase activity, as compared to the untreated cells. Evidently, more exhaustive
sonication could potentially be employed to disrupt the cell membrane to a greater extent
and thereby increase the accessibility of intracellular catalase. However, this was not
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investigated due to the fact that extensive sonication is known to cause denaturation of the
enzyme [53]. In conclusion, treatment with mild sonication represents a simple procedure
with relatively good outcomes in terms of effective catalase activity.

Between all tested treatments, incubation of keratinocytes in 0.5% Triton X100 was
most effective, showing an approximately 7-fold increase in the effective catalase activity,
as compared to the untreated cells. Interestingly, incubation in 5% Triton X100 resulted
in a drastically lower effective catalase activity, as compared to the lower concentration
of the same surfactant (approximately two times lower). This implies that this non-ionic
surfactant has a tendency to disrupt the tertiary structure of catalase by breaking the
native protein intermolecular interactions, leading to the denaturation of catalase at high
concentrations [54]. Likewise, a similar concentration dependance was observed for the
anionic detergent SDS, which is a well-known agent for lysing cell membranes as well as
denaturing proteins [54]. Considering that the anionic SDS substance is expected to be
more efficient in deactivating catalase, by denaturing its tertiary structure (as compared
to Triton X100, 647), 1% was chosen as the highest concentration for incubation of the
keratinocytes. Analogously to the situation of Triton X100, the cells incubated in the
highest concentration of SDS (i.e., 1%) showed slightly lower effective catalase activity, as
compared to incubation in 0.5% SDS. Taken together, these findings suggest that further
investigations with lower surfactant concentrations should be conducted to identify the
optimal surfactant concentration to be used for enabling efficient cell membrane disruption,
at the same time as catalase inhibition is avoided due to denaturation of the enzyme.

4.3. Catalase Activity in the Stratum Corneum with Varying Skin Color

The defense system against UV radiation (UVR) of the skin organ depends on several
factors. In particular, melanin serves as a key protective agent against damaging effects of
UV light, which can be illustrated by the inverse correlation between the melanin content
of human skin and the incidence of skin carcinomas and melanomas induced by UVR [40].
Two main types of melanin are recognized, namely eumelanin, which is associated with
darkly pigmented skin, and pheomelanin, which is mainly present in bright skin [40,55].
Eumelanin acts as a UV filter and possesses scavenger properties towards free radicals
induced by UVR, while pheomelanin is less effective as a UV filter and may even contribute
to skin carcinogenesis by producing free radicals in response to UVR [39,40]. Considering
this, it is reasonable to hypothesize that parts of skin with light pigmentation that are
exposed more to UV light should be associated with a more comprehensive system of
antioxidative enzymes, such as catalase, to compensate for a lower antioxidative protection
from dark pigment (i.e., eumelanin). In fact, the results in Figure 4A clearly show that the
white SC samples were, in general, associated with higher catalase activity, as compared to
the darkly pigmented SC samples. Further, the highest catalase activity was observed in the
SC samples taken from the backside of white ears, which were more exposed to UVR due
to fact that the white pig ears were rather large and folded. Thus, it is reasonable to assume
that the backside of the ear should contain more catalase, as compared to the inside of the
ear that is protected more against UVR and, therefore, ought to have a lower requisite to
express catalase. Hypothetically, this may explain the relatively low catalase activity of
SC samples taken from the inside of the same batch of white ears (Figure 4A). In line with
this reasoning, a previous study concluded that chronically exposed skin sites of human
subjects are associated with higher catalase activity in the epidermis [56]. With respect to
the darkly pigmented skin, the opposite relationship was observed with about three times
higher catalase activity for the SC samples obtained from the inside of the ears than the
sample from the backside of the same batch of ears (see Figure 4A). Potentially, this finding
may be explained by the presence of a dense layer of coarse black hair on the backside of
the ears, which may act as a protective layer against UVR [55], while the hair density of the
inside of the darkly pigmented ears was lower. Further, the darkly pigmented ears were,
in general, smaller, as compared to the white ears, which implies that these ears were less
folded (i.e., the inside of the ear was exposed more to UVR). Speculatively, this may lead to
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an overall higher expression of catalase in the skin of the inside of the black ears, while the
skin from the backside of the ears is overall protected more from UV light, leading to lower
catalase expression.

In summary, the present results imply that skin that is exposed more to UV radiation
and/or has lower amounts of melanin, in particular lower amounts of eumelanin of darkly
pigmented skin, is associated with higher catalase activity in the SC. Interestingly, this find-
ing is not in agreement with the conclusions of a previous study performed with primary
cultures of human melanocytes, showing a positive correlation between melanin content
and catalase activity as determined by spectrophotometry of lysed and filtrated cells [39].
In other words, darkly pigmented melanocytes possessed higher catalase activity, while
lightly pigmented melanocytes showed lower levels of catalase activity [39]. However,
since the SC tissue and viable melanocytes represent two completely different biological
systems, it is not straightforward to draw any certain conclusions of the meaning of this dis-
crepancy without further investigations. Still, the present results illustrate the potential of
employing the oxygen electrode-based method for investigating the catalase activity in SC
samples with different skin colors (i.e., melanin contents), as well as keratinocytes, which is
promising for further and more detailed studies of various cell types, such as melanocytes.

4.4. Defatted Algae Biomass as a Potential Source of Catalase in Skin Care Formulations

In this work, DAB was investigated as a potential source of catalase to be employed in
skin care formulations. Even though the SC and DAB represent two completely different
biological systems and were also prepared according to quite different protocols before
performing the experiments (which may have influenced the observed catalase activity), the
results presented in Figure 6 show that the catalase activity in the DAB and SC samples was
on a comparable scale. This finding indicates that DAB can potentially be employed in skin
care as a source of the antioxidative enzyme catalase. Further, it can be noted that the DAB
is expected to contain several other beneficial chemical constituents, in addition to catalase,
such as polysaccharides, sulphated polysaccharides, glucosyl glycerols, pigments (e.g.,
fucoxanthin, scytonemin, phycobiliproteins, carotenoids, etc.), and polyphenols, which,
taken together, may act in synergy to enhance beneficial effects and prevent harmful effects,
such as oxidative stress and exposure to UV light, in skin care applications.

4.5. Comparison of Kinetic Parameters of Catalase in Various Biological Samples

Previous studies on native skin catalase function have focused on the inhibition of
catalase exposed to UV light or various commonly administered drug molecules and
describe changes in enzyme kinetic parameters [57,58]. However, the methods employed
in this kind of study require relatively extensive purification of catalase, which is costly
and time-consuming. Therefore, considering the great importance of catalase activity in the
epidermis for balancing ROS levels and preventing inflammation, there is an unmet need
for fast and reliable methods allowing for direct investigation of the catalase inhibition
process and the influence of potential harmful factors, such as air pollutants, cosmetic
ingredients, or microbial toxins, on the apparent kinetic parameters of catalase. Here, we
used the oxygen electrode-based method to determinate the apparent kinetic parameters
KM and vmax of catalase in keratinocytes, SC samples, and DAB samples. The apparent KM
represents the affinity of the enzyme to bind the substrate, while the apparent vmax reflects
the catalytic rate of catalase under the specified conditions [59].

The results obtained for untreated HaCaT keratinocytes, and the corresponding cells
after treatment with the surfactant Triton X100, were considerably different. Intact ker-
atinocytes had the lowest apparent KM and vmax, which could be rationalized by the limited
permeability of the substrate and the product in and out from the cytosol and across the
cell membrane, which effectively give rise to an efficient binding of the substrate but also
a low turnover rate. The highest values of the apparent KM and vmax were obtained for
cells treated with 0.5% Triton X100, while the cells lysed with 5% Triton X100 had values in
between the untreated cells and the lowest surfactant concentration (see Table 1). These
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findings indicate that Triton X100, although widely used in isolation protocols of various
enzymes, may have inhibitory effects on the catalase function, especially at relatively high
concentrations. In other words, Triton X100 disturbs the substrate binding, giving rise to
higher values of the apparent KM, while the effective turnover rate is elevated due to the
disruption of the cell membrane and the free diffusion of H2O2 and O2 from the active site
to the electrode.

In general, the apparent KM and vmax values, obtained for the SC samples with varying
skin color, were found to be very consistent (see Table 1). However, the apparent vmax
of catalase in the SC sample obtained from the backside of the white ear was higher as
compared to the other samples, which is likely due to a higher amount of catalase in
this sample batch. This finding is in line with the observed elevated catalase activity of
this SC sample batch, which was discussed above. Likewise, the apparent KM and vmax
values determined for the DAB samples were similar overall (see Table 1). However, the
apparent vmax value for DAB1 was about twice as high as compared to the corresponding
value of DAB6. Potentially, this discrepancy may be explained by variations of the specific
conditions employed during cultivation of the microalga Phaeodactylum tricornutum, such
as the amount of CO2 supplied and the level of artificial UV light used, which may have
influenced the expression of catalase. Taken together, the results from these experiments
illustrate the potential for using the present method in assessing the effect of various
treatment protocols or comparing the apparent kinetic parameters of catalase in different
biological samples.

5. Conclusions

The results presented in this work illustrate the versatility of the oxygen electrode-
based method for investigating the function of catalase in biological samples of varying
complexity, such as keratinocytes, excised stratum corneum, and defatted algae biomass. In
particular, the method consists of a simple set-up (see Figure 1A), relies on highly available
instrumentation and reagents, and provides relatively fast measurements (e.g., the enzyme
kinetics can be determined from measurements at multiple substrate concentrations in a
few hours). By using this method, we demonstrate that defatted algae biomass, a byproduct
from food supplement manufacturing, retains quantifiable and hopefully valuable catalase
activity after oil extraction and prolonged storage time. The catalase activity of this
byproduct is approximately four orders of magnitude lower than that of pure enzyme
activity, but is comparable to the catalase activity found in excised pig stratum corneum.
Finally, the substrate of catalase, i.e., the ROS H2O2, has been increasingly recognized
as a key molecule for redox signaling with several metabolic and biochemically relevant
roles [1,60]. This further enhances the relevance of developing a versatile method to
determine the catalase activity in complex and native biological systems in the presence of
H2O2, in combination with complementary studies that aim to investigate how H2O2 may
induce oxidative stress in the same systems.

Author Contributions: Conceptualization, M.S., T.R. and S.B.; methodology, M.S., T.R., A.G. and S.B.;
validation, M.S., T.R. and S.B.; formal analysis, M.S., T.R. and S.B.; investigation, M.S.; resources, F.G.;
writing—original draft preparation, M.S. and S.B.; writing—review and editing, M.S., T.R., F.G., A.G.
and S.B.; supervision, T.R., A.G., F.G. and S.B.; project administration, T.R., F.G. and S.B.; funding
acquisition, S.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was conducted within ComBine—The Industrial Graduate School of Biofilms
and Biointerfaces funded by the Knowledge Foundation (Sweden), grant number 202100-4920.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available from the corresponding author upon request.



Biomedicines 2021, 9, 1868 17 of 19

Acknowledgments: Emelie Nilsson (Department of Biomedical Science, Malmö University) is greatly
acknowledged for helping with the SC preparation. Valentine Nguyen is acknowledged for the
explorative studies she conducted on catalase activity in various biological samples during her
internship at the Department of Biomedical Science at Malmö University during the summer of 2021.

Conflicts of Interest: M.S. and F.G. are associated with the public company Simris Alg AB, which
provided the defatted algae biomass.

References
1. Dickinson, B.C.; Chang, C.J. Chemistry and biology of reactive oxygen species in signaling or stress responses. Nat. Chem. Biol.

2011, 7, 504–511. [CrossRef]
2. Yang, D.; Elner, S.G.; Bian, Z.-M.; Till, G.O.; Petty, H.R.; Elner, V.M. Pro-inflammatory cytokines increase reactive oxygen species

through mitochondria and NADPH oxidase in cultured RPE cells. Exp. Eye Res. 2007, 85, 462–472. [CrossRef]
3. Chen, J.; Liu, Y.; Zhao, Z.; Qiu, J. Oxidative stress in the skin: Impact and related protection. Int. J. Cosmet. Sci. 2021, 43, 495–509.

[CrossRef]
4. Bickers, D.R.; Athar, M. Oxidative stress in the pathogenesis of skin disease. J. Investig. Dermatol. 2006, 126, 2565–2575. [CrossRef]
5. Amberg, N.; Fogarassy, C. Green Consumer Behavior in the Cosmetics Market. Resources 2019, 8, 137. [CrossRef]
6. Pop, R.-A.; Săplăcan, Z.; Alt, M.-A. Social Media Goes Green—The Impact of Social Media on Green Cosmetics Purchase

Motivation and Intention. Information 2020, 11, 447. [CrossRef]
7. Brasil, B.d.S.A.F.; de Siqueira, F.G.; Salum, T.F.C.; Zanette, C.M.; Spier, M.R. Microalgae and cyanobacteria as enzyme biofactories.

Algal Res. 2017, 25, 76–89. [CrossRef]
8. Gurpilhares, D.d.B.; Moreira, T.R.; Bueno, J.d.L.; Cinelli, L.P.; Mazzola, P.G.; Pessoa, A.; Sette, L.D. Algae’s sulfated polysaccharides

modifications: Potential use of microbial enzymes. Process Biochem. 2016, 51, 989–998. [CrossRef]
9. Wang, H.-M.D.; Chen, C.-C.; Huynh, P.; Chang, J.-S. Exploring the potential of using algae in cosmetics. Bioresour. Technol. 2015,

184, 355–362. [CrossRef] [PubMed]
10. Wagener, F.A.; Carels, C.E.; Lundvig, D. Targeting the redox balance in inflammatory skin conditions. Int. J. Mol. Sci. 2013, 14,

9126–9167. [CrossRef]
11. Shindo, Y.; Witt, E.; Han, D.; Epstein, W.; Packer, L. Enzymic and non-enzymic antioxidants in epidermis and dermis of human

skin. J. Investig. Dermatol. 1994, 102, 122–124. [CrossRef] [PubMed]
12. Hellemans, L.; Corstjens, H.; Neven, A.; Declercq, L.; Maes, D. Antioxidant enzyme activity in human stratum corneum shows

seasonal variation with an age-dependent recovery. J. Investig. Dermatol. 2003, 120, 434–439. [CrossRef] [PubMed]
13. Guarrera, M.; Ferrari, P.; Rebora, A. Catalase in the stratum corneum of patients with polymorphic light eruption. Acta

Derm.-Venereol. 1998, 78, 335–336. [CrossRef] [PubMed]
14. Hernández, A.R.; Boutonnet, M.; Svensson, B.; Butler, E.; Lood, R.; Blom, K.; Vallejo, B.; Anderson, C.; Engblom, J.; Ruzgas, T.;

et al. New concepts for transdermal delivery of oxygen based on catalase biochemical reactions studied by oxygen electrode
amperometry. J. Control. Release 2019, 306, 121–129. [CrossRef] [PubMed]

15. Nocchi, S.; Björklund, S.; Svensson, B.; Engblom, J.; Ruzgas, T. Electrochemical monitoring of native catalase activity in skin using
skin covered oxygen electrode. Biosens. Bioelectron. 2017, 93, 9–13. [CrossRef] [PubMed]

16. Björklund, S.; Ruzgas, T.; Nowacka, A.; Dahi, I.; Topgaard, D.; Sparr, E.; Engblom, J. Skin membrane electrical impedance
properties under the influence of a varying water gradient. Biophys. J. 2013, 104, 2639–2650. [CrossRef] [PubMed]

17. Björklund, S.; Nowacka, A.; Bouwstra, J.A.; Sparr, E.; Topgaard, D. Characterization of stratum corneum molecular dynamics by
natural-abundance 13C solid-state NMR. PLoS ONE 2013, 8, e61889. [CrossRef]

18. Björklund, S.; Engblom, J.; Thuresson, K.; Sparr, E. Glycerol and urea can be used to increase skin permeability in reduced
hydration conditions. Eur. J. Pharm. Sci. 2013, 50, 638–645. [CrossRef]

19. Muranushi, N.; Takagi, N.; Muranishi, S.; Sezaki, H. Effect of fatty acids and monoglycerides on permeability of lipid bilayer.
Chem. Phys. Lipids 1981, 28, 269–279. [CrossRef]

20. Switala, J.; Loewen, P.C. Diversity of properties among catalases. Arch. Biochem. Biophys. 2002, 401, 145–154. [CrossRef]
21. Dunford, H.B. Chapter 5: Heme Peroxidase Kinetics; Royal Society of Chemistry: Lodon, UK, 2016; Volume 2016, pp. 99–112.
22. Vuillaume, M.; Calvayrac, R.; Best-Belpomme, M.; Tarroux, P.; Hubert, M.; Decroix, Y.; Sarasin, A. Deficiency in the catalase

activity of xeroderma pigmentosum cell and simian virus 40-transformed human cell extracts. Cancer Res. 1986, 46, 538–544.
[PubMed]

23. Schallreuter, K.U.; Moore, J.; Wood, J.M.; Beazley, W.D.; Gaze, D.C.; Tobin, D.J.; Marshall, H.S.; Panske, A.; Panzig, E.;
Hibberts, N.A. In vivo and in vitro evidence for hydrogen peroxide (H2O2) accumulation in the epidermis of patients with
vitiligo and its successful removal by a UVB-activated pseudocatalase. J. Investig. Dermatol. Symp. Proc. 1999, 4, 91–96. [CrossRef]
[PubMed]

24. Abdel-Mageed, H.M.; El-Laithy, H.M.; Mahran, L.G.; Fahmy, A.S.; Mader, K.; Mohamed, S.A. Development of novel flexible
sugar ester vesicles as carrier systems for the antioxidant enzyme catalase for wound healing applications. Process Biochem. 2012,
47, 1155–1162. [CrossRef]

http://doi.org/10.1038/nchembio.607
http://doi.org/10.1016/j.exer.2007.06.013
http://doi.org/10.1111/ics.12728
http://doi.org/10.1038/sj.jid.5700340
http://doi.org/10.3390/resources8030137
http://doi.org/10.3390/info11090447
http://doi.org/10.1016/j.algal.2017.04.035
http://doi.org/10.1016/j.procbio.2016.04.020
http://doi.org/10.1016/j.biortech.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25537136
http://doi.org/10.3390/ijms14059126
http://doi.org/10.1111/1523-1747.ep12371744
http://www.ncbi.nlm.nih.gov/pubmed/8288904
http://doi.org/10.1046/j.1523-1747.2003.12056.x
http://www.ncbi.nlm.nih.gov/pubmed/12603857
http://doi.org/10.1080/000155598442999
http://www.ncbi.nlm.nih.gov/pubmed/9779248
http://doi.org/10.1016/j.jconrel.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31170466
http://doi.org/10.1016/j.bios.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28073620
http://doi.org/10.1016/j.bpj.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23790372
http://doi.org/10.1371/journal.pone.0061889
http://doi.org/10.1016/j.ejps.2013.04.022
http://doi.org/10.1016/0009-3084(81)90013-X
http://doi.org/10.1016/S0003-9861(02)00049-8
http://www.ncbi.nlm.nih.gov/pubmed/3000576
http://doi.org/10.1038/sj.jidsp.5640189
http://www.ncbi.nlm.nih.gov/pubmed/10537016
http://doi.org/10.1016/j.procbio.2012.04.008


Biomedicines 2021, 9, 1868 18 of 19

25. Hamilton, M.L.; Warwick, J.; Terry, A.; Allen, M.J.; Napier, J.A.; Sayanova, O. Towards the Industrial Production of Omega-3
Long Chain Polyunsaturated Fatty Acids from a Genetically Modified Diatom Phaeodactylum tricornutum. PLoS ONE 2015, 10,
e0144054. [CrossRef]

26. Neumann, U.; Derwenskus, F.; Flaiz Flister, V.; Schmid-Staiger, U.; Hirth, T.; Bischoff, S.C. Fucoxanthin, A Carotenoid Derived
from Phaeodactylum tricornutum Exerts Antiproliferative and Antioxidant Activities In Vitro. Antioxidants 2019, 8, 183. [CrossRef]
[PubMed]

27. Foo, S.C.; Yusoff, F.M.; Ismail, M.; Basri, M.; Yau, S.K.; Khong, N.M.H.; Chan, K.W.; Ebrahimi, M. Antioxidant capacities of
fucoxanthin-producing algae as influenced by their carotenoid and phenolic contents. J. Biotechnol. 2017, 241, 175–183. [CrossRef]
[PubMed]

28. Matés, J.M. Effects of antioxidant enzymes in the molecular control of reactive oxygen species toxicology. Toxicology 2000, 153,
83–104. [CrossRef]

29. Glorieux, C.; Calderon, P.B. Catalase, a remarkable enzyme: Targeting the oldest antioxidant enzyme to find a new cancer
treatment approach. Biol. Chem. 2017, 398, 1095–1108. [CrossRef]

30. Kirkman, H.N.; Gaetani, G.F. Mammalian catalase: A venerable enzyme with new mysteries. Trends Biochem. Sci. 2007, 32, 44–50.
[CrossRef]

31. Rørth, M.; Jensen, P.K. Determination of catalase activity by means of the Clark oxygen electrode. Biochim. Biophys. Acta 1967, 139,
171–173. [CrossRef]

32. Hadwan, M.H. Simple spectrophotometric assay for measuring catalase activity in biological tissues. BMC Biochem. 2018, 19, 7.
[CrossRef] [PubMed]

33. Johansson, L.H.; Borg, L.A. A spectrophotometric method for determination of catalase activity in small tissue samples. Anal.
Biochem. 1988, 174, 331–336. [CrossRef]

34. Gu, Y.; Chen, C.-C. Eliminating the Interference of Oxygen for Sensing Hydrogen Peroxide with the Polyaniline Modified
Electrode. Sensors 2008, 8, 8237–8247. [CrossRef]

35. Nicholls, P. The reaction of azide with catalase and their significance. Biochem. J. 1964, 90, 331–343. [CrossRef]
36. Elias, P.M.; Friend, D.S. Permeability barrier in mammalian epidermis. J. Cell Biol. 1975, 65, 180–191. [CrossRef] [PubMed]
37. Björklund, S.; Pham, Q.D.; Jensen, L.B.; Knudsen, N.O.; Nielsen, L.D.; Ekelund, K.; Ruzgas, T.; Engblom, J.; Sparr, E. The effects of

polar excipients transcutol and dexpanthenol on molecular mobility, permeability, and electrical impedance of the skin barrier. J.
Colloid Interface Sci. 2016, 479, 207–220. [CrossRef] [PubMed]

38. Björklund, S.; Andersson, J.M.; Pham, Q.D.; Nowacka, A.; Topgaard, D.; Sparr, E. Stratum corneum molecular mobility in the
presence of natural moisturizers. Soft Matter 2014, 10, 4535–4546. [CrossRef]

39. Maresca, V.; Flori, E.; Briganti, S.; Mastrofrancesco, A.; Fabbri, C.; Mileo, A.M.; Paggi, M.G.; Picardo, M. Correlation between
melanogenic and catalase activity in in vitro human melanocytes: A synergic strategy against oxidative stress. Pigment Cell
Melanoma Res. 2008, 21, 200–205. [CrossRef]

40. Rouzaud, F.; Kadekaro, A.L.; Abdel-Malek, Z.A.; Hearing, V.J. MC1R and the response of melanocytes to ultraviolet radiation.
Mutat. Res./Fundam. Mol. Mech. Mutagenesis 2005, 571, 133–152. [CrossRef]

41. Choi, E.H. Gender, Age, and Ethnicity as Factors That Can Influence Skin pH. Curr. Probl. Dermatol. 2018, 54, 48–53. [CrossRef]
42. Gunathilake, R.; Schurer, N.Y.; Shoo, B.A.; Celli, A.; Hachem, J.P.; Crumrine, D.; Sirimanna, G.; Feingold, K.R.; Mauro, T.M.;

Elias, P.M. PH-Regulated mechanisms account for pigment-type differences in epidermal barrier function. J. Investig. Dermatol.
2009, 129, 1719–1729. [CrossRef]

43. Zainal, H.; Jamil, A.; Md Nor, N.; Tang, M.M. Skin pH mapping and its relationship with transepidermal water loss, hydration
and disease severity in adult patients with atopic dermatitis. Ski. Res. Technol. 2019, 26, 91–98. [CrossRef]

44. Schreml, S.; Meier, R.J.; Wolfbeis, O.S.; Landthaler, M.; Szeimies, R.M.; Babilas, P. 2D luminescence imaging of pH in vivo. Proc.
Natl. Acad. Sci. USA 2011, 108, 2432–2437. [CrossRef]

45. Tarhan, L. Use of immobilised catalase to remove H2O2 used in the sterilisation of milk. Process Biochem. 1995, 30, 623–628.
[CrossRef]

46. Ito, O.; Akuzawa, R. Purification, Crystallization, and Properties of Bovine Milk Catalase. J. Dairy Sci. 1983, 66, 967–973.
[CrossRef]

47. Alptekin, Ö.; Tükel, S.S.; Yildirim, D. Immobilization and characterization of bovine liver catalase on eggshell. J. Serb. Chem. Soc.
2008, 73, 609–618. [CrossRef]

48. Costa, S.A.; Tzanov, T.; Filipa Carneiro, A.; Paar, A.; Gübitz, G.M.; Cavaco-Paulo, A. Studies of stabilization of native catalase
using additives. Enzym. Microb. Technol. 2002, 30, 387–391. [CrossRef]

49. Angelova, M.I.; Bitbol, A.-F.; Seigneuret, M.; Staneva, G.; Kodama, A.; Sakuma, Y.; Kawakatsu, T.; Imai, M.; Puff, N. pH sensing
by lipids in membranes: The fundamentals of pH-driven migration, polarization and deformations of lipid bilayer assemblies.
Biochim. Biophys. Acta 2018, 1860, 2042–2063. [CrossRef]

50. Lambers, H.; Piessens, S.; Bloem, A.; Pronk, H.; Finkel, P. Natural skin surface pH is on average below 5, which is beneficial for its
resident flora. Int. J. Cosmet Sci. 2006, 28, 359–370. [CrossRef]

51. Jankovskaja, S.; Engblom, J.; Rezeli, M.; Marko-Varga, G.; Ruzgas, T.; Björklund, S. Non-invasive skin sampling of trypto-
phan/kynurenine ratio in vitro towards a skin cancer biomarker. Sci. Rep. 2021, 11, 678. [CrossRef]

http://doi.org/10.1371/journal.pone.0144054
http://doi.org/10.3390/antiox8060183
http://www.ncbi.nlm.nih.gov/pubmed/31248073
http://doi.org/10.1016/j.jbiotec.2016.11.026
http://www.ncbi.nlm.nih.gov/pubmed/27914891
http://doi.org/10.1016/S0300-483X(00)00306-1
http://doi.org/10.1515/hsz-2017-0131
http://doi.org/10.1016/j.tibs.2006.11.003
http://doi.org/10.1016/0005-2744(67)90124-6
http://doi.org/10.1186/s12858-018-0097-5
http://www.ncbi.nlm.nih.gov/pubmed/30075706
http://doi.org/10.1016/0003-2697(88)90554-4
http://doi.org/10.3390/s8128237
http://doi.org/10.1042/bj0900331
http://doi.org/10.1083/jcb.65.1.180
http://www.ncbi.nlm.nih.gov/pubmed/1127009
http://doi.org/10.1016/j.jcis.2016.06.054
http://www.ncbi.nlm.nih.gov/pubmed/27388135
http://doi.org/10.1039/C4SM00137K
http://doi.org/10.1111/j.1755-148X.2007.00432.x
http://doi.org/10.1016/j.mrfmmm.2004.09.014
http://doi.org/10.1159/000489517
http://doi.org/10.1038/jid.2008.442
http://doi.org/10.1111/srt.12768
http://doi.org/10.1073/pnas.1006945108
http://doi.org/10.1016/0032-9592(94)00066-2
http://doi.org/10.3168/jds.S0022-0302(83)81888-8
http://doi.org/10.2298/JSC0806609A
http://doi.org/10.1016/S0141-0229(01)00505-1
http://doi.org/10.1016/j.bbamem.2018.02.026
http://doi.org/10.1111/j.1467-2494.2006.00344.x
http://doi.org/10.1038/s41598-020-79903-w


Biomedicines 2021, 9, 1868 19 of 19

52. Vardon, D.R.; Sharma, B.K.; Blazina, G.V.; Rajagopalan, K.; Strathmann, T.J. Thermochemical conversion of raw and defatted
algal biomass via hydrothermal liquefaction and slow pyrolysis. Bioresour. Technol. 2012, 109, 178–187. [CrossRef] [PubMed]

53. Potapovich, M.V.; Eremin, A.N.; Metelitza, D.I. Kinetics of Catalase Inactivation Induced by Ultrasonic Cavitation. Appl. Biochem.
Microbiol. 2003, 39, 140–146. [CrossRef]

54. Liu, K.; Hsieh, F.-H. Protein–Protein Interactions during High-Moisture Extrusion for Fibrous Meat Analogues and Comparison
of Protein Solubility Methods Using Different Solvent Systems. J. Agric. Food Chem. 2008, 56, 2681–2687. [CrossRef] [PubMed]

55. Herrling, T.; Jung, K.; Fuchs, J. The role of melanin as protector against free radicals in skin and its role as free radical indicator in
hair. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2008, 69, 1429–1435. [CrossRef]

56. Gi-eun, R.; Jin Young, S.; Jin Ho, C. Modulation of Catalase in Human Skin In Vivo by Acute and Chronic UV Radiation. Mol.
Cells 2001, 11, 399–404.

57. Altikat, S.; Coban, A.; Ciftci, M.; Ozdemir, H. In vitro effects of some drugs on catalase purified from human skin. J. Enzym. Inhib.
Med. Chem. 2006, 21, 231–234. [CrossRef]

58. Sullivan, N.J.; Tober, K.L.; Burns, E.M.; Schick, J.S.; Riggenbach, J.A.; Mace, T.A.; Bill, M.A.; Young, G.S.; Oberyszyn, T.M.;
Lesinski, G.B. UV Light B-Mediated Inhibition of Skin CatalaseActivity Promotes Gr-1+ CD11b+ Myeloid Cell Expansion. J.
Investig. Dermatol. 2012, 132, 695–702. [CrossRef] [PubMed]

59. Dienel, G.A. Chapter 3-Energy Metabolism in the Brain. In From Molecules to Networks, 3rd ed.; Byrne, J.H., Heidelberger, R.,
Waxham, M.N., Eds.; Academic Press: Boston, MA, USA, 2014; pp. 53–117.

60. Sies, H. Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: Oxidative eustress. Redox Biol.
2017, 11, 613–619. [CrossRef]

http://doi.org/10.1016/j.biortech.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22285293
http://doi.org/10.1023/A:1022577611056
http://doi.org/10.1021/jf073343q
http://www.ncbi.nlm.nih.gov/pubmed/18345633
http://doi.org/10.1016/j.saa.2007.09.030
http://doi.org/10.1080/14756360500483453
http://doi.org/10.1038/jid.2011.329
http://www.ncbi.nlm.nih.gov/pubmed/22030957
http://doi.org/10.1016/j.redox.2016.12.035

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of HaCaT Keratinocytes 
	Preparation of Stratum Corneum (SC) 
	Preparation of Defatted Algae Biomass (DAB) 
	Protocols for Sample Treatments 
	Preparation of the Oxygen Electrode 
	Measurements of Catalase Activity by the Oxygen Electrode-Based Method 
	Determination of Catalase Activity 
	Determination of Apparent Kinetic Parameters of the Catalase Reaction 
	Statistics 

	Results 
	Electrochemical Chronoamperometric Measurements of Catalase Activity 
	Catalase Activity and Enzyme Kinetics in Keratinocytes 
	Catalase Activity and Enzyme Kinetics in Stratum Corneum (SC) 
	Catalase Activity and Enzyme Kinetics in Defatted Algae Biomass (DAB) 
	The Effect of pH on Catalase Activity in Stratum Corneum (SC) and Defatted Algae Biomass (DAB) Samples 

	Discussion 
	The Effect of pH on Catalase Activity in Biological Samples 
	Catalase Activity in Intact and Lysed HaCaT Keratinocytes 
	Catalase Activity in the Stratum Corneum with Varying Skin Color 
	Defatted Algae Biomass as a Potential Source of Catalase in Skin Care Formulations 
	Comparison of Kinetic Parameters of Catalase in Various Biological Samples 

	Conclusions 
	References

