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ABSTRACT: Stimuli-induced release resulting in biochemical
transformations has received a lot of attention due to its application
in controlled drug release. In this work, catalase (EC 1.11.1.6) and
trypsin (EC 3.4.21.4) were simultaneously encapsulated into a pH-
responsive alginate hydrogel. Upon applying electrochemical
potential −0.8 V vs Ag/AgCl/KCl resulting in oxygen reduction,
which generates a local pH increase, trypsin becomes active. The
activated trypsin provides the digestion of catalase within the
alginate matrix, stimulating the release of active subunits.
Simultaneously with the trypsinolisis of catalase, the pH increase
led to hydrogel swelling, allowing for the release of catalase active
fragments. Di0erence in the release behavior was also observed in
solutions with di0erent bulk pH values, at which trypsin was or was
not active. Labeling of catalase with rhodamine B isothiocyanate was performed for the release observation using confocal
fluorescence microscopy and regular fluorescent spectroscopy. The activity of catalase fragments was analyzed using a UV−visible
spectrophotometer, following the enzymatic assay toward guaiacol, which is known to be a selective substrate for catalase subunits.
Blue native polyacrylamide gel electrophoresis was used to analyze the e5ciency of trypsinolysis and the molecular weights of the
formed fragments. The proposed signal-stimulated release of bioactive fragments from the alginate hydrogel presents an intriguing
model system with the potential for biomedical applications.
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■ INTRODUCTION

Over past decades, biomolecule release from signal-triggered
(responsive) materials has become a drastically expanding field
of research, especially driven by its potential biomedical
applications.1−5 There are various responsive materials that can
serve as a carrier matrix, e.g., metal−organic frameworks,6,7

magneto-rheological elastomers,4 synthetic8,9 or natural10,11

polymers, micelles,12 and hydrogels.13,14 The release can be
stimulated by various signals such as magnetic fields,15

mechanical forces,16 light irradiation,17 temperature changes,18

electric potentials,19 ultrasound,20 and reactions with di0erent
biochemical species.21,22

One of the most studied signals for the release stimulation is
pH changes.23 pH changes occur naturally within the body and
do not require external devices or interventions to trigger the
drug release, making the system simpler and more patient-
friendly. Many pathological conditions are associated with pH
changes, for instance, cancerous tissues often exhibit a more
acidic microenvironment compared to normal tissues due to
anaerobic glycolysis (Warburg e0ect).24 Di0erent parts of the
gastrointestinal tract have varying pH levels, which can be
exploited for targeted drug delivery.25 Much research has

focused on conventional drug release profiles, but a controlled
release is equally crucial for maintaining therapeutic drug levels
within the optimal range, avoiding periods of subtherapeutic
levels, and minimizing the risk of drug resistance.26 By limiting
drug release to specific times or sites, signal-triggered systems
can reduce overall exposure of the body to the drug, thereby
minimizing side e0ects and systemic toxicity.27 Certain
diseases, such as asthma, arthritis, and cardiovascular disorders,
exhibit symptoms that fluctuate throughout the day.
Controlled release systems can deliver drugs in sync with
these circadian rhythms, providing relief when symptoms are
most severe.28,29

In the present work, we focused on utilizing alginate
hydrogel as a potentially “smart” responsive material for
controlled release since it exhibits di0erent profiles (shrinking/
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swelling) in response to pH variations, attributed to the
protonation and deprotonation of its backbone.30−32 Alginate
hydrogel has been exploited in the past decade for a broad
range of applications.33 In our previous study,34 the
importance of molecular weight (MW) and isoelectric point
(pI) for the e5ciency of controlled protein release from
alginate hydrogel was experimentally demonstrated. When the
entrapped protein is large enough (relative to the polymer
matrix pore size), the charge interactions between the guest
molecules and the host polymer matrix do not dominate in the
hold/release steps.34 As a result, the entrapped proteins are
preserved in the matrix, regardless of the charge interaction.
Overall, to be e0ectively released from the alginate matrix (pKa

= 3.7), the proteins should have a relatively small MW and a
low pI value.

While in our recent work35 we were able to modify the pI of
an enzyme to tune its release profile via blocking the enzyme’s
carboxylic groups with a covalently attached linker, mod-
ification of molecular size is another strategy to achieve the
controlled release of a protein molecule. For that, one can
either decrease (proteolysis)36 or increase (protein cross-
linking)37 the MW of a protein. Molecular engineering can be
used to obtain a fragment of an intact protein with improved
functionality.38,39 However, this approach is time-consuming
and technically di5cult. Therefore, the most commonly used
methods include chemical,40 physical,41 and enzymatic42,43

approaches, and sometimes even a combination of the
methods.44−46 Complete hydrolysis, which can be achieved
with chemical and physical approaches, is mostly used for
proteomics purposes (analysis of amino acid content, protein
identification). In order to preserve functionality of cleaved
protein fragments enzymatic proteolysis appears to be the most
appropriate,47 since it allows to avoid harsh conditions used in
the case of chemical and physical treatment. For example,
enzymatic hydrolysis is widely used in the food industry to
improve emulsification and other properties of food
proteins.48−51

In this study, the model system included catalase (EC
1.11.1.6) as a payload and alginate hydrogel as a polymer
matrix. Typical catalases are structurally complex homotetra-
meric enzymes, with one heme prosthetic group�hematin�

buried in each subunit. Hematin consists of an iron atom and a
porphyrin ring. Catalase is a robust enzyme that maintains
activity under various conditions, making it a reliable model for
studying protein behavior in di0erent environments.52 It also
has a protective function in preventing cellular degradation and
apoptosis from oxidative damage by breaking down hydrogen
peroxide, and reactive oxygen species (ROS).53,54 Catalase

shows potential as a therapeutic agent for conditions associated
with oxidative stress, such as neurodegenerative diseases (e.g.,
Alzheimer’s and Parkinson’s), cardiovascular diseases (e.g.,
atherosclerosis and ischemia-reperfusion injury), metabolic
disorders (e.g., diabetes and obesity),55−58 and certain
cancers.59,60 Catalase has been explored for its role in wound
healing; by reducing hydrogen peroxide levels, it can mitigate
inflammation and promote a favorable environment for tissue
regeneration.61 The choice of catalase was also based on its
specific parameters. With a tetramer MW of 240 kDa and a pI
of 5.4, this enzyme carries a negative charge at neutral,
biologically relevant pH values, then resulting in its electro-
static repulsion with the negatively charged alginate matrix.62

However, due to its big size compared to the alginate pore
diameters,34 the release of catalase through the polymer matrix
is challenging. It should be noted that each catalase subunit has
an MW of 60 kDa.63 Thus, the breakdown of native catalase
into its subunits may facilitate the e5cient release of active
enzyme fragments from the alginate hydrogel.

This paper describes a method for in situ tuning the MW of
catalase through controlled enzymatic proteolysis to achieve
on-demand protein release and provides experimental evidence
of the catalase breakdown into enzymatically active subunit
fragments.

■ RESULTS AND DISCUSSION

The concept of the project is illustrated in Figure 1A. Catalase
and trypsin, at pH when the latter is inactive, were both
encapsulated in the alginate layer deposited on the graphite
stick used as a working electrode. Application of −0.8 V vs Ag/
AgCl/KCl on the working electrode results in oxygen
reduction (note the presence of O2 in the solution in
equilibrium with air) and generation of local basic pH in the
hydrogel area. This basic pH wave activates trypsin due to the
higher pH and simultaneously causes the hydrogel to swell
(due to increase of the matrix negative charge). At this stage,
tryptic digestion of catalase inside the hydrogel occurs,
allowing the formed catalase subunits to be released through
the swollen alginate pores.

It should be noted that catalase activity toward hydrogen
peroxide, monitored through a well-known assay,64 decreases
during the enzymatic proteolysis with trypsin. However, this
method estimates only the activity of the native enzyme and
not of its fragments. In this work, we focused on the formation
of enzymatically active fragments of catalase with a MW ca. 60
kDa and did not measure their activity toward hydrogen
peroxide. Instead, guaiacol was used as a substrate (Figure 1B).
According to the literature, the activity of catalase subunits

Figure 1. (A) Concept of trypsin activation and controlled release of catalase subunits from the swollen alginate hydrogel using an
electrochemically generated local pH increase. (B) Scheme of enzymatic reactions occurring within the system.
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Figure 2. (A) Dependence of catalase activity toward hydrogen peroxide after tryptic digestion on the pH of the solution. (B) Dependence of
catalase activity toward hydrogen peroxide without undergoing tryptic digestion on the pH of the solution. (C) Dependence of the catalase activity
toward hydrogen peroxide on the pH of the solution on the 15th minute of the tryptic digestion.

Figure 3. Confocal fluorescent microscope images showing minor rh-catalase release from the alginate hydrogel without trypsin present in the gel
at (A) pH 5.5 and (B) pH 7.5 at the beginning of the experiment and on the 60th minute. The thickness of the alginate hydrogel is depicted in the
images.

Figure 4. Confocal fluorescent microscope images showing rh-catalase release from the alginate hydrogel when both rh-catalase and trypsin were
encapsulated in the hydrogel at the beginning of the experiment and on the 60th min at the following conditions: (A) pH 5.5; (B) pH 7.5; (C) in
the presence of 1 mM PMSF, pH 7.5; (D) in the presence of 10 mM PMSF, pH 7.5; (E) electrochemical experiment when applying −0.8 V with
starting pH 5.5. The thickness of alginate hydrogel is depicted in the images.
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toward guaiacol is much higher than that of native catalase,65,66

and the coproduct of the enzymatic reaction is colored.
Therefore, the primary task of this project was to determine
whether it is possible to control tryptic digestion to break
down catalase into its subunits and to estimate their activity
toward the specific substrate guaiacol.

As preliminary experiments, tryptic digestion of catalase at
di0erent pH values ranging from 5 to 10, steps of 1 pH unit,
was conducted in solution, and catalase activity toward
hydrogen peroxide was estimated (Figure 2A). As a control,
the same experiments but without trypsin present were
performed (Figure 2B). The results showed that trypsin
becomes active starting at pH 6, with a peak activity at pH 10,
whereas it remains inactive at pH 5 (Figure 2C). Therefore, for
our subsequent tests, experimental solutions with pH 5.5 or 7.5
were selected to evaluate the system when trypsin is inactive or
active, respectively.

The following experiments on observation of real-time
protein release from alginate hydrogel were performed using a
confocal fluorescent microscope (CFM) with and without an
integrated electrochemical system (see the photo of the
experimental setup in Figure S1). For that, catalase was labeled
with pH-insensitive fluorescent dye rhodamine B isothiocya-
nate. Then, the rhodamine B-labeled catalase (rh-catalase) and
trypsin, or only rh-catalase in the control experiments, were
added to the loading solution containing Fe2+ cations and
soluble sodium alginate. The proteins were then entrapped in
the alginate film that was formed around the electrode surface
upon electrochemical deposition of the hydrogel on an
electrode surface (cross-linking by electrochemically produced
Fe3+). Subsequently, the Fe3+ cations were exchanged to Ca2+

cations, while still preserving the entrapped proteins in the
alginate film.49

The experiments demonstrating the release of the loaded
catalase began with the control conditions in the bulk solution
with pH 5.5 and 7.5, when no electric potential was applied to
the electrode and no trypsin was present in the system (Figure
3A,B and Movies S1 and S2). Using CFM, it was observed that
there was almost no leakage of the protein from the alginate
hydrogel. The experiments under the same conditions were
then repeated in the presence of trypsin (Figure 4A,B and
Movies S3 and S4). In this case, tryptic digestion occurring
inside the gel at pH 7.5 led to protein fragmentation and its
release, while there was no significant leakage of catalase
fragments observed at pH 5.5, since trypsin activity was small
at this pH. To estimate the extent of trypsin’s e0ect on
catalase, bulk pH experiments at pH 7.5 in the presence of the
protease inhibitor, phenylmethylsulfonyl fluoride (PMSF), at
di0erent concentrations were conducted (Figure 4C,D and
Movies S5 and S6). It is known from the literature that PMSF
has a concentration-dependent e0ect.67 The result of using
PMSF at a higher concentration (10 mM) indicated that no
catalase breakdown was happening since trypsin was inhibited.
For the next step, an electrochemical experiment aiming at in
situ pH change was performed. In particular, applying −0.8 V
potential on the electrode results in trypsin activation upon
electrochemically induced local pH increase of about two pH
units34 from the starting pH of the system being 5.5 (Figure 4E
and Movie S7).

In general, Figure 4 shows fluorescent images of the alginate
hydrogel layers before and after the release experiments.
Additional fluorescent images taken at di0erent time intervals
during the experiments are shown in the Supporting

Information (Figures S2−S7). The brightness-based results
are presented in Figure 5. Notably, the release of the proteins

was not complete, as evidenced by the preserved pink color of
the layers observed at the 60th minute of the experiments;
therefore, at the end of each experiment, the hydrogel film was
completely degraded in a solution of 20 mM citrate, which
allowed quantification of the total amount of protein released
from the hydrogel throughout a certain experiment using
fluorescence spectroscopy. The amount of the released
rhodamine B-labeled catalase fragments was expressed as a
percentage of the total amount entrapped in the hydrogel
(Figure 6). The most significant di0erence in the protein
release was observed for the conditions when both rh-catalase
and trypsin were encapsulated inside the hydrogel at di0erent
pHs of the system which was dependent on the di0erence in
trypsin activity.

Since one of the primary objectives of the project was to
release catalytically active catalase fragments, we proceeded
with their detection using a specific enzymatic assay. According
to the literature,68 catalase undergoes alkaline denaturation
into four identical subunits at high pH. While holoenzyme
catalase activity (activity toward H2O2) is being lost during this
process,68 the activity of catalase subunits toward guaiacol is
being increased.65 To confirm this, catalase was placed in the
solution with pH 11, as well as pH 7 for the control
experiment, and the activity toward guaiacol was measured.
The results showed a significant di0erence in absorbance at
470 nm (A470) between pH 7 and pH 11 (Figure S8), proving
that active catalase subunits were formed. As the next step,
tryptic digestion of catalase at pH 7.5 for 90 min was
performed and the A470 was analyzed every 10 min from the
start to the 60th minute, and at the 90th minute. By comparing
the activity profiles of fractions after tryptic digestion with
those without trypsin in the system, it was possible to observe
the catalase breakdown to the active subunits, with peak
activity occurring at the 60th minute of the experiment (Figure
7). The activity started to decrease after the 60th min because,
by that time, trypsin had degraded catalase into fragments
smaller than subunits, which exhibited reduced activity toward
guaiacol.

Figure 5. rh-catalase controlled release analysis from the hydrogel was
based on the brightness of the pink cloud in the solution layer above
the gel (the data were extracted from the confocal fluorescent
microscope images in Figures 3 and 4).
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As additional proof of catalase subunit formation, blue native
PAGE was performed (Figure 8). As observed, there was no
separation of Coomassie-stained gel bands 1−3 throughout the
60 min experiment when no trypsin was present in the system,
with the bands corresponding to the MW of 240 kDa, the size
of native catalase. However, band separation was noticeable in
the second experiment where catalase underwent tryptic
digestion. Over time, bands 4−6, which correspond to the
native catalase holoenzyme, decreased in intensity, while lower
bands 7−9 appeared with stronger color intensity, indicating
the formation of a certain portion of catalase subunits with
MW ca. 60 kDa. The colorimetry-based brightness estimation
for the bands with an MW of 240 kDa is present in Figure S9.

■ CONCLUSIONS

In this work, in situ modification of catalase molecular weight
was performed through controlled trypsin-mediated break-

down within the alginate hydrogel matrix, enabling on-demand
release of catalase fragments due to local pH increase. The
original stimulus, being an electric potential, is a convenient
trigger, which caused both enzymatic reaction and hydrogel
swelling to happen simultaneously, creating a comprehensive
but easily controllable system. The release profiles obtained at
di0erent bulk pH, as well as with the presence of trypsin
inhibitor, were compared, clearly demonstrating the e0ect of
molecular weight modification on the protein release process.
The molecular weight of the formed catalase subunits was
confirmed using blue native polyacrylamide gel electrophoresis.
Additionally, the activity test using guaiacol as a substrate, a
reaction of which is known to be catalyzed selectively by
catalase subunits, with the samples obtained during tryptic
digestion was performed. Thus, the work represents the
controlled release of enzymatically active catalase subunits

Figure 6. Controlled release of rh-catalase/rh-catalase fragments (C) when (A) only rh-catalase and (B) both rh-catalase and trypsin (C,T) were
encapsulated inside the alginate hydrogel. The release was monitored by measuring the fluorescence of the released rh-catalase/rh-catalase
fragments every 10 min for 60 min total. The amount of the released protein was expressed as % from its total amount entrapped in the hydrogel.
The term “citrate” means the treatment of the alginate gel by citrate resulting in the complete dissolution of the alginate hydrogel and the total
(considered as 100%) release of the entrapped catalase.

Figure 7. Comparison of enzymatic activity of catalase fragments
(obtained after tryptic digestion) and native catalase toward guaiacol.
The final concentrations of guaiacol and H2O2 used in the solution
were 15 and 3 mM, respectively.

Figure 8. Photography of 4−16% blue native PAGE gel of catalase
samples obtained when trypsin was absent (bands 1−3) or present
(bands 4−9) in the experimental solutions. The gel represents
samples obtained at 0, 30, and 60 min of the experiments. The marker
contained: Thyroglobulin (669 kDa), porcine thyroid; Ferritin (440
kDa), equine spleen; Catalase (232 kDa), bovine liver; Lactate
dehydrogenase (140 kDa), bovine heart; and Albumin (66 kDa),
bovine serum.
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achieved through in situ enzymatic breakdown of the native
catalase, which is too large to be released from the alginate
matrix in the absence of stimuli. The approach can be extended
to other large molecular-size proteins and thus has potential in
biomedical applications.

■ EXPERIMENTAL SECTION

General Instrumentation. Fluorescent images were obtained
with a Leica TCS SP5 II Tandem Scanning Confocal and
Multiphoton microscope. Animated movies were compiled using
GIMP software. The brightness of rhodamine B-labeled catalase in the
images was evaluated with ImageJ software, calculating the mean gray
value of the equal area in each image. A Shimadzu UV-2450 UV−vis
spectrophotometer was used to measure the absorbance spectrum of
rh-catalase. Fluorescence measurements were performed in a 96-well
microplate by using a SpectraMax MiniMax 300 Imaging Cytometer
(Molecular Devices) and SoftMax Pro 6 software. Constant-potential
chronoamperometry experiments were performed using an electro-
chemical workstation (ECO Chemie Autolab PASTAT 10) and
GPES 4.9 (General Purpose Electrochemical System) software. Blue
native PAGE was performed by using Invitrogen Novex Mini-Cell. A
Mettler Toledo S20 SevenEasy pH meter was used to measure the pH
of the solutions.
Chemicals and Reagents Used. Proteins/Enzymes. Catalase

(EC 1.11.1.6) and trypsin (EC 3.4.21.4) were purchased from Sigma-
Aldrich.
Natural Polymer. Alginic acid sodium salt from brown algae

(medium viscosity) was obtained from Sigma-Aldrich.
Fluorescent Labeling Reactant. Rhodamine B isothiocyanate was

obtained from Sigma-Aldrich.
Other Standard Organic and Inorganic Materials and

Reactants. Other standard organic and inorganic materials and
reactants were obtained from Sigma-Aldrich, Merck KgaA, and
Thermo Fisher Scientific, or Bioland Scientific: Bis(2-hydroxy-ethyl)-
amino-tris(hydroxymethyl)-methane (Bis-Tris bu0er), calcium chlor-
ide anhydrous, Coomassie G-250, ethanol anhydrous, glycerol,
guaiacol, hydrogen peroxide, hydrochloric acid, iron(II) sulfate,
magnesium sulfate heptahydrate, Native PAGE Bis-Tris gels, phenyl-
methylsulfonyl fluoride (PMSF), sodium acetate, sodium ascorbate,
sodium bicarbonate [component of the carbonate-bicarbonate bu0er
(CBB)], sodium carbonate [component of the carbonate-bicarbonate
bu0er (CBB)], sodium chloride, sodium citrate dihydrate, sodium
hydroxide, sodium phosphate dibasic [component of the phosphate
bu0er], sodium phosphate monobasic [component of the phosphate
bu0er], sodium sulfate, and tricine. All commercial chemicals were
used as supplied without further purification. All experiments were
carried out in ultrapure water (18.2 MΩ·cm; Barnstead NANOpure
Diamond).
Activity of Catalase toward Hydrogen Peroxide. To measure

the activity of catalase toward hydrogen peroxide after undergoing
tryptic digestion and without treatment by trypsin, the experimental
solution contained 2 mM Bis-Tris bu0er with pH ranging from 5 to
10, step of 1 pH unit. On the 0th, 7.5th, and 15th minutes of the
experiment, 0.1 mL fractions were taken, followed by adding 0.1 mL
of H2O. Then, catalase activity toward hydrogen peroxide was
assessed on a UV−visible spectrophotometer according to the
standard procedure for the enzymatic assay of catalase (EC
1.11.1.6).64

Labeling of Catalase with Rhodamine B Isothiocyanate.
Catalase and rhodamine B isothiocyanate were separately dissolved in
a carbonate-bicarbonate bu0er, pH 9.2. The enzyme solution was kept
in an ice bath, and the solution of the dye was added in a dropwise
manner. The molar ratio of dye to enzyme in the reaction was 56. The
reaction mixture was allowed to stir for 6 h in the ice bath. Then, the
mixture was separated by gel filtration using an equilibrated column
filled with Sephadex G-50 particles. The labeled enzyme (rh-catalase)
was concentrated using Spin-X UF Concentrator, Corning, with a 100
kDa cuto0. The obtained sample was measured using UV−vis

spectroscopy to determine the enzyme concentration and dye/
enzyme ratio.
Hydrogel Deposition. Electrochemical deposition of an alginate

hydrogel on the electrode surface was performed in a plastic cuvette
(2.5 mL) used as an improvised electrochemical cell (Figure S10). A
graphite rod (diameter of 3 mm; Pentel purchased from Walmart)
was used as a counter electrode, and another graphite rod (diameter
of 0.9 mm) was used as a working electrode. The electrochemically
active geometrical area of the working electrode exposed to the
solution was ca. 34 mm2. All potentials were measured against a Ag/
AgCl/KCl 3 M reference electrode. The deposition solution was
composed of 0.3 M FeSO4 and 1.7% w/v of sodium alginate dissolved
in an electrolyte containing 100 mM Na2SO4 in H2O (a nonbu0ered
solution, pH ca. 7). Oxygen (O2) was in equilibrium with air and was
not removed from the deposition solution. The typical concentrations
of rh-catalase and trypsin (when present) in a loading solution were
0.6 and 2.54 mg/mL, respectively. A potential of +1.2 V was applied
for 60 s. After the hydrogel formation at the electrode surface, the
modified electrode was put in a solution containing 20 mM CaCl2 and
100 mM sodium ascorbate and left there for 40 min to introduce Ca2+

instead of Fe3+ as a cross-linker. Subsequently, the electrode with the
deposited alginate hydrogel was rinsed with water and used in
electrochemical experiments.
Bulk pH Experiments. A typical protein release experiment was

conducted over a duration of 60 min. During experiments on a
scanning confocal fluorescence microscope (CFM), the solution
composition, without and with trypsin incorporated into the gel,
contained 2 mM Bis-Tris, pH 5.5, or 7.5. The experimental solution
with trypsin incorporated into the gel in the presence of a serine
protease inhibitor, PMSF, comprised 1 or 10 mM PMSF in 2 mM Bis-
Tris, pH 7.5.
Tryptic Digestion of Catalase. Catalase (6 mg/mL) was

incubated with trypsin (26.4 mg/mL) in 20 mM Bis-Tris, pH 7.4,
at 25 °C for 60 min (in-gel experiments) or 90 min (for subsequent
activity measurements toward guaiacol). The solution was thoroughly
mixed every 10 min, and 100 μL fractions were collected followed by
quenching with 100 μL of 100 mM sodium acetate, pH 4.25.
Assay of Catalase Activity toward Guaiacol. To measure the

activity of catalase toward guaiacol, experiments were conducted on
catalase with which tryptic digestion was and was not performed. The
experimental solution contained 20 mM Bis-Tris bu0er, pH 7.5. The
enzymatic reaction was allowed to proceed for 90 min, with 0.1 mL
fractions taken every 10 min from the 0th to the 60th minute, and at
the 90th minute. Each fraction was immediately mixed with 0.1 mL of
100 mM sodium acetate (pH, 4.25) to stop the enzymatic reaction.
For the detection of catalase activity toward guaiacol, the fractions
collected in the previous step were combined with 3 mM H2O2 and
15 mM guaiacol (final concentrations) in 500 mM sodium phosphate
bu0er at pH 7.0. The result was measured using a UV−visible
spectrophotometer, monitoring the increase in absorbance at 470 nm
(A470).

65,66

Fluorescence Spectroscopy Measurements during Release
Experiments. The solution composition for the release experiments
was oxygen in equilibrium with air in 2 mM Bis-Tris bu0er, pH 5.5 or
7.5. To measure fluorescence, the solution was thoroughly mixed
every 10 min, and 120 μL samples were collected into a 96-well plate
for 60 min total followed by the hydrogel degradation in the solution
containing 20 mM citrate in 2 mM Bis-Tris bu0er, pH 7.9.
Immediately after collection, 30 μL of 0.1 M sodium acetate, pH
4.3, was added to each sample (to stop the enzymatic reaction). Then,
fluorescence was assessed on an imaging cytometer (microplate
reader). The settings on the microplate reader were excitation λex 540
nm, emission recorded between 565 and 605 nm. The emission
maximum was observed at 575 nm. The measurement step was 10
nm.

To estimate the release percentage, calibration based on rhodamine
B label fluorescence at di0erent rh-catalase concentrations was used.
Electrochemical Release Experiments. All potentials were

measured against Ag/AgCl/KCl, 3 M, as the reference electrode.
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The typical experiment on rh-catalase release was done in a Petri
dish with a plasticine barrier used as an improvised electrochemical
cell (Figure S11). Solution composition during electrochemical
experiments on CFM consisted of oxygen in equilibrium with air in
2 mM Bis-Tris bu0er, pH 5.5. Cyclic voltammograms obtained in the
presence of O2 (under air) and in the absence of O2 (in Ar
atmosphere) are present in Figure S12.

Confocal fluorescence microscopy (CFM) imaging was performed
during the electrochemical experiments. A single experiment was done
by applying −0.8 V potential for 60 min to induce a local pH increase.
Electrochemical oxygen reduction at −0.8 V applied was performed
for 60 min and was followed by the hydrogel degradation in the
solution of 20 mM citrate in 2 mM Bis-Tris bu0er, pH 7.9. Constant-
potential chronoamperometry was used to avoid side redox processes.
Blue Native PAGE. The proteins were subjected to fractionation

by Blue native polyacrylamide gel electrophoresis (Blue native PAGE)
using an Invitrogen Native PAGE 4−16%, Bis-Tris, 1.0 mm, Mini
Protein Gels, according to the standard procedure (no solubilizer was
necessary).69,70 Once the samples were run, they were destained with
10% acetic acid according to the published procedure. Electrophoresis
bu0er system: Bis-Tris. Electrophoresis conditions: the gel was run at
a 150 V constant voltage.
Processing of Images. Animated movies were prepared using

GIMP software. The brightness of rhodamine B-labeled catalase in the
CFM images and the brightness of protein bands after blue native
PAGE were evaluated with ImageJ software, calculating the mean gray
value of the equal area in each image.

All experiments were performed at ambient room temperature, ca.
20−22 °C.
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