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Abstract

Hydrogel-based matrix prepared using biopolymers is a new frontier of emerging platforms for enzyme immobilization for
biomedical applications. Catalase (CAT) delivery can be effective in inhibiting reactive oxygen species (ROS)-mediated
prolongation of the wound healing process. In this study, to improve CAT stability for effective application, gelatin(Gel)—
alginate (Alg) biocompatible hydrogel (Gel-Alg), as immobilization support, was prepared using calcium chloride as an
ionic cross-linker. High entrapment efficiency of 92% was obtained with 2% Gel and 1.5% Alg. Hydrogel immobilized CAT
(CAT-Gel-Alg) showed a wide range of pH from 4 to 9 and temperature stability between 20 to 60 °C, compared to free CAT.
CAT-Gel-Alg kinetic parameters revealed an increased K, (24.15 mM) and a decreased V,,,, (1.39 umol H,O,/mg protein
min) X 10%. CAT-Gel-Alg retained 52% of its original activity after 20 consecutive catalytic runs and displayed improved
thermal stability with a higher ¢, , value (half-life of 100.43 vs. 46 min). In addition, 85% of the initial activity was maintained
after 8 weeks’ storage at 4 °C. At 24 h after thermal injury, a statistically significant difference in lesion sizes between the
treated group and the control group was reported. Finally, our findings suggest that the superior CAT-Gel-Alg stability and
reusability are resonant features for efficient biomedical applications, and ROS scavenging by CAT in the post-burn phase
offers protection for local treatment of burned tissues with encouraging wound healing kinetics.

Keywords Burn wound healing - Catalase immobilization - Gelatin alginate biopolymers - Half-life - Hydrogel -
Stabilization - Thermal injury

Introduction

Enzymes are outstanding biocatalysts that offer several
remarkable advantages such as substrate specificity, opera-
tion under mild processing conditions, and specific bio-
compatible by-products (Abdel-Mageed et al. 2021a).
Enzymes offer numerous promising applications in the
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biotechnological, biomedical, and pharmaceutical fields.
Catalase (CAT) enzyme (EC 1.11.1.6) is an oxidoreductase
enzyme that enables cells to remove reactive oxygen species
(ROS) specifically hydrogen peroxide (H,0,) that causes
oxidative stress. CAT acts by breaking down hydrogen per-
oxide into water and molecular oxygen (Abdel-Mageed et al.
2012). When the concentration of ROS exceeds the cellular
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antioxidant defenses including ROS-scavenging enzymes,
the oxidative stress is typically cytotoxic. Hence, there is a
growing interest in the implications and the physiological
significance of antioxidant CAT with a special interest in
the development of biomedical and biotechnological prod-
ucts (Wang et al. 2021). CAT could enhance the therapeu-
tic effects against ROS-induced acute kidney injury, acute
liver injury, and wound healing through ROS removal (Wang
et al. 2021). The pathological role of ROS in the inflamma-
tory phase during wound healing is a result of the induced
oxidative stress (Kurahashi and Fujii 2015). Previous studies
have demonstrated the beneficial effect of CAT in wound
healing (Abdel-Mageed et al. 2018a; Hu et al. 2017). How-
ever, efficient delivery of enzymes for therapeutic applica-
tions is usually hampered by its intrinsic low stability under
operational conditions, high sensitivity to processing and
storage conditions, and short half-life (Abdel-Mageed et al.
2020).

Immobilization is a well-established method for enzyme
stabilization. Immobilization involves a chemical or a physi-
cal practice in which enzymes are fixed to or enclosed to
support, generating a heterogeneous immobilized enzyme
matrix that resembles the enzyme natural mode in biological
cells. Selecting the best-suited immobilization support and
the efficient methodology are the cornerstones for a success-
ful immobilization process (Abdel-Mageed et al. 2019a).
Physical entrapment is a favorable immobilization method-
ology that offers a simple procedure under mild conditions,
low-cost, high activity recovery, and stability. Additionally,
immobilization results in enhanced thermal and operational
stability, possible enzyme recovery and reusability, and
improved product yield, which are favorable for industrial
applications (Abdel-Mageed et al. 2018b, 2019a).

Hydrogels are a three-dimensional structured hydrophilic
polymeric network made of hydrosols (water-absorbing nat-
ural such as alginate, and pectin or synthetic polymers such
as polyethylene glycol and polyethylene oxide) that quickly
swells in water retaining a significant amount (exceeds
90% water) within the network while preserving a semi-
solid consistency. In addition, hydrogels are presented as
an advantageous matrix for CAT immobilization preserving
its three-dimensional structure. Hydrogels including gelatin
and alginate have been disclosed as ideal physicochemical
mimetic biological scaffolds that can be used as a deliv-
ery vehicle for wound healing, as they can maintain a moist
environment, absorb wound exudates, and fight bacteria
(Sivaraj et al. 2021; Zhang et al. 2021).

Alginate is an anionic biopolymer obtained from brown
algae that are usually used for hydrogel production and has
been employed in several biomedical applications, protein/
drug delivery, tissue engineering, and wound healing (Ade-
ribigbe and Buyana 2018; Miao et al. 2018). Sodium Algi-
nate is composed of irregular blocks of f-p-mannuronic acid
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(M-block) and 1-4 linked a-L-guluronic residues (G-block)
and offers distinct advantages over presently used wound
dressing including improved absorption capacity of wound
exudates, minimizes the risk of bacterial infections, reduces
adverse allergic effects, and improves wound healing
because of its biocompatibility, and non-immunogenicity.
In addition, sodium alginate maintains humid surroundings
that enhance reepithelization and fast granulation. It also dis-
plays hemostatic properties, which are beneficial for bleed-
ing wounds (Zahid et al. 2021). For biomedical applications,
sodium alginate offers a unique advantage where it forms a
physically cross-linked hydrogel under mild conditions in
the presence of divalent cations such as Ca>*, Fe’* or Mg?",
accompanied by a transition from solution to gel (Aderibigbe
and Buyana 2018; Pilipenko et al. 2019). Among these cati-
ons, Ca** is the most frequently used for ionic cross-linking
of alginate, with calcium chloride (CaCl,) demonstrated as
one of the best Ca>* sources for this process. The cross-link-
ing process is chiefly accomplished via the replacement of
the sodium ions of G-blocks with the divalent cations such
as Ca>* and bending of guluronic groups to create the egg
box structure (Abasalizadeh et al. 2020). Alginates reported
bio-adhesive properties and antibacterial activity is prob-
ably owed to the presence of free carboxyl groups (Cattelan
et al. 2020).

Gelatin is a biocompatible and biodegradable polymer
that is typically obtained from porcine, bovine, or fish col-
lagen through acid or base hydrolysis (Liu et al. 2015).
Gelatin has been recognized for wound healing application,
as it possesses numerous substantial properties including
plasticity, film forming and cell adhesion capacity, non-
immunogenicity, ability to synthesize in situ hydrogels, and
tissue growth enhancement. A gelatin hydrogel is generally
prepared through physical cross-linking in water at>2%
w/v and <29 °C and usually dissolves at body tempera-
ture (37 °C), making it unsuitable for biomedical applica-
tions. Several cross-linking methods are used to enhance
mechanical strength and provide the long-term stability of
gelatin-based hydrogel. These include thermal gelation,
ionic and covalent cross-linkers, Schiff base reactions, and
enzyme-mediated cross-linking. Calcium ions (Ca’*) play
a significant role in improving the mechanical properties of
hydrogels with ionically cross-linked networks (Abuelezz
et al. 2020; Zhang et al. 2020). The ionic interaction between
sodium alginate and gelatin occurs owing to the occurrence
of ionizable amino and carboxyl groups, also due to the
hydrogen interactions between the amine and carboxyl group
(Lietal. 2021).

The post-burn inflammatory phase is accompanied by
the massive production of ROS that is implicated in the
progression of the local and distant inflammatory process
(Vorauer-Uhl et al. 2002). Instantly following the thermal
injury, polymorphonuclear leukocytes (PMNs) invade the
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lesion initiating the release of huge amounts of ROS in the
interstitial fluid. Unfortunately, the concentration of anti-
oxidant enzymes in the wound fluid is very low and insuf-
ficient to remove a large amount of ROS generated during
the post-injury phase. In this regard, ROS acts directly on
the cell membranes lipids (Saitoh et al. 1994). The beneficial
effect of systemically administered antioxidant enzymes to
prevent oxidative tissue injury is usually unsuccessful and
is opposed by the bad pharmacokinetic profile of systemic
enzyme administration (Steiling et al. 1999). In an attempt
to find alternative strategies for successful biomedical use
of CAT, a topical application using hydrogel is proposed
as an effective means in inhibiting ROS-mediated impaired
wound healing.

Accordingly, the integration of bioactive antioxidant CAT
enzyme into Gel-Alg hydrogel emerges as a promising strat-
egy to develop an antioxidant-efficient wound dressing. In
this study, the first goal is to design biocompatible support
for physical immobilization of CAT with high enzyme load-
ing capacity, and high stability and reusability using a simple
and mild methodology. The second goal is the use of the
novel CAT-based hydrogel as a wound dressing matrix to
prevent oxidative tissue damage for wound healing appli-
cations. Two naturally occurring hydrogels, gelatin (Gel)
and alginate (Alg), were used as a support matrix for the
physical immobilization of the CAT enzyme. Comparison
of catalytic parameters such as temperature, pH, and kinetic
parameters between the immobilized and the free enzyme
was evaluated. Evaluation of the protective effect of CAT
against ROS-induced wound damage was investigated using
the thermal injury model.

Materials and methods
Materials

Bovine liver catalase (CAT) (40,000-60,000 units mg_1
protein), hydrogen peroxide, gelatin (Type A, porcine)
(MW ~50,000-100,000 Da), and calcium chloride of ana-
lytical grade were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Alginate was obtained from Merck
KGaA (Sodium alginate, MW 50,000 Da, Merck KGaA,
Darmstadt, Germany).

Preparation of Gel-Alg hydrogels

The hydrogel matrix was prepared according to the previ-
ously published methodology (Rescignano et al. 2016).
Briefly, sodium alginate and gelatin were firstly dissolved,
separately, in potassium phosphate buffer, pH 7.0 at the
concentration of 2% (w/v) gelatin and 1.5% (w/v) sodium
alginate, followed by mixing the two obtained solutions

under homogenization for 2 h at 1000 rpm with a mechani-
cal stirrer. Then, the mixture solution was immersed into
3% CaCl, solution (w/v) at 30 °C for 30 min under low
stirring and stored at 4 °C for 18 h to form the hydrogel
matrix (Gel-Alg).

Determination of entrapment efficiency of CAT
enzyme

Physical immobilization of CAT was achieved through the
entrapment technique. In brief, 200 U mL~! of CAT solu-
tion was prepared in 50 mM potassium phosphate buffer,
pH 7.0, and was mixed in gelatin/alginate solution and
the procedure was completed as described above to obtain
CAT-based hydrogel (CAT-Gel-Alg).

Entrapment % was calculated according to the follow-

ing Eq. (1):

Total activity of immobilized CAT

% 100.
Total initial free enzyme activity

ey

Entrapment (%)=

Activity assay for free and immobilized CAT

CAT activity was assayed using a simple and quantita-
tive spectrophotometric assay with H,O, as the substrate
(Beers and Sizer 1952). The activity of CAT-Gel-Alg
reaction was initiated by adding aliquots to a 3 mL of
20 mM H,0, solution prepared in 50 mM potassium phos-
phate buffer, pH 7.0, to obtain a final CAT concentration
of 0.2-0.4 pg protein mL™" in the assay reaction mixture.
Then, the time course decomposition of the H,O, solu-
tion into molecular oxygen and water catalyzed by CAT
enzyme at 25 °C was followed at 240 nm using a spec-
trophotometer (JASCO V-530, Japan). The calculations
were performed based on the H,0, absorbance at 240 nm
with the molar extinction coefficient of 43.6 M~' cm™!.
For the free CAT activity measurements, the appropriate
amount of the freshly diluted CAT samples was used as
described above with a CAT concentration of 0.2-0.4 pg
protein mL~! in the assay reaction mixture. One unit of
catalase is defined as the amount of enzyme that decom-
poses 1.0 pymol of H,O, into molecular oxygen and water
per min under standard assay conditions. The protein con-
centration was determined using the Bradford method,
with bovine serum albumin as a standard (Bradford 1976).
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Characterisation of Gel-Alg hydrogel
Water content

The hydrated sample was dried at 105 °C until constant
weight and the sample water content was calculated accord-
ing to the AOAC (2000) methods using Eq. (2):
w,= Yo Wi 100

o= : @)
where W, and W, are the weight (g) of hydrogel before and
after drying at 105 °C till constant weight, respectively.

Swelling behavior

The swelling behavior of the prepared hydrogel was deter-
mined by a gravimetric method as described by Zahid et al.
(2021). The hydrogel samples were weighed and immersed
in 100 mL of 0.1 M potassium phosphate buffer, pH 7.0, to
determine the swelling behavior at 25 °C. At predetermined
time intervals, the hydrogel was removed from the buffer
solution by vacuum filtration and reweighed after wiping out
the excess solution on the surface gently using a filter paper.
The swelling ratio of the gel was calculated using Eq. (3):
) W, - W,
Swelling % = ‘W % 100, 3)

i

where W, and W, are the weight (g) of the hydrated swollen
sample at time ¢ (after intervals of 1, 2, 3, 4, 6, 8, and 12 h)
and the weight (g) of the initial sample, respectively.

Catalytic parameters for free CAT and CAT-Gel-Alg
Thermal stability and half-life

The thermal stability of free and immobilized CAT was
determined by measuring the residual catalytic activity at
two temperatures (30 and 50 °C) in potassium phosphate
buffer (0.1 M, pH 7.0) for different time intervals (15, 30, 45,
60 min). Afterward, enzyme activity was measured under
standard assay conditions. The % residual CAT activity was
calculated as the proportion of the residual activity retained
about the initial activity at 25 °C, which was considered as
100%. The first-order inactivation rate constants K; were
calculated according to the following Eq. (4):

LnA =LnA, — Kjt, 4)

where A is the initial enzyme activity and A is the resid-
ual activity after time ¢ by plotting a graph of —In A/A, on
the Y-axis against time (#) on the X-axis. The slope of the
graph gives K, of the enzyme and ¢,,, is calculated using

Eq. (5):
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( _0.693 s
1/2 K, (5)

pH and temperature

The pH profiles for free CAT and CAT-Gel-Alg were car-
ried out at different pH values under standard assay condi-
tions using the following buffers: 50 mM sodium acetate
buffer for pH values 4.0 and 5.0 and 50 mM potassium
phosphate buffer for pH values from 6.0 to 9.0 at 25 °C.
The catalytic reactions were initiated by the addition of the
appropriate dilution of free CAT or immobilized samples to
the substrate solution. Optimum pH was considered to be at
100% catalytic activity and other activities were expressed
as a percentage of this optimum 100% activity. The effect
of temperature on free CAT and CAT-Gel-AGL was tested
by assaying the catalytic activity after 15 min incubation at
temperatures ranging from 20 to 60 °C with an interval of
10 °C. The residual enzyme activity was determined under
standard assay conditions.

Kinetic parameters

Activity assays using H,O, were carried out for the determi-
nation of the intrinsic kinetic parameters (Michaelis—Menten
constant (km)) and maximum reaction velocity (V,,,,)) for
the free CAT or CAT-Gel-AGL. Measurements were per-
formed using different concentrations of H,O, ranging from
4 to 40 mM. The decomposition of each concentration of
H,0, was initiated at a fixed overall CAT concentration of
0.2 ug mL~!'. The CAT activity assay was carried out under
standard assay conditions.

Reusability study

The prepared CAT-Gel-Alg was employed to catalyze
hydrogen peroxide decomposition reaction for several con-
secutive runs and CAT activity assay was carried out under
standard conditions. After each reaction, the hydrogel was
removed from the reaction mixture by filtration technique.
Then, it was washed with potassium phosphate buffer
(0.1 M, pH 7) at 25 °C three times to remove any residual
substrate within the hydrogel matrix (Abdel-Mageed et al.
2012). The reusability study was performed for 20 consecu-
tive runs and the obtained relative activities were plotted
against the number of cycles.

Storage stability

Storage stability for both free CAT and CAT-Gel-Alg
were determined at different time intervals after storage for
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60 days in potassium phosphate buffer (0.1 M, pH 7.0) at
4 °C.

Experimental setup for thermal injury model

Adult male Wistar rats (250 + 50 g) were divided into three
groups (n =38, total 24 animals), kept for 7 days of accli-
matization and given a standard diet and water ad libitum.
The experimental design was performed according to the
method described by Vorauer-Uhl et al. (2001). Thermal
burn was induced by exposing the depilated back skin of
anesthetized animals [were anesthetized with ketamine
(40 mg kg™!) and xylazine (20 mg Kg~!)], placed in a supine
position inside a plastic box open. The marked skin area was
exposed to hot water (rats: 95+1 °C, 15, 15 cm2) causing
a uniform second-degree burn. The experimental protocol
was conducted in compliance with the Institutional Animal
Care and Use Committee Guide 8th Edition 2011 (IACUC)
National Research Centre, Cairo, Egypt, in accordance with
the national and international Guide for the Care and Use
of Laboratory Animals. Treatment with CAT-Gel-Alg
hydrogel was performed immediately after thermal injury
and twice daily for 3 days (treated group). In addition, one
group was left untreated (naive group) and one was spread
with the plain Gel-Alg hydrogel (control group). The size of
the lesions and wound contracture were evaluated at 24, 48,
and 72 h post-trauma. The size of the lesions was determined
using a planimetric method that projects the lesions’ shapes
onto a transparent pattern foil.

Statistical analysis

All experiments were carried out in triplicate. The data were
analyzed using one-way analysis of variance followed by the
Student’s ¢ test for comparisons between groups (SPSS 19.0
was used to perform statistical analysis). Significance was
indicated by p <0.05 in this study.

Results and discussion
Preparation of Gel-Alg hydrogel

Using a simple and mild methodology Gel-Alg was success-
fully prepared at 2% W/V gelatin and 1.5% sodium alginate.
Alginate hydrogels are typically formed after cross-linking
in an aqueous medium in the presence of divalent cations
such as Ca”* that acts as ionic cross-linking agents. The high
aqueous solubility of CaCl, made it one of the most com-
monly employed cross-linking agents in aqueous media. It
is suggested that the Ca>" interacts with the G-block of the
biopolymer by replacing the sodium ions of the G-blocks
forming the known egg box structure. On the other hand,

the M-blocks of alginate exhibit weak interactions with cal-
cium cations (Rescignano et al. 2016). The concentration of
the gelling agent, mixing time, speed and temperature were
optimized in preliminary studies (data not shown). These
factors should be carefully chosen as they affect gel uniform-
ity and strength.

Uniform hydrogels with improved mechanical strength
are usually produced by decreasing the rate of gelation. A
potassium phosphate buffer was used to slow and control the
gelation rate, as the phosphate groups in the buffer compete
with the -COOH group of alginate during the reaction with
calcium ions. In addition, decreasing the temperature lowers
the divalent cations’ reactivity, which decreases the gela-
tion rate resulting in a highly ordered cross-linked network
that consequently improves the mechanical properties of the
prepared hydrogel (Abasalizadeh et al. 2020). To overcome
the alginate in situ limitations, gelatin was used in conju-
gation to prevent a reduction in viscosity and dissolution
upon application to biological tissues. In addition, calcium
chloride was used as the sole crossing agent and no organic
solvents were employed during the preparation of the hydro-
gel to preserve the fragile nature of CAT.

Immobilization of CAT

CAT is a highly valuable antioxidant enzyme that has great
potentials for biomedical applications. Physical immobili-
zation technique through entrapment is a mild process that
does not affect the enzyme structure and hence its catalytic
activity. The entrapment efficiency of CAT in Gel-Alg
hydrogel was found to be 92% (Table 1). It is expected that
under the mild conditions employed in hydrogel prepara-
tion and the absence of organic solvents, the CAT structure
in biopolymer gel is unchanged. Additionally, it has been
reported before that chemical cross-linkers such as glutar-
aldehyde adversely affect enzyme activity (Giir et al. 2017).
High entrapment efficiency upon physical immobilization
has been reported by other authors using different carriers
such as hydrogels (85%, Jiang and Zhang1993), chitosan
beads (96%, Kaushal et al. 2018), and vesicles (> 80%,
Abdel-Mageed et al. 2012). Additionally, it is worth noting
that both sodium alginate and gelatin act directly as CAT
stabilizers; CAT, alternatively, prevents degradation of the
hydrogel either by light or by oxidation, avoiding possible
chemical reactions.

Characterization of the hydrogels
Water content of the hydrogels
The hydrogel water content is a significant measure

to determine water absorbing and retaining capacity.
The prepared hydrogels (Gel-Alg and CAT-Gel-Alg)
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Table 1 Immobilization of

. Enzyme sample Enzyme activity ~ Protein (mg) Specific enzyme activity Immobiliza-
CAT .mto Gel-Alg h.yd.rogel L) (unit mg™") tion yield
showing enzyme activity and (%)
immobilization yield

Free CAT 20,580 16.5 1247.27 -
CAT-Gel-Alg 18,953 14.1 1344.18 92+5

Enzyme activity assay carried out as described in “Methods”. Cross-linked hydrogel matrix composed of
2% W/V gelatin and 1.5% W/V sodium alginate. Values are means + SD (n=3)

exhibited a high capacity to absorb and retain water with
no significant difference in behavior. The water content of
Gel-Alg and CAT-Gel-Alg was 95.72 and 96.1%, respec-
tively. These results are an indication of the ability of
the hydrogel to prevent the accumulation of wound fluid
by absorbing the exudates for effective wound dressing
(Stephen 2004; Cattelan et al. 2020).

Swelling behavior

Hydrogel swelling behavior is a primary criterion for
investigating the ability to absorb water and can be
utilized to verify its efficiency to protect enzyme con-
formational structure upon immobilization. The swell-
ing behavior of Gel-Alg and CAT-Gel-Alg sample
hydrogels as a function of time is shown in Fig. 1. Both
Gel-Alg and CAT-Gel-Alg samples revealed a time-
dependent swelling profile, where they started to absorb
water soon after they were dropped into the deionized
water with faster absorption in the first 2 h of immer-
sion and attained a hydration equilibrium point after 3 h

(Fig. 1). Gel-Alg and CAT-Gel-Alg reached a maximum
absorption value of 660% and 674%, respectively, after
3 h. Similarly, Muanruksa et al. (2020) reported that the
prepared alginate hydrogel absorbed a greater amount of
water, as the retention time increased till an equilibrium
status was reached (3 h). These results are an indication
of the ability of the hydrogel to prevent the accumulation
of wound fluid by absorbing the exudates for effective
wound dressing.

Catalytic parameters
Effect of temperature and thermal stability on CAT activity

Determination of thermal stability is highly essential for
effective enzyme application. Figure 2 represents the ther-
mal stability of both free and encapsulated CAT as a func-
tion of temperature. CAT activity was assayed after enzyme
incubation at different temperatures ranging from 20 to
60 °C for 15 min preceding the substrate addition at pH
7.0. It is being found that both free and immobilized CAT
exhibited the highest activity at 40 °C. In addition, they both

Fig. 1 Swelling behavior of 800
cross-linked hydrogel matrix
(Gel-Alg) (2% (w/v) gelatin and 700

1.5% (w/v) sodium alginate)
at1,2,3,4,6,8,and 12hin
0.1 M potassium phosphate
buffer, pH 7.0 at 25 °C. Each
point represents the average of
three experiments +SD

Swelling %
H
o
o

3 6 8 12
Time (Hour)

a

Free CAT

B caT-Gel-Alg
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Fig.2 Effect of temperature 120
on catalytic activity of free
CAT and immobilized CAT
(CAT-Gel-Alg) after 15 min 100
incubation at various tempera- e
tures from 20 to 60 °C (pH 7.0: °> 30
phosphate buffer, 50 mM). CAT ‘é‘ -
activity assay was carried out B
under standard assay conditions. < 60
Each point represents the aver- ©
age of three experiments + SD 3
‘an 40
&
20
0
20 30 40 50 60

showed more stability at a lower temperature between 20 and
40 °C. CAT-Gel-Alg exhibited significant stability at higher
temperatures where 55% of activity was retained at 60 °C.
The activity of the free CAT started to steeply decline after
40 °C and reached 28% at 60 °C. It is typically reported that
immobilized enzymes exhibit improved thermal stability
than the free enzyme due to the reduction of conformational
flexibility in the immobilized enzyme. Similarly, Kaushal
et al. (2018) and Abdel-Mageed et al. (2012) reported the
improved thermal stability of CAT upon immobilization.
Table 2 shows the values of inactivation rate constants K
as evaluated from the slope of the plot and ¢,,, for free and
immobilized CAT. At 50 °C the calculated K, for free CAT
and CAT-Gel-Alg was 0.015and 0.0069 min~!, respec-
tively. The results show that the immobilization procedure
adopted in this study improved the thermal stability of CAT
as evident from ¢, values. The ¢,,, values at 50 °C dem-
onstrate the preserving effect of immobilization on CAT
activity with #,, values of 46 and 100 min for free CAT and
CAT-Gel-Alg, respectively. Thermal inactivation and deg-
radation of enzymes regularly take place at higher tempera-
tures thus exhibiting lower t,,, values (Abdel-Mageed et al.
2019b). Extensive application opportunities are expected
for immobilized enzymes with improved thermal stability.
Several authors have reported the improved thermal stabil-
ity of CAT upon immobilization where the polymeric net-
work serves to preserve the conformational structure of the
enzyme against denaturation (Gur et al. 2017; Kaushal et al.
2018). These results also suggest that the chosen biopoly-
mers in this study did not exert any denaturation effect on
CAT even under thermal stress. This is probably because
of the physical entrapment of CAT within the polymer net-
work, the effect of the cross-linking process, and the possible

Temperature®C

—o— Free CAT —E— CAT-Gel-Alg

protective effect of calcium in the thermostability of CAT
(Arica et al. 1999).

Effect of pH on the CAT catalytic activity

The effect of pH on free CAT and immobilized CAT was
studied to serve as an indication of the change in the chemi-
cal characterization of CAT upon immobilization. The effect
of pH on enzyme activity for free CAT and CAT-Gel-Alg
forms was studied with a 4-9 pH range using different buff-
ers. Both free and immobilized CAT exhibited maximum
catalytic activity at pH 7.0 using potassium phosphate
buffer. At all measured pH values, CAT-Gel-Alg exhib-
ited higher activity in comparison to the free form (Fig. 3).
These improved stability results can be credited to the phys-
icochemical stabilization of the enzyme inside the hydro-
gel matrix. Enzyme immobilization typically impacts the
enzyme ionization state, its dissociation, and its conforma-
tional structure. Hence, an influential effect of pH is usually
observed that indicates an association between the pH, sta-
bility, and the catalytic activity of the immobilized enzymes
(Abdel-Mageed et al. 2019a).

Kinetic parameters

The velocity of an enzyme reaction is ultimately affected
by the substrate concentration of that specific enzyme. This
relationship is described by Michaelis—Menten kinetics,
given by the following equation:

_ VISl
K, +S
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Fig. 3 Determination of pH sta- 120

bility on free CAT and immo-
bilized CAT (CAT-Gel-Alg)
enzyme at various pH values 100

pH 4.0-pH 9.0 (used buffers: °

50 mM sodium acetate buffer > 80
for pH values 4.0 and 5.0 and E
50 mM potassium phosphate B

buffer for pH values from 6.0 to < 60
9.0) at 25. Each point represents Tg
the average of three experi- o

ments + SD 1 40
o

20

0

Table 2 The first-order deactivation rate constant (K;) and half-life
(T, ) of free CAT and immobilized CAT (CAT-Gel-Alg) which were
incubated at 30 and 50 °C, respectively

PH

—&— Free CAT

. CAT-Gel-Alg

Table3 Kinetic parameters (Km, Vmax) and catalytic efficiency of
free CAT and immobilized CAT (CAT-Gel-Alg) in hydrogel matrix

Enzyme sample K, (mM) V... (umol H,0, Catalytic effi-
Temper- K, free T,, free CAT, K, immobi- T, immo- decomposed/ ciency (Vya/Kn)
ature, CAT, min lized CAT, bilized CAT, min) X 10* mM H,0,/umol
°C min~! min—1 min H,0,x 10*
30 0.008 86.6+9 0.0046 150+18 Free CAT 20.59 1.47 0.071
50 0.015 46+7 0.0069 100.43+12 CAT-Gel-Alg  24.15 1.39 0.057

Process conditions: pH 7.0, 50 mM phosphate buffer. Values are
means + SD (n=23)

where K, is the Michaelis—Menten constant and V_,, is
the maximum reaction rate. The K, is calculated using the
Lineweaver—Burk plot which presents a linear relationship
between 1/V and 1/S, respectively. The kinetic parameters in
this study were determined by varying the H,O, substrate
concentration for both free and immobilized CAT. The cal-
culated parameters for free and CAT-Gel-Alg are presented
in Table 3. The K, value (24.15 mM) for CAT-Gel-Alg
was higher than that of the free CAT (20.5 mM). The
obtained K, for CAT-Gel-Alg suggests a decrease in the
affinity of the enzyme toward substrate upon entrapment in
the hydrogel matrix, i.e., hydrogen peroxide in comparison
to free CAT. As presented in Table 3, the V.. of immo-
bilized CAT (13,900 pmol H,0,/mg protein min), was
slightly lower than that of free CAT (14,700 pmol H,0,/
mg protein min). The reason for the higher V., of the free
CAT than the immobilized one can be explained based on
the existence of diffusional constraints that restrict sub-
strate access to the enzyme upon immobilization into the
hydrogel matrix (Abdel-Mageed et al. 2021b). In general,
the catalytic efficiency of CAT is preserved at a higher
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Process conditions: temperature 25 °C, pH 7.0, 50 mM phosphate
buffer. Variation of the substrate concentration: 4-40 mM H,0O, and
fixed CAT concentration of 0.2 ug/ml

3

level after immobilization in comparison to the free CAT.
Similarly, Basak and Aydemir (2013) reported a higher
K, value (33.76 mM, 14.28 mM) and a lower V. value
(141.9 pmol H,0O,/min, 3076.92 pmol H,0,/min) for immo-
bilized catalase versus free catalase, respectively. Similary,
Kaushal et al. (2018) reported a K,,=12.5 mM, V_, =
33,000 pmol H,0,/mg protein min for free catalase, and
K, =25mM, V_, =26,300 pmol H,0,/mg protein min for
immobilized catalase on chitosan.

Reusability and operational stability

The reuse of immobilized enzymes is an important attribute
that is highly significant for industrial applications. Results
revealed that CAT-Gel-Alg exhibits superior reusability
features, as it retained almost all the original activity for
seven consecutive cycles. Afterward, a gradual decrease in
activity occurred with 52% residual activity after the 20 con-
secutive runs of catalytic reactions. In contrast, the relative
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activity of free CAT gradually decreased until it reached
42% relative activity at run 13 (Fig. 4). The loss of enzy-
matic activity after repeated use is related to possible con-
formational changes as a result of consecutive use of the
enzyme and the possible poisoning effect of the substrate
(Arica et al. 1999). The enzyme was also leached from the
immobilization matrix during the washing process. These
effects result in alterations in the tertiary structure of the
enzyme, which is the primary reason for enzyme deactiva-
tion (Abdel-Mageed et al. 2012). It can be concluded that
the immobilization procedure used in this study achieved
the goal of preserving high enzyme catalytic efficiency for
biomedical applications.

Storage stability

Storage stability is a key factor for the practical applica-
tion of immobilized enzymes. Free CAT and immobilized
Gel-Alg—CAT were stored at 4 °C in potassium phosphate
buffer (0.1 mM, pH 7.0) and enzyme activity was carried
out at predetermined time intervals for 60 days. Typically,
enzymes exhibit short-term stability in the free form. Fig-
ure 5 demonstrates that CAT-Gel-Alg activity gradually
decreased in comparison to the free form. After 60 days,
CAT activity was assayed and 26 and 85% of residual
enzyme activity were detected for the free enzyme and
immobilized CAT, respectively. These results highlight the
superior stability and advantages of immobilized CAT onto
hydrogel. The superior stability of CAT upon immobiliza-
tion has been reported by Kaushal et al. (2018) with 70%
residual activity after 60 days’ storage.

CAT-Gel-Alg efficiency in wound healing

Immediately following burn injury, the inflammatory
processes propagated adversely affect the wound healing
process. However, following thermal injury, production
of short-lived highly reactive oxygen species upsurges in
the interstitial fluid with the increase in tissue ischemia,
which results in extended cellular damage. Hence, the
pathophysiological events following the radical-medi-
ated injury can be avoided via free radical scavengers or
inhibitors (Vorauer-Uhl et al. 2002). Given these find-
ings, we investigated the usefulness of CAT administered
topically and immediately after thermal burning with
hot water. The study was focused on the visible changes
implicated by CAT-Gel-Alg administered topically via
spreading onto the aggrieved tissues. A scalding burn
was elected as a simple procedure to produce uniform
consistent burns through hot water exposure. Following
the thermal burn induction, all animal groups showed a
statistically identical degree of inflammation. In Table 4
the average lesion size areas of each group are presented.
24 h post-trauma, the lesion sizes of the untreated ani-
mals (group A) expanded to 155% and of those treated
with plain gel (B) to 128% in respect of the initial area
(100%). Lesion sizes of the CAT-Gel-Alg treated groups
expanded less, 102% in group C. During the first 24 h,
group (C) treated with CAT-Gel-Alg exhibited a statisti-
cally significant (p <0.05) lower dilatation of lesions in
comparison to the untreated animals (A). Additionally, a
significant difference (p <0.05) between the group treated
with the plain gel (B) and with CAT-Gel-Alg (C) was

Fig.4 Reusability of free CAT 120
and immobilized CAT (CAT-
Gel-Alg) enzyme in consecu-
tive hydrolytic cycles. Residual 100
activity of the immobilized
CAT (in %) after 20 cycles of o
repeated use (initial activity was i 80
taken as 100%). CAT activity =
assay was carried out under E
standard assay conditions. Each 2 60
point represents the average of ©
three experiments + SD 3
o 40
o
20
0

1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20

Number of runs

—®= Free CAT =fl— CAT-Gel-Alg
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Fig.5 Storage stability of free 120

CAT and immobilized CAT

(CAT-Gel-Alg) enzyme for

60 days (50 mM potassium 100 &

phosphate buffer, pH 7.0, 4 °C).
Initial activity at day zero was
taken as 100% and CAT activity
assay was carried out under
standard assay conditions. Each
point represents the average of
three experiments + SD
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Table 4 The effect of CAT-Gel-Alg treatment on the change in lesion size following burn wound induction
Group Number Dosage applied CAT-activity [%] Size of lesions
Actual size cm? Percentage increase®

Naive (A) 8 No treatment - 31.65+7.2 155
Control (B) 8 1 gm Plain hydrogel — 25.67+4.3 128
Treated (C) 8 1 gm CAT-Gel-Alg 100 2045+3.8 102°

hydrogel

The mean size of lesions was calculated and results are expressed as average means and standard deviation in cm?® at 24 h. Values are

means + SD

aThe percentage increases were calculated in relation to the initial scalded lesion size of 20 cm?

"Means are significantly different from native and control at (p <0.05))

found. Only a few authors have previously reported the
beneficial use of topical free radical scavengers over the
systemic ones (Vorauer-Uhl et al. 2001; Abdel-Mageed
et al. 2012). After an initial lag time of 1 day, the rate of
wound healing was monitored visually by subjective evalu-
ation using two independent inspectors. The inspectors
were not informed about the treated group to avoid bias in
the assessment. Significant differences in wound healing
were observed visually after 48 h for the CAT-Gel-Alg
treated groups. Additionally, the treated group showed a
reduction in lesion size and an enhanced rate of wound
healing after 72 h. It was previously reported that the high
water content of hydrogels is perfect for wound hydration
and supports conditions in the wound bed for accelerated
angiogenesis and even relieves pain (Field and Kerstein
1994). In conclusion, our data suggest that CAT-Gel-Alg
is a potent radical scavenger that exhibited a protective
effect upon administration in a suitable formulation that
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is applied immediately after trauma. Whether the use of
higher enzyme concentration results in superior edema
attenuation needs further investigations.

Conclusion and future prospects

This research aimed to synthesize a safe, sustainable, and
biocompatible hydrogel of gelatin and sodium alginate
with co-incorporation of catalase enzyme for application
in wound healing. A simple methodology was employed in
this study and was carried out under mild conditions with
no high energy input and excluding the use of any organic
solvents. In this work, the immobilized CAT exhibited high
thermal and storage stability and retained approximately
52% of its relative activity after the 20th catalytic run. Nat-
ural gelatin and sodium alginate biopolymers are cost-effi-
cient and proved to offer effective physical immobilization
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of CAT. Finally, the data obtained in this study suggest a
promising effect of topical treatment of thermal injury using
antioxidant CAT-Gel-Alg that would offer protection for
burned tissues with a promising wound healing process.
For future application though, additional investigations are
needed to determine the optimal CAT-based hydrogel matrix
dosage. It is expected that the outcome of the ongoing and
recent advancements in this field will yield a superior and
efficient generation of biomaterials with novel possibilities
for different biomedical uses.

Author contributions All authors contributed to this study conception
and design. Material preparation, data collection and analysis were
performed by [HMA-M], [AEAEA], [BMAR] [DN] and [SAM]. The
first draft of the manuscript was written by [HMA-M] and all authors
commented on previous versions of the manuscript. All authors read
and approved the final manuscript.

Funding Open access funding provided by The Science, Technology &
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Declarations

Conflict of interest The authors declare that they have no conflict of
interest in the publication.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abasalizadeh F, Moghaddam SV, Alizadeh E, Akbari E, Kashani E,
Fazljou SMB, Torbati M, Akbarzadeh A (2020) Alginate-based
hydrogels as drug delivery vehicles in cancer treatment and their
applications in wound dressing and 3D bioprinting. J Biol Eng
14:8. https://doi.org/10.1186/s13036-020-0227-7

Abdel-Mageed HM, El-Laithy H, Mahran L, Mohamed SA, Fahmy A,
Mider K (2012) Development of novel flexible sugar ester vesi-
cles as carrier systems for antioxidant catalase enzyme for wound
healing application. Process Biochem 47:1155-1162

Abdel-Mageed HM, Fahmy A, Shaker D, Mohamed SA (2018a)
Development of novel delivery system for nanoencapsulation of
catalase: formulation, characterization, and in vivo evaluation
using oxidative skin injury model. Artif Cell Nanomed Biotech
46:362-371

Abdel-Mageed HM, Fouad S, Teaima M, Abdel-Aty A, Fahmy A,
Mohamed SA (2018b) Optimization of nano spray drying param-
eters for production of a-amylase nanopowder for biotheraputic
applications using factorial design. Drying Technol 37:2152-2160

Abdel-Mageed HM, AbuelEzz N, Radwan R (2019a) Bio-inspired
trypsin-chitosan cross-linked enzyme aggregates: a versatile
approach for stabilization through carrier-free immobilization.
Biotechnologia 100:301-309

Abdel-Mageed HM, Radwan R, AbuelEzz N, Nasser H, El Shamy A,
Abdelnaby R, El Gohary N (2019b) Bioconjugation as a smart
immobilization approach for a- amylase enzyme using stimuli
responsive Eudragit-L.100 polymer: a robust biocatalyst for appli-
cations in pharmaceutical industry. Artif Cells Nanomed Biotech-
nol 47:2361-2368

Abdel-Mageed HM, Fouad SA, Teaima MH, Radwan R, Mohamed
SA, AbulEzz N (2020) Engineering lipase enzyme nano-powder
using nano spray dryer BUCHI B-90: experimental and facto-
rial design approach for a stable biocatalyst production. J Pharm
Innov. https://doi.org/10.1007/s12247-020-09515-4

Abdel-Mageed HM, AbuelEzz NZ, Radwan RA, Mohamed SA (2021a)
Nanoparticles in nanomedicine: a comprehensive updated review
on current status, challenges and emerging opportunities. J Micro-
encapsul 38(6):414—436. https://doi.org/10.1080/02652048.2021.
1942275

Abdel-Mageed HM, Barakat AZ, Bassuiny RI, Elsayed AM, Salah HA,
Abdel-Aty AM, Mohamed SA (2021b) Biotechnology approach
using watermelon rind for optimization of a-amylase enzyme pro-
duction from Trichoderma virens using response surface meth-
odology under solid-state fermentation. Folia Microbiol (praha).
https://doi.org/10.1007/s12223-021-00929-2

Abuelezz NZ, Shabana ME, Abdel-Mageed HM, Rashed L, Morcos G
(2020) Nanocurcumin alleviates insulin resistance and pancreatic
deficits in polycystic ovary syndrome rats: insights on PI3K/AKT/
mTOR and TNF-a modulations. Life Sci 25:118003

Aderibigbe BA, Buyana B (2018) Alginate in wound dressings. Phar-
maceutics 10:42. https://doi.org/10.3390/pharmaceutics 10020042

Arica MY, Oktim H, Oktim S, Tancil S (1999) Immobilization of cat-
alase in poly(isopropylacrylamide-cohydroxyethylmethacrylate)
thermally reversible hydrogels. Polym Int 48:879-884

Association of Official Analytical Chemist-AOAC (2000) Association
of Official Analytical Chemist Official Methods of Analysis, 16th
edn. Washington, USA

Basak E, Aydemir T (2013) Immobilization of catalase on chitosan
and amino acid-modified chitosan beads. Artif Cells Nanomed
Biotechnol 41(4):269-275. https://doi.org/10.3109/10731199.
2012.742095

Beers R, Sizer I (1952) A spectrophotometric method for measuring
the breakdown of hydrogen peroxide by catalase. J Biol Chem
195:133-140

Bradford M (1976) A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of pro-
tein—dye binding. Anal Biochem 72:248-254

Cattelan G, Guerrero Gerbolés A, Foresti R, Pramstaller PP, Rossini
A, Miragoli M, Caffarra MC (2020) Alginate formulations: cur-
rent developments in the race for hydrogel-based cardiac regen-
eration. Front Bioeng Biotechnol 8:414. https://doi.org/10.3389/
fbioe.2020.00414

Field FK, Kerstein MD (1994) Overview of wound healing in a moist
environment. Am J Surg 167(1A):2S-6S. https://doi.org/10.1016/
0002-9610(94)90002-7

Giir SD, Idil N, Aks6z N (2017) Optimization of enzyme co-immobili-
zation with sodium alginate and glutaraldehyde-activated chitosan
beads. Appl Biochem Biotechnol 184:1-15. https://doi.org/10.
1007/s12010-017-2566-5

Hu M, Korschelt K, Daniel P, Landfester K, Tremel W, Bannwarth MB
(2017) Fibrous Nanozyme dressings with catalase-like activity
for H,0, reduction to promote wound healing. ACS Appl Mater
Interfaces 9(43):38024-38031. https://doi.org/10.1021/acsami.
7612212

iglue Lol auo .
KACST ,161)lg rogLe Ll @ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s13036-020-0227-7
https://doi.org/10.1007/s12247-020-09515-4
https://doi.org/10.1080/02652048.2021.1942275
https://doi.org/10.1080/02652048.2021.1942275
https://doi.org/10.1007/s12223-021-00929-2
https://doi.org/10.3390/pharmaceutics10020042
https://doi.org/10.3109/10731199.2012.742095
https://doi.org/10.3109/10731199.2012.742095
https://doi.org/10.3389/fbioe.2020.00414
https://doi.org/10.3389/fbioe.2020.00414
https://doi.org/10.1016/0002-9610(94)90002-7
https://doi.org/10.1016/0002-9610(94)90002-7
https://doi.org/10.1007/s12010-017-2566-5
https://doi.org/10.1007/s12010-017-2566-5
https://doi.org/10.1021/acsami.7b12212
https://doi.org/10.1021/acsami.7b12212

73 Page120f 12

3 Biotech (2022) 12:73

Jiang B, Zhang Y (1993) Immobilization of catalase on crosslinked
polymeric hydrogels—effect of anion on the activity of immobi-
lized enzyme. Eur Polym J 29(9):1251-1254

Kaushal J, Seema SG, Arya SK (2018) Immobilization of catalase onto
chitosan and chitosan-bentonite complex: a comparative study.
Biotechnol Rep (amst) 19(18):e00258. https://doi.org/10.1016/j.
btre.2018.00258

Kurahashi T, Fujii J (2015) Roles of antioxidative enzymes in wound
healing. Dev Biol 3:57-70. https://doi.org/10.3390/jdb3020057

LiY, FuR, Duan Z, Zhu C, Fan D (2021) Construction of multifunc-
tional hydrogel based on the tannic acid-metal coating decorated
MoS, dual nanozyme for bacteria-infected wound healing. Bioact
Mater. https://doi.org/10.1016/j.bioactmat.2021.07.023

Liu D, Nikoo M, Boran G, Zhou P, Regenstein JM (2015) Collagen
and gelatin. Annu Rev Food Sci Technol 6:527-557. https://doi.
org/10.1146/annurev-food-031414-111800

Miao T, Wang J, Zeng Y, Liu G, Chen X (2018) Polysaccharide-
based controlled release systems for therapeutics delivery and
tissue engineering: from bench to bedside. Adv Sci (weinh)
5(4):1700513. https://doi.org/10.1002/advs.201700513

Muanruksa P, Dujjanutat P, Kaewkannetra P (2020) Entrapping immo-
bilisation of lipase on biocomposite hydrogels toward for biodiesel
production from waste frying acid oil. Catalysts 10:834. https://
doi.org/10.3390/catal 10080834

Pilipenko N, Goncalves OH, Bona E, Fernandes IP, Pinto JA, Sorita
GD, Leimann FV, Barreiro MF (2019) Tailoring swelling of
alginate-gelatin hydrogel microspheres by crosslinking with cal-
cium chloride combined with transglutaminase. Carbohydr Polym
1(223):115035. https://doi.org/10.1016/j.carbpol.2019.115035

Rescignano N, Hernandez R, Lopez LD, Calvillo I, Kenny JM, Mijan-
gos C (2016) Preparation of alginate hydrogels containing silver
nanoparticles: a facile approach for antibacterial applications.
Polym Int 65:921-926

Saitoh D, Okada Y, Ookawara T, Yamashita H, Takahara T, Ishihara S,
Ohno H, Mimura K (1994) Prevention of ongoing lipid peroxida-
tion by wound excision and superoxide dismutase treatment in
burned rat. Am J Emerg Med 12(Suppl. 2):142-146

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Sivaraj D, Chen K, Chattopadhyay A, Henn D, Wu W, Noishiki C,
Magbual NJ, Mittal S, Mermin-Bunnell AM, Bonham CA, Trot-
syuk AA, Barrera JA, Padmanabhan J, Januszyk M, Gurtner GC
(2021) Hydrogel scaffolds to deliver cell therapies for wound heal-
ing. Front Bioeng Biotechnol 9:660145. https://doi.org/10.3389/
fbioe.2021.660145

Steiling H, Munz B, Werner S, Brauchle M (1999) Different types of
ROS-scavenging enzymes are expressed during cutaneous wound
repair. Exp Cell Res 247(2):484-494. https://doi.org/10.1006/excr.
1998.4366

Stephen T (2004) The epidermis in wound healing. In: Rovee DT,
Maibach HI (eds). CRC Press, Washington, DC

Vorauer-Uhl K, Furnschlief E, Wagner A, Ferko B, Katinger H (2001)
Topically applied liposome encapsulated superoxide dismutase
reduces post burn wound size and edema formation. Eur J Pharm
Sci 4:63-67

Vorauer-Uhl K, Fiirnschlief E, Wagner A, Ferko B, Katinger H (2002)
Reepithelialization of experimental scalds effected by topically
applied superoxide dismutase: controlled animal studies. Wound
Repair Regener 10(6):366-371. https://doi.org/10.1046/j.1524-
475x.2002.t01-1-10605.x

Wang Q, Jiang J, Gao L (2021) Nanozyme-based medicine for enzy-
matic therapy: progress and challenges. Biomed Mater (bristol,
Eng). https://doi.org/10.1088/1748-605X/abe7b4 (Advance
online publication)

Zahid M, Lodhi M, Afzal A, Rehan ZA, Mehmood M, Javed T, Shab-
bir R, Siuta D, Althobaiti F, Dessok ES (2021) Development of
Hydrogels with the Incorporation of Raphanus sativus L. seed
extract in sodium alginate for wound-healing application. Gels
7(3):107. https://doi.org/10.3390/gels7030107

Zhang X, Wang K, Zhang Y, Dai Y, Xia F (2020) Role of a high cal-
cium ion content in extending the properties of alginate dual-
crosslinked hydrogels. J Mater Chem A 8:25390-25401

Zhang H, Cheng J, Ao Q (2021) Preparation of alginate-based biomate-
rials and their applications in biomedicine. Mar Drugs 19(5):264.
https://doi.org/10.3390/md 19050264


https://doi.org/10.1016/j.btre.2018.e00258
https://doi.org/10.1016/j.btre.2018.e00258
https://doi.org/10.3390/jdb3020057
https://doi.org/10.1016/j.bioactmat.2021.07.023
https://doi.org/10.1146/annurev-food-031414-111800
https://doi.org/10.1146/annurev-food-031414-111800
https://doi.org/10.1002/advs.201700513
https://doi.org/10.3390/catal10080834
https://doi.org/10.3390/catal10080834
https://doi.org/10.1016/j.carbpol.2019.115035
https://doi.org/10.3389/fbioe.2021.660145
https://doi.org/10.3389/fbioe.2021.660145
https://doi.org/10.1006/excr.1998.4366
https://doi.org/10.1006/excr.1998.4366
https://doi.org/10.1046/j.1524-475x.2002.t01-1-10605.x
https://doi.org/10.1046/j.1524-475x.2002.t01-1-10605.x
https://doi.org/10.1088/1748-605X/abe7b4
https://doi.org/10.3390/gels7030107
https://doi.org/10.3390/md19050264

	Antioxidant-biocompatible and stable catalase-based gelatin–alginate hydrogel scaffold with thermal wound healing capability: immobilization and delivery approach
	Abstract
	Introduction
	Materials and methods
	Materials
	Preparation of Gel–Alg hydrogels
	Determination of entrapment efficiency of CAT enzyme
	Activity assay for free and immobilized CAT​
	Characterisation of Gel–Alg hydrogel
	Water content
	Swelling behavior

	Catalytic parameters for free CAT and CAT–Gel–Alg
	Thermal stability and half-life
	pH and temperature
	Kinetic parameters
	Reusability study
	Storage stability

	Experimental setup for thermal injury model
	Statistical analysis

	Results and discussion
	Preparation of Gel–Alg hydrogel
	Immobilization of CAT​
	Characterization of the hydrogels
	Water content of the hydrogels
	Swelling behavior

	Catalytic parameters
	Effect of temperature and thermal stability on CAT activity
	Effect of pH on the CAT catalytic activity
	Kinetic parameters
	Reusability and operational stability
	Storage stability

	CAT–Gel–Alg efficiency in wound healing

	Conclusion and future prospects
	References




