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Abstract
In this study, horseradish peroxidase was extracted, purified, and immobilized on a cal-
cium alginate-starch hybrid support by covalent bonding and entrapment. The immobi-
lized HRP was used for the biodegradation of phenol red dye. A 3.74-fold purification was 
observed after precipitation with ammonium sulfate and dialysis. An immobilization yield 
of 88.33%, efficiency of 56.89%, and activity recovery of 50.26% were found. The opti-
mum pH and temperature values for immobilized and free HRP were 5.0 and 50 °C and 
6.5 and 60  °C, respectively. The immobilized HRP showed better thermal stability than 
its free form, resulting in a considerable increase in half-life time  (t1/2) and deactivation 
energy  (Ed). The immobilized HRP maintained 93.71% of its initial activity after 45 days 
of storage at 4 °C. Regarding the biodegradation of phenol red, immobilized HRP resulted 
in 63.57% degradation after 90 min. After 10 cycles of reuse, the immobilized HRP was 
able to maintain 43.06% of its initial biodegradative capacity and 42.36% of its enzymatic 
activity. At the end of 15 application cycles, a biodegradation rate of 8.34% was observed. 
In conclusion, the results demonstrate that the immobilized HRP is a promising option for 
use as an industrial biocatalyst in various biotechnological applications.

Keywords Armoracia rusticana · Enzyme purification · Hybrid support · Thermostability · 
Biodegradation

Introduction

The use of natural biopolymers, such as collagen, cellulose, keratin, carrageenan, chitin, 
chitosan, and alginate has become increasingly important for enzyme immobilization, 
as immobilized enzymes have received prominent attention in biotechnological applica-
tions compared to free enzymes [1–4]. The immobilization of enzymes offers numerous 
operational and processing advantages, including enhanced stability, reusability, hyperac-
tivity, selectivity, specificity, and resistance to inhibitors and harsh chemicals, as well as 
improved purity and yield of the final product [5–8].
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The augmented enzymatic stability after immobilization can be primarily attributed to 
various factors. These include the prevention of dissociation of subunits in multisubunit 
enzymes, prevention of aggregation, prevention of autolysis or proteolysis by proteases, 
and the rigid structure imparted to the enzyme through multipoint covalent bonding. 
Moreover, immobilization can create a favorable microenvironment for enzymatic catalysis 
[9–13]. However, enzyme immobilization can lead to a reduction in enzymatic activity due 
to partial blocking of active sites during the immobilization process, increased mass trans-
fer limitations between enzyme and substrate, and conformational changes. Therefore, the 
quest for simple and efficient immobilization methods that minimize these drawbacks is of 
paramount importance [4, 9].

Immobilized enzymes have a wide range of applications in different industrial bio-
processes, including biomedical, pharmaceutical, biotechnological, and bioengineering 
fields [2, 14, 15]. In recent years, numerous immobilization techniques and various solid 
supports have been successfully developed and applied in different industrial areas [5, 6, 
16].

Among the diverse supports applicable to enzyme immobilization, the combination of 
biopolymers to form a hybrid support represents an interesting alternative, as it allows the 
combination of different characteristics in the same support (such as greater tolerance to 
different pHs, thermal resistance, and mechanical stability) [17–19]. It also allows the use 
of different immobilization techniques, such as covalent bonding, adsorption, entrapment, 
or encapsulation [2, 20]. In this context, the combination of sodium alginate with potato 
starch to form Ca alginate-starch beads has emerged as an attractive option. This combina-
tion results in a non-toxic, abundantly available, physiologically inert, cost-effective, and 
biocompatible support. Both starch and alginate possess these desirable properties, and the 
preparation of this hybrid support is straightforward [21]. Furthermore, alginate contrib-
utes with its gelling properties in the presence of divalent ions, facilitating the formation of 
alginate granules. On the other hand, the addition of starch primarily contributes to reduc-
ing enzymatic leaching, improving mechanical strength, and enhancing enzyme adhesion 
to the support in comparison to starch-free alginate beads [21–26].

Among the strategies employed for enzyme immobilization via covalent bonding, glu-
taraldehyde is commonly used as an activating agent due to its high versatility [27, 28]. 
Glutaraldehyde reacts with amino groups in proteins or hydroxyls in polymers, connecting 
the biopolymeric chains through inter- or intramolecular interactions [29], and can provide 
the immobilized enzyme with lower enzymatic leaching and greater thermal stability and 
durability, as well as mechanical improvements [30, 31].

Enzymes serve as biocatalysts, aiding in intricate chemical reactions within favorable 
experimental and environmental settings [32]. Horseradish peroxidase (HRP, EC 1.11.1.7), 
an oxidoreductase enzyme found in the roots of Armoracia rusticana, is widely used as an 
effective catalyst for the removal of phenols. Owing to its abundant availability and ease of 
extraction and purification, HRP has been extensively studied as an efficient and environ-
mentally friendly biocatalyst for use in various industrial applications [3]. In the presence 
of hydrogen peroxide, HRP has the capacity to catalyze the generation of organic radi-
cals, subsequently initiating the polymerization process of phenolic compounds [33–35]. 
However, similar to other enzymes, free HRP exhibits low catalytic stability under harsh 
processing conditions and is difficult to recover and isolate from the substrate and product. 
Therefore, immobilizing HRP to allow for its reuse and improved stability has proven to be 
a desirable task [3, 31–33].

Immobilized HRP can be employed in several areas, but significant effort has been dedi-
cated to the degradation of environmentally harmful pollutants such as dyes. The presence 
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of dyes in water bodies presents a risk to aquatic life due to reduced dissolved oxygen 
levels in the water, caused by the blocking of sunlight in the water system and resistance to 
photochemical reactions [36, 37]. The textile industry is the main source of dye-containing 
wastewater, as 10–25% of the applied dye is lost during different processes, and 2–20% 
is discharged into various environmental components. Similarly, food and pharmaceutical 
industries also have elevated levels of dyes in their wastewater [38]. Phenol red is one of 
the most toxic dyes linked to aquatic pollution and is widely used in pharmaceutical indus-
tries, coal processing, petroleum refineries, and dye and chemical industries. Given its high 
toxicity and carcinogenic effects, its removal from aqueous matrices is essential [39]. Con-
sidering that conventional methods of wastewater treatment suffer from drawbacks, such as 
high operational costs, generation of toxic by-products and sludge, and the need for addi-
tional treatments [40], enzymatic biodegradation has proven to be a potential alternative, as 
it has the advantages of environmental compatibility and reaction specificity [41, 42].

Previous studies have successfully demonstrated the biodegradative potential of immo-
bilized HRP against various pollutants [3, 43–46]. However, no reports were found on its 
extraction and immobilization on a Ca alginate-starch hybrid support. Therefore, the pre-
sent study aimed to immobilize HRP extracted from horseradish roots on a Ca alginate-
starch hybrid support using glutaraldehyde as a cross-linking agent. This study evaluated 
the thermodynamic and kinetic properties, thermal and operational stability, and storage 
stability of free and immobilized HRP. Finally, the practical use of free and immobilized 
HRP for the degradation of phenol red dye was investigated in a batch reactor.

Materials and Methods

Chemical/Reagents

Food-grade sodium alginate (lot CHILE0I02511, purity > 99%, < 74  μm) was obtained 
from GastronomyLab (Brasília, Distrito Federal, Brazil). Soluble potato starch p.a. 
((C6H10O5)n, < 75  μm, lot 23262, purity > 99%) was commercially obtained from Ciné-
tica (Itapevi, São Paulo, Brazil). Glutaraldehyde (lot STBJ8154, 50 wt. % in  H2O, qual-
ity level: 200), sodium dodecyl sulfate (lot 129KO187V, purity > 99%), β-mercaptoethanol 
(lot STBG7404, purity > 99%), glycine (lot SLCK6757, purity > 98.5%), Tris (lot 
BCCG1869, purity > 99%), acrylamide (lot BCCC0307, purity > 99%), N,N,N′,N′-
tetramethylethylenediamine (lot BCCC2915, purity > 99%), bovine serum albumin (lyophi-
lized powder, A7906, lot SLBP1160V, 66 kDa, purity > 98%, quality level: 300), and horse-
radish peroxidase (lyophilized powder, 77332, 150 U/mg, lot BCBV2718, 40 kDa, quality 
level: 100) (used as HRP standard for electrophoresis) were obtained from Sigma-Aldrich 
(Burlington, MA, USA). Calcium chloride (lot DCBC4342, purity > 99%), dibasic sodium 
phosphate anhydrous (lot DCB00207, purity > 99%), and methanol (lot DCBC5308V, 
purity > 99%) were obtained from Vetec (Duque de Caxias, Rio de Janeiro, Brazil). Guai-
acol (lot 53368, purity > 99%), Coomassie brilliant blue R-250 (lot 51452, purity > 98%), 
Coomassie brilliant blue G-250 (lot 41962, purity > 98%), and acetic acid (lot 60756, 
purity > 99%) were obtained from Neon Reagentes Analíticos (Suzano, São Paulo, Brazil). 
Potassium ferricyanide (lot 01946, purity > 99%) was obtained from Química Moderna 
(Barueri, São Paulo, Brazil). 4-Aminoantipyrine (lot 07101616, purity > 97%), bromo-
phenol blue (lot 03112013, purity > 99%), and phosphoric acid (lot 15010026, 85 wt.% in 
 H2O, purity > 99%) were purchased from Nuclear (Diadema, São Paulo, Brazil). Phenol 
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p.a (lot 211897, purity > 99%), phenol red (lot 86285, quality level: 200), ammonium per-
sulfate (lot 39794, purity > 98%), hydrogen peroxide (lot 138087, 30%, quality level: 100), 
sodium acetate (lot 216068, purity > 99%), sodium borate (lot 189408, purity > 98%), and 
ammonium sulfate (lot 249751, purity > 99%) were purchased from Synth (Diadema, São 
Paulo, Brazil). Boric acid (lot Q0011, purity > 99%) was purchased from Qhemis (Jundiaí, 
São Paulo, Brazil). All other chemical reagents used in this study were of analytical grade 
and used as received according to the supplier’s instructions. Horseradish roots (Armoracia 
rusticana) were commercially acquired in the city of Venâncio Aires, Rio Grande do Sul, 
Brazil.

HRP Extraction and Purification

The extraction of peroxidase from Armoracia rusticana roots was performed according to 
a methodology adapted from Muenchen et al. [47] and Fernandes et al. [48]. The mature 
horseradish roots, previously washed, peeled, and diced, were homogenized in a blender 
(Li-2.0-N, Skymsen, 50–60  Hz, 800 W, Brusque, Santa Catarina, Brazil) with 0.1  M 
sodium phosphate buffer solution (pH 7.0) at the ratio of 40 g of vegetable to 200 mL of 
buffer solution, for 3 min. The mixture was then kept under magnetic stirring for 15 min 
(22 ± 2 °C) and the crude extract was then filtered through four layers of gauze. The filtrate 
was centrifuged (CR21GIII, Hitachi, Tokyo, Japan) at 6000 rpm for 15 min at 4 °C.

After centrifugation, enzymatic precipitation was performed according to the meth-
odology proposed by Zeraik et  al. [49]. First, ammonium sulfate  (NH4)2SO4 was slowly 
added to the supernatant under constant magnetic stirring at 4 °C until 40% saturation was 
reached. The solution was stored for 24 h under static conditions at 4 °C, followed by cen-
trifugation at 10,000 rpm and discarding of the precipitate. Next,  (NH4)2SO4 was slowly 
added to the supernatant until it reached 85% saturation, and the solution was kept under 
constant magnetic stirring at 4 °C. It was kept for 24 h under static conditions (4 °C) and 
centrifuged again at 10,000 rpm. The supernatant was discarded and the precipitate con-
taining peroxidase was resuspended in a small amount of ultrapure water (Milli-Q, Mil-
lipore, Burlington, MA, USA) with conductivity equivalent to 18.2 MΩ/cm. Dialysis was 
then performed to remove ions and other salts present in the enzyme solution. For this, the 
enzymatic solution was transferred to a dialysis bag (3.5 kDa, Thermo Fisher Scientific, 
São Paulo, São Paulo, Brazil) and dialyzed against ultrapure water at 4 °C under constant 
magnetic stirring. The external solution was exchanged with the dialysis membrane every 
hour for a total time of 24 h. Finally, the enzyme solution was stored in Falcon-type poly-
propylene flasks under constant refrigeration (4 °C) and protected from light.

The enzyme purification factor (PF) was calculated by means of the ratio between the 
specific enzymatic activity of the enzyme solution after purification/dialysis  (SEA2) and 
that in the crude extract  (SEA1), according to Eq. 1.

where the specific enzymatic activity of the dialysate and the crude extract correspond, 
respectively, to the ratio between the enzymatic activity (U/mL) and the protein content 
(mg/mL) of the enzymatic solution after the dialysis process and between the enzymatic 
activity (U/mL) and the protein content (mg/mL) of the enzymatic solution after centrifu-
gation at 6000 rpm.

(1)PF =
SEA

2
(
U

mg
)

SEA
1
(
U

mg
)
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The purification yield was obtained as the ratio between the total enzymatic activity 
after purification and the total enzymatic activity of the crude extract according to Eq. 2.

Polyacrylamide Gel Electrophoresis (SDS‑PAGE)

To confirm the success of the purification and determine the molecular weight of the 
extracted HRP, we performed a polyacrylamide gel electrophoresis (PAGE) assay with 
sodium dodecyl sulfate (SDS), following the methodology described by Köktepe et  al. 
[50]. The assay was conducted using a Mini Protean III electrophoresis cell (Bio-Rad, 
St. Louis, MO, USA). Sample solutions (16 μL) were homogenized with 4 μL of sample 
buffer solution (0.1% bromophenol blue, 0.5 M β-mercaptoethanol, 10% SDS, 2% glycine, 
and 0.5 M Tris–HCl) and heated in a water bath (MA159, Marconi, Piracicaba, São Paulo, 
Brazil) at 100 °C for 5 min. A 12% resolving gel (combining 2000 μL of 30% acrylamide, 
1250 μL of 1.5  M Tris buffer, 50 μL of 10% SDS, 1700 μL of ultrapure water, 10 μL 
of tetramethylethylenediamine (TEMED) and 15 μL of 25% ammonium persulfate (APS)) 
and a 4.5% stacking gel (containing 330 μL of 30% acrylamide, 312 μL of 1 M Tris buffer, 
25 μL of 10% SDS, 1830 μL of ultrapure water, 10 μL of TEMED and 10 μL of APS) were 
prepared. The gel was run at a constant current of 80 V for 3 h, followed by 110 V until the 
tracer dye reached the bottom of the plate. Proteins were stained using the Coomassie bril-
liant blue solution staining technique, which involved immersing the gel into a container 
containing the staining solution (0.1% Coomassie brilliant blue R-250, 25% methanol, 1% 
acetic acid, and 74% ultrapure water) and keeping it under constant stirring (60 rpm) on an 
orbital shaker table (AGK300D, MontLab, Campinas, São Paulo, Brazil) at room tempera-
ture (22 ± 3 °C) for 2 h. The gel was then washed with a bleaching solution (1% acetic acid, 
6.25% methanol, and 92.75% ultrapure water) under constant stirring on an orbital shaker 
table (60 rpm) at room temperature (22 ± 3 °C). The molecular weight was estimated by 
comparison with molecular weight markers (14.4 to 116 kDa, Thermo Fisher Scientific, 
São Paulo, São Paulo, Brazil).

Determination of HRP Enzymatic Activity and Protein Quantification

To determine the enzymatic activity of free and immobilized HRP, guaiacol was used 
as the substrate, and the reaction was evaluated spectrophotometrically [51]. For 
free HRP, 100 μL of 0.1 M guaiacol, 100 μL of 0.01 M hydrogen peroxide, 20 μL of 
enzyme solution, and 2780 μL of 0.1 M sodium phosphate buffer (pH 6.0) were added 
into a 3-mL quartz cell. The reaction was conducted at room temperature (22 ± 3 °C). 
For immobilized HRP, the same volumes of hydrogen peroxide and guaiacol were 
used, followed by appropriate amounts of immobilized HRP and phosphate buffer for 
a total volume of 3 mL. The absorbance (λ = 470 nm) was read in an Ultraviolet–Vis-
ible/UV–Vis molecular absorption spectrophotometer (Genesys 10S, Thermo Scien-
tific, Waltham, MA, USA) after 1 min of reaction at 25 °C. For the blank, the enzyme 
solution was replaced by 0.1 M sodium phosphate buffer (pH 6.0). Enzymatic activity 
was calculated from the absorbances obtained according to Eq.  3, where one unit of 

(2)Yield (%) =
Total enzyme activity of HRP after purification

Total activity of HRP in crude extract
× 100
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enzyme activity (U) of HRP corresponds to the amount of enzyme required to catalyze 
the conversion of 1 μmol of guaiacol (ε = 26,600 L/(mol.cm)) per minute.

where Δabsorbance is the difference between final absorbance (t = 1  min) and initial 
absorbance (at t = 0), Vtotal (mL) corresponds to the total volume of solution present in the 
cuvette, ε corresponds to the molar absorptivity coefficient of guaiacol (26,600 L/(mol.
cm)), and Venzyme (mL) corresponds to the volume of enzyme solution added to the cuvette.

The total protein content was determined according to the Bradford method [52] 
using bovine serum albumin (BSA) as a standard. In this assay, the color of the com-
plex formed by the reaction of Coomassie brilliant blue dye (G-250) with proteins, in 
the presence of phosphoric acid, is determined spectrophotometrically at 595 nm.

HRP Immobilization

HRP was immobilized on Ca alginate-starch beads through entrapment in a cal-
cium alginate matrix and covalent bond formation using glutaraldehyde as a cross-
linking agent, according to the methodology adapted from Bilal et al. [43]. The HRP 
enzyme solution obtained after dialysis (55.34 U/mL and protein content of 12  mg/
mL) was added to a 20  mL solution containing predefined concentrations of sodium 
alginate (4.0% w/v) and potato starch (1.0% w/v) to obtain a final concentration of 
50 mg of protein per g of support (corresponding to 9.22 U/mL of gel). The mixture 
was left under gentle magnetic stirring for approximately 5 min at room temperature 
(22 ± 3 °C). Then, 400 μL of glutaraldehyde solution (1% v/v) was added and mixed 
by magnetic stirring. The obtained gel was extruded dropwise into a  CaCl2 solution 
(200  mM) using a syringe (needle diameter of 1  mm) under gentle magnetic stir-
ring at 4  °C (employing an ice bath for temperature maintenance). The immobilized 
HRP beads were separated using a sieve, washed with ultrapure water, and immersed 
in a glutaraldehyde solution (0.02% v/v) at 4  °C without stirring for further harden-
ing. Afterward, the beads were washed extensively until no proteins were visible in 
the washing solutions by UV–Vis spectrophotometer (λ = 280 nm) and stored in poly-
propylene Falcon tubes at 4  °C protected from light. Ca alginate-starch beads with-
out added enzyme were used as the control, and the same procedure was followed as 
described above.

The average bead size and spherical equivalent diameter were determined by 
employing the methodology described by Urrea et al. [31]. The average bead size (VB, 
mL) was determined as the ratio of the volume of the alginate/HRP solution used (VA, 
mL) to the total number of beads obtained (NB). The equivalent spherical diameter 
(DB, mm) was then calculated using Eq. 4.

where 10 (mm/cm) corresponds to the conversion factor.

(3)Enzymatic activity
(

U

mL

)

=
ΔAbsorbance × Vtotal × 1000

� × Venzyme × t

(4)DB = 10

(

6

�

VB

)1∕3
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Evaluation of the Biocatalytic Performance of Immobilized HRP

The biocatalytic performance of immobilized HRP was evaluated according to the meth-
odology described by Sheldon and Van Pelt [53]. Immobilization yield, immobilization 
efficiency, and recovery of immobilized activity were evaluated. Equation 5 was used to 
determine the percentage immobilization yield (IY).

The immobilization efficiency (IE) was calculated according to Eq. 6, corresponding to 
the amount of enzyme that remained active and accessible/functional after immobilization.

Another parameter that gives an idea of the success of total immobilization is activity 
recovery (AR) [53], defined as the multiplication of the immobilization yield (IY, %) by the 
immobilization efficiency (IE, %) divided by 100. Equation 7 was used to calculate the AR.

Characterization of Free and Immobilized HRP

Optimal pH and Temperature Conditions

To determine the optimal pH for free and immobilized HRP, enzymatic activity was evalu-
ated over a pH range of 4.0 to 9.0 at 25 °C, according to the methods of Bilal et al. [54] 
and Zeyadi and Almulaiky [55]. To adjust the pH, acetate (100 mM, pH 4.0 to 5.5), phos-
phate (100 mM, pH 6.0 to 7.5), and borate (100 mM, pH 8.0 to 9.0) buffers were used. To 
evaluate the effect of temperature variation on the enzymatic activity of free and immobi-
lized HRP, we subjected the enzymes to temperatures ranging from 20 to 85 °C (pH 6.0) 
[55]. Thus, the mixtures of guaiacol, hydrogen peroxide, and phosphate buffer (in the vol-
umes and concentrations described in the “Determination of HRP Enzymatic Activity and 
Protein Quantification” section) were placed in a laboratory water bath and heated to the 
desired temperature. The enzyme was then added, and the enzymatic activity was meas-
ured after 1 min of reaction, as per “Determination of HRP Enzymatic Activity and Protein 
Quantification” section. The enzymatic activity of both assays (pH and temperature) was 
evaluated in static conditions. The enzymatic activity of free and immobilized HRP under 
optimal pH or temperature conditions was considered 100% activity, and the other activi-
ties of the same parameter were calculated as relative percentages.

Kinetic Parameters

The determination of the kinetic parameters of free and immobilized HRP was performed by 
varying the concentration of guaiacol (1 to 10 mM) and, subsequently, of hydrogen perox-
ide (0.2 to 2.0 mM). The enzyme activity assay was performed following the methodology 

(5)IY(%) =
Immobilized activity

Inicial activity
× 100

(6)IE(%) =
Observed activity

Immobilized activity
× 100

(7)AR(%) =
IY × IE

100
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described in the “Determination of HRP Enzymatic Activity and Protein Quantification” 
section. The Michaelis–Menten constant (KM) and the maximum reaction speed (Vmax) were 
determined using the Michaelis–Menten model and Lineweaver–Burk linearization, according 
to Eq. 8.

where Vi (mM/min) is the catalytic reaction rate, KM (mM) is the Michaelis–Menten con-
stant, Vmax (mM/min) is the maximum reaction velocity, and [S] is the substrate concentra-
tion (mM). The turnover number (kcat) (1/min) for free and immobilized HRP was calcu-
lated using Eq. 9.

where Vmax (mM/min) is the maximum reaction velocity and [ET] corresponds to the total 
concentration (mM) of enzymes in the reaction medium.

The catalytic specificity constant (1/(min.mM)) for the free and immobilized HRP was 
calculated as the ratio between the turnover number (kcat) (1/min) and the Michaelis–Menten 
constant (KM) (mM), according to Eq. 10.

Thermostability and Thermodynamic Parameters

To evaluate the thermostability of free and immobilized HRP, the enzymes (free or immobi-
lized) were incubated in phosphate buffer solution (pH 6.0, 0.1 M) at different temperatures 
(65, 68, 70, and 72 °C). A laboratory water bath was used to maintain the temperature, and 
the residual enzyme activity was checked as described in the “Determination of HRP Enzy-
matic Activity and Protein Quantification” section every 5 min for a total period of 30 min 
of incubation. Dedicated enzyme and buffer mixtures were used for each collection time at 
each evaluated temperature. The entire procedure was performed in triplicate. To calculate the 
residual enzyme activity, the initial activity was taken as 100%, and the others were calculated 
as relative activities using Eq. 11.

where R corresponds to residual enzyme activity, UF to activity after incubation at the tem-
perature evaluated, and UI to initial activity.

The thermodynamic parameters were calculated according to the deactivation model 
described by Zeyadi and Almulaiky [55] and Rigo et al. [56]. The deactivation energy (Ed) 
was determined using nonlinear regression and considering Arrhenius law, according to 
Eq. 12.

(8)
1

Vi

=
KM

Vmax

×
1

[S]
+

1

Vmax

(9)kcat =
Vmax

[ET]

(10)Catalytic specificity constant =
kcat

kM

(11)R(%) =
UF

UI

× 100

(12)kd = Ae

(

−Ed

RT

)

4766 Applied Biochemistry and Biotechnology (2024) 196:4759–4792



1 3

where kd (1/min) is the deactivation constant, A (1/min) is the pre-exponential factor, Ed (J/
mol) is the deactivation energy, R (8.314 J/(mol.K)) is the universal gas constant, and T (K) 
is the temperature.

The enzyme half-life (t1/2) corresponds to the time required for the enzyme to lose half 
of its initial activity, that is, the time required for the initial enzymatic activity to drop to 
50% [57]. Equation 13 was used to determine the half-life.

where t1/2 (min) is the half-life of the enzyme and kd (1/min) is the kinetic constant for 
deactivation.

The stabilization factor (SF) at a specific temperature can be calculated by dividing the 
half-life of immobilized HRP by the half-life of free HRP [58]. To calculate the Gibbs free 
energy (ΔG) of thermal inactivation at different temperatures from the first-order velocity 
constant of the inactivation process, Eq. 14 was employed.

where R (8.314 J/(mol.K)) is the universal gas constant, T (K) is the temperature, kd (1/
min) is the kinetic deactivation constant, h (6.626 ×  10–34 J.s) is Planck’s constant, and k 
(1.381 ×  10−23 J/K) is Boltzmann’s constant.

From the inactivation energy, the enthalpy (ΔH) was calculated according to Eq. 15.

where Ed (J/mol) is the inactivation energy, R (8.314 J/(mol.K)) is the universal gas con-
stant, and T (K) is the temperature.

From the Gibbs free energy, the entropy (ΔS) was calculated according to Eq. 16.

The decimal reduction time or D-value corresponds to the exposure time of an enzyme 
to a temperature that preserves 10% of the enzyme activity [55]. For the determination of 
the D-value, Eq. 17 was used.

where kd (1/min) is the kinetic constant for deactivation.

Storage Time

The free HRP solution and the dried beads of immobilized extracted HRP were stored in 
closed polypropylene Falcon tubes, protected from light, at 4 °C (under refrigeration) and 
25 °C (room temperature) for 3 months. We evaluated the residual enzymatic activity over 
time, following the procedure outlined in the “Determination of HRP Enzymatic Activity 
and Protein Quantification” section, to verify the enzymatic stability during the storage 
period. The initial enzymatic activity (first day) was considered 100% activity, and subse-
quent activities were calculated as a percentage relative to the initial activity.

(13)t
1∕2 =

ln2

kd

(14)ΔG = −RTln

(

kdh

kT

)

(15)ΔH = Ed − RT

(16)ΔS =
ΔH − ΔG

T

(17)D =
2.303

kd
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Structural Characterization of Supports and Derivatives

The structural and morphological characterization of the hybrid support, the extracted 
HRP, and the immobilized HRP was performed by means of Fourier transform infrared 
spectroscopy with attenuated total reflectance (FT-IR-ATR) and scanning electron micros-
copy with energy dispersive spectroscopy (SEM/EDS) assays. The FT-IR-ATR assay was 
performed at the University of Santa Cruz do Sul (UNISC) and the SEM/EDS assay was 
performed at the Science and Technology Park (TECNOVATES) of the University of Vale 
do Taquari. Before conducting the FT-IR-ATR and SEM/EDS assays, the samples were 
dehydrated according to methodologies adapted from Cunha et al. [59] and Taketa et al. 
[60].

For the FT-IR-ATR assay, the samples were positioned on a universal UATR accessory 
(registration number L1250050, PerkinElmer, Waltham, MA, USA) with a horizontal base 
and single beam reflection on a diamond crystal, equipped with a circular zinc selenide 
photocatalyst (2 mm diameter) positioned in an FT-IR/FT-NIR Spectrum 400 spectrometer 
equipment (PerkinElmer, Waltham, MA, USA). Spectra were obtained using a 6333 nm 
He/Ne laser, wavelength of 4000–400   cm−1, 4 scans, resolution of 4   cm−1, and DTGS 
detector, according to the methodology adapted from Alver and Metin [61] and Souza and 
Corbellini [62].

The morphologies of the hybrid support and immobilized HRP were verified by SEM 
(Carl Zeiss, LS-10, Oberkochen, Baden-Württemberg, Germany) with an accelerating volt-
age of 10 kV. The dehydrated beads were fixed with carbon tape on a stub and covered with 
a thin gold layer. The elemental distribution was analyzed by energy dispersive spectros-
copy (EDS) [63].

Biodegradation of Phenol Red Dye

Phenol Quantification

The phenolic content present in the phenol red dye solution was quantified using the col-
orimetric method, employing potassium ferricyanide and 4-aminoantipyrine, according to 
the methodology adapted from Zhang and Cai [64] and Vineh et al. [65]. To construct the 
calibration curve, 600 μL of borate buffer (0.1 M, pH 9.0), 600 μL of potassium ferricya-
nide solution (4.0% w/v), 600 μL of 4-aminoantipyrine (4-AAP) solution (0.01% w/v), and 
50 μL of aqueous phenolic solution at concentrations of 10, 25, 50, 100, 200, 300, 400, and 
500 mg/L were employed. After 10 min of reaction, the absorbance was read in a UV–Vis 
spectrophotometer at 510 nm. For the blank, 650 μL borate buffer (0.1 M, pH 9.0), 600 
μL 4.0% potassium ferricyanide, and 600 μL 0.01% 4-AAP were employed. Using the 
absorbance values obtained, a calibration curve was drawn, which was subsequently used 
to determine the phenolic concentration in the phenol red dye.

Biodegradation of Phenol Red Dye by Free and Immobilized HRP

Biodegradation of phenol red dye was performed in dedicated flasks containing phenol red 
dye solution at a concentration of 100 mg/L and pH 6.0, similar to what has been previously 
reported by Yaseen and Scholz [66] in crude textile effluent, hydrogen peroxide (concentra-
tion in solution of 0.1 M), and adequate amounts of free or immobilized extracted enzyme to 
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obtain 0.0015 U per mL of dye solution. The experiments were conducted at 22 ± 3 °C under 
constant magnetic stirring in a batch system. The biodegradation of the dye was monitored for 
a total period of 90 min, and samples were collected over time (1, 5, 10, 20, 30, 40, 60, and 
90 min). In addition, different biodegradation tests (with and without free enzyme and/or on 
alginate beads, as well as in the presence and absence of hydrogen peroxide) were performed 
to confirm that the biodegradation in fact occurred due to enzymatic catalytic activity.

The biodegradation of phenol red dye was evaluated using the colorimetric method for phe-
nol quantification (the “Phenol Quantification” section), verifying the phenolic concentration 
remaining in the solution after the designated time periods. All experiments were performed 
in triplicate and the results were expressed as mean values. The biodegradation rate was calcu-
lated for each condition based on Eq. 18 [65].

where C0 and Cf are the concentration of phenol (mg/L) before and after treatment, 
respectively.

Reusability of Immobilized HRP

The reusability of immobilized HRP was evaluated through the biodegradation of phenol red 
dye (100 mg/L, pH 6.0) with hydrogen peroxide (0.1 M) and immobilized HRP (0.0015 U/
mL) in a batch reactor with continuous magnetic stirring at room temperature (22 ± 3 °C). At 
the end of each cycle, the immobilized HRP was separated, washed with ultrapure water, and 
reused for the biodegradation of a new aliquot of dye solution for a total of 15 cycles. At the 
end of each cycle, an aliquot of the supernatant was collected for the determination of the phe-
nolic concentration, according to the procedure described in “Phenol Quantification” section. 
The initial biodegradation obtained in the first cycle was considered 100%, and subsequent 
biodegradation rates were calculated as relative percentages. Throughout the reuse cycles, the 
residual enzymatic activity was evaluated following the procedure described in the “Determi-
nation of HRP Enzymatic Activity and Protein Quantification” section, with the enzymatic 
activity after the first cycle corresponding to 100% and the following activities calculated as a 
relative percentage. All experiments and analyses were performed in triplicate. Also, after 15 
cycles of reuse, a quantity of the immobilized HRP beads was collected, washed, dried, and 
analyzed using SEM and EDS, as previously described in the “Structural Characterization of 
Supports and Derivatives” section.

Statistical Analysis

All experiments were performed in triplicate. The results obtained were submitted to analysis 
of variance (ANOVA) and Tukey’s test with a 95% confidence level (p < 0.05) using the soft-
ware PAST version 4.03.

(18)Biodegradation(%) =
C
0
− Cf

C
0

× 100
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Results and Discussion

Extraction and Purification of HRP

HRP was extracted and purified from horseradish roots. The three purification steps for 
the crude HRP enzyme solution are shown in Table 1. The crude HRP enzyme solu-
tion showed a specific enzyme activity of 1.23 U/mg. The HRP was precipitated with 
ammonium sulfate to a maximum of 85% saturation, resulting in a specific enzyme 
activity of 3.37 U/mg, representing a 2.73-fold purification. After dialysis, the specific 
activity obtained was 4.61 U/mg, resulting in a 3.74-fold purification with a yield of 
37.74% ± 0.77. This yield was found suitable for the intended application.

Guo et al. [67] performed the extraction and purification of lignin peroxidase from 
the fungus Pichia methanolica and obtained a purification factor of 2.02 after dialy-
sis, a value lower than that observed in the present study. Joel et  al. [68] obtained a 
purification factor of cabbage peroxidase of 3.88 after precipitation with  (NH4)2SO4, 
with a yield of 56.5%. After dialysis, the purification factor was 19.32, with a yield 
of 43.03%, which was higher than that obtained for the extracted HRP in the present 
study. Additionally, Guo et al. [67] and Joel et al. [68] observed a significant improve-
ment in the purification factor of the crude extract after using a Sephadex chromato-
graphic column following the dialysis process. This indicates that greater purification 
could be obtained for the HRP extracted in this work if chromatographic techniques 
were employed after dialysis. However, chromatographic techniques directly impact 
the cost of obtaining HRP, making it more expensive [69].

HRP Characterization

The SDS-PAGE assay can be used to obtain information about molecular weights, pro-
tein combinations, and degree of purity [55]. In Fig.  1, the results obtained for the 
SDS-PAGE assay are presented. Both the standard HRP (columns 1 and 2) and the 
enzyme solution obtained after dialysis (columns 3 and 4) showed the presence of pro-
tein bands between 25 and 66.2 kDa, with the main bands observed at approximately 
27  kDa, 44  kDa, and 65  kDa. The bands observed between 25 and 60  kDa can be 
attributed to different peroxidases present in the roots, resulting from differences in 
amino acid sequences or the degree of glycosylation [50]. In columns 1, 2, 3, and 4, the 
presence of the band often attributed to HRP around 44 kDa is observed [70]. The pro-
tein bands present around 65 kDa are commonly attributed to horseradish myrosinase 
[71, 72] and could be observed with higher intensity in the standard HRP solution.

Columns 5 and 6, containing the crude extract, showed the presence of several low-
intensity bands, indicating the presence of proteins with different molecular weights. 
After the purification and dialysis process (columns 3 and 4), the number of observed 
bands decreased compared to the crude extract (columns 5 and 6), as well as the con-
centration of some proteins, resulting in a higher intensity of staining on the gel. This 
confirms that precipitation with  (NH4)2SO4 followed by dialysis was able to promote 
an adequate purification of the extracted HRP enzyme solution.
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Immobilization of HRP on Ca‑Alginate/Starch Hybrid Support

The extracted HRP was covalently immobilized by entrapment on a Ca alginate-starch 
hybrid support using glutaraldehyde as a cross-linking agent to improve thermostabil-
ity, catalytic characteristics when compared to free enzyme, and to allow enzyme reuse. 
The addition of 50  mg of protein/g support (9.22 U/mL) resulted in an immobiliza-
tion yield of 88.33% ± 0.98, an efficiency of 56.89% ± 2.20, and an activity recovery 
of 50.26% ± 2.25. The immobilization yield obtained in the present study was slightly 
higher than the immobilization yield obtained by Bilal et  al. [43] of 86.27% for HRP 
that had been extracted and immobilized on Ca alginate beads cross-linked with gluta-
raldehyde. In another study, Bilal and Asgher [73] obtained an immobilization yield of 
89.3% for the immobilization of manganese peroxidase on Ca alginate beads. Among 
the main difficulties reported for HRP immobilization is enzyme leakage, which directly 
impacts the immobilization yield. Therefore, although the addition of starch to the sup-
port composition indicates an improvement in immobilization yield, and the cross-link-
ing performed with glutaraldehyde can help to further minimize enzyme leakage, these 
strategies cannot completely eliminate it [31].

The efficiency value obtained in the present study was higher than that observed by 
Melo et al. [74] for the immobilization of HRP on chitosan–polyethylene glycol nano-
particles (51.7%), indicating that the Ca alginate-starch hybrid support better preserved 
the catalytic activity of HRP, possibly due to the better enzyme stabilization and inter-
molecular crosslinking caused by the addition of glutaraldehyde [29]. Activity recovery 
is directly influenced by the values obtained for the immobilization yield and efficiency. 

Fig. 1  Polyacrylamide gel electrophoresis analysis of the horseradish peroxidase enzyme. M: marker; 1 and 
2: standard horseradish peroxidase solution; 3 and 4: extracted horseradish peroxidase solution (after dialy-
sis); 5 and 6: crude extract
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Also, the efficiency and activity recovery are influenced by the pore size of the gel, so 
beads with small pores impose a restriction on the diffusion of the substrate to the active 
site of the enzyme, resulting in a decrease in the values of these parameters [44].

The spherical equivalent diameter  (DB) of the alginate beads obtained from 20 repeti-
tions of 1 mL extrusion of the Ca alginate-starch gel was also evaluated. The number of 
beads obtained per mL of extruded solution ranged from 40 to 43. The  DB obtained for the 
granules was 3.59 ± 0.04 mm, similar to those obtained by Shen et al. [75] in the produc-
tion of Ca alginate beads for phosphorus adsorption, and by Urrea et al. [31] in the immo-
bilization of HRP on Ca alginate beads. The drip extrusion technique, used in the present 
study, is typically employed to produce beads with a diameter between 2 and 5 mm [76]. 
One of the main parameters influencing the size of alginate beads is the diameter of the 
extrusion needle used [77], so larger gauge needles result in larger diameter beads.

Characterization of Free and Immobilized HRP

Effects of Different pH and Temperature Values on Enzyme Activity

The pH and temperature parameters influence the activity of various enzymes and, 
consequently, their application in various industrial segments [78]. In this study, the 
influence of these parameters on the activity of free and immobilized HRP was stud-
ied by incubating the enzyme at pH values ranging from 4.0 to 9.0 and temperatures 
between 20 and 85 °C, and the enzyme activity was evaluated using a UV/Vis spectro-
photometer. The results obtained for the enzymatic activity of free and immobilized 
HRP are shown in Fig. 2A. Free HRP showed maximum catalytic activity at pH 6.5, 
whereas immobilized HRP showed maximum catalytic activity at pH 5.0. The shift 
in optimum pH caused by enzyme immobilization can be explained by ionic interac-
tions between the support matrix and  H+ or  OH− ions of the buffer solution, which can 

Fig. 2  Effect of pH (A) (temperature 25 °C,  H2O2 concentration 0.3 mM in solution, guaiacol concentra-
tion 3.3 mM in solution) and temperature (B) (at pH 6.0,  H2O2 concentration 0.3 mM in solution, guaiacol 
concentration 3.3 mM in solution) on free and immobilized horseradish peroxidase activity: (black diamond 
(♦)) free horseradish peroxidase and (white square (□)) immobilized horseradish peroxidase. Each point 
corresponds to the mean ± standard deviation of three independent experiments performed in triplicate. 
Note: A free horseradish peroxidase, where 100% relative activity (pH 6.5) is equivalent to 1.16 U/mL, 
and immobilized horseradish peroxidase, where 100% relative activity (pH 5.0) is equivalent to 0.66 U/mL; 
B free horseradish peroxidase, where 100% relative activity (at 60  °C) is equivalent to 4.165 U/mL, and 
immobilized horseradish peroxidase, where 100% relative activity (at 50 °C) is equivalent to 0.875 U/mL
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influence the enzyme microenvironment and, consequently, the optimum pH [43]. Fur-
thermore, the specific method of immobilization employed and the structure and load 
of the matrix can contribute to the observed optimum pH shift [35]. Structural changes 
in HRP caused by immobilization can also influence its optimal pH [79, 80]. Free HRP 
demonstrated considerable stability at pH 5.5 to 7.0, showing 96.44% relative activity 
at pH 5.5, and 98.70% at pH 7.0. However, when exposed to pH values below 5.5, free 
HRP showed a considerable decrease in its catalytic activity, with only 68.04% activity 
remaining at pH 4.0. This profile was also observed with greater intensity at pH values 
above 7.0, resulting in a residual enzyme activity of 35.28% at pH 9.0.

In contrast, immobilized HRP was stable at pH values from 5.0 to 6.0 and, like free 
HRP, also showed a loss of catalytic activity as the pH values moved away from this 
stability range. However, the decrease observed for immobilized HRP was less than 
that for free HRP at acidic pH, with residual enzymatic activity at pH 4.0, correspond-
ing to 82.68%. In alkaline pH, immobilized HRP was more sensitive than free HRP for 
values from 6.5 to 8.0, and more resistant at pH values of 8.5 and 9.0, showing a cata-
lytic activity of 67.79% and 61.44%, respectively. The higher resistance to the decrease 
in catalytic activity observed for immobilized HRP compared to free HRP, especially 
at acidic (4.0 and 4.5) and alkaline (8.5 and 8.0) pH values, can be attributed to the 
presence of electrostatic interactions between the support and the biocatalyst, causing 
a lower impact on the biologically active conformation and consequently, better resist-
ance to pH variations [3, 45, 79]. Furthermore, multipoint covalent attachment can 
restrict protein flexibility, which may protect the immobilized enzyme from denatura-
tion at high acidic and alkaline pH levels, typically resulting in an expanded pH profile 
for the immobilized enzyme [81].

Similar to the findings of the present study, other authors observed a shift in the 
optimum pH for immobilized HRP employing the most varied supports [33, 82, 83]. 
Additionally, the broad catalytic activity exhibited by immobilized HRP in different 
pH ranges is an interesting factor regarding the treatment of compounds in aqueous 
matrices, which generally show pH levels close to neutrality, but can suffer variations 
to more acidic or alkaline ranges [66].

The influence of temperature on the catalytic activity of free and immobilized HRP 
is shown in Fig. 2B. Free HRP showed an increase in catalytic activity up to its maxi-
mum at 60 °C, after which enzymatic activity declined, resulting in only 0.54% activ-
ity at 85 °C. The increase in enzyme catalytic activity up to 60 °C can be explained by 
the increase in the enzyme reaction rate. However, temperatures higher than 60 °C led 
to denaturation of the protein structure and consequent loss of catalytic activity [84]. 
Immobilized HRP showed an increase in catalytic activity until 50 °C (optimal temper-
ature) was reached. For temperatures above 50 °C, the immobilized HRP was shown to 
be thermally stable, preserving 90.15% of the catalytic activity at 85 °C. Immobilized 
HRP was found to be more thermally stable than free HRP at most of the temperatures 
evaluated. The enhanced thermal resistance of immobilized HRP can be attributed to 
the protection conferred by the presence of covalent bonds between the support and 
the enzyme, in addition to the entrapment of HRP, reducing conformational changes 
in the enzyme structure at high temperatures, preventing denaturation [32, 34]. The 
results obtained in the present work regarding temperature are consistent with previous 
studies involving HRP, which have demonstrated that enzyme immobilization confers 
greater thermal stability to the enzyme [32, 82, 85, 86].
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Kinetic Parameters of Free and Immobilized HRP

The immobilization process affects the distribution of the substrate in the active sites of 
the enzyme [32], impacting the observed kinetic parameters. In this study, the values of 
 kM,  Vmax,  kcat, and  kcat/kM of free and immobilized HRP were evaluated for guaiacol and 
hydrogen peroxide, and the results are shown in Table 2 (for more details, see Fig. S1). 
After immobilization, there was an increase in the values obtained for  kM and a decrease 
in  Vmax,  kcat, and  kcat/kM when immobilized HRP was compared to free HRP for both 
guaiacol and hydrogen peroxide. When comparing guaiacol and hydrogen peroxide 
for the same enzymatic form (free or immobilized), higher values were obtained in all 
parameters for hydrogen peroxide, indicating a higher enzymatic affinity for guaiacol 
(due to higher  kM values). In addition, higher  Vmax,  kcat, and  kcat/kM values observed for 
hydrogen peroxide compared to guaiacol indicate that the hydrolysis of this molecule 
occurs faster than the consumption of guaiacol for product formation (tetraguaiacol). 
The increase observed for  kM after immobilization indicates a decrease in the affinity 
of the enzyme for the substrate, which may stem from conformational changes, reduced 
enzyme flexibility, and diffusion constraints of substrate and products [4]. In the immo-
bilization of HRP on Ca alginate-starch beads, the enzyme is surrounded by the sup-
port, which partially blocks the active site, also reducing access to the substrate [83]. 
Additionally, lower  kM values for guaiacol indicate a higher enzyme affinity for guaiacol 
compared to hydrogen peroxide. The decrease in other parameters after immobiliza-
tion happens in conjunction with the increase in  kM.  Vmax indicates the rate at which 
the enzyme becomes saturated by substrate, and its decrease implies a lower substrate 
concentration required for all catalytic sites to be filled at a given time. As with  kcat, 
changes in  Vmax are commonly observed in enzyme immobilizations, and are linked to 
conformational changes in the enzyme, electrostatic interactions between the enzyme 
and the medium, the nature of the support, and the microenvironment [87].

kcat corresponds to the number of substrate molecules that an enzyme can convert into 
product per unit time [88]. A reduction in its value, as observed after the immobilization 
of HRP, results in a lower rate of product formation per unit time. In addition,  kcat/kM is 
related to the catalytic efficiency of the enzyme [89], and a reduction in its value suggests 
that HRP immobilization has a lower overall catalytic potential than free HRP.

Table 2  Kinetic parameters of free and immobilized horseradish peroxidase for guaiacol and hydrogen per-
oxide  (H2O2)

Each value corresponds to the mean ± standard deviation of three independent experiments performed in 
triplicate. Different lowercase letters in the same parameter for the same form of the enzyme (free or immo-
bilized) indicate that there is a statistically significant difference (p < 0.05) among the different substrates. 
Different capital letters in the same parameter for the same substrate indicate that there is a statistically sig-
nificant difference (p < 0.05) between the different forms of the enzyme

Parameters Free HRP Immobilized HRP

Guaiacol H2O2 Guaiacol H2O2

kM (mM) 11.50 ± 0.28bB 12.30 ± 0.30aB 37.70 ± 0.90bA 62.70 ± 1.47aA

Vmax (mM/min) 16.52 ± 0.41bA 58.57 ± 1.43aA 6.90 ± 0.20bB 48.23 ± 1.13aB

kcat (1/min) 107.52 ± 2.64bA 381.32 ± 9.31aA 6.60 ± 0.10bB 53.48 ± 1.26aB

kcat/kM (1/(min.mM)) 9.35 ± 0.01bA 31.00 ± 0.10aA 0.20 ± 0.01bB 0.85 ± 0.01aB
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Thermal Inactivation and Thermodynamic Parameters of Free and Immobilized HRP

Thermal stability plays a significant role in many industrial applications, where high 
temperatures are required to catalyze the reaction rate [90]. In this regard, we evaluated 
the thermal stability of both free and immobilized HRP by thermal inactivation, and the 
results obtained are shown in Table 3 (for more details, see Fig. S2 and Fig. S3).

The  kd values increased for the same enzymatic form (free or immobilized) as the 
temperature increased, indicating lower thermal stability at higher temperatures. How-
ever, after immobilization, lower  kd values were obtained at the same working tempera-
ture, demonstrating that immobilization contributed to an increase in thermal stability. 
In addition, immobilized HRP presented higher values of  t1/2 and D-value. The  t1/2 cor-
responds to the time required to reduce the enzyme activity to 50% of the initial activity 
[57], while the D-value is the exposure time of the enzyme at a given temperature capa-
ble of preserving 10% of the initial enzyme activity [55]. An increase in the values of 
these parameters after immobilization indicates that there was an improvement in ther-
mal stability, as the immobilized enzyme requires a longer exposure time to achieve the 
same percentage of inactivation as free HRP at the evaluated temperatures. The higher 
stability conferred to immobilized HRP may be related to a decrease in protein–pro-
tein interactions and a reduction in the intensity of macromolecular vibrations when 
subjected to high temperatures. This leads to an increase in enzyme rigidity caused by 
proper attachment to the support and protection of the enzymes by the alginate matrix 
[14, 58, 65, 89].

Finally, the SF values indicate how many times the  t1/2 of immobilized HRP was 
higher than that of free HRP. Because immobilized HRP was more thermally stable than 
free HRP at all working temperatures, SF values > 1 were observed, which was more 
pronounced at lower temperatures. A reduction in  t1/2 values and D-value was observed 
as the temperature increased for both free and immobilized HRP, indicating that the 
higher the exposure temperature, the less time the enzyme could withstand without loss 

Table 3  Thermal inactivation 
parameters for free and 
immobilized horseradish 
peroxidase at different 
temperatures

Temperature Parameters Free HRP Immobilized HRP

65 °C kd (1/min) 0.0349 0.0286
D-value (min) 65.99 80.53
t1/2 (min) 19.86 24.23
SF - 1.22

68 °C kd (1/min) 0.0469 0.0380
D-value (min) 49.10 60.60
t1/2 (min) 14.78 18.24
SF - 1.23

70 °C kd (1/min) 0.0544 0.0483
D-value (min) 42.33 47.68
t1/2 (min) 12.74 14.35
SF - 1.12

72 °C kd (1/min) 0.0662 0.0612
D-value (min) 34.79 37.63
t1/2 (min) 10.47 11.32
SF - 1.08
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of catalytic activity. These results are consistent with those observed in other works 
involving HRP immobilization, where a higher thermal stability after immobilization 
was also observed [83, 86, 90].

Thermodynamic parameters were also evaluated, and the results obtained are displayed 
in Table  4. Upon immobilization of HRP, an increase in all evaluated parameters was 
observed at the same temperature. Different thermodynamic parameters, such as Gibbs free 
energy (ΔG), enthalpy (ΔH), and entropy (ΔS), provide a comparative measure of enzyme 
functionality and stability in different operating environments [91]. In the present study, all 
ΔG values were positive, revealing that the processes were endergonic and not spontaneous 
[92]. In this regard, for all temperatures evaluated, there was an increase in the ΔG, ΔH, 
and ΔS values of HRP after immobilization. An increase in ΔG values after immobiliza-
tion indicates that there is less enzyme susceptibility to denaturation, providing insight into 
the additional amount of energy required for HRP denaturation [91]. When comparing the 
ΔG values at different temperatures, there was a brief increase for free HRP, while immo-
bilized HRP showed a decrease, indicating that immobilization provided lower resistance 
to protein unfolding caused by heat, possibly due to the decrease in active site availability 
resulting from protein denaturation and conformational changes [58, 93].

The observed increase in ΔH of HRP after immobilization indicates high thermal stabil-
ity. The ΔH value is related to the degree of breaking of the transition state stabilization 
bonds (active stable state to a denatured inactive state), and higher ΔH values indicate a 
higher energy demand for the thermal denaturation of HRP [90, 94]. This increase can be 
attributed to the formation of covalent bonds between the enzyme and the support, result-
ing in decreased conformational flexibility and preventing thermal unfolding and denatura-
tion. Additionally, the positive value of ΔH indicates that the catalytic reaction is endo-
thermic [92]. Comparing the ΔH values with increasing temperature, there was a decrease 
in the values for both free and immobilized HRP, indicating a lower amount of energy 
required for enzyme denaturation at elevated temperatures.

ΔS is related to the thermal unfolding of the enzyme, and thermal deactivation causes 
the unfolding of the enzyme structure, leading to enzyme disorder or deactivation entropy 
[92]. The higher values observed for immobilized HRP indicate greater disorder in the sys-
tem, with no enzyme aggregation, whereas the negative values observed for ΔS of free 

Table 4  Thermodynamic 
parameters for free and 
immobilized horseradish 
peroxidase

Temperature Parameter Free HRP Immobilized HRP

65 °C ΔG (kJ/mol) 92.39 92.95
ΔH (kJ/mol) 84.64 102.73
ΔS (J/mol)  − 22.91 28.91

68 °C ΔG (kJ/mol) 92.39 93.00
ΔH (kJ/mol) 84.62 102.70
ΔS (J/mol)  − 22.80 28.45

70 °C ΔG (kJ/mol) 92.53 92.87
ΔH (kJ/mol) 84.60 102.68
ΔS (J/mol)  − 23.11 28.59

72 °C ΔG (kJ/mol) 92.53 92.75
ΔH (kJ/mol) 84.58 102.67
ΔS (J/mol)  − 23.00 28.73

Ed (kJ/mol) 87.45 105.54
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HRP are related to a decrease in disorder or randomness of the enzyme system, as well 
as aggregation. Furthermore, an increase in temperature caused a decrease in the ΔS val-
ues for both free and immobilized HRP because of greater enzyme denaturation at higher 
temperatures and enzyme aggregation. The enzyme inactivation energy  (Ed) is the lowest 
energy required to initiate enzyme denaturation [91]. The present study showed that the 
enzyme  Ed increased after the immobilization process, indicating a higher thermal stabil-
ity for the immobilized HRP; therefore, additional energy is required to break down the 
immobilized form of HRP compared to its native free form. These results suggest obtain-
ing a stable immobilized biocatalyst that is less sensitive to temperature changes than free 
enzymes [95], due to the protection conferred by the support and the bonds formed towards 
the enzyme.

Storage Time

Immobilization is one of the most promising approaches to improve enzyme stability, 
operability, and reusability. Aiming at large-scale applications, obtaining reusable and 
stable biocatalysts is of great interest because it directly affects operational costs [83]. 
In this sense, the stability of free and immobilized HRP was evaluated for a total period 
of 120 days at two different temperatures (4 °C and 25 °C), and the observed results are 
shown in Fig. 3.

The immobilized HRP stored at 4  °C demonstrated greater storage stability until day 
45, retaining 93.71% of its initial activity, compared to free HRP (4 °C), which retained 
89.63%. However, after 45  days, there was a significant decrease in the residual enzy-
matic activity of immobilized HRP (4 °C), and this phenomenon was not observed in such 

Fig. 3  Enzyme activity during storage time (120  days,  H2O2 concentration 0.3  mM in solution, guaiacol 
concentration 3.3 mM in solution, pH 6.0): (black triangle (▲)) free horseradish peroxidase (4 °C); (white 
square (□)) immobilized horseradish peroxidase (4  °C); (black circle (●)) free horseradish peroxidase 
(25 °C) and (white triangle (Δ)) immobilized horseradish peroxidase (25 °C). Each point corresponds to the 
mean ± standard deviation of three independent experiments performed in triplicate. Note: free horserad-
ish peroxidase (4 °C), 100% relative activity at day 0 corresponds to 1.47 U/mL; immobilized horseradish 
peroxidase (4 °C), 100% relative activity at day 0 corresponds to 0.52 U/mL; free horseradish peroxidase 
(25  °C), 100% relative activity at day 0 corresponds to 1.71 U/mL; immobilized horseradish peroxidase 
(25 °C), 100% relative activity at day 0 corresponds to 0.50 U/mL
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intensity for the free HRP stored at the same temperature. The loss of catalytic activity can 
be attributed to conformational changes that may have occurred during the storage period 
[65]. The decrease in peroxidase activity could be related to enzyme unfolding and subse-
quent denaturation [96]. In the comparison between free and immobilized HRP stored at 
25 °C, it was observed that the free enzyme had higher stability, retaining 66.61% of the 
initial catalytic activity, whereas the immobilized HRP retained only 23.56% activity at the 
end of 120 days. It also became evident that storage at 4 °C allows superior maintenance of 
enzymatic activity for up to 45 days as compared to storage at 25 °C. After this period, the 
enzymatic activity of free HRP approaches the activity observed for the same enzymatic 
form at 25 °C, while for the immobilized HRP, the catalytic activity decreases to values 
lower than the immobilized HRP at 25 °C. The loss of catalytic activity over time can be 
attributed to possible conformational changes in the enzyme structure, preventing the for-
mation of a catalytically active complex between substrates and active sites [46, 65].

Morphology and Structure of Immobilized HRP

The surface morphologies of the alginate, Ca alginate-starch support, and immobilized 
HRP beads were evaluated by SEM, and the images obtained are shown in Fig. 4. The for-
mation of alginate beads without the presence of starch in their composition (Fig. 4A and 
B) resulted in a smoother surface when compared to the surface of the beads containing 
starch (Fig. 4C and D). Thus, the addition of starch results in an increase in the surface area 
of the beads, which is still present on the surface of the beads containing immobilized HRP 
(Fig. 4E and F). However, the surface of the beads containing the immobilized HRP under-
went smoothing compared to the surface of the beads without enzyme. Morphological 
changes on the surface of alginate beads after enzyme immobilization have been reported 
in previous studies, suggesting that the interaction between the enzyme and support can 
cause surface structural modifications [97–100].

To study the surface chemistry and the functional groups involved in alginate, starch, 
free extracted HRP, hybrid support, and immobilized HRP, the samples were subjected to 
FT-IR-ATR spectroscopy. The obtained spectra are shown in Fig. 5. For alginate, a char-
acteristic broad peak was found to be present at 3234   cm−1, which was caused by the 
stretching vibrations of the −OH groups [101]. This peak was also observed in the spec-
tra of starch (3294  cm−1), free extracted HRP (3286  cm−1), hybrid support (3236   cm−1), 
and immobilized HRP (3256   cm−1). In the alginate spectrum, there was also a peak at 
1597  cm−1, which can be attributed to the carbonyl (C = O) of the  COO− group (carboxy-
late anion). The peaks at 1406 and 1314  cm−1 are attributed to the symmetric stretching of 
 COO−, the peak at 1084  cm−1 can be attributed to C–O–C stretching [102], and the peak at 
1025  cm−1 is attributed to the OH group of guluronate [103].

In the case of starch, two additional peaks to the one at 3294  cm−1 were observed: one 
at 2934  cm−1 and another at 2886  cm−1, resulting from C-H stretching vibrations of  CH2 or 
 CH3 [104]. Peaks between 1500 and 1300  cm−1 are commonly assigned to multiple vibra-
tion modes containing -CH (-CH and -CH2 groups) and OH deformation. A peak attributed 
to the stretching vibrations of carbonyl groups (C = O) was observed around 1643   cm−1 
[24], at 1078   cm−1 to C–C and C-O stretching, and at 996   cm−1 to C-O–H deformation 
vibration [104, 105]. The peak at 3286   cm−1 in the free extracted HRP spectra can be 
assigned to the OH stretching of hydroxyl groups (−OH) or NH stretching vibration [21]. 
The peaks at 2920 and 2852  cm−1 were assigned to alkyl chains (-CH2), and those at 1635 
and 1517   cm−1 were assigned to amide I (α-helix structure) and amide II, respectively 
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[106]. The peak at 1397  cm−1 was attributed to various NH modes (amide III) and that at 
1075  cm−1 to the C-N stretching vibration of aliphatic amines [107].

The spectrum of the hybrid support showed similarities to that of alginate, which is the 
main component of the support. As a result, the starch peaks overlap with those of alginate. 
However, a small peak shift was observed, which may be due to the formation of intermo-
lecular hydrogen bonds between starch and alginate [24]. Comparing the spectrum of the 
immobilized HRP with that of the hybrid support, no significant differences were observed, 
as the ratio of enzyme to the amount of alginate was small, and the alginate bands were 
predominant. Nevertheless, a slight increase in peak intensity was observed, possibly due 
to interactions between the enzyme and the support, as well as interactions between the 
amino acid constituents of the enzyme. Furthermore, an increase in the absorption bands 

Fig. 4  SEM images of alginate granules (A and B), Ca alginate-starch hybrid support (C and D), 
and immobilized horseradish peroxidase (E and F). A, C, and E, 100 × approximation; B, D, and F, 
2000 × approximation
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observed at 1416 and 1010  cm−1 can be attributed to the C-N and C-O vibrational stretch-
ing of the amino acids of HRP [21].

Biodegradation of Phenol Red Dye by Free and Immobilized HRP

Horseradish peroxidase is capable of degrading phenols and substituted phenols through a 
free-radical polymerization mechanism [35]. The biodegradation of phenol red dye using 
free and immobilized HRP was investigated in a batch system for a total time of 90 min. 
Aliquots were collected throughout the degradation experiment, and the phenolic content 
was quantified using the previously obtained calibration curve (y = 0.07092x + 0.01458, 
 R2 = 0.9966, Fig. S4). The results of the biodegradation experiment, conducted with an ini-
tial dye concentration of 100 mg/L and employing 0.0015 U/mL of either free or immo-
bilized enzyme, are presented in Fig. 6. The UV–Vis spectra of the phenol red dye after 
90 min of treatment under different conditions are shown in Fig. S5.

We found that the free HRP showed a lower biodegradation potential than the immo-
bilized HRP, degrading only 6.62% of the dye in 90 min, while the immobilized HRP 
was able to degrade 63.57% in the same period. Thus, immobilized HRP was able to 
degrade a concentration 9.6 times higher than the free HRP in 90  min. The higher 
biodegradation capacity of immobilized HRP can be attributed to multipoint interac-
tions between the enzyme and the support, which provide intramolecular forces that 
prevent changes in the active conformational structure of the enzymes [46, 54]. There-
fore, enzyme immobilization on the Ca alginate-starch hybrid support can restrict the 
denaturation or unfolding of the 3D structure of HRP. Several other studies have also 

Fig. 5  FT-IR-ATR spectra of alginate, starch, free horseradish peroxidase (HRP extracted/free), hybrid sup-
port, and immobilized horseradish peroxidase (immobilized HRP)
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reported increased biodegradability of other molecules and substances by HRP after 
immobilization due to the protection afforded to the 3D structure of the enzyme [32, 
54, 86, 89]. Furthermore, alginate beads can partially adsorb phenol red dye. As shown 
in Fig. S6, the alginate beads had adsorbed approximately 4.68% of the initial dye con-
centration after 90 min. Consequently, it can be inferred that of the measured 63.57% 
biodegradation of phenol red dye by immobilized HRP, approximately 4.7% can be 
attributed to dye adsorption, whereas the predominant factor of 58.9% corresponds to 
enzymatic biodegradation. These results imply that the biodegradation of phenol red dye 
by immobilized HRP occurs via two mechanisms: adsorption and biocatalysis. Notably, 
biocatalysis exhibited a significantly more prominent role, consistent with the findings 
reported by Urrea et  al. [31]. However, it is important to note that despite achieving 
63.57% removal of phenol red dye, further optimization of parameters such as pH, tem-
perature,  H2O2 concentration, and catalyst concentration (whether free or immobilized 
enzyme) can effectively contribute to a higher percentage of degradation.

Reusability of Immobilized HRP

The reusability of immobilized enzymes is a very desirable characteristic for their con-
sideration in industrial applications [3]. Thus, the recyclability of immobilized HRP on 
a Ca alginate-starch hybrid support in the biodegradation of phenol red dye was inves-
tigated. Immobilized HRP beads were subjected to 15 sequential reuse cycles (Fig. 7), 
with biodegradation in the first cycle considered 100%, and the others calculated as rel-
ative percentages.

After six cycles of reuse, immobilized HRP retained 62.04% of its initial biodeg-
radation capacity, and after ten cycles, 43.06%, with a residual enzymatic activity of 
42.36% ± 0.98. However, after the tenth cycle, a significant reduction in biodegradation 
activity was observed, with only 8.34% of the initial biodegradation and 8.80% ± 0.66 
of the initial enzymatic activity remaining after 15 cycles. The loss of catalytic activ-
ity over several reuse cycles may occur due to leakage of unfixed enzyme fractions or 
entrapment of the enzyme catalytic site due to the accumulation of highly active free 
radicals [3, 86].

Fig. 6  Biodegradation of phenol 
red dye (dye concentration 
100 mg/L, pH 6.0, temperature 
22 ± 3 °C,  H2O2 concentration 
0.1 M, free or immobilized 
enzyme amount 0.0015 U/mL) 
over time by free (black circle 
(●)) and immobilized (white 
square (□)) horseradish peroxi-
dase. Each point corresponds to 
the mean ± standard deviation of 
three independent experiments 
performed in triplicate
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Morphological Characterization of Immobilized HRP After Phenol Red Dye 
Biodegradation

To verify possible morphological changes in the immobilized HRP beads after use in the 
biodegradation process, a portion of the beads submitted to the reuse test was collected 
after 15 cycles of phenol red dye biodegradation and subjected to morphological analysis 
by SEM (Fig. 8) and elemental analysis by EDS (Table 5).

Morphological analysis showed a reduction in surface prominence after the beads were 
used for the biodegradation of the phenol red dye. Comparing Fig. 8C and E (before use) 
with Fig. 8D and F (after use), it can be observed that there were fewer surface protuber-
ances. This change in morphology contributes to lower catalytic activity and may be linked 
to the leakage of unbound enzyme fractions or structural damage due to the accumulation 
of biodegradation by-products. In addition, there was a change in the elemental composi-
tion of the immobilized HRP when comparing the beads before and after immobilization. 
As shown in Table 5, there was a decrease in C content, an increase in O and Ca contents, 
the disappearance of Cl, and the appearance of small levels of K. These results are pos-
sibly due to changes in composition caused by the use of the beads in the biodegradation 
process.

Conclusion

HRP has shown promising characteristics for industrial applications, such as in the bio-
degradation of effluents and dyes. In this study, two purification steps (precipitation with 
ammonium sulfate and dialysis) were successfully used to purify HRP extracted from 
fresh horseradish roots, resulting in a 3.74-fold purification level. The immobilization 
of HRP (50 mg protein per g support) resulted in a yield of 88.33% ± 0.98, an efficiency 
of 56.89% ± 2.20, and an activity recovery of 50.26% ± 2.25. Immobilized HRP showed 
higher catalytic activity than free HRP at pH values of 4.0 to 6.0 and 8.5 to 9.0, as well 

Fig. 7  Reuse of immobilized horseradish peroxidase for the biodegradation of phenol red dye (dye concen-
tration 100 mg/L, pH 6.0, temperature 22 ± 3  °C,  H2O2 concentration 0.1 M, amount of free or immobi-
lized enzyme 0.0015 U/mL). Each value corresponds to the mean ± standard deviation of three independ-
ent experiments performed in triplicate. Note: a phenol red relative biodegradation of 100% corresponds to 
63.3% removal of the dye, and a residual enzymatic activity of 100% corresponds to 0.00145 U/mL
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Fig. 8  SEM images of immobilized horseradish peroxidase beads before (A, C, and E) and after (B, D, and 
F) 15 cycles of reuse. A and B, 100 × ; C and D, 1000 × ; and E and F, 2000 × 

Table 5  Elemental composition 
by energy dispersive 
spectroscopy of immobilized 
horseradish peroxidase 
before and after use in the 
biodegradation of phenol red dye

Element Before biodegradation After biodegradation

Weight (%) Atomic (%) Weight (%) Atomic (%)

C 31.96 42.03 19.73 28.70
O 52.11 51.45 55.32 60.41
K - - 0.63 0.28
Cl 4.58 2.04 - -
Ca 11.36 4.48 24.32 10.60
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as at different temperatures, preserving 90.15% of its catalytic activity at 85 °C, demon-
strating a better thermal stability profile. The immobilization of HRP resulted in modi-
fications in the kinetic and thermodynamic parameters, with considerable improvements 
in  t1/2 and  Ed compared to free HRP, owing to the greater thermal stability conferred. The 
immobilized HRP maintained 93.71% of its initial catalytic activity after 45 days of storage 
at 4 °C. Regarding the biodegradation of phenol red, immobilized HRP exhibited 63.57% 
biodegradation of the dye after 90 min. Moreover, immobilized HRP preserved 43.06% of 
the initial biodegradation activity after 10 cycles of reuse. After 15 cycles of reuse, there 
was a reduction in the surface protuberances of the alginate granules and a modification in 
their elemental composition. The results obtained in this study suggest that the immobili-
zation of HRP on a Ca alginate-starch hybrid support may be a promising alternative for 
increasing enzymatic thermal stability and the possibility of reuse. Thus, this work high-
lights the potential of immobilized HRP for applications in biotechnological treatments for 
pollutant degradation.
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