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Abstract

In this study, the efficiency of poly(ethylene glycol dimethacrylate-N-methacryloyl-amido-L-tryptophan methyl ester)
[PEDMT] microbeads (in the diameter range of 106—180 pwm) as a support material for HRP immobilization was evalu-
ated and the immobilized-HRP enzyme was used for decolorization of Congo Red (CR) and Reactive Black 5 (RB5) dyes.
The specific surface area of the PEDMT microbeads was 1103 m? g~!, which is very high. The PEDMT microbeads had
a pore volume and pore size of 1.94 cm® g~! and 9.99-55.3 A, respectively. The chemical compositions of the PEDMT
and PEDMT-HRP microbead surfaces were analyzed using X-ray photoelectron spectroscopy (XPS). Immobilization yield,
activity yield, and immobilization efficiency were 84.9 £ 2.1, 73.8 £ 5.9%, and 86.9 + 6.9%, respectively. Optimum pH
(6.0), temperature (45 °C and 50 °C for free and immobilized enzyme), H,O; concentration (3% v/v) were investigated in
detail. Thermal and storage stability was increased after immobilization and immobilized enzyme preserved more than 55%
of its initial activity even after 10 consecutive uses. Decolorization studies were also performed by investigating the effects
of pH, CR, and RB5 concentration, enzyme amount, H>O; concentration, contact time on decolorization efficiency. The
decolorization efficiency for CR and RB5 by PEDMT-HRP was 98.20% and 47.99% after 30 min at pH 6.0 and 45 °C. The
immobilized-HRP retained 89% and 27% of its initial activity after three repeated cycles with CR and RBS, respectively.
The PEDMT microbeads with high surface area, porosity, durability, and reusability exactly met the requirements for HRP
immobilization and dye decolorization.
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1 Introduction

Water pollution caused by the rapid increase in population
and industrialization has been a big concern in the last cen-
tury. One leading reason for water pollution is the discharge
of large amounts of industrial waste contaminated with syn-
thetic dyes into natural water reservoirs [1]. Around 90% of
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the azo dyes are assumed to be released into the environ-
ment without adequate treatment [2]. Azo dyes are toxic,
carcinogenic, and non-biodegradable dyes which are widely
used in various industries [3, 4]. They contribute about 70%
of total dyes consumption [2], and they adversely affect the
photosynthetic function of aquatic life, turning into harmful
products when thrown into the environment [5]. They are
known to be very durable and persistent due to their com-
plicated structure; therefore, it is challenging to decolorize
them by conventional biological processes. Different physic-
ochemical decolorization methods have been investigated,
such as coagulation, adsorption [6], ozonation, photocatal-
ysis, membrane treatment, and precipitation. However, the
expensiveness of these methods limits their applications [7].
Also, these methods generate harmful by-products such as
contaminant-saturated adsorbents, sludges, or oxidizing sub-
stances [2].
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In recent years, enzymatic treatment of dyes has attracted
significant attention. Enzymes are green biocatalysts that
speed up biochemical reactions in living organisms [8]. They
can act on specific pollutants to remove them by transforming
them into other (innocuous) products or making them more
convenient for further treatment [9]. Enzymatic treatment
is more cost-effective and efficient than conventional treat-
ment due to its environmental friendliness, ability to perform
in mild conditions, high specificity and selectivity, and no
toxic by-products during wastewater treatment [10]. Among
the different enzymes applied for decolorizing and degrad-
ing dyes, peroxidases are promising candidates for industrial
wastewater treatment due to their stability, low cost, and tol-
erance to wide temperature and pH ranges [11].

Horseradish peroxidase (HRP; EC 1.11.1.7) is a heme-
containing oxidoreductase enzyme mainly extracted from
horseradish plant root (Armoracia rusticana) [8]. It has
a molecular weight of approximately 44 kDa [12]. HRP
enzyme contains four disulfide bridges, 308 amino acids,
oligosaccharides, ferroporphyrin, and two seven-coordinate
calcium atoms, stabilizing its structure and property [13,
14]. Arg-38 and His-42 are involved in peroxidase catalysis
[15-17]. A hydrophobic pocket acquired by His-42, Phe-68,
Gly-69, Ala-140, Pro-141, Phe-142, and Phe-179, and heme
methyl C18 is the reducing substrate-binding site of HRP
and substrate oxidation occurs at the exposed heme edge, a
region comprising the heme methyl C18 and heme meso C20
protons [15, 18-20]. Three functionally important COOH
groups are of a protein nature. They are not directly involved
in the enzyme-active site but are essential for the binding
and oxidation of o-dianisidine [21]. It is receiving significant
attention because of its broad substrate specificity, afford-
able price, and extraction convenience [22, 23]. It catalyzes
the oxidation reaction of different substrates by degrading
hydrogen peroxide (H20O;). Recently, HRP has been used
to decontaminate hazardous compounds such as dyes, phar-
maceuticals, phenols, xenobiotics [24]. However, HRP has
disadvantages that limit its techno-commercial application,
such as low stability, contamination of the final product, and
difficulty in reuse.

To overcome these disadvantages, the immobilization pro-
cess can be used. Enzyme immobilization is defined as the
binding or trapping of free enzymes inside or on the sur-
face of a solid carrier matrix, resulting in decreased mobility
[25]. The immobilization process improves the enzyme’s
activity, stability, and reusability to be applied in different
reaction environments and extreme conditions. The main
immobilization methods are adsorption, entrapment, cova-
lent attachment, and cross-linking [26]. The immobilization
process should not modify the active site’s chemical structure
and reactive groups; therefore, it is vital to choose a suitable
immobilization method to prevent activity loss [27]. The sup-
port material to be used in enzyme immobilization should
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be non-toxic, provide mass transfer with minimum diffusion
resistance, and avoid enzyme aggregation and denaturation
without disrupting the natural conformation of the enzyme
[28].

Decolorization of azo dyes with immobilized HRP
enzyme has attracted attention due to the applicability of HRP
in wide temperature and pH ranges, stability, and low cost.
Different supports have been used in HRP immobilization
to meet requirements such as mass transfer and preser-
vation of the natural enzyme conformation by preventing
aggregation and disruption. This study aimed to immobilize
HRP enzyme on poly(ethylene glycol dimethacrylate-N-
methacryloyl-amido-L-tryptophan methyl ester) (PEDMT)
microbeads by adsorption and to investigate the usability
of immobilized-HRP enzyme (PEDMT-HRP) for decol-
orization of Congo red (CR) and Reactive Black 5 (RB5)
solutions. The PEDMT microbeads were characterized via
Brunauer-Emmett—Teller (BET) analysis, Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy
with energy-dispersive X-ray analysis (SEM/EDX), X-ray
photoelectron spectroscopy (XPS), and X-ray diffraction
(XRD) analyses. The efficiency of the free HRP and
PEDMT-HRP was compared by elucidating the parameters
affecting the immobilization. The effects of pH, tempera-
ture, substrate concentration, metal ions, organic solvents,
and H»O; concentration on the enzyme activity, the ther-
mal and storage stability of the free and immobilized
enzyme, and reusability of PEDMT-HRP were determined.
Then, the effects of pH, dye concentration, amount of
HRP-immobilized PEDMT microbeads and enzyme, HyO;
concentration, and contact time on the decolorization of CR
and RBS5 solutions were investigated. The reusability of the
immobilized HRP in dye decolorization was also tested.
HPLC analyses were conducted to determine the efficiency
of PEDMT-HREP in the simultaneous decolorization of the
dyes under optimum conditions.

2 Experimental
2.1 Materials
2.1.1 Reagents

L-tryptophan methyl ester hydrochloride, polyvinyl alco-
hol (PVA), EGDMA, RB5, and CR were obtained
from Sigma-Aldrich. Methacryloyl chloride was obtained
from Fluka. Triethylamine was obtained from Across Organ-
ics. N,N’-azobisisobutyronitrile (AIBN), and H,O, were
obtained from Merck. Horseradish peroxidase (EC 1.11.1.7)
and o-dianisidine were obtained from Sigma Chem. Other
chemicals and reagents employed were of analytical grade.
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2.1.2 Synthesis and Characterization of the PEDMT
Microbeads

PEDMT microbeads were produced via suspension poly-
merization of EGDMA with N-methacryloyl-amido-L-
tryptophan methyl ester (MATrp) monomer as described in
our previous study [29]. AIBN and PVA were the initiator and
the stabilizer, respectively, and toluene was included in the
polymerization steps as a pore former. The synthesis reaction
of PEDMT microbeads is given in Fig. SI1.

2.1.3 Immobilization of HRP onto the PEDMT Microbeads

For the immobilization of HRP, PEDMT microbeads
(100 mg) were mixed with 1U of HRP enzyme dissolved
in acetate buffer (pH 6.0), then incubated, and stirred at 4 °C
for 24 h. After 24 h, the mixture was centrifuged at 5000 rpm
at4 °C to separate and store the supernatant for the following
experiments. The HRP-immobilized PEDMT microbeads
were washed three times with distilled water to remove free
enzyme molecules not adsorbed on the microbeads. Ulti-
mately, it was left to dry overnight at room temperature and
then kept in the refrigerator at 4 °C until subsequent appli-
cation.

To quantitatively describe the effectiveness of immobiliza-
tion, immobilization yield, activity yield, and immobilization
efficiency were calculated via Egs. (1), (2), and (3), respec-
tively.

N

Immobilization yield(%) = x 100 (1)

i
here C; is the initial concentration of enzyme; Cj is the total
concentration of unbound enzyme in the supernatant and
washing solutions.

A.
Activity yield(%) = A—l x 100 2)
f

here A; is the activity of immobilized HRP, and A is the
activity of free HRP.

Activity yield
Immobilization efficiency (%) = ¢ IVI y?lle - x 100
Immobilization yield
3

2.2 Instrumental Measurements

The microbeads’ average size and size distribution were
determined by screen analysis performed with Tyler stan-
dard sieves (Retsch Gmbh; Haan, Germany). The PEDMT
microbeads in the diameter range of 106—180 wm were used
to prepare PEDMT-HRP. SEM-EDX analysis was used to

determine microbeads’ surface morphology and investigate
the HRP enzyme’s existence on the microbead’s surface.
FTIR analysis was performed with Perkin Elmer Spectrum
100 model FTIR instrument in the 400-4000 cm ! frequency
range. The microbeads’ average pore size (nm), specific
surface area (mZ/g), and total pore volume (cm3/g) were
determined by BET analysis with an ASAP2000 instrument
(Micromeritics). P/P,-V (cc/g) and pore diameter (A)-dv(d)
(cm3/A/g) graphs were prepared by using N, adsorption—des-
orption data obtained under vacuum at 77 K. The chemical
compositions of the PEDMT and PEDMT-HRP microbead
surfaces were analyzed using XPS Apparatus (PHI-5000)
from PHI, USA. The experiment conditions are as follows:
The energy of excitation source monochromatic Al Ka radi-
ation was 1486.6 eV, and survey scan range was 0—1100 eV.
The electron take off angle was fixed at 45°. After scanning
the overall spectrum for 2-3 min, peaks over narrow ranges
were recorded for Cls, Ols, N1s for 4-5 min. The PEDMT
microbeads, PEDMT-HRP, and HRP enzymes were charac-
terized by XRD patterns on a Bruker, D8 Discovery XRD
diffractometer system.

Michaelis—Menten constant (Km) and maximum reac-
tion rate (Vmax) were determined for free HRP and
PEDMT-HRP. Initial velocities were measured by varying
the substrate concentrations from 0.25 to 6 mM. Using the
experimental data, Km and Vmax for free HRP and PEDMT-
HRP were determined from Lineweaver—Burk plots.

2.3 Enzyme Activity Measurements

The total peroxidative activity of free HRP and PEDMT-
HRP was colorimetrically measured using o-dianisidine as
a substrate [30]. The assay mixture contained 5 mg of
PEDMT-HRP or an equal amount of free HRP, o-dianisidine
(6 mM, 2 mL) dissolved in phosphate buffer (pH = 6.0,
50 mM), and HyO, (75 pL, 3% v/v, 22.05 pmol H,O»).
The mixture was incubated in a water bath for 10 min at
40 °C; then, NaOH solution (1.5 M, 75 wL) was added to
stop the reaction. HRP activity was evaluated by measuring
the increase in the absorbance at 460-nm wavelength result-
ing from bisazobiphenyl that forms due to the oxidation and
polymerization of o-dianisidine. One unit (1.0 U) of per-
oxidase activity is described as the amount of enzyme that
catalyzes the oxidation of 1.0 pmol of o-dianisidine to the
colored product in 1 min. All experiments were done in tripli-
cate, and mean =+ standard deviation values were calculated.
The highest activity value was assumed as 100%, so results
were evaluated relative to it and given as relative activity (%).

To investigate the reusability of PEDMT-HRP, the
enzyme activity was measured repeatedly under optimum
conditions. After each experiment, PEDMT-HRP was sepa-
rated from the reaction medium by centrifugation and washed
with buffer solution. So, the reaction was repeated with a
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fresh substrate ten times under the same conditions. Initial
enzyme activity was defined as 100%, and the following
activities were calculated relatively.

2.4 Decolorization Studies

To evaluate the efficiency of free HRP and PEDMT-HRP
in dye decolorization, CR and RB5 were used as model
dyes. Stock dye solutions (500 mg/L) were prepared and
used for further experiments by diluting. The wavelengths
in which the maximum absorption occurred were detected
by preparing UV spectra for dye solutions using a UV-VIS
spectrophotometer (Shimadzu UV-1700). Calibration plots
were prepared and used to determine the dye concentration
during decolorization studies. The decolorization efficiency
was calculated by Eq. (4).

buffer (pH 6.0)/15 mg PEDMT microbeads/30-min incuba-
tion at 45 °C). CR and RBS5 analyses were performed using
an Agilent 1200 series HPLC system (Agilent, Palo Alto,
CA) consisting of a G-1311A quaternary pump, a G-1329A
ALS autosampler, a G-1322A degasser, and a G-1315B diode
array detector (DAD) using Agilent Zorbax 300SB-C18 (250
mm 4.6 mm i.d.,, 5 pm) column. Elution was performed
using a mobile phase consisting of a mixture of acetonitrile
(A) and 10 mM ammonium acetate (CH3COONH,4) solu-
tion acidified to pH 3.6 with acetic acid (CH3COOH) (B) at
isocratic mode. Before injection, the samples were filtered
through 0.45-pm syringe PVDF filters. The decolorization
ratio (%) was calculated using Eq. (4). All experiments were
performed in triplicate, and the average of the replicates and
standard deviation was determined.

Initial dye concentration — Final dye concentration

Decolorization (%) =

Initial dye concentration

* 100 “

2.5 Reusability Studies

The reusability of PEDMT-HRP on dyes decolorization was
investigated for several sequential reactions. After each reac-
tion cycle, the HRP-immobilized microbeads were collected
by filtration and washed with phosphate buffer and then
reused with a fresh dye solution. The assay was repeated
for 10 cycles of CR and 5 cycles of RBS5. The decoloriza-
tion efficiency of the PEDMT-HRP enzyme in the first cycle
was considered 100%, and the subsequent efficiencies were
calculated as relative decolorization.

2.6 HPLC Analyses

To investigate the efficiency of immobilized HRP on decol-
orization, PEDMT-HRP was used for separate and simul-
taneous decolorization of CR and RB5 solutions under
optimum conditions (5 mL of the dye solution (50 mg/L
for CR and 25 mg/L for RBS) in PBS buffer (pH 6.0), 0.2
mL H>03, 15 mg HRP-immobilized microbeads). The decol-
orization studies were also conducted by adding 0.4 mL free
HRP solution to the dye solutions with the same volumes
and concentrations. After 30-min incubation at 45 °C in all
cases, the enzymatic reaction was stopped with 0.1 mL 1.5
M NaOH. Control samples run in parallel without adding
PEDMT-HRP and free HRP. The adsorption capacities of the
PEDMT microbeads for CR and RB5 were also determined
by batch adsorption experiments at the same conditions of
decolorization studies with the enzymes (5 mL of the dye
solution (50 mg/L for CR and 25 mg/L for RB5) in PBS
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3 Results and Discussion
3.1 Properties of the PEDMT Microbeads

SEM analyses were performed to examine the morphology
of polymeric microbeads before and after immobilization.
SEM images of the PEDMT and HRP-immobilized PEDMT
microbeads obtained at different magnifications are given
in Fig. 1. It can be seen that the prepared microbeads had
a highly porous and spherical structure. SEM images taken
at higher-magnification ratios illustrated that after immobi-
lization, most of the pores were clogged, and there were
bumps on the surface of microbeads (Fig. 1d and f). It can be
assigned to the physical adsorption of HRP inside the pores
and onto the surface of microbeads. Consequently, the sur-
face morphology of PEDMT microbeads was changed after
immobilization, demonstrating that HRP was successfully
immobilized onto the PEDMT microbeads.

PEDMT and HRP-immobilized PEDMT microbeads
were also subjected to EDX analysis to determine the ele-
mental compositions of the microbeads’ surfaces (Fig. SI2).
The results demonstrated the presence of carbon, nitro-
gen, and oxygen in the chemical structure of PEDMT and
HRP-immobilized PEDMT microbeads. However, the HRP-
immobilized PEDMT microbeads had also sulfur (0.43%).
Moreover, the nitrogen ratio increased from 2.26 to 3.5%
after HRP immobilization. Overall, it can be concluded that
the elemental composition changed after immobilization,
demonstrating the success of the applied immobilization pro-
cedure.
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Fig. 1 SEM images of the PEDMT (a, ¢, e) and HRP-immobilized PEDMT (b, d, f) microbeads at different magnification ratios
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FTIR spectra of the PEDMT microbeads, HRP enzyme,
and PEDMT-HRP are given in Fig. SI3. For free HRP, the
characteristic absorption bands at 1639 cm~!, 1528 cm™!,
and 1387 cm™! were attributed to the vibration of (—CONH-)
amide I, amide II, and amide III, respectively. The observed
absorption band at 3284 cm~! was related to O—H vibration
and 2934 cm~! was associated with the alkyl group (-CHy).
Another absorption band at 1038 cm™! corresponded to the
aliphatic amines (C—N stretching). In the FTIR spectrum
of PEDMT microbeads, absorption bands of the ester car-
bonyl group (C=0) at 1724 cm™! and repeating aliphatic
C-H bonds at 2952 cm~! were observed. The spectrum of
PEDMT-HRP still had the characteristic absorption band of
the PEDMT microbeads, such as the ester carbonyl group
at 1720 cm~! and the aliphatic C-H bond at 2952 cm™.
However, PEDMT-HRP had an additional absorption band at
1404 cm™! assigned to NH (amide III) vibration. In addition,
the FTIR spectrum of PEDMT-HRP consisted of absorption
bands at 3422 cm ™! and at 1022 cm ™! belonging to O-H and
C-N vibrations, respectively, similar to the spectrum of free
HRP [31]. These results proved that HRP was successfully
immobilized onto the PEDMT microbeads.

BET analysis was performed to describe the microbeads’
surface’s physical properties. The specific surface area, pore
volume, and pore diameter of microbeads were determined
via Np adsorption/desorption isotherms and pore diameter
distribution graphs (Fig. SI4). The specific surface area of
the PEDMT microbeads was very high (1103 m?> g~ !). The
PEDMT microbeads had a pore volume and pore size of 1.94
cm?® g~ ! and 9.99-55.3 A, respectively. It was clear that the
microbeads had a highly porous structure and micro- and
mesopores according to the [UPAC definition. High porosity
and large surface area facilitated better HRP immobilization,
which resulted in high enzymatic activity.

The full XPS spectra of the surfaces of PEDMT and
HRP-immobilized PEDMT microbeads are given in Fig. SIS.
The signal for Nls (400 eV) was not observed for
PEDMT microbeads (Fig. SI5a). However, a signal for N1s
(400 eV) in the XPS spectrum of HRP-immobilized PEDMT
microbeads (Fig. SISb), resulting from N atoms in the peptide
bonds, demonstrated that the HRP enzyme was success-
fully adsorbed on the PEDMT microbeads. Cls (%), Ols
(%), and N1s (%) were determined as 70.8%, 26.0%, and
3.1%, respectively. Figure SI6 shows the XRD spectra of
PEDMT microbeads, PEDMT-HRP, and HRP enzymes.
The obtained peaks showed that the microbeads and the
enzymes have amorph structures. The XRD pattern of the
PEDMT microbeads and PEDMT-HRP displayed a broad
peak at 13.7° and 14.8°, respectively, in which a slight shift
may result from the adsorption of HRP enzyme onto the
microbeads.
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3.2 Immobilization Parameters

Immobilization yield indicates the amount of enzyme that
can bind to the support matrix [32]. Activity yield com-
pares the activity of immobilized and free enzyme and shows
a decrease in activity after immobilization. Immobilization
efficiency represents two characteristics: first, the amount of
immobilized enzyme, and second, the enzyme’s activity in
the carrier [33]. For this reason, parameters such as immobi-
lization yield, activity yield, and immobilization efficiency
for HRP immobilization on PEDMT microbeads were deter-
mined by incubating the microbeads with 1 U of HRP (pH
6.0, 4 °C, and 24 h). Immobilization yield was calculated
as 84.9 £ 2.1%, activity yield as 73.8 £ 5.9%, and immo-
bilization efficiency as 86.9 £ 6.9%. In a previous study,
calcium alginate gel beads were used for HRP encapsula-
tion, and immobilization efficiency was reported as 90% [22].
ZnO nanowires/macroporous SiO; composite was used as
a support matrix for HRP immobilization, and immobiliza-
tion efficiency was 75.3% [34]. In a recent report, the HRP
enzyme was encapsulated via phospholipid-templated tita-
nia particles, and 70.51% immobilization yield and 56.31%
activity yield were obtained [35]. As aresult, it can be pointed
out that obtained immobilization efficiency with the PEDMT
microbeads was very high, probably due to the hydrophobic
interactions between HRP enzyme, which is a protein, and the
PEDMT microbeads including MATrp monomer, which is a
derivative of hydrophobic amino acid tryptophan. The indole
ring in the MATrp residue may interact with the hydrophobic
amino acids’ residues of HRP. In addition, hydrogen bonds
may occur between C=0 and —-NH groups of MATrp residue
and hydrogen donor and acceptor groups in the HPR protein.

3.2.1 Optimum pH and Temperature

One of the parameters that enzyme activity is affected is pH.
The enzyme activity was measured in the pH range of 2.0 to
10.0 to determine the optimum pH. The assay mixture con-
tained 5 mg of PEDMT-HRP or an equal amount of free
HRP and was incubated in a water bath for 10 min at 40 °C.
As seen in Fig. 2a, the maximum activities of free HRP and
PEDMT-HRP were observed at pH 6.0. Similarly, in another
study in which nanofibrous membranes were employed to
immobilize HRP, the optimal pH value was found to be at pH
6.0 for both free and immobilized enzymes [36]. In another
study, HRP was encapsulated by cyclodextrin nanosponge,
and the maximum activity of free HRP was observed at pH
6.0. In contrast, the maximum activity of the encapsulated
enzyme was observed at pH 7.0 [37]. The relative activity
of PEDMT-HRP was higher and more stable in the compre-
hensive pH range than the free HRP. PEDMT-HRP showed
53% and 42% relative activity at pH 3.0 and 9.0, whereas free
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Fig.2 a Optimum pH and b optimum temperature of free HRP and PEDMT-HRP

HRP showed 27% and 33% at the same pH values, respec-
tively. PEDMT-HRP exhibited high pH resistance due to the
stabilizing and protecting effect of the immobilization tech-
nique [35]. Itillustrates that since HRP was immobilized with
the adsorption method, there was no covalent bond between
HRP and the PEDMT microbeads, and the optimum pH of the
enzyme did not change after immobilization. Consequently,
the immobilized PEDMT-HRP was marginally more stable
than the free enzyme. The immobilized enzyme becomes
more stable and less affected by environmental factors than
the free enzyme; it makes them suitable for use in various
fields [23, 38].

Another critical parameter for enzyme studies is to deter-
mine whether there are any changes in the optimum temper-
ature after immobilization. The free HRP and PEDMT-HRP
were incubated at 25 °C to 70 °C for 30 min. Then, the
enzyme activity was assayed by using a substrate solution
with the optimum pH value. The results are shown in Fig. 2b.
The maximum activity of the free enzyme was obtained at
45 °C, while the PEDMT-HRP showed maximum activ-
ity at 50 °C. In a previous report, HRP was immobilized
on activated wool. The optimum temperature for free HRP
at 30 °C, whereas the optimum temperature for immobi-
lized enzyme shifted to 40 °C [39]. In another study, Fe304
magnetic nanoparticles were used for HRP immobilization,
and the optimum temperature of free HRP shifted from 40
to 50 °C for HRP immobilized on magnetic nanoparticles
[40]. When the temperature was increased to 55 °C, the free
HRP started to denature, whereas the PEDMT-HRP retained
approximately 95% of its relative activity. Moreover, the free
HRP was denatured at 70 °C, while PEDMT-HRP retained
about 50% of its initial activity. These results showed that the
PEDMT-HRP was stable over a broader temperature range
and had a higher thermal resistance than the free HRP. This

is because immobilization decreases the enzyme’s thermal
vibrations and stabilizes its conformational structure [13].

3.2.2 Optimum H;0; Concentration

H,0; is an essential co-substrate of the peroxidase enzyme
that initiates a free radical reaction to form reaction inter-
mediates and oxidizes the substrate [9]. For higher reaction
efficiency, determining an optimal concentration of H,O»
in enzymatic reactions is vital. Because an excess amount
of HyO» inactivates the enzyme and an insufficient amount
cannot provide enough oxidant [22], the enzymatic activity
of HRP is due to the oxidation and reduction of the Fe3* ion
in the heme group. The catalytic reaction has two stages. In
the first stage, H,O; replaces the water ligand. Heterolytic
break of the O—O bond allows H,O; to react with the Fe3*
ion and form three products: HyO, Fe** oxoferryl center,
and a positively charged radical based on porphyrin. In the
second stage, the positively charged porphyrin radical under-
goes one-electron reduction or one-electron transfer reaction
with chosen substrate: Fe** oxoferryl species, and the first
radical of the substrate is obtained. Consecutively, it under-
goes a reduction reaction with the substrate and returns to
the initial form of the enzyme (Fe3+); here, the second rad-
ical of the substrate is obtained. The obtained free-radical
compounds of the substrate tend to polymerize, which is an
advantage of the process. The oxidation reaction of HRP
with aromatic compound (AH>) in the attendance of HyO;
is H,05 + 2AH B8P > 21,0 + 2AH:

To find the optimum H,O; concentration, enzyme activ-
ities of free HRP and PEDMT-HRP were measured with
different HyO, concentrations (1-5%) under constant con-
ditions, and the results are shown in Fig. SI7. The relative
activity of both enzymes was increased with increasing Hy O,
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concentration. The maximum activity was obtained when the
H,O; concentration was 3% (v/v). With a further increase in
the concentration, the activity of the free HRP continued to
decrease, while the PEDMT-HRP’s activity was stabilized.

3.2.3 Thermal and Storage Stability Properties

Thermal stability is one of the most significant superiors of
immobilized enzymes as per free enzymes. The immobiliza-
tion process makes enzymes more resistant to environmental
conditions, including intense heat; it is advantageous for
commercial use [12]. Thermal stability is a parameter that
evaluates the ability of enzymes to remain active at ele-
vated temperatures. Figure 3a shows the thermal stability
of both free HRP and PEDMT-HRP. After 3-h incubation
at 50 °C, free HRP lost most of its initial activity, and only
28% of initial activity remained, while the PEDMT-HRP
protected more than 50% of the initial activity. During the
reaction, the activity of PEDMT-HRP dropped less and
slowly compared to free HRP. In an early study, HRP was
immobilized on poly(ethylene terephthalate) grafted acry-
lamide fiber. The thermal stabilities were investigated by
incubating both enzymes for 180 min at 50 °C. The results
showed that the immobilized HRP retained 44% of its ini-
tial activity, whereas the free HRP retained only 19% [41].
This improvement in temperature resistance may be due to
reduced enzyme mobility and high conformational integrity
after immobilization. These results show that immobiliza-
tion significantly improves thermal stability, promising the
enzyme to be used even at high temperatures where the free
enzyme is very unstable.
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Storage stability is a significant parameter for the
commercial-scale application of the enzymes. It is well
known that the enzyme in solution is unstable during storage,
and its activity decreases spontaneously over time. Therefore,
the storage stability of both free HRP and PEDMT-HRP was
investigated at room temperature for 4 weeks. As seen in
Fig. 3b, free HRP showed a downward trend over time. After
4 weeks, the activity PEDMT-HRP was still above 67% of
the initial activity, while the free HRP retained only 47% of
the initial activity. In a recent study, carboxyl-functionalized
polystyrene [poly(styrene-co-methacrylic acid)] nanofibers
were used as a matrix for HRP immobilization. After 20
days of incubation, the activity for immobilized-HRP was
still above 60% from the initial activity and nearly 35% for
free HRP [36]. In another work, silica hollow fibers were
used for immobilizing the HRP enzyme. After 1 week of
storage, the activity for immobilized-HRP was still above
60%, but free HRP was above 41% [42]. The free enzyme’s
stability is lower because it is easily affected by environ-
mental conditions. However, immobilized enzymes adapt
better to environmental conditions than free enzymes due
to their stable conformational state and strong interactions
with the carrier matrix [43]. Loss of enzymatic activity dur-
ing this period can be attributed to protein denaturation and
degradation during long-term storage. The results showed
that immobilization of HRP onto the PEDMT microbeads
increased the stability of the HRP enzyme.

3.2.4 Effects of Metal lons and Organic Solvents

Metal ions contribute to the catalytic process through their
ability to attract or donate electrons. Some metals bind the
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substrate by coordination links. Others contribute to main-
taining the tertiary and quaternary structures of the enzyme
molecule. Enzyme samples were incubated with different
metal ion solutions to evaluate the effect of metal ions on the
activity of free HRP and PEDMT-HRP. The relative activ-
ity was then measured at optimum conditions. The results
obtained are shown in Fig. SI8a. It was determined that
Ag*, Cu**, and Fe’* caused an increase in the activity of
both free and immobilized enzymes, increasing by 16%,
30%, and 45% with free HRP and by 62%, 65%, and 93%
with PEDMT-HRP, respectively. However, in the presence
of other metal ions (Ca®*, Co?*, Mg+, Ni?*, Sc**, Zn?*, and
Pb2+), free HRP lost its activity, while PEDMT-HRP, on the
contrary, gained a significant amount of activity. In a recent
study, Fe”* and Cu®* had strong activation for immobilized
HRP compared to soluble HRP. Other metals tested had less
inhibitory effect on immobilized HRP than on soluble HRP
[40, 44]. The metal ions are classified as soft, borderline,
and hard. They present different binding characteristics for
amino acids in the protein structure, i.e., hard metal ions
(Ca>*, Mg?*, Sc**, Fe**) bind to O donor atoms of amino
acids such as Asp and Glu and soft/borderline metal ions
(Ag*, Co?*, Ni**, Cu?*, Zn**, and Pb**) bind to N and S
donor atoms of amino acids such as His and Cys. In this
study, Ag*, Cu®*, and Fe>* caused an increase the activity of
both enzymes (free and immobilized) binding via O, N, and S
donor atoms of the amino acids. On the other hand, the other
metal ions (Co**, Ca®*, Mg?*, Ni**, Sc>*, Zn**, and Pb>*)
caused a decrease in the activity of only free HRP enzyme via
binding to O, N, and S atoms of amino acid, which probably
essential to maintain of the native conformation. However, in
the immobilized HRP, there was no activity decrease prob-
ably because the immobilization increased the stability of
native conformation due to the binding to a polymeric sup-
port. As aresult, it can be reported that any metal ions did not
inhibit PEDMT-HRP compared to free HRP, and its activity
was higher. This stability is due to the most significant advan-
tage of the immobilization method, which is least affected by
environmental factors.

The effect of various organic solvents on free HRP and
PEDMT-HRP activity was also investigated and is shown
in Fig. SI8b. Mixing organic solvents with water leads to
many exciting variations and possibilities depending upon
the miscibility of the solvent with water and the relative pro-
portion of the solvent and water in the medium. The organic
solvents have been found to profoundly affect enzyme catal-
ysis, affecting both reaction rate and selectivity. The results
showed that both enzymes were not inhibited only by ethanol
and DMSO solvents. DMSO increased the activity of the
free HRP and PEDMT-HRP by approximately 4% and 24%,
respectively. In comparison, ethanol caused an increase in
PEDMT-HRP’s activity by 14% but did not significantly
change the free enzyme’s activity by only 2%. Other solvents,

such as dichloromethane, toluene, diethyl ether, chloroform,
and benzene, caused a decrease in the activity of free HRP and
PEDMT-HRP. However, the activity of the PEDMT-HRP
was relatively higher, and it was not affected by the solvents
as much as the free enzyme. When an enzyme is placed in a
non-aqueous medium, it is exposed to different factors that
can change its aqueous-based native structure and, conse-
quently, its function, presenting larger Km values [45]. The
theoretical kinetic model developed by Lee and Kim [46]
showed that enzyme reaction rate in organic media depended
mainly upon substrate solvation and enzyme hydration. Any
alteration in the enzyme’s structure upon hydration causes
a change in Km [45], whereas the maximum reaction rate
is independent of the medium composition [47]. This is
because the substrate and water’s activity coefficients deter-
mine the enzyme reaction rate in organic solvents. Enzymes
that require fewer water molecules have a higher reaction rate
in organic media [46]. Therefore, the reaction rate was closely
related to the polarity index of the organic solvent. The order
of polarity index of organic solvent is DMSO > ethanol >
dichloromethane > diethyl ether > chloroform > benzene >
toluene. The results showed that low polarity index solvents
(dichloromethane, diethyl ether, chloroform, benzene, and
toluene) caused a decrease in the activity of free HRP. In
contrast, DMSO and ethanol caused an increase in the activ-
ity of free and immobilized HRP. Dichloromethane, diethyl
ether, chloroform, benzene, and toluene did not significantly
change the activity of immobilized HRP due to the stability
of the HRP enzyme obtained via immobilization.

3.2.5 Reusability of the PEDMT-HRP

Reusability is one of the immobilized enzyme’s most sig-
nificant advantages over the free enzyme for industrial
applications. Therefore, the reusability of the PEDMT-HRP
was investigated, and the results are shown in Fig. 4. The
results showed that immobilized enzyme preserved more
than 55% of its initial activity even after 10 consecutive uses.
It proved that the PEDMT-HRP was suitable for reuse. In a
recent study, the activity of immobilized HRP was tested for
5 successive cycles, and the enzyme retained approximately
40% of its initial activity [48]. On the other hand, HRP was
immobilized on poly(methyl methacrylate) nanofibers incor-
porated with nanodiamonds, and the activity remained above
60% of its activity even after 10 consecutive cycles [49]. A
decrease in activity may have occurred due to enzyme leak-
age or disruption of protein conformation [13]. Free enzymes
are easily denatured and used only once, whereas immobi-
lized enzymes can be separated from the reaction medium
and used many times. Reusability also reduces the cost of
immobilized enzymes and prevents side effects [50, 51].
As a result, the PEDMT-HRP can be reused effectively,
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demonstrating that it has potential for application in the
industry.

3.2.6 Kinetic Parameters

The effect of different substrate concentrations on free
HRP and PEDMT-HRP reaction rate was determined from
Lineweaver—Burk plots shown in Fig. SI9. The maximum
rate of an enzymatic reaction (Vmax) was decreased after
immobilization from 0.23 to 0.05 wmol/min. Similarly, the
substrate concentration that allows reaching half of the
maximum velocity (Km) has decreased after immobiliza-
tion from 3.66 to 0.76 mM. The Km value dropped after
immobilization due to increased substrate diffusional con-
straints. In another study, hydrazine-treated acrylic fabrics
activated with cyanuric chloride were developed as support-
ing material for HRP immobilization. The results showed
that increase in Km value after immobilization from 32.36
to 37.45 mM [44]. Also, in recent work, HRP immobi-
lization onto functionalized superparamagnetic iron oxide
nanoparticles was studied, and Km was increased after the
immobilization of the HRP enzyme [23]. The Km value of the
HRP enzyme decreased after being immobilized on PEDMT
polymeric microbeads. Generally, it can be described as the
immobilized enzyme’s conformation change when bound
to the microbeads [52]. In the meantime, a reduction in
the Vmax value was detected following the immobiliza-
tion of HRP. Limiting substrate diffusion to PEDMT-HRP
may cause a decrease in Vmax. These outcomes result
from modifications of enzyme structure after immobiliza-
tion. This suggested that the rate of substrate-to-product
conversion had decreased by decreasing the structural flex-
ibility of the immobilized form, which led to a decrease
in the affinity of the substrate to the enzyme active region
[53].
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3.3 Decolorization of CR and RB5 Dye Solutions
3.3.1 Effect of pH on Dye Decolorization

The change in pH impacts numerous functional groups,
including amino and carboxyl on the surface, which influ-
ences the efficacy of dye decolorization, which control
how dye molecules adhere to one another [54, 55]. Textile
wastewater can have a broad range of pH values. There-
fore, it is essential to ensure that the prepared PEDMT-HRP
demonstrates high activity under acidic, basic, and neutral
conditions [2]. Figure 5 shows the effect of pH on the enzy-
matic decolorization of CR and RBS5 solutions. It was found
that both free HRP and PEDMT-HRP showed the best decol-
orization at pH 6.0 for CR and RBS5, which was also the
optimum pH for HRP enzyme activity. At pH 6.0, the shape
and functionality of the active site of HRP and immobilized
HRP enzymes are optimum. On the other hand, CR, a dipo-
lar molecule, is cationic at lower pHs and anionic at higher
pHs. The pKa value of CR is 4.9 [56], and at pHs higher than
4.9, sulfo groups of the CR have a negative charge (SO37),
and amino groups (NH3™) have a positive charge. At pH 6.0,
the net charge was near zero, increasing the affinity of the
CR molecules to the hydrophobic reducing substrate-binding
site, including His-42, Phe-68, Gly-69, Ala-140, Pro-141,
Phe-142, and Phe-179, and heme methyl C18. However, RB5
has pKa values lower than zero due to their two sulfonate
groups and another two sulfato-ethyl-sulfone groups, with
negative charges even in highly acidic solutions [57]. As a
result, PEDMT-HRP showed high decolorization percent-
ages for CR at 89% and RB5 at 84%. In comparison, free HRP
showed 48% for CR and 43% for RB5. As demonstrated, in
contrast with free HRP, PEDMT-HRP can decolorize CR and
RBS5 more efficiently by 41% over a broader pH range from
6.0 to 8.0, providing an advantage for using PEDMT-HRP
in the industry.

3.3.2 Effect of Dye Concentration on Decolorization

The influence of dye concentration on the enzyme’s decol-
orization capacity was investigated, and the results are
shown in Fig. 6. The highest dye decolorization for free
HRP and PEDMT-HRP was achieved at 50 mg/L. and
25 mg/L concentration for CR and RB5 solutions, respec-
tively. Decolorization gradually decreased with increasing
dye concentration. Decolorization resulted from degraded
dyes by the HRP enzyme because the dye works as a sec-
ond substrate. The increase in substrate concentration leads
to an increased reaction rate until it achieves its maximum
activity after the active center is full with the substrate; fur-
ther addition of substrate will no longer affect the reaction
rate [9]. Consequently, the decolorization (%) decreased as
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the dye concentration increased. Under established experi-
mental conditions, 50 mg/L and 25 mg/L concentration for
CR and RBS5 solutions are the limiting dye concentrations
for optimal decolorization, respectively.

3.3.3 Effect of Enzyme Amount on Decolorization
Enzymes have a limited lifetime; therefore, enzymatic decol-

orization reactions directly depend on the amount of enzyme
[9]. Figure SI10 represents the effect of the amount of free

HRP and PEDMT-HRP for dye decolorization. In the exper-
iments, 10 to 100 mg of PEDMT-HRP was used, while
50-300 L of free HRP solution was used as an equal amount
of PEDMT-HRP. The results showed the increase in the
amount of PEDMT-HRP from 10 to 50 mg and free HRP
concentration from 50 to 150 pwL contributed to a tremen-
dous increase in the percentage of decolorization of CR by
47% with PEDMT-HRP and 16% with free HRP and for
RBS5 by 39% with PEDMT-HRP and 19% with free HRP.
However, the further increase in the amount of free HRP
and PEDMT-HRP did not make a significant change in dye
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decolorization. Therefore, 50 mg of PEDMT-HRP and 150
WL of free HRP solution were assumed to be the optimum
enzyme amount at formulated experimental conditions.

3.3.4 Effect of H0, Concentration on Decolorization

Since H>O3 is required for the catalysis of HRP, the amount
of HyO» is critical for dye decolorization by free HRP and
PEDMT-HPR [2]. Figure SI11 represents the dependence
of CR and RBS5 decolorization effectiveness on HyO, con-
centration. The highest dye decolorization ratio by free HRP
for 36% for both dyes (CR and RB5) was obtained at 3%
of HyO», while for PEDMT-HRP dye decolorization ratio
reached 91% for CR and 81% for RB5 also was at 3% of
H>0;. The molar ratio of HyO,/dye (CR and RBS) was 76
and 109.2 for CR and RBS5, respectively. In comparison, 1%
H,0, gave the lowest dye decolorization efficiency for both
dyes. The optimum H,O; concentration depends on the ini-
tial dye concentration and differs from case to case. The
behavior of the dye removal efficiency was similar in many
dye types. First, the amount of dye removed sharply increased
with an increase in hydrogen peroxide up to an optimal point.
It shows that hydrogen peroxide is a limiting factor in this
range. Second, after dye conversion reached its optimum
point, adding hydrogen peroxide significantly reduced the
conversion. An excess amount of hydrogen peroxide results
in higher concentrations of intermediate products, which
inhibit the enzyme’s activity, and that enzyme is inactivated
by an excess of hydrogen peroxide. The dye decoloriza-
tion increased as the H,O, concentration increased, and it
dropped as the H,O, amount was exceeded, owing to the
inhibition of HRP activity by high H,O» concentration [58].
The identical optimum H>O; concentration (3%) was sug-
gested by Kurtuldu et al., where HRP was adsorped onto
UiO-66-NH; and used in Methylene Blue and Methyl Orange
decolorization [59]. As a result, the immobilized enzyme
could effectively decolorize both dyes over a broader H,O»
concentration range, demonstrating that PEDMT-HRP has
greater tolerance to HyO; than free HRP.

3.3.5 Effect of Contact Time on Decolorization

Identifying the optimum contact time helps to achieve the
best decolorization efficiency within the shortest period and
thus reduces process consumption and cost. After 2 h of incu-
bation, no more dye decolorization was observed for both
dyes. Figure SI12 illustrates the effect of reaction time on CR
and RBS. For the free HRP, the maximum decolorization was
31% for CR and 34% for RB5 and achieved after 120 min of
reaction. On the other hand, PEDMT-HRP showed efficient
decolorization in 60 min but reached its maximum efficiency
after 120 min of incubation. The maximum decolorization
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was 83% for CR and 82% for RBS5. The same optimum reac-
tion time of 120 min was presented by Karim et al. [1]. They
immobilized the HRP enzyme by cross-linking onto the -
CD-chitosan complex and applied the immobilized enzyme
in the decolorization of the mixture of Cypress Green and Sul-
tan Red. Farias et al. [60] immobilized the HRP enzyme by
calcium alginate gel beads through encapsulation and applied
the immobilized HRP enzyme for dye decolorization. The
optimum contact time for decolorization of Reactive Blue
221 and Reactive Blue 198 was 180 min and 240 min, respec-
tively.

3.3.6 Reusability of PEDMT-HRP for Decolorization

The reusability of enzymes is an important index used for
the evaluation after immobilization. As shown in Fig. 7, the
reusability of PEDMT-HRP was evaluated via decoloriza-
tion of two dye solutions. The PEDMT-HRP retained 89%
and 27% of its initial activity after three repeated cycles
with CR and RBS5, respectively. PEDMT-HRP saved 44%
after 10 cycles for CR decolorization while saving 17%
of its initial activity after 5 cycles for RBS decolorization.
The above results could be due to the denaturation of the
enzyme proteins that leads to its inactivation and leakage
of the protein from the support material during use. There-
fore, the PEDMT-HRP could serve its purpose in industrial
applications, resulting in its reusability and easy recovery.
In a previous study, HRP entrapped and cross-linked onto
Na-alginate saved 74% of its initial activity after 10 reuse
cycles with Acid yellow 11 [12]. In recent work, HRP
immobilized on magnetic Fe304 and amino-functionalized
magnetite nanoparticles, retaining 55% and 68% of its initial
activity after 10 and 9 consecutive cycles, respectively [40].
Generally, the results proved that PEDMT-HRP displayed
fairly good reusability compared to the literature, and it is a
successful biocatalyst with reliable operational stability.

3.3.7 Decolorization Efficiency Under Optimum Conditions

The decolorization efficiency of CR under the optimum con-
dition is shown in Fig. SI12. The experimental results in
Fig. SI13a clearly showed that the decolorization efficiency
for CR by free HRP reached 21.23% and by PEDMT-HRP
reached 98.20% after 30 min at pH 6.0 and 45 °C. The adsorp-
tive removal of CR by PEDMT microbeads reached 64.73%
under optimum conditions. The decolorization efficiency
for RB5 by free HRP and PEDMT-HRP was 1.04% and
47.99%, respectively. The removal ratio of RB5 by PEDMT
microbeads was 9.65% after 30 min at pH 6.0 and 45 °C
(Fig. SI13b). The decolorization effect of the PEDMT-HRP
on the dyes was better than those of free HRP and adsorption
via PEDMT microbeads.
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The results for simultaneous decolorization of the dyes
with free HRP, PEDMT microbeads (adsorptive removal),
and PEDMT-HRP are given in Fig SI13c. The PEDMT-HRP
was importantly more effective than free HRP in simultane-
ous decolorization. Moreover, the adsorptive removal ratios
of the dyes were significantly lower than enzymatic decol-
orization via PEDMT-HRP. As a result, the synergistic effect
of adsorption and enzymatic degradation achieved rapid dyes
degradation by shortening the mass transfer distance, and the
simultaneous degradation rate of the dyes (CR and RBS5) in
30 min exceeded 94% and 29%, respectively [61]. A com-
parison of the efficiency of immobilized HRP enzymes for
dye decolorization is given in Table 1.

4 Conclusions

In this study, HRP enzyme was immobilized onto cross-
linked polymeric microbeads (PEDMT) via adsorption, and
the factors affecting the immobilization process were elu-
cidated in detail. Then, the immobilized HRP enzyme
(PEDMT-HRP) was used to decolorize CR and RBS5 dye
solution. The parameters affecting the decolorization effi-
ciency were also studied. The microbeads were characterized
by BET, SEM-EDX, and FTIR analyses. BET analysis
showed that the PEDMT microbeads had a high surface
area and pores in micro- and mesosizes. The PEDMT
microbeads’ surface was rough, increasing the surface area
for HRP adsorption. Immobilization yield , activity yield,

and immobilization efficiency were calculated as 84.9 +
2.1,73.8 £ 5.9%, and 86.9 £ 6.9%, respectively. The opti-
mum pH was 6.0 for free and immobilized HRP, and the
PEDMT-HRP was marginally more stable than the free HRP
in a broader pH range. The optimum temperature was 45 °C
for PEDMT-HRP, 5 °C higher than the free HRP. When the
enzymes were incubated for 180 min at 50 °C, PEDMT-HRP
retained 44% of its initial activity, whereas the free HRP had
only 19%. The activity PEDMT-HRP was above 67% of
the initial activity, while the free HRP retained only 47%
for 4 weeks of storage. The PEDMT-HRP has significantly
higher stability against metal ions and organic solvents and
preserved more than 55% of its initial activity even after
10 consecutive uses. The Vmax and Km values of the HRP
enzyme were decreased after immobilization. The optimum
decolorization pH, H>O» concentration, contact time, and
HRP-immobilized microbeads amount were 6.0, 3% (v/v),
120 min, and 50 mg for both dyes. The highest decolorization
was achieved at 50 mg/L and 25 mg/L concentrations for CR
and RBS5 solutions, respectively. The PEDMT-HRP saved
44% of its initial activity after 10 cycles for CR decoloriza-
tion while preserving 17% of its initial activity after 5 cycles
for RB5. HPLC analyses showed that the decolorization effi-
ciency of CR and RB 5 by immobilized enzyme reached
98.20% and 47.99% after 30 min at pH 6.0 and 45 °C. The
PEDMT-HRP could simultaneously decolorize both dyes
with 94% (CR) and 29% (RBS5) efficiency. Consequently,
the PEDMT-HRP has application potential in the industry
for decolorizing synthetic dyes.
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