
Vol.:(0123456789)1 3

Journal of Polymers and the Environment (2022) 30:3005–3020 
https://doi.org/10.1007/s10924-021-02364-3

ORIGINAL PAPER

Immobilization of Horseradish Peroxidase on Macroporous 
Glycidyl‑Based Copolymers with Different Surface Characteristics 
for the Removal of Phenol

Nevena Pantić1 · Milica Spasojević2 · Željko Stojanović3 · Đorđe Veljović4 · Jugoslav Krstić5 · Ana Marija Balaž5 · 
Radivoje Prodanović6 · Olivera Prodanović1

Accepted: 14 December 2021 / Published online: 5 March 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Novel macroporous copolymers of glycidyl methacrylate and ethylene glycol dimethacrylate with mean pore size diam-
eters ranging from 150 to 310 nm were synthesized by dispersion polymerization and modified with ethylenediamine. The 
glutaraldehyde and periodate method were employed to immobilize horseradish peroxidase (HRP) onto these carriers. The 
activity of the immobilized enzyme was greatly affected by the pore size of the carrier. The highest specific activities of 
9.65 and 8.94 U/g of dry weight were obtained for HRP immobilized by the periodate-route onto poly(GMA‐co‐EGDMA) 
carriers with pore size diameters of 234 and 297 nm, respectively. Stability studies showed an improved operational stability 
of immobilized peroxidase at 65 °C and in an organic solvent. HRP immobilized on a copolymer with a pore size of 234 nm, 
showing the highest specific activity and good stability, had higher activities at almost all pH values than the native enzyme 
and the increased Km value for pyrogallol oxidation. Immobilized HRP retained 80% of its original activity after five con-
secutive cycles of the pyrogallol oxidation and 98% of its initial activity in a storage stability study. Enzyme immobilized 
onto the macroporous copolymer with the pore size diameter of 234 nm showed a substantial degree of phenol removal 
achieved by immobilized peroxidase.
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Introduction

An enzyme immobilization on various solid carriers pro-
vides an increased enzyme stability and allows for a good 
recovery and reuse of biocatalysts in different bioreactors for 
an appropriate amount of time [1]. Among all immobiliza-
tion techniques (the adsorption, covalent binding, entrap-
ment within a solid matrix and cross-linking), the most 
common method is the covalent binding of an enzyme to a 
carrier. This method provides a strong linkage between the 
carrier and enzyme, thus preventing the enzyme leakage. 
Moreover, it increases the enzyme stability and improves 
its stereospecificity [2].

Different materials can be used as carriers for the enzyme 
immobilization. Among all materials, synthetic polymers are 
preferable since their properties can easily be tailored dur-
ing the synthesis by a careful choice of reaction parameters. 
Furthermore, they are uniform materials with well-defined 
chemical structure. Appropriate functional groups, evenly 
distributed along a polymer chain, can be achieved by a 
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judicious selection of monomers. These functional groups 
allow for an enzyme binding to a polymer. Different poly-
mers employed as carriers for the enzyme immobilization 
have been reported in literature [3–5].

Macroporous copolymers have been widely used as 
adsorbents in chromatography, but their potential application 
in the enzyme immobilization is also well known. Copoly-
mers based on styrene and divinylbenzene are among the 
most commonly used carriers for the enzyme immobiliza-
tion, mainly due to their high surface area [3]. Epoxy‐acti-
vated carriers, composed of glycidyl methacrylate (GMA) 
and ethylene glycol dimethacrylate (EGDMA), poly(GMA‐
co‐EGDMA), are gaining an increasing attention in the 
immobilization of various enzymes [4]. A wide application 
of these carriers has been enabled by the presence of allyl 
glycidyl (epoxide) groups that can be easily transformed into 
amino, keto, carboxyl or hydroxyl groups. This facilitates 
strong binding of an enzyme to the carrier and prevents a 
leakage of the immobilized enzyme. Commercially available 
macroporous copolymers are known by the name of Sepa-
beads® and Eupergit® [5, 6]. These copolymers have been 
frequently used for the enzyme immobilization due to their 
wide commercial availability and resistance to chemical and 
mechanical stresses [7].

Several authors have confirmed that bonds formed 
between the enzyme and synthetic macroporous carriers 
are more stable than those formed between the enzyme and 
other carriers, such as natural polysaccharides, silica gel, 
glass beads etc. [8]. It has been shown that one of the most 
important parameters that directly affects the activity and 
stability of the immobilized enzyme is a porosity of the car-
rier [8]. Properties of macroporous copolymers obtained by 
the suspension copolymerization have been controlled by a 
careful choice of the type and amounts of inert compounds 
and a cross-linking agent during the synthesis procedure [9, 
10].

Horseradish peroxidase (HRP, E.C.1.11.1.7), which 
belongs to the ferroprotoporphyrin group of peroxidases, 
is the most commonly used peroxidase from plant. During 
its long‐term use, a higher activity and operational stability 
can be achieved by immobilizing the enzyme on different 
carriers. This also increases the potential for repeated use 
of the enzyme. Horseradish peroxidase can be immobilized 
on various support materials, from natural polymers such as 
alginate or chitosan [11–13] to magnetic-beads [14]. Immo-
bilized horseradish peroxidase can be widely used for differ-
ent purposes, such as the phenol and p‐chlorophenol removal 
from wastewaters [13, 14], decolorization of industrial tex-
tile effluents [15] and manufacture of biosensors [16, 17].

The removal of phenol by HRP immobilized on differ-
ent carriers has been examined by many research groups. 
Jing et al. have used HRP immobilized onto hydrous-tita-
nium to remove phenol from water. The phenol removal 

of over 90% has been achieved after 15 min at 37 ± 3 °C 
[18]. HRP immobilized on polyacrylonitrile beads, modi-
fied with ethane diamine and chitosan, has removed 90% 
of 2,4-dichlorophenol with a lower removal efficiency than 
that of the free enzyme [19]. Lu and coworkers have applied 
HRP immobilized on glutaraldehyde activated carbon nano-
spheres to remove chlorophenols, 4-methoxyphenol and 
bisphenol A from an aqueous solution [20]. Pradeep et al. 
have compared the efficiency of the phenol removal of HRP 
both free and immobilized onto an alginate gel. The lower 
efficiency of the immobilized enzyme has been ascribed 
to the less number of active sites available in immobilized 
HRP [21]. Horseradish peroxidase covalently immobilized 
on polycarbonate supports using a photolabile linker has 
been applied to remove phenol from wastewater. The phe-
nol content was reduced to 93% in a 3 L reactor filled with 
spiked wastewater after the treatment [22]. Chang et al. have 
removed over 95% of 2,4-dichlorophenol and 65% of phenol 
by HRP immobilized onto Graphene oxide/Fe3O4 nanopar-
ticles [23]. The phenol removal by HRP immobilized on 
chitosan–halloysite hybrid-nanotubes was studied by Zhang 
et al. After four cycles, the enzyme maintained more than 
60% of its activity [24]. Kim and coworkers have reported 
the phenol removal activity decrease to 73% of the initial 
activity when HRP immobilized onto montmorillonite acti-
vated with fulvic acid has been used to remove phenol [25]. 
Alemzadeh et al. have achieved five cycles with the removal 
efficiency lowered to half of its initial value. They used HRP 
immobilized on calcium alginate [13]. HRP immobilized on 
magnetic poly(glycidylmethacrylate-co-methylmethacrilate) 
has been applied for the treatment of phenolic wastewaters in 
continuous systems. The phenol and p-chlorophenol degra-
dation rates were affected by the residence time. It was deter-
mined that the enzyme reactor lost 8 and 21% of its initial 
activity after 48 h of continuous operation with phenol and 
p-chlorophenol-containing wastewaters, respectively [14]. 
Vasileva et al. have immobilized HRP on modified acry-
lonitrile polymer membranes and used to remove phenol 
from water. They have determined that the degree of phenol 
oxidation was affected by the initial phenol concentration. A 
high degree of phenol oxidation of 95.4% was accomplished 
with the immobilized enzyme and hydrogen peroxide in a 
100 mg/L phenol solution [26]. Horseradish peroxidase and 
soybean peroxidase, immobilized onto an aldehyde glass 
have been used to remove 4-chlorophenol. The effect of the 
enzyme type, concentrations of enzyme, hydrogen perox-
ide and 4-chlorophenol on the removal efficiency has been 
examined. Also, it was shown that soybean peroxidase was 
less susceptible to inactivation than HRP and was more 
efficient in the 4-chlorophenol removal [27]. Gómez et al. 
have immobilized soybean and horseradish peroxidase on 
glutaraldehyde-activated aminopropyl glass beads and used 
in the phenol removal. At lower enzymes concentrations 
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(< 0.028 mg/mL) soybean peroxidase removed more phe-
nol than HRP. With increasing the enzyme dose above the 
critical concentration, the opposite was found. They also 
showed the lower phenol removal capacity of HRP due to 
its susceptibility to inhibition [28].

In the present work, we synthesized few micrometers 
large micro-beads of macroporous poly(GMA‐co‐EGDMA) 
copolymers with different mean pore size diameters and sur-
face characteristics. These carriers were prepared by the dis-
persion polymerization in the presence of inert compounds. 
Fine particles of the macroporous copolymers obtained in 
this way were a lot smaller than those obtained by the sus-
pension polymerization, used in our previous research [29]. 
These copolymers were used as carriers for the horserad-
ish peroxidase immobilization. The activity, stability and 
operational stability were tested. The immobilized enzyme 
was used for the removal of phenol in a batch reactor using 
continual internal delivery of hydrogen peroxide.

Experimental

Materials

Polyvinylpirrolidone (PVP, Mw = 24 000 g/mol), glyci-
dyl methacrylate (GMA), ethylene glycol dimethacrylate 
(EGDMA), 1-dodecanol and cyclohexanol were purchased 
from Sigma Aldrich (St. Louise, Mo, USA). Ethylenedi-
amine was obtained from Merck (Kenilworth, New Jer-
sey, USA). Toluene and 96% ethanol were purchased from 
Zorka (Šabac, Serbia). The initiator 2,2′-azobis(2-meth-
ylpropionitrile) (AIBN) (98%, Akzo Nobel, Amsterdam, 
Netherlands) was recrystallized twice from ethanol. Horse-
radish peroxidase (150–250 U/mg), glucose oxidase (160 
U/mg), pyrogallol used as a substrate for the peroxidase 
reaction, glutaraldehyde (25% solution in H2O, grade II) 
and sodium periodate were purchased from Sigma Aldrich 
(USA). Hydrogen peroxide and 1,4‐dioxane were obtained 
from AppliChem GmbH (Darmstadt, Germany) and 
Merck (USA), respectively. Phenol and sodium dihydro-
gen phosphate anhydrous were purchased from Centrohem 
(Stara  Pazova, Serbia). 4‑aminoantipyrene and sodium 
acetate were obtained from Fluka (Buchs, Switzerland), 
whereas potassium ferricyanide and glycerol (from plant, for 
laboratory use) were purchased from MP Hemija (Belgrade, 
Serbia) and Serva (Heidelberg, Germany), respectively.

Copolymer Preparation and Amination

A continuous phase consisting of 45 mL of 2.78 wt% 
PVP (Mw = 24 000 g/mol) in ethanol was heated to 70 °C 
in a 250 mL reactor equipped with an anchor stirrer. A 
monomer phase (5.0 g of both the monomer GMA and 

cross-linking agent EGDMA (GMA/EGDMA = 90/10; 
80/20; 60/40; 40/60)), initiator (0.05 g of AIBN) and inert 
phase (2.25 g of 1-dodecanol and 2.25 g of cyclohexanol) 
was added to the continuous phase under stirring (the stir-
ring rate was 100 rpm). The reaction was stopped after 5 h. 
The obtained copolymer was washed 5 times with ethanol 
and dried at room temperature. Yields were in a range of 
70 to 90%.

Polymer samples, poly(GMA-co-EGDMA), with vari-
ous contents of the monomer and cross‑linking agent, were 
washed 3 times with both ethanol and water. Each poly-
mer (0.7 g) was suspended in 18 mL of water. Ten-fold 
excess of ethylenediamine in relation to epoxide groups 
was added and the reaction was left to stir over night at 
25 °C. Furthermore, the reaction mixture was heated to 
80 °C for 7 h and subsequently, left to stir over night at 
25 °C. The polymer particles were removed and washed 
first with ethanol and subsequently, water by filtration until 
the pH value of the filtrate was 6. The samples were dried 
in the oven at 50 °C for couple of hours. Conversions were 
≈ 45%.

Copolymer Characterization

The pore size distributions of the synthetized copolymers 
poly(GMA-co-EGDMA) were determined by a mercury 
porosimetry (Carlo Erba 2000, software Milestone 200). 
Mercury intrusion porosimetry measurements of the syn-
thetized copolymers poly(GMA-co-EGDMA) were per-
formed on a high-pressure unit PASCAL 440 (Thermo Sci-
entific) in a CD3-P type dilatometer in the pressure range 
0.1–200 MPa. Although two consecutive intrusion-extrusion 
cycles were performed, only the second cycle was used to 
calculate the porosimetric parameters, since the second cycle 
provides only information on the intraparticle porosity of the 
particles and excludes the contribution of the interparticle 
voids. A SOLID Software System PC interface was used for 
automatic data acquisition and all textural parameter calcula-
tions. Before analysis, the powder sample was dried at 50 °C 
for 24 h in an oven and additionally evacuated for 2 h in a 
sample holder at the analytical position of a Macropore Unit 
120 (Carlo Erba Strumentazione) used for mercury filing 
of the dilatometer. Scanning electron microscope (Tescan 
FE-SEM Mira 3 XMU) operated at 20 keV was employed 
to characterize the morphology of poly(GMA-co-EGDMA). 
All samples were coated with a tin gold layer using a sput-
ter coater (Polaron SC503, Fisons Instruments) prior to the 
SEM analysis. The efficiency of transformation of epoxy 
groups into amino groups was confirmed by the elemental 
analysis. The copolymer samples were analyzed for their 
carbon, hydrogen and nitrogen content at Microanalysis Lab-
oratory, Department of Chemistry, University of Belgrade.
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Immobilization of Horseradish Peroxidase Using 
Glutaraldehyde Method

An appropriate amount of aminated copolymers was deaer-
ated for 10 min in sodium phosphate buffer pH 8 (0.1 mol/L) 
and rinsed twice with the same buffer. Prepared copolymers 
were incubated in a glutaraldehyde solution in sodium phos-
phate buffer pH 8 (0.1 mol/L) for 2 h. Subsequently, the 
copolymers were rinsed 3 times and incubated with different 
amounts of horseradish peroxidase (1, 5, 15 and 25 mg/g) 
per gram of the carrier for 48 h at room temperature. After 
the incubation, copolymers were rinsed twice with sodium 
phosphate buffer pH 7 (0.1 mol/L). Washings were collected, 
the copolymers with the immobilized enzyme were resus-
pended in the same buffer and stored at 4 °C until further 
use.

Immobilization of Horseradish Peroxidase Using 
Periodate Method

Horseradish peroxidase was oxidized with the 50 mmol/L 
solution of sodium periodate in sodium acetate buffer pH 5 
(50 mmol/L) for 6 h in the dark at 4 °C. The oxidation reac-
tion was stopped by adding glycerol to a final concentration 
of 0.2% (v/v). Oxidized HRP was dialyzed overnight against 
sodium acetate buffer pH 5. The aminated copolymers were 
first deaerated for 10 min in sodium phosphate buffer pH 7 
(0.1 mol/L), rinsed with the same buffer and subsequently, 
incubated for 48 h with different amounts of oxidized HRP 
(1, 5, 15 and 25 mg/g) per gram of copolymer. The copoly-
mers with the immobilized enzyme were rinsed twice with 
sodium phosphate buffer pH 7 (0.1 mol/L) and thereafter, 
stored in the same buffer at 4 °C until further use.

Washings were collected and used for determination of 
the activity of the unbound enzyme.

Enzyme Activity Studies

Pyrogallol and hydrogen peroxide (H2O2) were used as sub-
strates in the assay employed to determine the peroxidase 
activity. In the most common test, 10 µL of the enzyme dilu-
tion from the washings and 10 µL of H2O2 (9.7 mmol/L) 
were introduced into 1  mL of the pyrogallol solution 
(13 mmol/L) in sodium phosphate buffer pH 7. Absorbance 
was measured for 3 min at 420 nm using UV–VIS spectro-
photometer (Shimadzu Corporation UV-2501PC, Japan). 
The value of the enzyme activity was calculated from the 
absorbance coefficient of purpurogallin (12  m/g cm2). 
The activity of the immobilized enzyme was determined 
by introducing 9.0 mg of the copolymer with immobilized 
HRP and 30 µL of H2O2 into 3 mL of pyrogallol. Every 60 s 
aliquots were taken out from the mixture, filtrated and the 
absorbance at 420 nm was measured. One unit of enzyme 

activity was defined as the amount of enzyme that produces 
1 mg of purpurogallin in 20 s at 20 °C. The specific activity 
of the enzyme was calculated per gram of dry weight of the 
copolymer.

Stability Studies

In order to examine the temperature stability of immobilized 
horseradish peroxidase, a specific amount of the enzyme 
immobilized on the copolymer was introduced into sodium 
phosphate buffer pH 7 (0.1 mol/L) and incubated at 65 °C. 
Subsequently, the immobilized enzyme was cooled down to 
room temperature. Residual specific activity of the immobi-
lized enzyme was determined as described previously.

The enzyme stability in organic solvents, such as 
1,4‐dioxane, was also examined. Both the soluble and 
immobilized enzyme were incubated at 20 °C in the 80% 
1,4-dioxane solution (v/v) in sodium phosphate buffer pH 7 
(0.1 mol/L). After certain time intervals specific activities 
of the immobilized and soluble enzyme were determined by 
employing the above-described assay.

Activity Measurement at Different pH Values

Series of 0.1 mol/L phosphate-citrate buffer with pH values 
from 2 to 8 was used to determine the enzyme activity of 
free and immobilized horseradish peroxidase. The enzyme 
stability at pH 9 was examined in sodium glycinate buffer 
(0.1 mol/L). The relative activity of immobilized horseradish 
peroxidase at different pH values was determined accord-
ing to the above-described procedure. Obtained results 
were then normalized to the maximum activity at optimum 
pH, i.e. relative activity, expressed as a percentage, was 
presented.

Determination of Kinetic Parameters

The effect of a pyrogallol concentration on the initial activity 
of both free and immobilized horseradish peroxidase was 
studied by varying the pyrogallol concentration. Kinetic 
parameters (Km and Vmax) were straightforwardly deter-
mined from the Michaelis–Menten model by nonlinear 
regression analysis using the OriginLab software and used 
for calculation of catalytic constant, Kcat.

Reusability Studies and Storage Stability

In order to determine the operational stability of immobi-
lized peroxidase, several consecutive cycles of the pyrogallol 
oxidation in a batch reactor were performed. At the end of 
each cycle, the carrier with the immobilized enzyme was 
rinsed twice with 0.1 mol/L sodium phosphate buffer pH 



3009Journal of Polymers and the Environment (2022) 30:3005–3020	

1 3

7. This procedure was repeated several times with fresh ali-
quots of substrates (pyrogallol and H2O2).

The storage stability of immobilized HRP was also inves-
tigated. HRP immobilized on the poly(GMA-co-EGDMA) 
copolymer was stored in 0.1 mol/L sodium phosphate buffer 
at 4 °C for the specific period of time. Specific activity of 
the immobilized enzyme was determined at the initial point 
and 14 days after storage in a buffer by employing the above-
described method for determination of the enzyme activity.

Phenol Removal in a Batch Reactor

Horseradish peroxidase immobilized on the macroporous 
copolymer with the optimal pore size diameter (in terms 
of the enzyme activity and stability), was used to eliminate 
phenol from a solution. A phenol removal was performed in 
a batch reactor by adding HRP immobilized on the copoly-
mer (80 mg) into the phenol solution (2 mmol/L) in Tris HCl 
buffer pH 7 (50 mmol/L). A system composed of glucose 
oxidase and glucose was used for the internal delivery of 
hydrogen peroxide. The concentrations of 0.187 U/mL of 
glucose oxidase and 3 mmol/L of glucose were used for this 
purpose. The immobilized enzyme, glucose oxidase and glu-
cose were introduced into the phenol solution (3 mL). The 
reaction mixture was stirred for an appropriate period of 
time. Aliquots of 40 µL were taken every 60 min, transferred 
into 760 µL of Tris HCl buffer pH 7 and subsequently, 100 
µL of 83.4 mmol/L potassium hexacyanoferrate (III) solu-
tion (K3Fe(CN)6) and 100 µL of 20.8 mmol/L 4‐aminoan-
tipyrine were added to the solution. Absorbance was meas-
ured at 510 nm by UV–VIS spectrophotometry after 10 min 
of color development. The concentration of removed phenol 
was determined using the calibration curve for phenol.

Results and Discussion

Synthesis and Characterization of Macroporous 
Copolymers

The enzyme immobilization on different carriers provides 
several benefits such as the improved enzyme activity at 
elevated temperatures and in organic solvents, long-term 
stability and reusability of the enzyme [30]. Synthetic poly-
mers are preferable carriers for the enzyme immobilization 
since their structure and thus, properties can easily be tai-
lored during the synthesis by a careful choice of monomer 
units. Macroporous poly(GMA-co-EGDMA), obtained by 
the suspension polymerization, has already been proven as 
an outstanding carrier for the enzyme immobilization [8, 29, 
31–33]. In this paper macroporous poly(GMA-co-EGDMA) 
is synthetized by the dispersion polymerization. Unlike 
suspension polymerization, the dispersion polymerization 

allows for the formation of uniform beads, 0.1–10 µm in 
diameter. Smaller beads have lower diffusional limitations 
due to minor influence of internal diffusion, resulting from 
decreased internal diameter of beads and therefore, offer 
higher specific activities of the immobilized enzyme.

Dispersion polymerization is performed in ethanol as a 
solvent since the stabilizer (PVP), monomer mixture (the 
monomer and cross-linking agent), inert mixture (1-dode-
canol and cyclohexanol) and initiator are soluble in it, 
whereas the obtained copolymer precipitates in ethanol. 
Copolymer particles are mainly spherical aggregates with 
diameter of around 1.5 µm as presented in Fig. 1.

Properties of the immobilized enzyme are determined by 
the porous characteristics of the carrier. Too small pores 
can cause inactivation of the enzyme due to the diffusion 
limitation and structural rearrangement of the enzyme. Large 
pores allow for enzymes to cluster together and thus, lose 
their activity. In order to determine the optimal pore size 
which provides the highest enzyme activity and stability, 
various copolymers with different porous characteristics 
are synthetized. To this purpose, the weight ratio of the 
monomer to the cross-linking agent is varied and an effect 
of this ratio on properties of synthetized carriers is exam-
ined. Analogous to the suspension polymerization, the inert 
compounds (1-dodecanol and cyclohexanol) are added to the 
reaction mixture to contribute formation of the macroporous 
structure. The experimental conditions investigated in this 
study are presented in Table 1.

Previous studies have shown that the porous properties of 
poly(GMA-co-EGDMA) obtained by the suspension polym-
erization have been affected by the amount of the cross-
linking agent [9, 10]. In the dispersion polymerization as 
well as in the suspension polymerization, an increase in the 
amount of the cross-linking agent in the reaction mixture 

Fig. 1   SEM image of poly(GMA-co-EGDMA) prepared by the dis-
persion polymerization
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and therefore, in the synthetized copolymer, increases the 
specific pore volume (Table 2). This has been attributed to 
the decrease in the size of submicroscopic particles which 
form the copolymer bead, with increasing the EGDMA 
content [34]. Moreover, with increasing the amount of the 
cross-linking agent in the reaction mixture, the porosity of 
poly(GMA-co-EGDMA) increases, as shown in Table 2. The 
sample with the lowest EGDMA content (G9E1) has the 

smallest average pore diameter, whereas further increase in 
the amount of the cross-linking agent results in larger pores 
(Table 2). Horak et al. have reported comparable findings for 
the series of samples obtained by the suspension polymeri-
zation with the lower degree of the cross-linking agent (the 
EGDMA content was less than 75 vol%). Lower degrees of 
cross-linking result in less rigid and “soft” particles, more 
compromised by interfacial tension [10]. Jovanovic et al. 
have reported minor changes in the pore diameter and an 
increase in the specific surface area when increasing the 
amount of EGDMA in the reaction mixture from 20 to 40 
mas% [9]. They have related these findings to the globular 
structure of copolymers which determines the pore size and 
porosity. The increase in the amount of the cross-linking 
agent slightly affects the size of globule and therefore, the 
size of the pore diameter [9].

Immobilization of Horseradish Peroxidase 
on Poly(GMA‑co‑EGDMA) Macroporous Copolymers

In order to allow for immobilization of the enzyme onto 
macroporous poly(GMA-co-EGDMA), amino groups are 
introduced into the copolymer chains. This is achieved by 
treating the epoxide groups with ethylenediamine. Transfor-
mation of the epoxide into amino groups is confirmed by the 
elemental analysis (Table 3).

Two different methods are used to immobilize HRP on 
the aminated copolymers, glutaraldehyde and periodate. 
The periodate method has been previously optimized for 
hydrolases [6, 35, 36] and involves covalent binding to a 
copolymer’s surface through an enzyme carbohydrate moi-
ety previously subjected to oxidation with sodium periodate. 
On the other hand, the glutaraldehyde method is one of the 
most commonly used methods for the enzyme immobiliza-
tion. Binding of an enzyme to a carrier is achieved via amino 
groups present on the surface of the protein molecule. Dif-
ferences between binding mechanisms of the enzyme to the 
copolymer surface using these two methods, are schemati-
cally presented in Fig. 2.

Table 1   Reaction parameters of synthesis of macroporous 
poly(GMA-co-EGDMA)

*The sample ID is associated with the copolymer composition: the 
first and third characters G and E refer to the first letter of the mono-
mer and crosslinking agent, whereas the second and forth character 
are related to the amounts of the monomer and crosslinking agent in 
the monomer phase, i.e. their ratio

Sample ID* G9E1 G8E2 G6E4 G4E6

GMA/EGDMA (wt/wt%) 90/10 80/20 60/40 40/60
dodecanol/cyclohexanol (wt/wt%) 50/50 50/50 50/50 50/50
Inert/monomer mixture (wt/wt%) 50/50 50/50 50/50 50/50
PVP/monomer mixture (wt/wt%) 25/75 25/75 25/75 25/75
AIBN/monomer mixture (g/g) 0.1/10 0.1/10 0.1/10 0.1/10
Ethanol/monomer mixture (mL/g) 9/1 9/1 9/1 9/1

Table 2   The porous properties of samples with different monomer/
cross-linking agent ratios

The presented data is obtained from the second run which provides 
only the intraparticle porous properties and excludes interparticle 
voids
*The cylindrical pore model was used in calculations of the specific 
surface area and average pore diameter, (Dp = 4 V/S)

Sample ID G9E1 G8E2 G6E4 G4E6

GMA:EGDMA (wt:wt%) 90:10 80:20 60:40 40:60
Yield (%) 78.02 69.70 89.40 89.87
Cumulative volume, Vp (cm3/g) 0.632 1.401 1.751 1.839
Specific surface area, Sp (m2/g) 16.9 18.8 29.9 23.9
Porosity, P (%) 43.6 61.0 68.1 72.3
Average pore diameter, Dp (nm)* 150 297 234 308

Table 3   Elemental analysis 
of poly(GMA-co-EGDMA) 
aminated in water

*”am” refers to the aminated copolymer samples

Sample ID* Elemental analysis

Experimental Theoretical

C (%) H (%) N (%) C (%) H (%) N (%)

G9E1am 53.10 7.64 4.76 54.17 8.73 12.50
G8E2am 52.75 7.60 4.51 54.87 8.55 11.13
G6E4am 52.41 8.61 3.80 56.29 8.18 8.38
G4E6am 54.56 7.36 2.51 57.71 7.82 5.61
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In order to determine which method provides better HRP 
immobilization, different amounts of the enzyme per gram 
of the copolymer are added and a specific activity of the 
immobilized enzyme is calculated. Obtained results show 
that the increase in the amount of the enzyme added per 
gram of the copolymer results in the increase in the specific 
activity of the enzyme immobilized by both periodate and 
glutaraldehyde route (Fig. 3). The enzyme immobilized by 
the periodate method provides higher specific activities than 
by the glutaraldehyde method, under the same conditions 
(the same copolymer and the same amount of immobilized 
peroxidase). The obtained data corroborates previously 
reported results for lipase [6]. A higher efficiency of the 
periodate method is probably a result of oxidation of the 
carbohydrate moiety which does not distort the structure of 
the enzyme’s active site. Oxidation also leads to the forma-
tion of a large number of aldehyde groups that represent 
potential binding sites to the macroporous copolymers. 
Therefore, with increasing the number of reactive groups, 

the probability of the enzyme multipoint attachment to the 
carrier also increases.

Based on amounts of the enzyme bound per mg of the 
carrier, two immobilization methods provide different activi-
ties of the immobilized enzyme, as seen in Table 4. Lower 
amounts of HRP are bound to the carrier when the enzyme 
is immobilized by the glutaraldehyde method. Knezevic 
et al. used three different methods to immobilize lipase onto 
Eupergit C: periodate, direct binding via oxirane groups and 
binding via spacer made from diamine/glutaraldehyde. They 
have reported the periodate method as the most effective for 
the enzyme immobilization [6]. Similar data have also been 
obtained by Pramparo et al. They have compared the perio-
date method for the immobilization of HRP on Eupergit C 
with direct binding by oxirane groups and binding of HRP 
onto adipic dihydrazide treated Eupergit C [4]. The presence 
of a spacer in the above‐mentioned methods leads to addi-
tional distancing of the enzyme from the carrier, thus plac-
ing the enzyme in a better position for the catalytic activity. 

Fig. 2   Schematic illustration of two different covalent methods for the horseradish peroxidase immobilization on the novel aminated macropo-
rous copolymer
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On the other hand, enzyme binding to carbohydrate groups 
proved to be more effective, probably, due to more favorable 
interactions between the enzyme and carrier.

The highest specific activities (9.65 and 8.94 U/g of dry 
weight) are obtained when HRP is immobilized by the perio-
date method on aminated macroporous copolymers labeled 
as G6E4am and G8E2am with mean pore diameters of 234 
and 297 nm, respectively. Previous reports of our group have 
shown that larger pore sizes allow for the highest specific 
activities [29, 32]. Similar results for various carriers with 
different porous characteristics are reported in literature [37, 
38]. It has been shown that silicate-based carriers with larger 
mean pore diameters provide higher specific activities of 
immobilized enzymes [39].

As shown in Table 4, the specific activity of the enzyme 
immobilized by the periodate route on the copolymer 
G4E6am with a pore size diameter of 308 nm is similar to 
that of G8E2am and approximately 1.1 times lower than the 
specific activity of HRP immobilized on the copolymer 

G6E4am by the same method. This result can be a conse-
quence of a possibility of oligomer HRP formation when 
using the periodate method and a higher specific surface 
area of G6E4 am. Additionally, Chouyyok et al. have found 
an increased HRP leaching from the silica surface when 
increasing the pore size of the carrier [38].

Horseradish peroxidase immobilized by the periodate 
route on the copolymer with the smallest pore diameter 
(G9E1am, 150 nm) shows the lowest specific activity of 
6.05 U/g of dry weight. A similar trend is also observed 
for specific activities of horseradish peroxidase immobi-
lized by the glutaraldehyde method.

Since the periodate method provides substantially better 
outcomes in terms of the amount of the enzyme immobi-
lized on the copolymer, further research is proceeded with 
HRP immobilized by this method. The enzyme immobi-
lized by the periodate route is observed by SEM. However, 
the presence of HRP is not visible due to its small radius 

Fig. 3   Effect of the amount of 
added enzyme on the spe-
cific activity of immobilized 
horseradish peroxidase. Filled 
symbols the periodate method, 
unfilled symbols the glutaral-
dehyde method. Copolymer 
samples: (squares) G6E4am; 
(circles) G8E2am; (triangles) 
G4E6am and (inverted triangle) 
G9Eam

Table 4   Effect of different types 
of the aminated macroporous 
polymers and immobilization 
methods on the horseradish 
peroxidase activity

Sample ID Glutaraldehyde method Periodate method

Enzyme 
activity 
(U)

Specific 
activity 
(U/g)

Amount of enzyme 
bound per g of 
carrier

Enzyme 
activity 
(U)

Specific 
activity 
(U/g)

Amount of enzyme 
bound per g of carrier

G9E1am 0.009 0.957 0.048 0.056 6.055 0.303
G8E2am 0.017 1.970 0.098 0.086 8.939 0.446
G6E4am 0.019 2.065 0.103 0.088 9.647 0.482
G4E6am 0.022 2.391 0.119 0.083 8.630 0.431
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of gyration, which is below the limit of detection (data 
not shown).

Stability Studies of Immobilized Horseradish 
Peroxidase

Stability of immobilized enzymes predominantly depends 
on surface characteristics of the carrier used for the immo-
bilization. In order to determine an effect of immobiliza-
tion on thermostability of HRP, the immobilized enzyme is 
incubated at 65 °C for an appropriate period of time (Fig. 4).

The enzyme immobilized on the copolymer G6E4am (the 
pore diameter of 234 nm) shows the highest stability at ele-
vated temperatures, whereas HRP immobilized on other car-
riers (G8E2am, G4E6am and G9E1am) is slightly less stable. 
These findings indicate that the pore size of the carrier used 
for the enzyme immobilization affects the thermostability of 
the immobilized enzyme. A residual activity of HRP immo-
bilized on the G6E4am copolymer after 30 min of incuba-
tion at 65 °C (19.3%) is approximately 2 times higher than 
the residual activities of the enzyme immobilized on other 
copolymers. The increased thermostability of the immobi-
lized enzyme is plausibly a consequence of formation of 
more stable 3D structure of the enzyme, resulting from an 
enzyme multipoint attachment to the carrier.

The stability of the immobilized enzyme decreases 
with increasing incubation time at 65 °C. A similar trend 
has also been observed when horseradish peroxidase was 
immobilized on macroporous copper with a pore size of 
100–200 nm [37].

The enzyme stability in organic solvent solutions is of 
great importance especially for the enzymatically cata-
lyzed synthetic reactions. The improved stability of immo-
bilized horseradish peroxidase in the presence of organic 
solvents, such as methanol, acetone or acetonitrile, has 
already been reported in literature [40].

In order to examine the enzyme stability in 80% dioxane, 
both immobilized and free HRP are incubated in this organic 
solution for 120 h at room temperature as shown in Fig. 5.

After 5 days of incubation in 80% dioxane, free horserad-
ish peroxidase is practically inactivated, whereas the immo-
bilized enzyme preserves approximately 10% of its original 
activity. Diagrams presented in Fig. 5 show a rapid decrease 
in the enzyme activity within first 72 h of incubation. Sub-
sequently, further increase in incubation time above 72 h 
does not substantially affect the activity. Similar data have 
been obtained when the stability of horseradish peroxidase 
in 20% acetonitrile was examined [41]. The immobilized 
enzyme retains a large percentage of its original activity, 
whereas free HRP almost completely loses its activity. The 
improved activity of the immobilized enzyme in organic sol-
vents is probably caused by reduced diffusional limitations 
resulting from the adsorption of the enzyme to the carrier. 
The increased catalytic activity of the immobilized enzyme 
may also be a consequence of favorable microenvironment 
for the catalysis provided by the carrier.

Figure  5 also shows that HRP immobilized on the 
G6E4am copolymer has slightly better residual activity 
than HRP immobilized on other copolymers. These find-
ings corroborate reports of other researchers who have 

Fig. 4   Effect of incubation time 
at 65 °C on residual activi-
ties of periodate-immobilized 
horseradish peroxidase. Copoly-
mer samples: (filled square) 
G6E4am; (filled circle) G8E2am; 
(filled triangle) G4E6am and 
(filled inverted triangle) G8E1am
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found that the pore size does not greatly affect the stability 
of enzyme in organic solvents solutions [42].

Horseradish peroxidase immobilized on the copolymer 
with the pore size diameter of 234 nm (G6E4am), shows 
the most promising results regarding the specific activity, 
thermostability and stability in the organic solvent, and 
therefore, is further characterized in terms of the pH opti-
mum, Km and Vmax and operational stability.

Kinetic Studies of Immobilized Horseradish 
Peroxidase

The effect of pH on activities of both the free and immo-
bilized enzyme was studied in the pH range from 2 to 9 as 
shown in Fig. 6.

With increasing the pH value from acidic to basic, both 
peroxidases show the same trend regarding the relative 

Fig. 5   Effect of incubation time 
in 80% dioxane on residual 
activities of periodate-immobi-
lized (filled symbols) and free 
horseradish peroxidase (filled 
diamond). Copolymer samples: 
(filled square) G6E4am; (filled 
circle) G8E2am; (filled triangle) 
G4E6am and (filled inverted 
circle) G9E1am

Fig. 6   Effect of pH on activities 
of soluble and immobilized 
horseradish peroxidase (HRP). 
(filled square) soluble HRP and 
(filled circle) HRP immobilized 
onto the G6E4am copolymer
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activity. Specifically, the increase in pH from 2 to 8 results 
in the increase of the enzymes’ relative activities. The maxi-
mum activity of both immobilized and free peroxidase is 
achieved at pH 8. Further increase of pH causes the decrease 
in the enzyme activity (Fig. 6). Immobilized horseradish per-
oxidase shows higher activities than soluble HRP at almost 
all pH values. The optimum pH value for both peroxidases is 
the same (pH 8). Horseradish peroxidase, immobilized onto 
the macroporous copolymer, maintains the high and stable 
activity at different pH values, which is of great importance 
for its practical application.

Similar behavior of immobilized enzymes has been 
reported in literature [43–45]. Horseradish peroxidase 
immobilized on various carriers has shown the increased 
stability over a wide range of pH values.

In order to determine kinetic constants of soluble and 
immobilized horseradish peroxidase, Km and Vmax, pyro-
gallol and H2O2 are used as substrates. Apparent Km values 
of free and immobilized HRP are 1.62 and 2.06 mmol/L, 
respectively. The Km value of immobilized horseradish 
peroxidase is slightly higher than that of the free enzyme. 
This indicates that the soluble enzyme has a greater affinity 
towards the substrate than the immobilized enzyme. This 
may be caused by the steric hindrance of the inner pore 
structure formed during the immobilization. The immobi-
lization of enzyme prevents access of the substrate to the 
enzyme’s active site, thereby reducing the affinity of the 
enzyme towards the substrate [46]. The apparent Vmax val-
ues of free and immobilized HRP are 3.16 and 5.18 U/mL, 
respectively. Calculated values of Kcat for soluble and immo-
bilized HRP are 556.16 and 182.34 min−1, respectively.

Operational Stability and Storage Stability

Operational stability of immobilized horseradish peroxidase 
is examined by employing the same batch of the immobi-
lized enzyme in several consecutive cycles for pyrogallol 
oxidation. The residual activity of the immobilized enzyme 
has been monitored for 180 min. Subsequently, the copoly-
mers with immobilized HRP are rinsed several times with 
buffer and used for another round of oxidation. The enzyme 
activity obtained in the first cycle is considered as 100%.

After five cycles of repeated use, immobilized horserad-
ish peroxidase retains 80% of its original activity. Results 
presented in Fig. 7 show that the enzyme immobilized on 
the copolymer G6E4am with the pore diameter of 234 nm 
has an outstanding operational stability under examined 
conditions. During five consecutive cycles, the immobilized 
enzyme loses only 20% of its original activity, which is of 
great importance for numerous applications.

The operational stability of peroxidase immobilized on 
different carriers has been reported in literature [29, 37, 
44]. Qiu et al. have found that the retention activity of HRP 
immobilized on macroporous copper after five cycles was 
around 60% [37]. After four cycles of repeated use peroxi-
dase immobilized onto glycidyl methacrylate based copoly-
mers, obtained by the suspension polymerization, with pore 
sizes between 120 and 200 nm retained only 45% of the 
initial activity [29]. When compared to the literature data, 
HRP immobilized on the novel macroporous copolymers, 
used in this study, has shown the substantially improved sta-
bility within the first five cycles of repeated use, as shown in 
Fig. 7. Thus, the described enzyme immobilization provides 

Fig. 7   Catalytic activity of HRP 
immobilized on the copolymer 
G6E4am during repeated use in a 
batch reactor



3016	 Journal of Polymers and the Environment (2022) 30:3005–3020

1 3

considerably better outcomes regarding the stability and 
reusability of the enzyme.

In order to examine the time interval in which the immo-
bilized enzyme shows satisfactory results for the pyrogallol 
oxidation, the copolymer G6E4am with immobilized HRP 
was stored in sodium phosphate buffer pH 7 at 4 °C for 
2 weeks. Residual activity of the immobilized enzyme was 
measured at the initial moment, as well as 2 weeks after stor-
age at 4 °C. Specific activities of HRP at the initial moment 
and after 2 weeks of storage are 9.65 and 9.55 U/g, respec-
tively. The obtained results show that HRP immobilized onto 
this copolymer retained more than 98% of its initial activity. 
Chang et al. reported that HRP immobilized on magnetic 
Fe3O4 nanoparticles retained 84% of initial activity after 
15 days of storage [47].

When compared with the literature data for free horserad-
ish peroxidase, the obtained results show that the immobili-
zation further stabilizes the enzyme and prolongs its half-life 
as well as the possibility of its repeated use for an extended 
period of time. Soluble HRP retains only 30% of its initial 
activity after 15 days of storage [47, 48].

Phenol Removal in a Batch Reactor

Phenol and phenolic compounds are the most common pol-
lutants present in industrial effluents. These compounds are 
toxic and mutagenic and therefore, their removal from waste-
waters is of the utmost importance for the entire ecosystem. 
Since phenol is an intermediate in the oxidation process of 
higher molecular weight aromatic hydrocarbons, this com-
pound has been taken as a model compound in our study, 
aiming to determine the efficiency of removal of phenolic 

pollutants from the aqueous system by HRP immobilized 
on methacrylate-based carriers obtained by the dispersion 
polymerization.

Optimization of reaction conditions for the phenol 
removal is performed with horseradish peroxidase immo-
bilized onto the macroporous copolymer with the pore 
size diameter of 234 nm (G6E4am). This carrier has shown 
the most promising results in terms of the amount of the 
bound enzyme, operational stability and reusability. The 
data obtained in our previous research, in which the param-
eters for the removal of phenolic compounds with peroxi-
dase immobilized within tyramine-alginate micro‐beads 
were optimized, are used as a starting point with an aim 
to determine the optimal conditions for this new system. 
The removal of phenol is conducted in a batch reactor with 
80 mg of the copolymer with immobilized HRP, 3 mL of the 
phenol solution (2 mmol/L) at room temperature, whereas a 
system composed of glucose oxidase and glucose is used for 
the internal delivery of hydrogen peroxide. Thus, a gradual 
and controlled release of hydrogen peroxide is provided.

Our previous study, in which the phenol removal was per-
formed in the presence of HRP immobilized on tyramine-
alginate micro-beads, has shown that the highest removal 
efficiency was achieved when using glucose oxidase and 
glucose for the internal delivery of hydrogen peroxide [49]. 
Considering these findings, the same concentration of glu-
cose oxidase and 3 mmol/L of glucose are employed to test 
the removal efficiency of HRP immobilized on the copoly-
mer. The phenol removal is examined in cycles, with each 
cycle lasting 24 h. Obtained results, presented in Fig. 8, 
show that immobilized peroxidase removes a substantial 
amount of phenol in the first cycle, 74.3%. However, already 

Fig. 8   Phenol oxidation studies 
performed with horseradish 
peroxidase immobilized onto 
the macroporous copolymer (1 
cycle lasting 24 h)
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in the second cycle, the removal percentage drops rapidly 
and only 27% of phenol is converted (Fig. 8). The high phe-
nol conversion in the first cycle is promising, but its rapid 
drop is undesirable since it disables the successful reusabil-
ity of the system.

The lower reusability of HRP immobilized on the 
macroporous copolymer G6E4am can be caused by block-
ing of the pores with the products formed in the oxidation 
reaction. To overcome this issue, the polymer is rinsed 
with ethanol between two cycles and phenol removal time 
is reduced to 4 h per cycle. Lower reaction time results in 
reduced conversions of phenol and therefore, lower amounts 
of the oxidation products, which further facilitates disposal 
of these products from the copolymer surface by rinsing with 
ethanol. We were guided by the literature data in the selec-
tion of reaction conditions for the removal and desorption of 
polyphenolic compounds. It has been reported that 3 to 5 h is 
the optimum reaction time for the removal of phenolic com-
pounds [50]. Thereafter, a significant decrease in the enzyme 
activity, and thus the efficiency of the phenol removal, has 
been observed. Some research groups have focused their 
study on capability of appropriate solvents (chloroform, 
isobutanol and hexane) to desorb polyphenolic compounds 
accumulated on the surface of different carriers. It has been 
shown that polar organic solvents have been able to desorb 
more than 90% of the adsorbed phenol [51]. Higher regen-
eration efficiencies have been observed when isobutanol was 
used for desorption. This solvent can form hydrogen bonds 
with amine groups, located on the surface of the carrier, 
thus, allowing for the removal of phenol from the surface 
and reuse of the immobilized enzyme.

Ethanol is chosen as a solvent for rinsing process since 
it is polar, highly available, economical and is the most 
environmentally friendly among all the above-mentioned 

solvents. The efficiency of polymer rinsing with ethanol is 
illustrated in Fig. 9a. When the HRP-copolymer system is 
extensively rinsed in between two cycles, the phenol conver-
sion achieved in the second cycle is 1.5 times higher than 
that obtained in the absence of the rinsing process. This 
indicates that the rinsing step is efficient in removal of the 
solid oxidation product from the carrier and thus, contributes 
to prolonged use of HRP immobilized on the copolymer in 
the phenol removal process.

By applying the above-mentioned conditions for the phe-
nol removal (0.187 U/mL of glucose oxidase and 3 mmol/L 
of glucose) and by rinsing the polymer with ethanol, that 
does not change the structure of the macroporous copoly-
mer and has mild effect on the HRP activity, to eliminate 
polyphenolic compounds accumulated on the surface of the 
carrier, the number of cycles for the repeated use in phenol 
oxidation is increased to 4. After four consecutive cycles, 
each lasting 4 h, immobilized HRP retains 26.3% of its ini-
tial activity (Fig. 9). Obtained results are corroborated by 
previously reported data for peroxidase immobilized onto 
electrospun poly(vinyl‐alcohol)‐polyacrylamide nanofibers 
[52]. By applying the above-elaborated reaction conditions, 
we managed to increase the number of repeated cycles for 
the phenol removal to 4 with the adequate phenol removal 
efficiencies.

Conclusion

In this work, horseradish peroxidase is covalently immo-
bilized onto the macroporous copolymer, poly(GMA-co-
EGDMA), by the periodate and glutaraldehyde method. 
Different porous properties of the copolymer are obtained 
by varying the ratio of the amounts of the monomer to 

Fig. 9   a The effect of the carrier rinsing with ethanol on the phenol 
conversion (1 cycle lasting for 4 h without (the white block) and with 
(the grey block) ethanol rinsing in between cycles). b The phenol 

conversion and reusability of horseradish peroxidase immobilized 
onto the macroporous copolymer under modified conditions: 1 cycle 
lasting 4 h with rinsing with ethanol in between cycles
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cross-linking agent during the dispersion polymerization. 
The effect of the pore size diameter of the carrier on the 
specific activity of the immobilized enzyme is examined. It 
is shown that the highest activities are obtained when HRP 
is immobilized on the copolymers with the largest pores. 
The periodate method provides higher specific activity of 
the immobilized enzyme than the glutaraldehyde method. 
The highest specific activity of 9.65 U/g of dry weight is 
obtained when peroxidase is immobilized by the perio-
date method on the copolymer with the pore size diam-
eter of 234 nm (G6E4am). Unlike free peroxidase, which 
is inactivated after incubation in 80% dioxane for 5 days, 
immobilized peroxidase retains approximately 10% of its 
original activity. Immobilized horseradish peroxidase shows 
increased activities at almost all pH values (from 2 to 9), and 
the increased value of the apparent Km. The immobilized 
enzyme shows the excellent reusability during the pyrogallol 
oxidation since it retains 80% of its original activity after 
five cycles of repeated use. The stability study shows that 
HRP immobilized onto G6E4am copolymer retained 98% of 
its initial activity after 2 weeks storage. The efficiency of 
the phenol removal in a batch reactor is around 43% in the 
first cycle and retains around 30% in the following three 
cycles. Our study demonstrates that peroxidase immobilized 
on the new type of macroporous copolymer in the described 
manner can be successfully applied in the phenol oxidation 
reactions.
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