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Abstract A macroporous copolymer of glycidyl methacrylate and ethylene glycol dime-
thacrylate, poly(GMA-co-EGDMA), with various surface characteristics and mean pore size
diameters ranging from 44 to 200 nm was synthesized, modified with 1,2-diaminoethane,
and tested as a carrier for immobilization of horseradish peroxidase (HRP) by two covalent
methods, glutaraldehyde and periodate. The highest specific activity of around 35 U g−1 dry
weight of carrier was achieved on poly(GMA-co-EGDMA) copolymers with mean pore
diameters of 200 and 120 nm by the periodate method. A study of deactivation kinetics at
65 °C and in 80 % dioxane revealed that periodate immobilization also produced an
appreciable stabilization of the biocatalyst, while stabilization factor depended strongly on
the surface characteristics of the copolymers. HRP immobilized on copolymer with a mean
pore diameter of 120 nm by periodate method showing not only the highest specific activity
but also good stability was further characterized. It appeared that the immobilization resulted
in the stabilization of enzyme over a broader pH range while the Michaelis constant value
(Km) of the immobilized HRP was 10.8 mM, approximately 5.6 times higher than that of the
free enzyme. After 6 cycles of repeated use in a batch reactor for pyrogallol oxidation, the
immobilized HRP retained 45 % of its original activity.
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Introduction

Macroporous copolymers are often used as carriers for enzyme immobilization and as
adsorbents in chromatography. One of the most widely used is a copolymer of styrene and
divinylbenzene [1]. Copolymers based on glycidyl methacrylate are more suitable for
enzyme immobilization since they have epoxy groups that can be easily transformed into
hydroxyl, keto, carboxyl, or amino groups to facilitate binding of the enzyme for the carrier.
Compared to polystyrene, they also have higher hydrophilicity which has been proven to
have a positive influence on protein stability and enzyme activity. That is why there is a
growing interest in the use of such polymers commercially available under the name
Eupergit® or Sepabeads® [2, 3]. The porosity of the carrier used in enzyme immobilization
is also a very important parameter influencing the activity and stability of immobilized
enzyme [4]. Therefore, precise control of these properties could significantly improve the
performance of immobilized enzymes. Using different types and amounts of inert compo-
nent during suspension, copolymerization of monomers seems to make possible to control
the porosity of macroporous copolymer and obtain batches with very different surface
characteristics [5].

Horseradish peroxidase (HRP, E.C.1.11.1.7) is the most known peroxidase from plants
that can be used for organic synthesis of specialty chemicals like DOPA [6] and biphenols
[7] in polymerization reactions during elimination of pollutants such as phenol and aniline
from wastewater [8] and in the manufacture of biosensors [9–12]. The enzyme belongs to the
ferroprotoporphyrin group of peroxidases and has limited operational stability due to
inactivation by its own substrate. Thus, it is recommended to use HRP in immobilized form
to enable the repeated use of the enzyme and enhance its properties such as activity and
stability under these extreme operational conditions [13, 14].

Different methods have been used to immobilize HRP on a solid carrier, including
covalent bonding [13, 15], entrapment in a solid matrix [16, 17], or electrodeposition at
the electrode surfaces [18]. Enzymes covalently immobilized to solid supports offer some
particularly attractive advantages: improved stability and reusability, flexibility in reactor
design, possibility of continuous operation, and better control—hence more favorable
economical factors can be expected. Although there are numerous reports on the immobi-
lization of HRP on different matrices, not much work has been done on the use of glycidyl
methacrylate-based copolymers. Therefore, development of new covalent immobilization
techniques on these inexpensive and industrially applicable carriers in order to obtain
biocatalysts with high activity retention is of economical significance.

There are a variety of methods for coupling enzymes to glycidyl methacrylate-based
copolymers. Glutaraldehyde coupling chemistry is one of the most commonly used method
for enzyme immobilization via amino groups of its exposed amino acids [13, 19]. The
immobilization procedure consists of activation of the copolymer with an alkylamine
derivate and subsequent coupling of enzyme via glutaraldehyde. It seems that glutaraldehyde
forms a stable covalent bond between the enzyme molecule and the carrier used in immo-
bilization, but it can also inactivate the enzyme due to reaction with the protein part of the
molecule. Specifically, coupling can lead to intra- and inter- enzyme cross-linking in
addition to desired enzyme carrier cross-linking. On the other hand, immobilization of
glycoproteins like invertase [20], lipase [2], and others through their carbohydrate moiety
seems to be effective and site specific, bringing about little change in the overall conforma-
tion of the enzymes or of their active sites. In our previous works, it was shown that lipase
from Candida rugosa bound to the epoxy carrier such as Eupergit or Sepabeads EC-EP via
carbohydrate moiety previously modified by periodate oxidation is more active and stable
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than that bound via glutaraldehyde [2, 3]. Other glycoproteins in combination with other
epoxy carriers can, in principle, be used in this approach. Accordingly, here we report the
feasibility of this enzyme immobilization approach for HRP immobilization on macroporous
copolymer of glycidyl methacrylate (GMA) and ethylene glycol dimethacrylate (EGDMA)
as an industrially applicable epoxy carrier.

In the present work, several macroporous poly(GMA-co-EGDMA) samples with the
same chemical composition but different surface characteristics and mean pore size diam-
eters were synthesized and screened for the first time for immobilization of horseradish
peroxidase by applying two different covalent methods. We compared a widely used
glutaraldehyde method for enzyme immobilization and the periodate method that we
previously developed and optimized for invertase [20] and lipase [2] in order to obtain high
activity and stability of immobilized enzyme (glycoprotein). The immobilization methods
were compared with regards to specific activity and thermal stability. The stability of
immobilized HRP in the presence of polar organic solvent has also been investigated and
the deactivation process has been modeled. Finely, the best carrier and immobilization
method were selected for further use and characterization. The pH profile, kinetic properties,
and operational stability of immobilized and free HRP were compared.

Experimental

Materials

Horseradish peroxidase (lyophilized powder, 150–259 units mg−1, using pyrogallol),
EGDMA, GMA, H2O2, pyrogallol, sodium dihydrogen phosphate anhydrous, and sodium
periodate were purchased from Sigma-Aldrich; dioxane was obtained from Merck, while
polyvinylpyrrolidone (Kolidon 90, molar mass 360,000), cyclohexanol, dodecanol, and
other alcohols were obtained from Fluka.

Copolymer Preparation

Several macroporous poly(GMA-co-EGDMA) samples with the same chemical composition
but different porosity parameters were synthesized by radical suspension copolymerization,
as previously described [5], and used for enzyme immobilization (see Scheme 1).

Typically, the monomer phase (80.9 g), which contained the monomer mixture (24.2 g
GMA and 10.3 g EGDMA), azobisisobytironitrile as the initiator (0.8 g), and 45.6 g inert
component (cyclohexanol and corresponding alcohol), was suspended in aqueous phase,
consisting of 237.6 g water and 2.4 g poly(N-vinyl pyrrolidone). Copolymerization was
carried out at 70 °C for 2 h and at 80 °C for 6 h with a stirring rate of 200 rpm. When the
reaction was over, the copolymer particles were washed with water and ethanol, stored in
ethanol for 12 h, and then dried in a vacuum at 45 °C. A series of copolymer samples, with
varying alcohol type (butanol, dodecanol, and hexadecanol) or alcohol weight concentration
(10, 15, and 20 wt.% of alcohol in the inert component), was synthesized and labeled as
SGE-10/4 (10 wt.% of butanol in the inert component), SGE-10/12 and SGE-20/12 (10 wt.%
and 20 % of dodecanol in the inert component, respectively), and SGE-15/16 (15 wt.% of
hexadecanol in the inert component). Particle size distribution was determined by sieve
analysis. A commercial mercury porosimeter, Model 2000 Carlo Erba, was used for the
determination of specific pore volume, pore size distribution, and specific surface area. Prior
to use, the copolymer was modified with 1 M 1,2-diaminoethane at 60 °C for 4 h at pH 10.
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The concentration of amino groups was determined by titration with 0.100 M HCl in 0.5 M
KCl.

HRP Immobilization by Glutaraldehyde Method

Aminated copolymer was incubated in 2 % (w/v) glutaraldehyde in 50 mM sodium
phosphate buffer at pH 8 for 2 h. The copolymer was then washed several times with
the same buffer and incubated with native HRP in sodium phosphate buffer at pH 7
and 4 °C for 48 h. After incubation with enzyme, the copolymer was washed three
times with 1 M NaCl in 50 mM sodium phosphate buffer pH 6.0 and two times with
buffer alone. The washings were collected and the immobilized enzyme was stored in the same
buffer at 4 °C prior to use.

HRP Immobilization by Periodate Method

HRP was oxidized by periodate method in a similar way as previously described for
invertase [20]. A total of 2.5 mg mL−1 of HRP was oxidized with 5 mM sodium periodate
for 6 h in the dark at 4 °C in 50 mM sodium acetate buffer of pH 5.0. Oxidation was stopped
by adding glycerol to a final concentration of 0.2 % (v/v) and HRP was dialyzed overnight
against the same acetate buffer. The aminated copolymer was incubated with oxidized HRP
in 50 mM sodium acetate buffer of pH 5.0 at 4 °C for 48 h. Subsequently, the copolymer was
washed three times with 1 M NaCl in 50 mM acetate buffer pH 5.0 and three times with the
buffer. The immobilized enzyme was stored prior to use as cited earlier.

Scheme 1 Covalent immobilization of HRP onto macroporous glycidyl methacrylate-based copolymers
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Measurement of Enzyme Activity

Peroxidase activity was measured using pyrogallol and H2O2 as substrates. Typical tests
were carried out by adding 10 μL of enzyme dilution into 1 mL of 13 mM solution of
pyrogallol and 9.7 mM H2O2 in 0.1 M sodium phosphate buffer at pH 6.0 and 20 °C.
Absorbance was followed for the first 3 min at 420 nm and the amount of enzyme activity
was calculated by using the absorbance coefficient of purpurogallin (12 mg−1cm2). For the
immobilized enzyme, several milligrams of wet immobilizate was resuspended in 3 mL of
13 mM solution of pyrogallol in 0.1 M sodium phosphate buffer at pH 6.0 and 20 °C.
Reaction was started by adding 30 μL of 0.97 M H2O2 and performed under constant stirring
for 3 min. Every 60-s aliquots was taken and 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 immobilized enzyme was
calculated per gram of dry mass of copolymer.

Stability Studies

For measurement of thermostability, the immobilized enzyme was incubated at 65 °C in
0.1 M sodium phosphate buffer at pH 7.0. After specified time intervals, the immobilized
enzyme was cooled down to 20 °C in the same buffer and its residual specific activity was
measured as described previously.

For measurement of stability in dioxane, the immobilized enzyme was incubated at 20 °C
in 80 % (v/v) dioxane in 0.1 M sodium phosphate buffer pH 7.0. After specified time
intervals, the immobilized enzyme was transferred into 0.1 M sodium phosphate buffer at
pH 7.0 and its residual specific activity was measured as described previously.

The enzyme deactivation process was modeled according to a single-step kinetic model
which considers the final enzymatic state, E1 with a steady-state residual activity, and is
illustrated in the following scheme:

E�!kD E1

a ð1Þ
where kD is the first-order deactivation rate constant and α is the ratio of specific activities
E1/E.

This mechanism leads to a model where the residual enzyme activity at time t can be
determined from the following equation:

AðtÞ ¼ 1� að Þe�kDt þ a ð2Þ
In the proposed kinetic model, the adjustable parameters are kD and α which were

determined by the nonlinear Levenberg–Marquardt regression method by using the MAT-
LAB software. The stabilization factor, F, was calculated as the ratio between the half-life of
the immobilized and free enzymes.

Activity Measurement at Different pHs

The activity of free and immobilized enzyme was determined in 0.1 M sodium phosphate–
citrate buffer at pH from 2.0 to 8.0 and in 0.1 M sodium glycinate buffer at pH 9.0
as described previously. The relative activity at different pH values was measured and
normalized by the maximal activity at optimal pH, i.e., relative activity in percentage was
presented.
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Determination of Kinetic Parameters

The effect of pyrogallol concentration on the initial activity of both free and immobilized
HRP was studied to determine the kinetic parameters (the Michaelis constant value, Km, and
maximum rate, Vmax) as described previously. The apparent Km and Vmax values were
determined directly from the Michaelis–Menten model by nonlinear regression analysis
using the MATLAB software.

Enzyme Reusability

Several consecutive operating cycles were performed using pyrogallol and H2O2 as sub-
strates in a 3-mL batch reactor in order to determine the operational stability of the
immobilized peroxidase. At the end of each cycle, the immobilized enzyme was collected
and left for 24 h at 4 °C, and the procedure was repeated with a fresh aliquot of substrate.

Results and Discussion

Synthesis and Characterization of the Copolymers

Four different copolymer samples were obtained using different types and amounts of inert
component during suspension copolymerization of GMA and EGDMA as shown in Table 1.
Specific pore volume, specific area, and the mean pore diameter of copolymers were
determined prior to modification and the concentration of amino groups was determined
after copolymer modification with diaminoethane by titration with 0.100 M HCl.

Particles of the obtained copolymers exhibited a spherical shape with diameters in the
range of 150–500 μm and the surface of these particles was highly porous. For example,
scanning electron microscope images of the copolymer SGE-20/12 are shown in Fig. 1.

The results of the copolymers’ surface properties indicated that the addition of an alcohol
with higher alcohol chain length and in higher amount in inert phase increased both the mean
pore diameter and the specific surface area of the carrier. The concentration of amino groups
also increased with the increase of active surface at first and afterwards declined sharply in
the case of copolymers SGE-15/16. The finding that the concentration of amino groups after
modification of the copolymer with the highest specific surface area had the lowest value
was interesting, and this could be associated mainly with the rather irregular pore size
distribution in this case that ranged from micropores to large pores with a size of a few
hundred nanometers. As a result, only a fraction of the overall amount of the epoxy groups
appeared to be modified with diaminoethane.

Table 1 Surface characteristics of macroporous poly(GMA-co-EGDMA)

Copolymer
samples

Alcohol type Alcohol weight
concentration in
inert component
(%wt)

Mean pore
diameter (nm)

Specific pore
volume, Vs
(mL g−1)

Specific surface
area, Ss, Hg
(m2 g−1)

Amino group
concentration
(μmol g−1)

SGE-10/4 Butanol 10 44 0.580 70 790

SGE-10/12 Dodecanol 10 53 0.610 50 810

SGE-20/12 Dodecanol 20 120 0.960 31 1,050

SGE-15/16 Hexadecanol 15 200 1.020 34 370
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Immobilization of HRP onto Macroporous Poly(GMA-co-EGDMA)

Recent studies have revealed that the kinetics and stability of enzymes immobilized on
porous carriers are usually modified by diffusion effects, depending strongly on the surface
characteristics of carriers used for their immobilization [4]. Thus, in the present study, we
wanted to determine which of the copolymer batches were most suitable for HRP immobi-
lization by both glutaraldehyde and periodate method previously optimized for hydrolases
[2, 4, 21].

The glutaraldehyde method was based on HRP binding to glutaraldehyde-activated
carrier by Schiff base reaction, while the periodate method assumed lipase binding to
copolymers through the enzyme carbohydrate moiety previously modified by periodate
oxidation. Different amounts of enzyme were added per gram of copolymers and the specific
activity of immobilized enzyme was determined for all copolymer samples. The results
obtained for both methods are shown in Fig. 2.

Fig. 1 Scanning electron microscope image of macroporous poly(GMA-co-EGDMA), SGE-20/12. a Beads
at magnification of × 200 times, b beads surface at magnification of × 5,000 times, c surface of beads fracture
at magnification of × 10,000
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As expected, the specific activity of immobilized HRP increased as the amount of added
enzyme per gram of copolymer increased in all experiments. For all cases studied, the
periodate method for HRP immobilization gave in average 1.5 times higher specific activity
of the immobilized enzyme compared to the glutaraldehyde method when using the same
copolymer and the same amount of added enzyme. Similar results have been obtained
previously for lipase from C. rugosa using Eupergit C or Sepabeads EC-EP as carriers [2,
3]. The superior performance of the periodate method could be due to the fact that the
protein part of the enzyme molecule remained intact, hence preserving activity. Oxidation of
the carbohydrate part of protein created a high number of reactive aldehyde groups,
increasing the probability of the enzyme multipoint attachment to the carrier. Also, the
presence of the long spacer between the carrier and the immobilized enzyme molecule such
as oligosaccharide chain placed the enzyme active site far away from the copolymer surface,
decreasing diffusional limitations that can reduce the activity of the immobilized enzyme.

Surface characteristics of the copolymer were found also to have influence on the specific
activity of the immobilized enzyme. For the periodate method, the highest specific activity of
around 35 U g−1 dry weight of carrier was obtained with the copolymer samples with larger
pore sizes (mean pore diameter 120 and 200 nm), namely, SGE 20/12 and SGE 15/16. A similar
trend has also been observed for glutaraldehyde method when the specific activity of HRP
immobilized on copolymer with 200-nm mean pore diameter was approximately three times
higher than that of HRP immobilized on copolymer with 44-nm mean pore diameter. Copoly-
mers with a small pore size provided a large total surface area, but the pores appeared to be too
small, resulting in restricted mass transfer and pore penetration of the enzyme. The observed
enhancement in the specific activity of carriers with larger pores was consistent with the study
on subtilisin immobilization on different silica carriers, which reported that silicas with large

Fig. 2 Influence of amount of added enzyme on the specific activity of immobilized peroxidase. Open
symbols periodate immobilization, closed symbols glutaraldehyde immobilization. Copolymer sample used:
squares SGE-10/4, circles SGE-10/12, triangles SGE-20/12, and inverted triangles SGE-15/16
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mean pore diameters presented higher total and specific activities relative to those with smaller
pore sizes [22]. Similar results were also obtained by using Eupergit C and Eupergit C 250 L for
immobilization of formate dehydrogenase, showing that the retention of activity with the latter
was almost twofold higher than that observed with the former because of the ten-times-higher
pore mean diameter [23]. In contrast, our previous work has shown that lipase from C. rugosa
immobilized on Eupergit C was more active and stable than that immobilized on Eupergit C
250 L [2]. The optimal pore size of the carrier appeared to be highly dependent on the particular
enzyme and coupling method used. In this work, for HRP (molecular weight 40,000; size of the
molecules 5–6 nm), it was found that a 120–200-nm pore size in the carrier microbeads gave the
best results that were much higher than the recommended value for efficient enzyme immobi-
lization. Basically, a generally accepted principle is that the diameter of the entry pores must be
at least four to five times higher than the size of the enzyme molecule [24].

Comparison of Thermal Stabilities of Immobilized HRP Obtained by Two Methods

The thermal stability of HRP immobilized by two covalent methods has been evaluated and
the results were compared to the kinetics of deactivation of the free enzyme. For all the cases
studied, the immobilized preparations seemed to exhibit increased thermal stability com-
pared with the free enzyme (see Fig. 3).

The stabilization factor varied depending on the copolymers’ surface properties and the
coupling method used. In order to compare the deactivation processes quantitatively, the
simple first-order kinetic model assuming the possible partial retention of activity by the
final enzymatic state was adopted to fit the kinetic data. The deactivation parameters for both
immobilization methods were all determined at 65 °C and are summarized in Table 2.

It is apparent that the stability of immobilized HRP obtained by periodate method was
higher than that obtained by the glutaraldehyde one. For both covalent methods, we

Fig. 3 Residual activity of immobilized and free HRP at 65 °C versus time. Open symbols periodate
immobilization, closed symbols glutaraldehyde immobilization, filled diamond free enzyme. Copolymer
sample used: squares SGE-10/4, circles SGE-10/12, triangles SGE-20/12, and inverted triangles SGE-15/16
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determined that the proposed deactivation model correlated well with the experimental data,
suggesting the existence of a final enzymatic state with a residual activity. This is often
admitted for hemoenzymes as peroxidases [25]. It was immediately obvious that HRP
immobilized on the copolymer with a mean pore diameter of 53 nm (SGE 10/12) by the
periodate method exhibited both the longest half-life (t1/2) and the highest residual activity of
the final enzymatic state of around 8.35 h and 29.2 %, respectively. By comparison of the t1/2
values, it can be concluded that HRP immobilized by periodate method was more than
twofold more stable than the one immobilized by glutaraldehyde method on the same
copolymer and almost fourfold than that of the free enzyme. For both periodate and
glutaraldehyde methods, copolymer SGE 20/12 with 120-nm mean pore diameter that has
already shown to give immobilized enzyme with high activity also showed a rather good
stability and after 30 h at 65 °C kept 25 % of original activity. The low thermal stability of
HRP immobilized on copolymer with the highest mean pore diameter (t1/2 values were 1.46
and 3.89 h for glutaraldehyde and periodate methods, respectively) could be due to the fact
that the copolymer has a finite number of binding sites, excluding the possibility of enzyme
multipoint attachment to the carrier which is crucial for the stabilization of the biocatalyst
(see Table 1).

Stability in the Presence of Organic Solvent

In this step, we also compared the stability of immobilized HRP in the presence of organic
solvent for periodate and glutaraldehyde methods. Immobilized enzymes which exhibit excel-
lent thermal stability and even more favorable activity do not necessarily exhibit excellent
stability in the presence of organic solvent. Since the organic solvent stability of an enzyme is
important for polymer synthesis reactions and other syntheses of specialty chemicals, it is also
worthwhile to study this characteristic of immobilized enzyme preparations [26].

The free enzyme was practically inactivated after 48 h of incubation in 80 % dioxane,
while the immobilized HRP preserved 5.3–42.8 % of its original activity, depending on the
copolymer and the coupling method used (see Fig. 4). The activity of immobilized HRP
dropped fast within the initial hours of treatment and then remained constant. Accordingly,
for all copolymers, the proposed deactivation model suggesting the existence of a final
enzymatic state with a residual activity predicted the experimental behavior with a smaller
error, which was less than 2.5 %. That was not the case for the free enzyme where the whole
activity was destroyed in a single phase (α00) with a rate constant of 0.35 h−1. The
estimated kinetic parameters were presented in Table 3.

Table 2 Best-fit parameters of the first-order kinetic model assuming the partial retention of activity by the
final enzymatic state (Eq. 2) for free and immobilized HRP deactivation at 65 °C for different copolymer
samples and coupling methods

Copolymer samples Glutaraldehyde method Periodate method

kD, h
−1 α t1/2, h F kD, h

−1 α t1/2, h F

SGE-10/4 0.245 4.56 2.83 1.26 0.264 6.02 2.62 1.17

SGE-10/12 0.191 26.19 3.63 1.62 0.083 29.16 8.35 3.73

SGE-20/12 0.099 18.91 7.00 3.12 0.108 20.89 6.42 2.87

SGE-15/16 0.474 15.10 1.46 0.65 0.178 20.20 3.89 1.74

Parameters for free HRP: kD00.310 h−1 , α03.02, t1/202.24 h, F01
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Effect of HRP Immobilization on pH Profile and Kinetic Parameters

HRP that was immobilized onto SGE 20/12 copolymer by periodate method with a mean
pore diameter of 120 nm showing the highest activity and a rather high stability was further
characterized.

The effect of pH on the activity of immobilized and free HRP was evaluated and the
results are presented in Fig. 5. Both forms of the enzyme exhibited an optimum at pH 7, but
immobilized HRP displayed a broadened pH profile relative to the free one. A higher
activity of immobilized enzyme was more pronounced at basic pH values, which could be
interesting for practical application.

Fig. 4 Residual activity of immobilized and free HRP in the presence of 80 % dioxane as a function of time.
Open symbols periodate immobilization, closed symbols glutaraldehyde immobilization, filled diamond free
enzyme. Copolymer sample used: squares SGE-10/4, circles SGE-10/12, triangles SGE-20/12, and inverted
triangles SGE-15/16

Table 3 Best-fit parameter values obtained for the first-order kinetic model of deactivation of free and
immobilized HRP in 80 % dioxane for different copolymer samples and coupling method

Copolymer samples Glutaraldehyde method Periodate method

kD, h
−1 α t1/2, h F kD, h

−1 α t1/2, h F

SGE-10/4 1.203 6.80 0.034a – 0.446 8.14 1.55 0.79

SGE-10/12 0.874 18.15 0.79 0.40 0.138 38.69 5.02 2.55

SGE-20/12 0.545 19.55 1.27 0.64 0.102 41.81 6.80 3.45

SGE-15/16 0.416 21.20 1.67 0.85 0.542 26.7 1.23 0.62

Parameters for free HRP: kD00.352 h−1 , α00, t1/201.97 h, F01
a Per minute
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The enzyme appeared to follow Michaelis–Menten kinetics and kinetic parameters were
determined directly by fitting the experimental data to the kinetic model (data not shown).
Km was determined for pyrogallol when H2O2 is maintained at saturating conditions. The
value of Michaelis constant for the immobilized enzyme appeared to be 10.8 mM, approx-
imately 5.6 times higher than that of the free enzyme (Km value for free HRP was 1.93 mM),
suggesting decreased accessibility of enzyme to the substrate. The Vmax of the immobilized
enzyme was determined to be 54.9 U g−1 dry weight of carrier corresponding to 1.23 U/mg
of immobilized enzymes or kcat of 110.7 s−1. This was in accordance with previous
immobilization studies of peroxidases where increase of Km constant for immobilized
enzyme was also observed [13, 15]. For instance, 15.6 times higher Km value for guaiacol
has been reported with chitosan-immobilized HRP compared to that of free enzyme [27] or
Km value for H2O2 was 1.65 times higher in the case of HRP immobilized on magnetic poly
(glycidylmethacrylate-co-methylmethacrylate) compared to the free one [13].

In order to test the operational stability of immobilized peroxidase during usage, the same
batch of immobilized enzyme was used in several cycles of pyrogallol oxidation in a batch
reactor and the residual activity of the immobilized enzyme was determined after each cycle
(see Fig. 6).

During the first 4 cycles, the activity was dropping and after that it remained constant at
45 % of initial activity. Immobilized peroxidase showed good stability under operational
conditions and optimization of hydrogen peroxide concentration and delivery to the reaction
system could further improve the performance of immobilized peroxidase.

The novelty of the present work lies in the combination of using both, novel copolymer
particles fabricated from glycidyl methacrylate based copolymers and the periodate
method previously developed in our lab for invertase [20] and lipase [2], for the first
time for HRP immobilization. The copolymer particles with pore sizes between 120
and 200 nm showed a high capacity of protein immobilization and highest activity. In
addition the thermal stability, organic solvent stability, and operational stability for
HRP immobilized by periodate method in this work showed an overall higher stability
compared to the glutaraldehyde-immobilized HRP and previously reported HRP-immobilized
systems [16].

Fig. 5 pH activity profiles of free (filled square) and immobilized HRP on SGE-20/12 (filled circle)
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Conclusions

In this work, HRP was covalently immobilized onto the characterized copolymer of glycidyl
methacrylate and ethylene glycol dimethacrylate by two covalent methods. The effect of mean
pore diameter and surface characteristics of copolymer on enzyme activity and stability has
been examined. Overall, the peroxidase immobilized by the periodate method performed
substantially better than that immobilized by glutaraldehyde. In particular, when HRP was
immobilized by periodate method onto copolymer SGE-20/12 with 120 nm mean pore
diameter, the biocatalyst showed enhanced specific activity and a rather high thermal and
organic solvent stability. By comparison of the t1/2 values, it can be concluded that it was 5.3-
fold more stable in 80 % dioxane than that immobilized by glutaraldehyde method on the same
copolymer and almost 3.5-fold than that of the free enzyme. TheKm value was determined to be
10.8 mM for the immobilized HRP, approximately 5.6 times higher than that of the free
enzyme. Both forms of the enzymes exhibited an optimum at pH 7, but immobilized HRP
displayed a broadened pH profile relative to the free one. The operational stability also proved
to be satisfactory after five consecutive uses with a residual activity of 45 %.
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