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Fibrous poly(styrene-d-glycidylmethacrylate) (P(S-GMA)) brushes were grafted on poly(styrene-divinyl-
benzene) (P(S-DVB)) beads using surface initiated-atom transfer radical polymerization (SI-ATRP). Tetra-
ethyldiethylenetriamine (TEDETA) ligand was incorporated on P(GMA) block. The multi-modal ligand
attached beads were used for reversible immobilization of catalase. The influences of pH, ionic strength
and initial catalase concentration on the immobilization capacities of the P(S-DVB)-g-P(S-GMA)-TEDETA
beads have been investigated. Catalase adsorption capacity of P(S-DVB-g-P(S-GMA)-TEDETA beads was
found to be 40.8 ± 1.7 mg/g beads at pH 6.5 (with an initial catalase concentration 1.0 mg/mL). The Km

value for immobilized catalase on the P(S-DVB-g-P(S-GMA)-TEDETA beads (0.43 ± 0.02 mM) was found
about 1.7-fold higher than that of free enzyme (0.25 ± 0.03 mM). Optimum operational temperature
and pH was increased upon immobilization. The same support was repeatedly used five times for immo-
bilization of catalase after regeneration without significant loss in adsorption capacity or enzyme activity.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Biotechnological and biomedical applications requiring adhe-
sion, adsorption, biocompatibility, permeability and/or other prop-
erties depend on the surface properties of the material significantly
(Bhattacharya and Misra, 2004; Arica et al., 2010; Karagoz et al.,
2010). The modification of material surface is mostly required to
change the character of the base support surface from hydrophobic
to hydrophilic and/or negatively or positively charged in order to
create selective absorptive surface for the adsorption of protein
(Arica et al., 2004; Bayramoglu and Arica, 2009). Among the sur-
face functionalization techniques, fibrous polymer brushes from
SI-ATRP have been widely used to tailor the surface properties of
materials (Xu et al., 2009; Acar and Bicak, 2003; Cullen et al.,
2008; Jain et al., 2010; Bayramoglu et al., 2010). Various monomers
with chemical functionalities can be grafted onto the surface.
Among them, monomer with the epoxy group is attractive because
it can be readily modified using various chemical reactions to
introduce various functional moieties (Bıcak et al., 2006; Arica
and Bayramoglu, 2004; Arica et al., 2009, 2007; Sun et al., 2006).
Thus, epoxy groups carrying polymers can be subjected to numer-
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ous modification possibilities under mild reaction conditions
(Arica and Bayramoglu, 2004; Yavuz et al., 2009).

Many protocols for enzyme immobilization involve irreversible
binding to a functionalized support. In the reversible enzyme
immobilization, the supports could be regenerated using a suitable
desorption agent, and they be recharged again with a fresh
enzyme. On the other hand, when the covalently immobilized
enzyme becomes inactivated upon use both the enzyme and the
support should be eliminated as wastes (Bayramoglu et al.,
2010a, 2008; Zhou, 2010). The reversible immobilization of en-
zyme on the ligated support is based on the non-covalent interac-
tions between enzyme and support. In the case of multi-modal
ligand, such interactions increase by electrostatic forces and
hydrogen bonding in addition to hydrophobic interactions (Arica
and Bayramoglu, 2006; Wang et al., 2010; Bolivar et al., 2009;
Torres et al., 2005). The target protein itself is also a multimodal
molecule. A fibrous polymer grafted and multimodal ligand
incorporated polymeric beads, could be suitable for reversible
immobilization of enzyme due to their intrinsically high specific
surfaces, providing the quantity and accessibility of the electro-
static and hydrophobic binding sites necessary for high immobili-
zation capacity and large surface area for enzymatic reaction (Arica
et al., 2010; Cheng et al., 2010; Lei et al., 2009; Cullen et al., 2008;
Sun et al., 2006). The multi-modal ligands on the polymer brushes
can interact through the electrostatic and hydrophobic binding
sites of the acidic protein around their isoelectric points. Thus,
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Nomenclature

BET Brunauer, Emmett and Teller method
CAT catalase
Ci concentrations of the catalase in the initial solution

(mg/mL)
Ct concentrations of the catalase in the supernatant after

adsorption (mg/mL)
H-TETA 1,1,4,7,10,10-hexakis(hexyl-1,4,7,10-tetraazadecane)
KF adsorption capacity (Freundlich constants)
Km the Michaelis constant (mM)
KT equilibrium binding constant corresponding to the max-

imum binding energy (mL/mg)
n adsorption intensity (Freundlich constants)
P(S-DVB) poly(styrene-divinylbenzene)
P(S-DVB)-g-P(S-GMA) poly(styrene-divinylbenzene)-graft-

poly(styrene-glycidylmethacrylate)

P(S-GMA) poly(styrene-glycidylmethacrylate)
q amount of catalase adsorbed on the beads (mg/g)
qT differential surface capacity for protein adsorption per

unit binding energy (mg protein/g beads)
SI-ATRP surface-initiated atom transfer radical polymerization
TEDETA N,N,N0,N0-tetraethyldiethylenetriamine (multimodal li-

gand)
THF tetrahydrofuran
V volume of the aqueous phase (mL)
vfree reaction rate of the free enzyme
vimmobilized reaction rate of the immobilized
Vmax maximum rate of reaction (U/mg proteins)
w weight of P(S-DVB)-g-P(S-GMA)-TEDETA beads (g)
DGmax maximum binding energy (kJ/mol)
g efficiency factor
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enzyme immobilization onto micro-beads via adsorption by the
multi-modal ligand could also provide strong electrostatic and
hydrophobic interaction between the enzyme and support (Yavuz
et al., 2009; Yang et al., 2007). The multi-dentate ligand could hold
certain advantages as a multi-modal ligand for various large-scale
industrial applications (Johansson et al., 2003; Chang et al., 2007).
For example, these molecules are resistant to harsh chemicals,
temperature and high salt concentrations. In addition, this kind
of support can be recycled after inactivation of immobilized en-
zyme and offers cost effective processes (Bayramoglu et al., 2008;
Torres et al., 2005).

Catalase is a heme-containing metallo-enzyme that is regarded
as one of the most common enzymes in plant and animal tissues
and has a protection function related to the decomposition of
hydrogen peroxide. Catalase consists of four subunits, each of
which includes ferri-porphyrin as a prosthetic group (Boland
et al., 1989). Immobilized catalase has useful applications in the
food industry in the removal of excess hydrogen peroxide from
food products after cold pasteurization and in the analytical field
as a component of hydrogen peroxide and glucose biosensor sys-
tems (Jurgen-Lohmann and Legge, 2006). Catalase also improves
the flavor and/or flavor stability of the finished beer by removal
of formed hydrogen peroxide during beer fermentation process.

In the present study, P(S-DVB) beads were prepared by suspen-
sion polymerization and modified with poly(styrene-b-glycidyl-
methacrylate) brushes using surface-initiated atom transfer
radical polymerization aiming to decorate the beads surface with
a fibrous polymer. A multi-modal ligand (i.e., TEDETA) was incor-
porated to the p(GMA) block. The immobilization parameters such
as adsorption conditions (e.g., initial catalase concentration, pH
and ionic strength) were varied to evaluate the nature of binding
mechanisms of catalase on the multimodal ligand incorporated
beads. Finally, catalytic properties of the resultant adsorbed cata-
lase such as activity retention and reusability were investigated
and compared to that of the free enzyme.
2. Methods

2.1. Materials

Catalase (hydrogen peroxide oxidoreductase; EC.1.11.1.6) from
Aspergillus niger (about 4000 U/mg protein; C 3515), CuBr, diben-
zoyl peroxide, tetrahydrofuran (THF) and Gum Arabic were sup-
plied by the Sigma–Aldrich Chem. Co. (St. Louis, MO, USA) and
used as received. Styrene and divinyl benzene (DVB) were obtained
from Merck AG (Darmstadt, Germany), and inhibitor was rendered
by washing with NaOH solution (3%, w/w) prior to use. Dibenzoyl
peroxide was recrystallized from ethanol. CuBr was freshly pre-
pared by the procedure as described in the literature (Furniss
et al., 1978). The surface-initiated atom transfer radical polymeri-
zation (SI-ATRP) ligand (1,1,4,7,10,10-hexakis[hexyl-1,4,7,10-tet-
raazadecane]) (H-TETA) was prepared by alkylation of
triethylenetetramine with 1-bromohexane as described before
(Acar and Bicak, 2003). N,N,N0,N0-Tetraethyldiethylenetriamine
(TEDETA) and glycidyl methacrylate were distilled before use. All
other chemicals were of analytical grade products and were pur-
chased from Merck AG (Darmstadt, Germany).

2.2. Preparation of 2-bromoacetyl bromide modified P(S-DVB) beads

Polystyrene-divinylbenzene (S-DVB) beads were prepared by
suspension copolymerization of styrene with divinylbenzene
(ratio was 9:1 M) using Gum Arabic as stabilizer as reported
earlier (Karagoz et al., 2010). The beads were dried, sieved and
210–422 lm size of fraction was used in further reactions (Supple-
mentary Fig. S1). The P(S-DVB) beads were modified with acetoxy
mercuration reaction. It was carried out in a reactor containing
10 g HgO in acetic acid (40 mL) and acetic anhydride (20 mL) solu-
tion. The P(S-DVB) beads were transferred (21 g wetted before use
with 50 mL of dry acetic acid, and the reaction content was refluxed
for 3 h at 120 �C. The resulting reaction mixture was poured in dis-
tilled water (1.0 L). The beads were collected by filtration and
washed with sequentially excess water and alcohol. After air-drying,
the results revealed that maximum 12% of styrene units (in
mol mol�1) have been acetoxymercurated on the beads. The acet-
oxymercurated beads (27 g) were subjected to chlorine exchange
reaction in saturated NaCl solution (200 mL) for 24 h at room tem-
perature. After this reaction, the beads were washed sequentially
with excess of water and alcohol, and then dried. Finally, the beads
were then reacted with 2-bromoacetyl bromide. For this reaction,
the chloromercurated beads (25 g) were mixed with 50 mL of
dioxane in a 250 mL flask and the mixture was shaken for 30 min
in a continuous shaker. Then, 25 mL (or 123.8 mmol) 2-bromoacetyl
bromide was introduced to the reaction mixture and shaking was
continued for 24 h at room temperature. The reaction mixture was
transferred in ice waterbath and was filtered. The beads were
washed with excess methanol to remove alcohol-soluble mercury
bromide. (Supplementary Fig. S1, Step 2).

2.3. Grafting of P(S-DVB) beads with poly(styrene) and poly(GMA)

Grafting of 2-bromoacetyl bromide modified P(S-DVB) beads
with poly(styrene) and poly(GMA) were carried out in a glass
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reactor. The 2-bromoacetyl bromide modified P(S-DVB) beads (5 g,
0.84 mmol/g) were charged to the reactor and swelled in dry tolu-
ene (10 mL) for 2 h. After this period, styrene (30 mL or 0.262 mol),
H-TETA (2.73 g or 4.2 mmol) and CuBr (0.6 g or 4.2 mmol) were
transferred into the reactor under nitrogen atmosphere. The graft-
ing reaction was carried out at 90 �C for 6.0 h under continuous
stirring. The reaction mixture was transferred in THF. The beads
were filtered and dried under reduced pressure at 60 �C for 24 h,
(Supplementary Fig. S1, Step 3).

The P(GMA) was also grafted as a functional second block on the
poly(styrene)-g-P(S-DVB) beads using SI-ATRP method. For this
grafting procedure, the poly(styrene)-g-P(S-DVB) beads (10 g, with
3.36 mmol active chain ends), toluene (30 mL) and GMA (6 mL or
45 mmol) were transferred in a three-necked round bottom flask
(with a nitrogen inlet and a reflux condenser). The medium left
in contact for 1.0 h to swell. Then, H-TETA (2.18 g or 3.36 mmol)
and CuBr (0.482 g or 3.36 mmol) were added under nitrogen atmo-
sphere. The grafting reaction was carried out at 60 �C for 4.0 h un-
der continuous stirring. The beads were collected by filtering and
washed with THF to eliminate residuals. The product was dried un-
der reduced pressure at room temperature for 24 h. The yield of the
resulting material was 12.02 g (Supplementary Fig. S1, Step 4).

2.4. Incorporation of multimodal N,N,N0,N 0-
tetraethyldiethylenetriamine ligand via P(GMA) block

To a 100 mL volume of two-necked round bottom flask
equipped with a reflux condenser and a dropping funnel, there
was added 5 g of P(GMA) grafted beads and 20 mL THF. Then 5 g
of distilled (TEDETA) was added to the mixture. The mixture was
stirred for 24 h at room temperature and then heated to 60 �C for
4 h. The beads were collected by suction and washed with excess
water. The residual amine impurities, were removed by Soxhlet
extraction using THF as extracting solvent. The product was dried
under vacuum at 45 �C for 24 h and weighted 5.4 g (Supplementary
Fig. S1, Step 5).

2.5. Reversible immobilization of catalase on P(S-DVB)-g-P(S-GMA)-
TEDETA beads

Catalase immobilization on the P(S-DVB)-g-P(S-GMA)-TEDETA
beads was studied at various pHs, in either acetate (5.0 mL,
50 mM, pH 3.0–5.0) or in phosphate buffer (Na2HPO4/KH2PO4 buf-
fer system; 5.0 mL, 50 mM, pH 6.0–8.0). The initial catalase con-
centration was 1.0 mg/mL (or 5 mg catalase) in the
corresponding buffer. The effects of ionic strength on catalase
immobilization via adsorption was carried out in phosphate buffer
(50 mM, pH 6.5) for the P(S-DVB)-g-P(S-GMA)-TEDETA beads at
different NaCl concentrations (between 0.0 and 1.5 M). The maxi-
mum catalase immobilization capacity of P(S-DVB)-g-P(S-GMA)-
TEDETA beads was determined by varying the catalase concentra-
tion in the medium between 0.5 and 3.0 mg/mL (or 2.5 and 15 mg
catalase in 5 mL medium) at pH 6.5. The immobilization experi-
ments were conducted at 15 �C while continuously stirring for
2 h. After this period, catalase immobilized beads were removed
from the enzyme solution and washed with same buffer three
times. It was then stored at 4 �C in fresh buffer until use.

The amount of immobilized catalase was calculated as

q ¼ ðCi � CtÞV=w ð1Þ

where q is the amount of catalase adsorbed on the beads (mg/g), Ci

and Ct are the concentrations of the catalase in the initial solution
and in the supernatant after adsorption, respectively (mg/mL), V is
the volume of the aqueous phase (mL), and w is the weight of the
P(S-DVB)-g-P(S-GMA)-TEDETA beads (g).
2.6. Determination of immobilization efficiency

The amount of immobilized catalase on the P(S-DVB)-g-P(S-
GMA)-TEDETA beads were determined by measuring the initial
and final concentrations of protein within the immobilization
medium and in wash solutions using Coomassie Brilliant Blue. A
calibration curve constructed with catalase solution of known con-
centration (0.02–0.50 mg/mL) was used in the calculation of pro-
tein in the enzyme and in wash solutions.

The enzyme leakage from TEDETA ligand attached beads was
studied in the different enzyme operation conditions as described
above. Any measurable enzyme leakage was not observed under all
these studied conditions.

2.7. Activity assays of free and immobilized catalase

Catalase activity was determined spectrophotometrically, by di-
rect measurement of the decrease in the absorbance of hydrogen
peroxide at 240 nm due to its decomposition by the enzyme.
Hydrogen peroxide solutions (5–30 mM) were used to determine
the activity of both the free and immobilized enzyme. A 4.0 mL
of reaction mixture was equilibrated at 25 �C, for 10 min, and the
reaction was started by adding 50 lL of catalase solution
(0.1 mg solid/mL). The decrease in absorbance at 240 nm was re-
corded for 5 min. The rate of change in the absorbance was calcu-
lated from the initial linear portion with the help of the calibration
curve (the absorbance of hydrogen peroxide solutions of various
concentrations (5–30 mM) at 240 nm). One unit of enzyme activity
is defined as the decomposition of 1.0 lmol hydrogen peroxide per
min at 25 �C and pH 7.0. Catalase immobilized P(S-DVB)-g-P(S-
GMA)-TEDETA beads (0.1 g) were introduced to the assay mixture
to initiate the reaction as above. After 10 min, the reaction was ter-
minated by removal of the beads from the reaction mixture. The
absorbance of the reaction mixture was determined and the immo-
bilized catalase activity was calculated. These activity assays were
carried out over the pH range of 4.0–9.0 and temperature range of
15–55 �C to determine the pH and temperature profiles for the free
and immobilized enzyme. The effect of substrate concentration
was tested in the 5–30 mM H2O2 concentrations range. The results
of pH and temperature are presented in a normalized form with
the highest value of each set being assigned the value of 100%
activity.

2.8. Operational, thermal and storage stabilities of catalase
preparations

The activity of free and immobilized catalase after storage in
phosphate buffer (50 mM, pH 7.0 at 4 �C was measured for eight
weeks in a batch-mode as given above.

The operational stability of immobilized enzyme in terms of
repetitive uses was performed in 25 successive measurements in
the same day.

The tests for the determination of the thermal stability of free
and immobilized catalase were carried out by measuring the resid-
ual activity of the enzyme, exposed to two different temperatures
(55 and 65 �C) in phosphate buffer (50 mM, pH 7.0) for 120 min. A
predetermined time interval, a sample was removed and assayed
for enzymatic activity as described above.

2.9. Reusability of the catalase immobilized P(S-DVB)-g-P(S-GMA)-
TEDETA beads

In order to determine the reusability of the catalase immobi-
lized P(S-DVB)-g-P(S-GMA)-TEDETA beads, enzyme adsorption
and desorption cycle was repeated five times. Desorption experi-
ments were carried out in acetate buffer solution containing
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1.0 M NaSCN at pH 4.0. Catalase-immobilized P(S-DVB)-g-P(S-
GMA)-TEDETA beads was placed in the desorption medium for
2 h with a stirring rate at 150 rpm, and at 25 �C. The beads were
washed several times with phosphate buffer (50 mM, pH 7.0),
and were then reused in enzyme immobilization. Catalase concen-
tration within the desorption medium was determined as de-
scribed above.
2.10. Characterization of beads

The bromide content of the beads was determined by simple
titration. For this purpose, 0.2 g of the bromoacetylated polymer
was mixed with 10 mL methanolic NaOH solution (5 M) in a
50 mL flask and refluxed for 4 h. The mixture was filtered and
washed with distilled water and the filtrate was transferred into
a volumetric flask and diluted to 250 mL with distilled water.
The NaBr content of the solution was assayed calorimetrically by
mercuric thiocyanate method (Furniss et al., 1978). This analysis
gave 0.84 mmol bromine per gram of the polymer. Determination
of the amine content of the P(S-DVB)-g-P(S-GMA)-TEDETA beads
was carried out by potensiometric titration. Briefly, the beads sam-
ple (1.0 g) was mixed with HCl acid (15 mL, 1.0 M) in a flask and
stirred for overnight. The mixture was filtered and 2 mL of the fil-
trate was titrated with NaOH (0.1 M) in the presence of
phenolphthalein.

The specific surface area of the P(S-DVB)-g-P(S-GMA)-TEDETA
beads was measured by a surface area apparatus and calculated
using the BET method (Brunauer et al., 1938). The density of P(S-
DVB)-g-P(S-GMA)-TEDETA beads was determined by using a stere-
opycnometer (Quantachrome, SPY 3, USA).

The Fourier transform infrared (FTIR) spectra were carried on a
spectrophotometer (Shimadzu, FTIR 8000, Japan) at room temper-
ature and the samples were prepared in pellet form using spectro-
scopic grade KBr. The P(S-DVB) and modified counterpart beads
(0.01 g) and KBr (0.1 g) were thoroughly mixed and the mixture
was pressed to form a tablet, and the spectrum was recorded.

The surface morphology of the P(S-DVB)-g-P(S-GMA)-TEDETA
beads was observed by scanning electron microscopy (SEM). The
dried beads were coated with gold under reduced pressure and
their electron micrographs were obtained using a scanning elec-
tron microscope (JEOL, JSM 5600, Japan).
3. Results and discussion

3.1. Properties of the multi-modal ligand incorporated beads

The crucial task in SI-ATRP is generation of the initiation sites
on the solid surface. This can be carried out either by surface mod-
ification with suitable reagents possessing haloalkyl functionality
or by preparation of the solid support using appropriate functional
co-monomer. Non-hydrolysibility of this linkage is preferable
when the resulting functional material is to be processed under
harsh conditions. Attachment of the initiator groups by ester link-
age is common approach and has been widely employed by many
authors (Carrot et al., 2001). However, hydrolysis of this bond
chemically or enzymatic means deters the use of this approach
when the hairy carrier polymer is considered to recycle and reuse.
The surface halogen atoms (i.e., Br) of the P(S-DVB) beads were
successfully used as the initiating groups for surface initiated atom
transfer radical polymerization. SI-ATRP-based initiators (i.e.,
H-TETA and CuBr) were used for SI-ATRP of two different polymers
(Supplementary Fig. S1) (Karagoz et al., 2010). Firstly, PS was
grafted to the P(S-DVB) beads and then P(GMA) was then intro-
duced by followed SI-ATRP from terminal bromoalkyl groups of
the PS grafts. The chemical transformations in each step were
followed by monitoring characteristic bands in FT-IR spectra of
the products (Supplementary Fig. S2). In the spectrum of P(S-
DVB-Br) (the product of Step 2; Supplementary Fig. S2a) bearing
bromoacetyl groups, typical stretching vibration band of the car-
bonyl (C@O) group is observed at 1719 cm�1 as a weak band.
Apparently, low intensity of this band is due to low density of this
group in the structure. Also, a very weak band associated with C–Br
vibration is observable at 795 cm�1. After grafting with PS (i.e., P(S-
DVB)-g-PS; the product of Step 3; Supplementary Fig. S2b) the later
becomes almost invisible which can be ascribed to its consumption
by utilization in the grafting with styrene. However, the carbonyl
band vibration at 1719 cm�1 becomes also invisible, due to the
decreasing percentage of this group. After additional grafting with
GMA, typical methacrylate ester vibrations are observed at 1725,
1255 and 1150 cm�1 (which are associated with stretching vibra-
tions of carbonyl, CO–O and COO–C bonds, respectively) (the prod-
uct of Step 4; Supplementary Fig. S2c). The typical bands arising
from the epoxy functionality are not discernible around
1000 cm�1, because this region is over crowded contains many
bands. Nevertheless, the shoulder around 1170 cm�1 can be as-
cribed to C–O–C stretching vibration of the epoxy group. However,
decreasing intensity of this band after modification with the amino
compound implies that this band comprises also the vibration of
glycidylic ether group. Another change is observed at 3100–
3500 cm�1 range can be considered as O–H vibration band arising
from ring opening of the epoxy function (the product of Step 4,
Supplementary Fig. S2c). Incorporation of TEDETA on P(GMA) in
the last step (Step 5, Supplementary Fig. S2d), does not induce
marked change in the FT-IR spectrum of P(SDVB)-g-P(S-d-GMA)-
TEDETA. This must be due to the fact that, this modification does
not bring new group exhibiting sharp bands. Nevertheless, the
weak band around 970 cm�1 can be assigned to C–N bond, which
is formed by reaction of NH group of TEDETA with the epoxy unit.
Another change is emerging of a very broad band in 3100–
3500 cm�1 range can be considered as O–H vibration band arising
from ring opening of the epoxy function.

Scanning electron microscopy (SEM) micrographs presented in
Supplementary Fig. S3 shows a smooth surface structure of the
P(S-DVB)-g-P(S-GMA)-TEDETA beads. The non-porous surface
properties of the beads would reduce diffusion limitation of the
substrate and product during enzymatic decomposition reactions
of hydrogen peroxide.

The specific surface area of the P(S-DVB)-g-P(S-GMA)-TEDETA
beads was measured by BET method and was found to be
14.6 m2/g beads. The amount of epoxy groups on the P(S-DVB)-g-
P(S-GMA) beads was determined to be 0.18 mmol/g beads. The
multi modal-ligand content of the P(S-DVB)-g-P(S-GMA)-TEDETA
beads were determined via potensiometric titration. NaOH con-
sumption was determined as 18.6 mL. The titration results re-
vealed that P(S-DVB)-g-P(S-GMA)-TEDETA beads has 1.05 mmol
amine group or else 0.35 mmol ligand units per gram of the
polymer.

3.2. Immobilization of catalase on the P(S-DVB)-g-P(S-GMA)-TEDETA
beads

3.2.1. Effect of pH on catalase adsorption capacity
The pH value of the solution affects both external charge distri-

bution of catalase molecules and the functional secondary amine
groups of the ligand incorporated beads. In order to investigate
the effects of pH on the catalase adsorption efficiency and capacity
of P(S-DVB)-g-P(S-GMA)-TEDETA beads, the adsorption behaviors
of catalase on TEDETA functionalized beads were investigated at
pH between pH 3.0 and 8.0 in appropriate buffer. As shown in Sup-
plementary Fig. 4. The maximum binding capacity was observed at
around pH 6.5 and gave the highest adsorption capacity. TEDETA is
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a multi-modal ligand, the optimal adsorption with multi-modal li-
gand was generally obtained at around the pI value of the target
protein. Since the pI value of catalase is 6.5. The maximum catalase
adsorption was obtained at pH 6.5, and similar observations are re-
ported in the literature for various multi-modal ligands (Yavuz
et al., 2009; Yang et al., 2007). For a multi-modal ligand, a mixed
type interaction is observed between ligand and target protein
such as electrostatic and hydrophobic binding interactions
(Fig. 1). The TEDETA multi-modal ligand possessing three tertiary
amine and four hydrophobic ethyl groups that can interact with
the target molecule (i.e., catalase) in different ways, thus, a mixed
mode interaction can be obtained. In addition, the polystyrene seg-
ment of the fibrous polymer has several aromatic rings for hydro-
phobic interaction with the target enzyme molecules. Thus, these
interactions between catalase and TEDETA-functionalized beads
at pH 6.5 may result from both the conformational state of the
functional groups on the grafted polymer chains and amino acid
side chains of the catalase molecule. In addition, during the epoxy
ring opening reaction a hydroxyl group was formed in the proxim-
ity of the TEDETA ligand. Thus, the relative position of the hydroxyl
groups on the ligand incorporated polymer chains could also pro-
vide an additional hydrogen bonding sites for the target biomole-
cules. Thus, a created specific binding side could also improve
the adsorption capacity of catalase. Proteins that change conforma-
tion as a function of their environment (pH, salt, temperature, etc.),
such as catalase, it has a molecular mass of 250 kDa, and it could
Fig. 1. Chemistries used for the immobilization of catalase via
change conformational structure upon binding on a functional sur-
face. Thus, catalase molecules would expand and contact according
to the variation of the ionizable groups on its surfaces. As medium
pH rises, the TEDETA ligand incorporated polymer chains are clo-
sely packed, limiting the interaction of catalase with functional
groups, thus, a decrease in adsorption capacity will be observed
for TEDETA-incorporated beads.

3.2.2. Effect of ionic strength on adsorption capacity
The enthalpy of adsorption would be affected not only by the

pH value on the electron donating capability, but also by the salt
concentration on the hydrophobic and electrostatic interaction be-
tween catalase and the functional groups of beads. As seen in
Supplementary Fig. S5, the adsorption capacity of the TEDETA li-
gand incorporated beads was significantly changed for catalase
with increasing NaCl concentration from 0 to 1.5 M as the ionic
strength increases. A similar observation was reported previously
(Johansson et al., 2003), they studied the interaction of several
multi-modal ligands with negatively charged biomolecules. Differ-
ent type multimodal ligands were immobilized on Sepharose 6
support and the adsorption properties of the negatively charged
protein BSA was studied under different NaCl concentrations. They
reported that the non-aromatic multi-modal ligands based on
amines groups are optimal for the capture of proteins at high salt
conditions. They also suggested that these new multi-modal an-
ion-exchange ligands could be designed to take advantage not only
adsorption on the P(S-DVB)-g-P(S-b-GMA)-TEDETA ligand.
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of electrostatic but also of hydrogen bond interactions. In addition,
the biomolecules to be separated are negatively charged which
means that they can exhibit hydrogen acceptor properties. Further,
the adsorption of catalase remained high even under high salt con-
dition. This may indicate that non-electrostatic interactions (e.g.,
hydrophobic, hydrogen bonding) may become dominant for cata-
lase on the TEDETA ligand attached beads at higher salt concentra-
tions. Thus, any functional group in the ligand, able to participate
in hydrogen bond interaction as an donor, should be able to gener-
ate the extra mode of interaction required to obtain high break-
through capacities at high ionic-strength conditions (Johansson
et al., 2003; Yavuz et al., 2009).
3.2.3. Effect of initial concentration of catalase
Fig. 2 shows the adsorption capacity of P(S-DVB)-g-P(S-GMA)-

TEDETA beads by investigating the efficiency of immobilization
at different enzyme concentrations in phosphate buffer (50 mM,
pH 6.5) at 15 �C. From the equilibrium adsorption observations, it
can be concluded that the amount of catalase adsorbed by the TED-
ETA ligand attached beads increased with increasing catalase con-
centration in the medium. As presented in Fig. 2 with increasing
enzyme concentration in solutions, the amount of catalase ad-
sorbed per unit area by TEDETA ligand attached beads increases al-
most linearly all the tested enzyme concentration range (up to
3.0 mg/mL). The maximum catalase immobilization onto TEDETA
ligand attached beads was found to be 84.1 mg/g with 3.0 mg/mL
catalase initial concentration. The specific interactions between
catalase and the TEDETA ligand attached beads can result from
the co-operative effect of different mechanisms such as specific
interaction (i.e., hydrogen bonding, hydrophobic interaction)
caused by the hydroxyl, carboxyl groups and hydrophobic group
of the catalase amino acid residues with the multi-modal ligand
of the beads.
3.3. Adsorption isotherms

Three theoretical isotherm models were used to fit the experi-
mental data: Langmuir, Freundlich and Temkin model (Temkin
and Pyzhev, 1940). The Langmuir model is based on assumption
homogeneity, such as equally available adsorption sites, mono-
layer surface coverage, and no interaction between adsorbed spe-
cies. Since the Langmuir model is formulated for homogenous
adsorption. The Freundlich and Temkin isotherm models are usu-
ally adopted for heterogeneous adsorption. The Freundlich iso-
therm is frequently used to describe the adsorption. It relates the
adsorbed concentration as the power function of solute concentra-
tion. One limitation of the Freundlich model is that the amount of
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Fig. 2. Effect initial catalase concentration on the immobilization efficiency of the
catalase on the TEDETA attached beads.
adsorbed solute increases indefinitely with the concentration of
solute in the solution. This empirical equation takes the form:

Qeq ¼ KFðCeqÞ1=n ð2Þ

where KF and n are the Freundlich constants characteristic of the
system. KF and n are indicator of the adsorption capacity and
adsorption intensity, respectively. The slope and the intercept of
the linear Freundlich equation are equal to 1/n and ln KF,
respectively.

The Temkin isotherm model describes the behavior of many
adsorption systems on heterogeneous surface and it is based on
the following equation:

q ¼ qT lnð1þ KTCÞ ð3Þ

where KT (mL/mg) is the equilibrium binding constant corres-
ponding to the maximum binding energy (KT = exp(�DGmax/RT)),
C (mg/mL) is the concentration of protein in the solution at equilib-
rium, q (mg protein/g beads) is the amount of protein adsorbed on
the beads surface, and qT (mg protein/g beads) is the differential
surface capacity for protein adsorption per unit binding energy. In
the case of Temkin-type fit the experimental data, the semilogarith-
mic plot of ln Ceq versus qeq was employed to generate the intercept
value of ln KT and the slope of qT.

The corresponding semi-reciprocal plot and Scatchard plot gave
a non-linear plot for the TEDETA ligand attached beads. In other
words, a non-linear Scatchard plot indicates the adsorption heter-
ogeneity (Arica et al., 2004). Since the adsorption of catalase onto
TEDETA ligand attached beads cannot be described in terms of
the Langmuir model. The magnitude of KF and n values of Freund-
lich model showed easy uptake of catalase from aqueous medium
with a high adsorption capacity of the TEDETA ligand attached
beads. Values of n > 1 for TEDETA ligand attached beads indicate
positive cooperativity in binding and a heterogeneous nature of
adsorption (Table 1).

In the case of the Temkin model, the corresponding semi-
logarithmic plot gave rise to linear plot for the binding of catalase
to TEDETA ligand attached beads and the correlation coefficient of
the semi-logarithmic plots (R2) was above 0.990 for the TEDETA
ligand attached beads, indicating the Temkin model fitted the
experimental data. The fitted parameter values for Temkin model
are presented in Table 1. For the adsorption process of a protein,
the possible binding sites can be non-specific or specific. All these
interactions between catalase and TEDETA ligand attached beads
should result in uniform binding energies, up to some maximum
binding energy (DGmax). In these cases, DGmax values were found
to be �2.64 and �4.27 kJ/mol for bare P(S-DVB)-g-P(S-b-GMA)
beads and ligand attached P(S-DVB)-g-P(S-b-GMA)-TEDETA beads,
respectively. The DGmax value of TEDETA ligand attached beads for
catalase adsorption was smaller than that of the bare P(S-DVB)-g-
P(S-b-GMA) beads (Table 1). These results indicate that there is a
relationship between the surface interactions groups of catalase
with the presented bare and TEDETA ligand attached beads. From
these observations, the range and distribution of binding energies
should depend on the density, and type of functional groups,
both on the protein and the adsorbent surface. As indicated in
the Temkin model, the binding energy decreased with increasing
the amounts of adsorbed protein on the adsorbents surface
(Table 1).

3.4. Effect of experimental variables

The effect of pH on the activity of the free and immobilized cat-
alase for degradation of hydrogen peroxide was examined in the
pH range 4.0–9.0 at 35 �C. As seen from Fig. 3, the degradation
reaction has maximum activity free and immobilized enzymes at



Table 1
The Temkin and the Freundlich models parameters for adsorption isotherms.

Freundlich Temkin

n KF R2 KT (mg/mL) qT (mg/g) R2 DG (kJ/mol)

P(S-DVB)-g-P(S-b-GMA) 0.71 0.92 0.997 2.92 1.46 0.966 �2.64
P(S-DVB)-g-P(S-b-GMA)-TEDETA 1.14 42.01 0.991 5.59 28.40 0.990 �4.27
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Fig. 3. Effect of pH on the activity of free and immobilized catalase on the TEDETA
attached beads; the relative activities at the optimum pH were taken as 100% for
free and immobilized catalase, respectively.
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pH 6.5 and at pH 7.5, respectively. This shift may depend on the
immobilization method as well as the basic character of the sup-
port material. The pH profiles of the immobilized catalase display
strongly improved stability of the optimum pH value, in compari-
son to that of the free form, which means that the immobilization
method preserved the enzyme activity (Arica, 2000).

Fig. 4 shows the effect of temperature in the initial rate of
hydrogen peroxide decomposition for free and immobilized cata-
lase. Free catalase shows the maximum activity at 40 �C, whereas,
the immobilized catalase reaches at 45 �C. As was evident from the
data, the immobilized enzyme possessed a better heat-resistance
than that of the free enzyme. The immobilization of catalase on
the fibrous polymer via electrostatic and hydrophobic interaction
might also reduce the conformational flexibility and may result
in higher activation energy for the molecule to reorganize the
proper conformation for the binding to substrate hydrogen
peroxide.
3.5. Kinetic parameters for free and immobilized catalase

Kinetic parameters Km and Vmax for the hydrogen peroxide deg-
radation were calculated from Lineweaver–Burk plots at constant
temperature and pH while varying the substrate concentration.
Km values were calculated as 0.25 ± 0.03 and 0.43 ± 0.02 mM for
the free and immobilized enzyme, respectively. The change in
the affinity of the enzyme to its substrate is probably caused by
the multipoint interactions of the enzyme introduced by the
immobilization via adsorption. The Km value of the immobilized
catalase was increased compared to free counterpart, possibly
due to the diffusional limitation imposed on the flow of substrate
molecules from of the fibrous layers of the grafted polymer. This
may be explained by the fact that fibrous polymer chains of the
beads should be covered with adsorbed catalase, resulting a sticky
web-like coating over the fibrous polymer surface. Thus, these lay-
ers may prevent the diffusion of the substrate molecules from the
inner layer of the polymer brushes where the enzyme was immo-
bilized (Arica et al., 2004). The Vmax values of the free and immobi-
lized enzyme were estimated from the experimental data as
3925 ± 23 and 3560 ± 37 U/mg proteins, respectively. As expected,
the Km and Vmax values were significantly affected after immobili-
zation of catalase on to the TEDETA attached beads.

The efficiency factor g can be calculated from the maximum
reaction rates of the immobilized enzyme over that of the free
counterpart:

g ¼ v immobilized=v free

where vimmobilized and vfree were the reaction rate of the immobilized
and free enzyme, respectively. From this calculation, TEDETA ligand
attached system provided an efficiency factor of 0.907 ± 0.033 for
the immobilized catalase. The ratio Amax/Km defines a measure of
the catalytic efficiency of an enzyme–substrate pair. In this study,
the catalytic efficiencies (Amax/Km) of the free and immobilized cat-
alase were found to be 15496 and 8093, respectively. The catalytic
efficiency of catalase was decreased about 1.9-fold upon immobili-
zation. The retained catalase activity was obtained up to 86.2% in
this study, and is comparable with the related literature (Jurgen-
Lohmann and Legge, 2006; Bayramoglu and Arica, 2010).

3.6. Stability studies

An important advantage of enzyme immobilization is the stabil-
ity improvement, which expands the range of conditions suitable
for enzyme function in industrial applications. The storage stability
of immobilized catalase in phosphate buffer (50 mM, pH 7.0) is
much better than that of the free catalase at 4 �C. The half-life of
free catalase is three week at 4 �C, while that of the immobilized
catalase half-life is around seven weeks (data not shown). A similar
observation was reported for immobilized catalase on the different
supports (Bayramoglu and Arica, 2010; Alptekin et al., 2010).

The successful application of the immobilized enzymes in the
industrial area requires not only high storage stabilities but also
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high operational stabilities. The operational stability of the immo-
bilized catalase was determined at optimum activity conditions by
using enzyme immobilized on the TEDETA ligand attached beads in
25 activity assays in 1 day. An activity loss of 12% was observed
within the first five uses (in this case, a small amount of enzyme
leakage was detected in the reaction medium and wash solutions.
However, after these five uses no enzyme leakage was detected
from the support) and remained constant for another 15 measure-
ments. After 25 cycle repeated uses, the immobilized enzyme re-
tained about 78% of its initial activity. The activity loss may be
due to enzyme deactivation during repeated uses (data not
shown).

The effect of temperature on the stability of the free and immo-
bilized catalase was shown in Fig. 5. The pattern of heat stability
indicated that a smaller rate of thermal inactivation was observed
for the immobilized catalase on the TEDETA ligand attached beads
than that of the free enzyme. At 55 �C, the free enzyme lost about
73% its initial activity after 120 min of heat treatment, while the
immobilized enzyme showed significant resistance to thermal
inactivation (lost about 6% of its initial activity in the same period).
At 65 �C, the free catalase lost all its initial activity after 60 min
heat treatment. Under the same conditions, the immobilized cata-
lase retained about 36% of its initial activity. These results suggest
that the thermostability of immobilized catalase becomes signifi-
cantly higher at higher temperature. If the heat stability of en-
zymes increased upon immobilization, the potential application
of these enzymes would be extended. In a previous study, bovine
liver catalase was covalently immobilized onto Eupergit C. The
thermal stability of the immobilized catalase was comparably
higher than that of the free catalase at 40 �C (Alptekin et al., 2010).
3.7. Regeneration of the support for reuse in enzyme immobilization

The cleaning of adsorbed catalase after deactivation from the
TEDETA ligand attached beads was achieved under acidic condi-
tion. The catalase adsorbed on the TEDETA ligand attached beads
was placed within the cleaning medium containing 1.0 M NaSCN
in acetate buffer pH 4.0. The adsorption–desorption cycle of cata-
lase was repeated five times by using the beads (Fig. 6). The immo-
bilization capacity of the affinity beads did not change significantly
after five times use in the repeated use of the support after regen-
eration of the beads in cleaning medium for 2 h. The fifth adsorp-
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Fig. 5. Thermal stability of the free and immobilized catalase at two different
temperatures.
tion–desorption cycle of catalase, the amount of immobilized
enzyme (39.3 ± 1.3 mg/g beads) was about 4% lower than that of
the first use (40.8 ± 1.7 mg protein/g beads). This indicates that
the prepared TEDETA attached beads were of high stability in re-
peated enzyme loading. Thus, the TEDETA attached beads can be
reused in enzyme immobilization process with significant cost sav-
ing. In a previous study, catalase was immobilized on the poly(ita-
conic acid) grafted chitosan membrane, and at the end of the sixth
cycles, catalase immobilization capacity of the membrane was
decreased about 7%. The results are comparable with the earlier
reported study (Bayramoglu and Arica, 2010).
4. Conclusions

Hydrophobic/hydrophilic di-block polymers grafted P(S-DVB)
and TEDETA ligand attached beads was used for catalase immobi-
lization. The experimental data showed that the desired amount of
enzyme could be loaded on the beads by changing the initial con-
centration of enzyme in the medium. The fibrous polymer grafted
and ligand attached supports can provide a high specific surface
area with a large catalase immobilization capacity, the quantity
and the accessibility of the active sites on the fibrous polymer nec-
essary for high reaction rates and conversions. Finally, P(S-DVB-g-
P(S-GMA)-TEDETA beads prepared in this work showed promising
potential for various biotechnological applications.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.biortech.2010.12.029.
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