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Abstract

In this study, poly[methyl methacrylate-co-poly(ethylene glycol) methacrylate]
(P(MMA-co-PEG500MA)) copolymers were used for catalase (CAT) immobiliza-
tion. Firstly, POMMA-co-PEG500MA) copolymers were synthesized by using differ-
ent amount of methyl methacrylate (MMA) and poly(ethylene glycol) methacrylate
(PEG500MA) monomers. The synthesized copolymers were characterized by dif-
ferent analysis techniques. Afterward, CAT enzyme was immobilized via physical
adsorption method onto the P(MMA-co-PEG500MA) copolymers. P3 sample con-
taining 1:1 (PEG500MA:MMA) monomer molar ratio was selected as model sup-
port because of exhibiting optimum surface porosity and thermal stability. A high
immobilization yield (76%) was achieved under optimized conditions. The immo-
bilized enzyme displayed improved tolerance towards pH and temperature changes.
After immobilization, the optimum pH shifted from 7.5 to 7.0, whereas the opti-
mum temperature remained unchanged at 35 °C. Immobilized enzyme showed good
reuse potential and excellent storage stability. After 10 consecutive uses, immo-
bilized enzyme maintained about 51.0% of its initial activity. Furthermore, free
enzyme completely lost its initial activity after 4 weeks, while immobilized enzyme
maintained approximately 65% of the initial activity at 25 °C. Approximately two-
fold decrease in Km was obtained which means that the affinity of enzyme to the
substrate improved after immobilization. Finally, it can be concluded that the pre-
pared PMIMMA-co-PEG500MA) copolymer structure can be an ideal matrix for CAT
immobilization.
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Introduction

Polymeric materials are an important part of our daily life and have very impor-
tant functional tasks [1-5]. In particular, the polymers to be used in the produc-
tion of optical, electronic, energy storage, sensors, food packaging and biologi-
cal implants must have a high structural strength [6-9]. Especially, the synthesis
of polymeric structures which can be used in many biomedical, bio-stable, drug
release system and enzyme immobilization applications is seen as an important
target in today’s technology [8—10]. However, many applications during the adap-
tation of polymeric structures to technology require the synthesis of more robust,
durable and bio-stable structures [9, 10]. In particular, in the field of biomaterials,
flexible, durable, biocompatible, low toxicity and non-allergenic polymer struc-
tures are important [§—10].

All these researches have led to the formation of a new generation of materials
with synthetic polymers and biocompatible surfaces. Particularly biocompatible
polymers or oligomers grafted onto synthetic polymers are important for high
technological applications [11-13]. Such structures are widely used in optical
and electronic materials, especially in sensor and biosensor applications, energy
storage applications, sample purification and sample enrichment applications,
antibacterial surfaces, polymer supported catalysts, cell culture, enzyme immo-
bilization matrix and tissue engineering [11, 13—17]. Especially, the use of bio-
suitable functional polymers, graft copolymers and polymer brushes is becoming
widespread in enzyme immobilization applications [18-20]. Polymer brushes and
graft copolymers having a large number of functional groups, soft, flexible, high
surface area, have emerged as suitable candidates for immobilization of enzymes
[18]. In this field, enzymes such as catalase, glucose oxidase and trypsin are
immobilized to polymers structures by covalent or physical adsorption [18-21].

CAT (hydrogen peroxide oxidoreductase; EC.1.11.1.6), an oxidoreductase, is
an important enzyme consisting of four subunits, each of which contains porphy-
rin heme (iron) as a prosthetic group [22]. It is widely distributed in animals,
plants and all aerobic microorganisms, and it catalyzes the conversion of H,0, to
molecular oxygen and water [23]. However, as with most enzymes, CAT exhibits
a short shelf life, low operational stability and reusability, which limits its poten-
tial application [24]. To overcome these limitations, enzyme immobilization is
one of the important strategies. It is well known that the immobilized enzyme
has many advantages such as improved stability, easy separation and recovery in
comparison with free enzyme [25]. Till now, CAT was immobilized to many dif-
ferent carriers such as natural polymers [26], composites [27], nanoparticles [24],
nanotubes [22], nanospheres [28] and metal organic framework (MOF) [29]. For
instance, CAT was immobilized onto the PVA/PA6—Cu(II) nanofibrous membrane
prepared via the electrospinning technique. The amount of immobilized CAT was
reported as 64 +4.6 mg/g [30]. In another study, Inanan used p(2-hydroxyethyl
methacrylate-chitosan)-Cu nanostructures as support for CAT immobilization
and maximum amount of immobilized CAT was detected as 11.29 g/g support
[28]. Rafiee-Pour et al. reported that CAT was immobilized onto the surfaces of
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magnetic multiwalled carbon nanotubes via physical adsorption with ~60% yield
[22]. Immobilized CAT has a wide range of uses in diverse industry such as bio-
technology, biochemical analysis, sensor applications, food packaging, wastewa-
ter, pharmaceuticals and textiles [22, 28, 31]. In addition, to ensure long-term
stability, usage of polymeric matrix is important in CAT immobilization [32-34].
PMMA as the immobilization matrix is generally used for different enzymes in
many studies [35-37]. The preparation of copolymers or composites to enhance
the enzyme immobilization properties of PMMA is commonly used techniques
[38—40]. In this study, PMMA copolymer structures with high polarity monomer
such as PEGMA were prepared and used in CAT immobilization. We showed
here that P(IMMA-co-PEG500MA) copolymers were easy to prepare and can be
used as carrier matrix for CAT immobilization without notable losses in cata-
lytic activity. The copolymers were characterized by various techniques such as
elemental analysis, FTIR, TGA, DSC, SEM and EDX. Subsequently, the CAT
enzyme was immobilized on different P(MMA-co-PEG500MA) copolymers
via adsorption. To the best of our knowledge, this work is the first report using
of P(MMA-co-PEG500MA) copolymers as support to immobilize CAT. The
P(MMA-co-PEG500MA) copolymers synthesis and CAT immobilization pro-
cesses are illustrated in Fig. 1. In terms of tolerance towards pH and temperature,
reusability, storage stability and kinetic study, the properties of immobilized CAT
were investigated and compared to the free enzyme. The outcomes reveal that the
synthesized PIMMA-co-PEG500MA) copolymers may be a promising alternative
carrier matrix for the immobilization and industrial applications of CAT.

9 o)

H,C H,C. OH
OCHjg —+ O n —_— n m
CHy CHy
o 0 O o
MMA PEG500MA

X
OH
P(MMA-co-PEG500MA)

Catalase

Catalase Immobilized
P(MMA-co-PEG500MA)

P3-CAT

Fig. 1 Synthesis of PIMMA-co-PEG500MA) copolymers and immobilization of CAT
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Materials and methods
Materials

Homopolymers (PMMA, PPEG500MA) and copolymers (P1, P2, P3, P4 and
P5) were prepared with different amount MMA and PEG500MA monomers.
PEG500MA structure with an average molecular mass of 500 was preferred. In the
synthesis of copolymers, MMA structure was used as comonomer. Seven different
polymeric structures were obtained by using different feed molar ratios of the mono-
mers. These feed molar ratios of the MMA and PEG500MA as monomers are given
in Table 1. The copolymers and homopolymers were distinguished by the various
feed molar ratios of the monomers, e.g., sample 50/50 indicates the copolymer for
the synthesis of which 50% PMMA and 50% PEG500MA were employed as the
molar feed composition. The basic monomers, initiators used in the synthesis of
copolymers and CAT from bovine liver (lyophilized powder, 2.000-5.000 units/mg
protein) were obtained from Sigma-Aldrich. H,0,, toluene, xylene, tetrahydrofuran
(THF) and N,N-dimethylformamide (DMF) were purchased Merck. All other chemi-
cals were of analytical grade. All aqueous solutions were prepared by using ultra-
pure water.

Equipment

The copolymer structures synthesized as enzyme immobilization matrix were char-
acterized in detail by elemental analysis and FTIR techniques. LECO-96CNOS
device was used in elemental analyses. PerkinElmer Spectrum Two model FTIR
spectrophotometer was used for FTIR analysis. Structural analyses were performed
with ATR equipment in the wavelength range of 400-4000 cm™!. Besides, copoly-
meric structures synthesized were examined by thermal analysis techniques in terms
of glass transition temperatures, thermal decomposition temperatures and ther-
mal stability. Thermal decomposition steps were measured on Shimadzu TGA-50
device, and thermal decomposition structures of homo and copolymers were deter-
mined. The glass transition temperatures (7,) were measured on the Shimadzu DSC-
60 instrument. a-Al,O; was used as reference material in these analyses. Within a
heating rate of 10°/min, the samples were thermally treated to 300 °C and 700 °C

Table 1 The mplar ratios. of MMA (%) PEG500MA (%)
the monomers in synthesis of
PPEG500MA, PMMA and PPEGS500MA 0 100
P(MMA-co-PEG500MA)
structures Pl 20 80

P2 40 60

P3 50 50

P4 60 40

P5 80 20

PMMA 100 0
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for DSC and TGA analysis, respectively. In addition, the UV spectrophotometer
(Shimadzu, 1601) was used to measure the activity of free and immobilized enzyme.

Synthesis of poly(ethyleneglycol) side chain copolymer structures

Polyethylene glycol side chain copolymers were synthesized by free radical polym-
erization technique. Azobisisobutyronitrile (AIBN) was used as the initiator in this
synthesis, and the monomers were prepared by dissolving with xylene solvent.
The following procedure was used as the synthesis method. For synthesis of P3,
PEG500MA (5 mmol) was added into a two-neck flask equipped with a magnetic
stirrer and was dissolved in 5 mL xylene. 5 mmol of MMA monomer and 0.01 g of
AIBN were added in PEG500MA solution in nitrogen atmosphere. The mixture was
refluxed at 90 °C for 3 h. The resulting polymeric structure was then precipitated by
adding 20 mL of methanol and washed with water and methanol. Seven polymeric
structures were prepared by using same procedure with different molar ratios of the
monomers (MMA/PEG500MA monomer ratios (mmol): 10/0; 8/2; 6/4; 5/5; 4/6; 2/8
and 0/10) (Table 1). It was synthesized in homopolymer structures using uniform
monomer in copolymer synthesis according to the procedure. The completion of the
reaction was checked by FTIR spectroscopy technique.

Enzyme immobilization

Hundred milligrams of copolymeric sample was placed in an Eppendorf tube.
One milliliter of CAT enzyme solution (4 mg/mL) was added into the tube. The
mixture was incubated for 12 h at 200 rpm on a shaker. The copolymer sample was
then centrifuged at 5000 rpm for 5 min at 4 °C. The supernatant was stored to cal-
culate the immobilization efficiency. The sample was washed thoroughly with PBS
buffer to remove unbound CAT enzyme and dried at room temperature. Immobilized
enzyme was stored at 4 °C to examine immobilization parameters such as optimum
pH, optimum temperature, and storage stability.

Determination of total protein and immobilization efficiency (IE)

Total protein amount was determined according to the Bradford method using
bovine serum albumin (BSA) as standard [41]. Immobilization efficiency was calcu-
lated using the following formula.

(A9 =B, = By)

IE=[
0

]XIOO

A, is the total protein amount of the free enzyme, and B, and B, are the amount of
protein of the supernatant and washing solution after immobilization.
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Enzyme activity of free and immobilized enzyme

Free enzyme activity was determined spectrophotometrically by measuring the
decrease in H,O, absorbance at 240 nm in a reaction mixture containing 1.0 mL
of substrate (pH: 7.5, 20 mM H,0,) and 20 pL of CAT (2 mg/mL). The reac-
tion mixture was maintained at 25 °C for 2 min, and the enzymatic reaction was
stopped by adding 0.5 mL of 1 M HCI. For immobilized enzyme activity, copoly-
meric samples (5 mg) were mixed with the substrate solution prepared as above
at 25 °C for 2 min. After 2 min, the samples were removed and then the reaction
was stopped by adding 0.5 mL of 1 M HCI. One unit (U) of enzyme activity
was defined as the quantity of enzyme catalyzing the decomposition of 1 pumol
H,0, per min under optimum assay conditions [31]. The maximum activity in all
enzyme results was assumed to be 100%, and the results were given as relative
activity. In addition, all enzyme activity measurements were carried out using
three parallel samples and standard deviations were added to the corresponding
graphs.

Effect of pH and temperature

The effect of pH on free and immobilized enzyme activity was investigated by
using 0.5 M sodium acetate buffer (pH 4.0, 5.0, 6.0), 0.5 M sodium phosphate
buffer (pH 7.0, 7.5, 8.0) and 0.5 M Tris—HCI buffer (pH 8.5-9.0) at different pH
values. Additionally, the effect of temperature on free and immobilized enzyme
activity was measured in a controlled temperature water bath from 25 to 60 °C
under standard assay conditions.

Reusability

Reusability of the immobilized enzyme was also investigated. The immobi-
lized enzyme was exposure to fresh H,O, solution, and the activity was meas-
ured according to assay activity. After washing the immobilized enzyme, it
was exposed to the same concentration of substrate again. This procedure was
repeated 20 times, and the enzyme activity was measured after each step. The
activity of the enzyme after the first use was considered 100%.

Determination of kinetic parameters

The Michaelis constant (Km) and maximum reaction velocity (V,,,,) of free and
immobilized enzyme were determined by varying the substrate concentration in
the range of 2-20 mM in phosphate buffer (pH 7.5, 10 mM) at room temperature
(~ 25 °C). Km and V_,, values were calculated from enzyme activities correspond-
ing to different concentrations using Lineweaver—Burk plot of 1/S versus 1/V [42].

I/V = (Km/VmaX)(l/S) + 1/Vmax
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where V is rate of reaction, [S] is the concentration of substrate, Km is Michae-
lis—Menten constant and V_,, is maximum reaction rate.

Storage stability

Free and immobilized enzyme samples were stored at 4 °C and room temperature
(~25 °C), and their activity was measured periodically during 4 weeks. The initial
activities of both samples were considered 100%.

Results and discussion
Characterization of P(MMA-co-PEG500MA) structures

Firstly, elemental analysis data were evaluated for the characterization of PMMA,
PPEG500MA and copolymer structures and the results are shown in Table 2 in
together with theoretical values. According to these results, even in different copoly-
mer structures, elemental analysis results were found to be very close to theoretical
values.

The FTIR spectra of prepared homopolymer and copolymer structures are shown
in Fig. 2. Firstly, in the FTIR spectra of pure PMMA, a sharp stretching peak

Tl Bl ambsis i c g
PPEGS500MA, PMMA and PPEGS00MA
PMMA-co PEGS00MA) Calculated 54.80 8.72
structures
Found 53.30 7.96
Pl
Calculated 55.05 8.69
Found 54.74 9.24
P2
Calculated 55.41 8.64
Found 54.60 8.01
P3
Calculated 55.67 8.60
Found 56.34 8.09
P4
Calculated 56.01 8.56
Found 57.05 7.52
P5
Calculated 57.12 8.40
Found 57.01 7.33
PMMA
Calculated 60.03 8.00
Found 55.75 8.11
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Fig.2 FTIR spectra of PPEG500MA, PMMA and P(MMA-co-PEG500MA) copolymer structures
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stem from the carboxyl group was found at 1735 cm™!. Aliphatic C—H stretching
vibration at 2899-2950 cm™! was observed. The peaks at 1274 cm™' are assigned
to the stretching vibration of the ester bond C—O. The other important peaks at
1195 cm™! and 1144 cm™! are assigned to the stretching of —O—CHj unit and the
CH; group, respectively. According to FTIR spectrum results, the broad -OH band
at 3300-3600 cm™' was observed in the spectra of PPEG500MA, PMMA and
P(MMA-co-PEG500MA) copolymer structures. However, as expected, -OH band
expanded obviously with the increase in the PEG500MA ratio in the copolymer
structure. The aliphatic C—H stretching was observed at 2830 cm™! and 2970 cm™!
in all copolymer FTIR spectra. Another important peak is the carbonyl group
stretching peak due to the ester structure of methacrylate unit in copolymer struc-
tures. This carbonyl peak appeared at 1820 cm™'. In addition, the C—H bending
peak of the aliphatic CH, products and C—C stretching were observed at 1430 cm™!
and 1380 cm™!, respectively. C—O—C etheric stretching peak at 1190 cm™' and CH,
rocking vibration at 751 cm™! also appeared [43, 44]. These FTIR spectra show that
the polymerization process has been successfully carried out.

Thermal analysis of P(MMA-co-PEG500MA) structures

The thermal properties of PPEG500MA, PMMA and P(MMA-co-PEG500MA)
structures were investigated by TGA, DTG and DSC analysis. Figure 3 shows the
TGA thermogram of PPEG500MA, PMMA and P(IMMA-co-PEG500MA) struc-
tures. This figure shows two different types of thermograms. The polymers contain-
ing the PEG500MA structure exhibit similar thermograms, while the thermogram of
the PMMA structure is different from the others. This is because PMMA has a rigid
polymer structure which is frequently stacked, while other structures have the char-
acteristic of oligo-ethylene glycol side groups. In the TGA thermogram of PMMA, a

100.00—

80.00-

60.00-

Weight (%)

40.00-
—— PPEG500MA
— P1

P2
— P3
2000- —— p4

P5
—— PMMA

0.00 20000 400.00 60000
Temperature (°C)

Fig. 3 TGA thermograms of PPEG500MA, PMMA and P(MMA-co-PEG500MA) structures
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Fig. 4 DTGA thermograms of PPEG500MA, PMMA and P(MMA-co-PEG500MA) structures

clear weight loss was observed about between 220 and 400 °C [45]. This weight loss
associated with random scission and thermal degradation of the polymer backbone.
Thermograms of the copolymer structures were seen in similar. These thermograms
show two weight losses. The initial weight loss values of the copolymers are due
to the moisture that depends on the structure. The second weight loss is due to the
degradation of the polymeric structure. The derivative thermogravimetric analysis

DSC
mW
Transition -0.06mW/mg

P1  Mid Point -51.49C
o —
% Transition -0.05mW/mg
E: P2 Mid Point -45.81C
3
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Fig.5 DSC thermograms of P(MMA-co-PEG500MA) structures
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(DTGA) curves of PPEG500MA, PMMA and P(MMA-co-PEG500MA) structures
in the temperature range from 0 to 700 °C are compared in Fig. 4. The DTGA curve
of pure PMMA showed show single-stage degradation peak. This peak is thermal
degradation of the polymer between 200 and 400 °C. There are also three degra-
dation peaks in the DTGA curves of the copolymer structures [46, 47]. The first
peak stems from degradation of side groups. The other peaks are due to the thermal
degradation of polymeric structure [47]. DTGA curves of PIMMA-co-PEG500MA)
structures are compatible with the TGA thermogram of copolymeric structures.

In Fig. 5, DSC thermograms and 7, values of copolymers were given. When
these values were examined, it was seen that the 7, value of the copolymer
decreases depending on the ratio of PEG500MA in the copolymer structure. Espe-
cially, in DSC thermograms of P1 and P2 structures, a peak stem from the removal
of moisture in the structure can be seen between 40 and 110 °C. Because the ratio
of PEG500MA in the copolymer structure is high in these structures, hydrophilic-
ity is high. This reduction is due to the opening of the interchain distance by the
introduction of the oligo-ethylene glycol structure between the polymer chains. In
the PEG500MA subgroup, this increases the flexibility of the polymer in biomedical
applications and facilitates its applicability.

Surface morphologies of PPEG500MA, PMMA and P(MMA-co-PEG500MA)
structures

The SEM images of pure PPEG500MA (a), POIMMA-co-PEG500MA) (b) and pure
PMMA (c) structures are presented in Fig. 6. Especially in pure PMMA and pure
PPEG500MA structures, the surface looks more homogeneous and smoother. How-
ever, with the conversion of the polymer structure to the copolymer structure, the
porosity of the structure and its applicability in terms of biomedical applications
increase. In Fig. 7, SEM images of copolymer structures were detailed by giving
different magnification rates. In these images, the surface morphology of the copoly-
mer structures was given in two different magnification ratios. As the PEG500MA
ratio increases, the roughness of the surface increased in 5000 x and 2500 x SEM
images. The low- and high-magnification SEM images in Fig. 6 provide informa-
tion on the surface roughness and porosity of the polymers to be used for enzyme
immobilization. Homopolymers, P1, P4 and P5 have a very flat and non-fractal mor-
phology. Therefore, these structures are not preferred for enzyme immobilization.
Although P2 and P3 structures have a fractal surface, P3 structure has a more porous
and rough surface than P2. Therefore, the P3 structure was preferred for enzyme
immobilization. Detailed SEM images of P3 structure are given in Fig. 7 at different
magnifications. The P3 structure has large cavities and porosity, especially at low
magnifications.

In the SEM and thermal analyzes carried out within the scope of the study, it
was determined that P3 structure containing 1:1 (PEG5S00MA:MMA) monomer
molar ratio was the most suitable structure for enzyme immobilization. Particularly
in SEM analysis, suitable porosity was observed in P3 (PEG500MA content 50%).
This is due to the fact that there are free voids on the acrylate polymer to which

@ Springer



2674 Polymer Bulletin (2021) 78:2663-2684

PPEG500MA

P1

P2

P3

P4

P5

PMMA

Fig.6 SEM images of pure PPEG500MA, P(MMA-co-PEG500MA) copolymer structures and pure
PMMA
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Fig.7 Detailed SEM images of P3 structures

the oligo-ethylene glycol structure is attached, which is compatible with the SEM
structure. For this reason, enzyme immobilization studies were carried out with this
optimally selected structure.

Binding confirmation

In addition, the presence of CAT on surface of P3 was confirmed via FTIR, SEM
and EDX analysis. The FTIR spectra for pure P3 and P3-CAT are shown in Fig. 8.
A broad absorption band at 3000-3600 cm™! (~OH stretching vibrations and -NH
stretching vibrations) indicated the presence of enzyme on the copolymer [48].
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Fig. 8 FTIR spectra of P3 and P3-CAT

Besides, the signal at 1640 cm™! observed on the P3-CAT was due to NH bending
of CAT [49], although no such signal was observed for pure P3. The FTIR analysis
results were ensured the success of immobilization.

To further investigate the presence of CAT on the P3 structure, the SEM analysis
was performed. As presented in Fig. 9, compact pores were observed on the surface
of P3, whereas a rough and non-uniform coating was observed on the surface of the
P3-CAT. The morphological changes on the surface indicated that the CAT enzyme
was successfully immobilized onto the P3.

In addition, the immobilization of enzyme on the support was also observed with
EDX (Fig. 10). The P3 included only carbon (C) and oxygen (O) elements, whereas
nitrogen (N) and sulfur (S) peaks appeared in the EDX pattern of P3-CAT. It is obvi-
ous that the presence of N and S peaks was due to the amino acid residues of CAT.
Besides, elemental mapping results indicated successfulness of CAT immobilization
on support and collaborated with FTIR and EDX analysis.

Immobilization efficiency
The enzyme immobilization efficiency for the P3 copolymer was calculated using
the formula mentioned in "Determination of total protein and immobilization effi-

ciency (IE)" section. The immobilization efficiency was 76%. This high yield can be
attributed to the interactions between the copolymer and the enzyme.

Effect of pH and temperature

The effect of pH on the activity of the free and immobilized enzyme was investi-
gated in the pH range 4.0-10.0. As seen from Fig. 11, the enzymatic activities of
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Fig.9 The SEM images of P3 and P3-CAT at different magnifications

free and immobilized enzyme were optimal at pH values of 7.5 and 7.0, respectively.
A shift of 0.5 units in pH optimum may be due to conformational changes after
immobilization. Under acidic conditions (pH 4-6), free enzyme possessed more
activity, while the immobilized enzyme maintained higher enzymatic activity in pH
range of 8.0-10.0 compared to free one. The free enzyme retained only 16% of its
original activity, whereas the relative activity of immobilized enzyme had more than
56% at pH 10 thanks to suitable support.

The effect of temperature on free and immobilized enzyme was investigated,
as shown in Fig. 12. Both free and immobilized enzyme exhibited maximum
activity at 35 °C. As the temperature was increased, the activities of both free
and immobilized enzyme reduced; however, the immobilized enzyme displayed
greater activity than that of free one at each temperature value. For instance, the
free enzyme retained 28% of its original activity, whereas the relative activity
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Fig. 10 The EDX spectra and elemental mapping images of P3 and P3-CAT

of immobilized enzyme had about 40% at 65 °C. These results suggested that
the free enzyme exposed to conformational changes as the temperature increases,
resulting in a rapid decrease in activity. In contrast, the immobilized enzyme
has a more stable conformation due to interactions between the support and the
enzyme. Therefore, it exhibited improving activity under harsh conditions [50,
51].
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Fig. 11 Effect of pH on the activity of free and immobilized enzyme
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Fig. 12 Effect of temperature on the activity of free and immobilized enzyme
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Fig. 13 Repeatability test of immobilized enzyme
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Reusability and storage stability

The reusability of the immobilized enzymes is an important parameter for their
application in industry. To determine the reusability of the immobilized enzyme,
the activity of it was repeated 20 times. As shown in Fig. 13, the immobilized
enzyme maintained more than 70% of its original activity after the initial five uses
and remained above 51% for another five measurements. After 20 cycle repeated
uses, the immobilized enzyme retained about 21% of its original activity. The reduc-
tion in activity could attribute to deactivation or leakage of enzyme during repeated
use. Consequently, the high reusability results indicated that immobilized enzyme is
more stable and advantageous in comparison with free counterpart.

The storage stability results for the free and immobilized enzyme at 4 °C and
25 °C are shown in Fig. 14. According to these results, immobilized enzyme main-
tained its initial activity more than free enzyme at both 4 °C and 25 °C. The immo-
bilized enzyme retained nearly 90% of its initial activity after 4 weeks, whereas the
activity of free enzyme protected 72% for under the same conditions (Fig. 14a).
At 25 °C, the free enzyme completely lost its initial activity after 4 weeks, while
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Fig. 14 Storage stability results for free and immobilized enzyme (a 4 °C and b 25 °C)
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Table 3 Kinetic parameters for Km (mM) V. (umol
free and immobilized enzyme ng /mg
20>
min)
Free enzyme 102 909
Immobilized enzyme 49 1666

the immobilized enzyme maintained approximately 65% of the initial activity
(Fig. 14b). It is clear that that the P(MMA-co-PEG500MA) is a good and promising
support for CAT immobilization with excellent long-term stability.

Kinetic parameters
The Km and V,,, for free and immobilized enzyme are calculated and summarized
in Table 3. Km and V,_, values for free enzyme were estimated as 102 mM and
909 umol H,0,/mg min, respectively. After immobilization, Km and V. values
changed 49 mM and 1666 umol H,0,/mg min, respectively. The small Km value
indicates that the enzyme has a high catalytic efficiency at a low substrate concen-
tration [51]. The Km value for immobilized enzyme decreased about 2.0-fold. This
significant change in the Km value can be attributed to the high accessibility of
the substrate molecules to the active sites of immobilized enzyme. Similar results
were also reported by other studies. For instance, Inanan reported that the Km value
decreased 2.4-fold when compared with the free one [28]. Cetinus et al. revealed that
the immobilized enzyme on chitosan beads exhibited a decrease of approximately
2.0 times in Km value [52]. Similarly, Erol et al. reported that Km value decreased
approximately 2.0 times after immobilization on poly(HEMA-GMA) cryogels [53].
In addition, the V,,,,, value for immobilized enzyme was about 1.8-fold higher than
that of the free counterpart. Generally, the enhancements in V,,, resulted from sub-
strate diffusion ratio, conformation changes or cooperative effects of enzymes [54,
55].

Conclusions

The oligo-ethylene glycol side groups on the polymer chain, with a mechanical
barrier and strong hydrogen bonding properties, prevent the enzyme from leaking
from the polymer structure and form a suitable immobilization medium. As proof of
this, PIMMA-co-PEG500MA) copolymer structures were successfully synthesized
via free radical polymerization technique and used as an ideal support for enzyme
immobilization. CAT which is an important industrial enzyme was used as a model
enzyme and was successfully immobilized onto copolymer structures. Compared
with the free enzyme, the immobilized enzyme displayed improved pH and tem-
perature tolerance under harsh conditions. Additionally, it exhibited excellent reus-
ability and long-term stability in comparison with free one. Therefore, the synthe-
sized PIMMA-co-PEG500MA) structures can be a facile and efficient support for
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CAT immobilization. In view of the above information, more copolymer structures
should be synthesized in the near future to find more promising carrier material can-
didate for the immobilization of different enzymes, and applications.
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