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Abstract Having been activated with glutaraldehyde,

modified poly(ethylene terephthalate) grafted acrylamide

fiber was used for the immobilization of horseradish per-

oxidase (HRP). Both the free HRP and the immobilized

HRP were characterized by determining the activity profile

as a function of pH, temperature, thermal stability, effect of

organic solvent and storage stability. The optimum pH

values of the enzyme activity were found as 8 and 7 for the

free HRP and the immobilized HRP respectively. The

temperature profile of the free HRP and the immobilized

HRP revealed a similar behaviour, although the immobi-

lized HRP exhibited higher relative activity in the range

from 50 to 60 �C. The immobilized HRP showed higher

storage stability than the free HRP.

Keywords Horseradish peroxidase � Immobilization �
Poly(ethylene terephthalate) � Fibers � Graft copolymers

Introduction

Extensive research efforts have been dedicated to evaluate

the possibilities offered by enzymes in biotechnological

and environmental applications. An effective use of

enzymes may be hampered by some peculiar properties of

the enzymatic proteins such as their non-reusability, high

sensitivity to several denaturating agents and presence of

adverse sensory or toxicological effects. Many of these

undesirable constraints may be removed by the use of

immobilized enzymes. This approach has proven to be

more advantageous for catalysis than the use of free

enzymes [1, 2]. Immobilization of enzymes (if it is stable)

makes these biocatalysts reusable and thus turns the

enzyme-based process into a more economically viable

approach. Quite frequently, the immobilized enzyme (if

multipoint or multisubunit immobilization is achieved) is

more stable towards harsh conditions like high tempera-

tures. This allows the biocatalyst to survive longer during

process conditions and allows one to operate the process at

higher temperature [3]. There are many immobilization

techniques available such as adsorption [4], covalent

attachment [5] and entrapment [6]. Non-covalent binding

processes are simple but have the disadvantage of weak

binding of enzyme. Covalent binding is preferred over

physical or ionic binding. However, covalent attachment

requires the activation of support surface if active groups

on the surface are unavailable [7]. However, every system

has both advantages and disadvantages. Support material,

which plays an important role in the utility of an immo-

bilized enzyme, should be readily available and non-toxic

and also should provide a large surface area suitable for

enzyme reaction, and substrate and product transport

with least-diffusional restriction [8]. Some organic and

inorganic supports like glass beads [9], polyketone [10],

chitosan [11] and aluminum oxide/polyethyleneimine

composite [12] have been used for the immobilization of

peroxidases.

Poly(ethylene terephthalate) (PET) fiber is one of the

most important synthetic fibers used in the textile industry.

PET fibers have good resistance to most strong acids, oxi-

dizing agents, sunlight and micro organisms [13]. However,

it is hydrophobic in nature and do not contain chemically

reactive groups. Certain desirable functional groups can be

imparted to PET fiber by grafting with different mono-

mers such as 4-vinyl pyridine [14], 4-vinyl pyridine and
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Department of Chemistry, Faculty of Science and Arts,

Kirikkale University, 71450 Kirikkale, Turkey

e-mail: mustafa_yigitoglu@mynet.com

123

Bioprocess Biosyst Eng (2009) 32:467–474

DOI 10.1007/s00449-008-0266-9



2-hydroxyethylmethacrylate [15], N-vinyl–2 pyrrolidone

[16]. The modified PET fiber was widely utilized in our

previous researches as support materials towards the uptake

of heavy metal ions [17–20], acidic and basic dyes [21–23]

and recently a-amylase immobilization [24].

Peroxidases (donor: hydrogen peroxide oxido reductase,

EC 1.11.1.7) are a group of heme-containing oxidoreduc-

tases that act on peroxide as electron donors. They are

present in all known organisms and their biological func-

tion is related to the removal of the toxic hydrogen

peroxide which is a product cell metabolism of plant

hormones, lignification and modifications of cell wall.

Peroxidases reduce hydrogen peroxide and oxidize a wide

number of compounds including phenols, aromatic amines,

thioanisoles, halide ions thyocianate ions, fatty acids, and

also degrade hydrogen peroxide. The selectivity towards

reducing substrates depends on the specific peroxidase

[25]. They have been extensively studied and show many

attractive properties for biocatalysis such as wide speci-

ficity, high stability in solution and easy accessibility from

plant materials. They show potentially interesting appli-

cations in a number of fields. The most important

application so far is in analytical diagnosis, where they are

utilized as a key component of biosensors and immuno-

assays [26].

In the present study, the horseradish peroxidase (HRP)

has been covalently immobilized on the PET grafted

acrylamide (PET-g-AAm) fiber. For this purpose, amino

groups were generated via Hofmann degradation reaction

on the surface of the PET-g-AAm fiber. The aminated

support material was activated by glutaraldehyde [12, 25,

27]. Then the horseradish peroxidase was immobilized

onto the activated fiber. The activities of the immobilized

enzyme and the free enzyme were evaluated in point of

pH, temperature, substrate concentration, thermal stability

and storage stability and the results were compared.

The reusability of the immobilized enzyme was also

investigated.

Materials and methods

Chemicals

The PET fiber (126 denier, 28 filaments) was kindly

provided by SASA Co. (Adana, Turkey). Horseradish per-

oxidase (EC 1.11.1.7), and glutaraldehyde were obtained

from Sigma-Aldrich. Pyrogallol and Folin-Ciocalteu’s

phenol reagent were purchased from Fluka. Acrylamide,

sodium hydroxide, hydrogen peroxide, benzoyl peroxide,

citric acid and acetic acid were purchased from Merck.

Ethanol, methanol, acetonitrile, acetone, sodium dihydrogen

phosphate and disodium hydrogen phosphate were

purchased from Riedel-deHaen. Solutions were prepared

with deionized water (Millipore, Elix 3 water purification

system).

Apparatus

Pharmacia Biotech Ultrospec 2000 model UV-Visible

spectrophotometer was used for the determination of optical

density of solutions in the visible region. The infrared

spectrums were obtained by Thermo-Nicolet 6700 FT-IR

spectrometer attached to an attenuated total reflection (ATR)

apparatus, using diamond prism with an incident angle 45�.

All pH measurements were performed with HANNA 221

model digital pH meter.

Preparation of support material

After fiber samples (0.30 ± 0.01 g) had been swollen in

dichloroethane for 2 h at 90 �C, solvent on the fiber was

removed by blotting between a filter paper [14]. As descri-

bed by Coşkun and Soykan [28], acrylamide monomer was

grafted onto the PET fiber by using benzoyl peroxide as an

initiator. Swelled PET fiber was placed in 100 ml poly-

merization tube. In addition, appropriate amount of

acrylamide monomer dissolved in 18 ml aqueous and Bz2O2

dissolved in 2 ml acetone were added. The polymerization

tube was placed into the water bath at 85 ± 1 �C. The fiber

samples taken at the end of the 2 h of polymerization were

removed from homopolymer by washing with water at 50 �C

for 5 h by changing the washing water five times. The fiber

was dried at 50 �C and weighed. The graft yield (GY) was

calculated from the weight increase in grafted fiber as

follows:

GYð%Þ ¼ ½ðWg�W iÞ=Wi� � 100 ð1Þ

where Wi and Wg denote the weights of the original and

grafted PET fiber, respectively.

Modification of PET-g-AAm fiber

The PET-g-AAm fiber was chemically modified as

described in our previous research [24]. The amide groups

of poly(acryl amide) were converted to the amine groups

by Hofmann degradation reaction. The PET-g-AAm fiber

(0.03 g) was immersed in 15 ml of suitable concentration

of NaOCl and NaOH aqueous solution at 20 �C for 30 min.

After continuous shaking for given period of time, the fiber

was removed from the mixture and washed with 10 ml of

deionized water four times. The PET fiber was shaken in

5 ml of 2% glutaraldehyde solution at 100 rpm for 18 h

[29]. Activated fiber was washed with deionized water four

times to remove the unreacted glutaraldehyde.
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Immobilization of HRP onto the activated support

The activated PET fiber was shaken in solution of the HRP

(0.2 mg ml-1) in 50 mM buffer solution at 100 rpm for

18 h. Then the PET fiber was washed with phosphate

buffer solution for 10 min by shaking at 100 rpm four

times. Immobilized enzyme was stored in buffer solution at

4 �C.

Protein determination

The enzyme solutions were prepared in the concentration

range from 0.06 to 0.2 mg ml-1 protein. The activated

fiber (0.42 g) was shaken with enzyme solutions (15 ml)

at 100 rpm for 18 h. Then, the fiber was removed from

enzyme solution and washed with 10 ml buffer solution

for 30 min by shaking at 150 rpm for two times. The

enzyme solution and washing solutions were collected and

protein contents were determined. The amount of immo-

bilized protein was calculated from the difference between

the amount of protein introduced to the coupling reaction

medium and the amount of residues protein in the med-

ium. The amount of protein was determined by the

Lowry’s method with bovine serum albumin as standard

[30].

Activity measurement of free HRP and immobilized

HRP

The activities of the free and the immobilized enzymes

were determined by using pyrogallol and H2O2 as sub-

strates as described by Halpin et al. [31]. The reaction

mixture containing 2 ml of the pyrogallol solution

(20 mmol l-1) and 1.5 ml of buffer solution (0.1 mol l-1)

was incubated with 0.1 ml the free HRP (0.01 mg ml-1)

and the immobilized HRP in shaking water bath at

100 rpm. The reactions were started with the addition of

0.5 ml of 10 mmol l-1 H2O2 solution. The colour densities

of product solutions were measured at 420 nm, 1 min after

H2O2 addition for the free HRP and 5 min after H2O2

addition for the immobilized HRP. The values obtained in

the blank reactions, performed in the presence of H2O2

without enzyme, were discounted from all readings. One

unit (U) of enzyme activity was defined as the amount of

enzyme which produced 1 lmol purpurogallin per min

under assay conditions. The relative activity was calculated

as follows:

Relative activity ð%Þ ¼ ðActivity= maximum activityÞ
� 100 ð2Þ

Thus the highest activity is regarded as 100% for free

and immobilized studies separately.

Results and discussion

The PET-g-AAm fiber was used as support material for

immobilization of the HRP. The schematic representation

for overall processes was illustrated in Fig. 1.

The infrared spectra of the PET (spectrum a), the PET-

g-AAm (40.1% graft yield) (spectrum b), the grafted PET

after Hofmann degradation reaction (spectrum c), the

glutaraldehyde coupling PET (spectrum d) and the HRP

binding PET fiber (spectrum e) are shown in Fig. 2. The

examination of these spectra (a and b) revealed that there

exists a typical amide I band (*1,652 cm-1), consisting

of C=O strech of poly(AAm) and amide II band

(*1,606 cm-1), including N–H vibration in spectrum.

These data showed that amide groups were attached to the

fiber structure. The comparison of these spectra (b and c)

revealed that the intensity of carbonyl peak decreased at

1,652 cm-1 of AAm. This result is attributed to the fact

that amide groups were converted to amine groups on

PET-g-AAm fiber by Hofmann reaction. In the spectrum

d, the peak (*1,652 cm-1) broadened and the intensity

increased due to the carbonyl group of glutaraldehyde and

imine bound (C=N stretching vibration). These data

showed that the glutaraldehyde was attached to grafted

PET fiber. In addition, the intensity and area of the peak

at 1,650 cm-1 was increased by immobilization of HRP

(in spectrum e), resulting from the effect of the imine

bound.

Optimization of immobilization conditions

The effect of graft yield on the enzyme activity was

investigated by performing in the grafting range of 3.7–

40.1%. The results are shown in Fig. 3. It is clear from the

Figure that the activity of the immobilized HRP increased

as the graft yield increases. This increase in activity of the

immobilized HRP can be attributed to the increase in the

amine groups obtained from amide groups in the fiber

structure by graft copolymerization. The activity represents

Fig. 1 Schematic diagram of immobilization processes
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the amount of the immobilized enzyme, which depends on

the amount of the functional group on the PET-g-AAm

fiber.

The enzyme immobilizations (covalent and adsorption)

were carried out at different pH values of immobilization

media. The effect of pH on the immobilization was studied

in the pH range from 4 to 9 and results were described in

Fig. 4. As can be seen in that Figure, the activity of

covalent immobilization of HRP is higher than the activity

of immobilization of HRP without activation with glutar-

aldehyde. The formation point of covalent bonds between

the surface of the support and enzyme regions probably

depends on the pH value of the coupling media. The

highest immobilization efficiency was obtained in the pH

interval 6–8 of the coupling media. This is presumably

because the active site of the HRP was masked in order to

prevent covalent bond formation the near active site. In

other words, the amino groups in the enzymatic regions far

from the active site might have reacted with glutaraldehyde

Fig. 2 FTIR-ATR spectra of PET (a), PET-g-AAm (40.1% graft

yield) (b), the grafted PET after Hofmann degradation reaction (c),

the glutaraldehyde coupling PET (d) and HRP binding PET fiber (e)

Fig. 3 The effect of graft yield on enzyme activity. (Activity assay:

t = 20 �C, Pyrogallol concentration = 10 mmol l-1)

Fig. 4 The effect of pH of immobilization media on activty.

(Activity assay: t = 20 �C, Pyrogallol concentration = 10 mmol l-1)
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on the PET-g-AAm during immobilization process. Similar

results were reported by Fernandes et al. [32] using

polyaniline for immobilization of the HRP.

The effect of the protein concentration on ‘the immo-

bilization percentage’ and ‘the activity’ was also

investigated, which is shown in Fig. 5 and 6 respectively.

As shown in Fig. 5, the maximum bounded percentage of

the protein was 34% attained at 0.1 mg ml-1 concentra-

tion. It can be seen in Fig. 6 that the activity of the enzyme

increased as the concentration of the protein increased. The

maximum activity was obtained as 0.035 U at 0.1 mg ml-1

concentration of protein and beyond that point it almost

remained unchanged.

Effect of pH on enzyme activity

pH has an important role for enzymatic reactions. The

behaviour of an enzyme molecule may be modified by its

immediate microenvironment. An enzyme in solution may

have a different pH optimum from that of the same enzyme

immobilized on a solid matrix, depending on the surface

and residual charges on the solid matrix and the pH value

in the immediate vicinity of the active site. A change in the

optimum pH normally accompanies the immobilization of

the enzymes, depending upon the polymer used as matrix.

Since the enzyme activity is markedly influenced by

environmental conditions, especially pH, the change in

behavior caused by enzyme immobilization is useful for

understanding the structure-function relationships of the

enzyme. Therefore, it is very useful to compare the activity

of the soluble and the immobilized enzymes as a function

of pH [33]. The activities of the free HRP and the immo-

bilized HRP were assayed at varying pH (3–9) at 20 �C.

The pH dependence of the activity of the immobilized HRP

has been compared to that of the free HRP and is presented

in Fig. 7. The maximum activity of the immobilized

enzyme was observed at pH 7 whereas the free enzyme

exhibits maximum activity at the pH 8. Similar results

involving decrease in the optimum pH value of the HRP

after immobilization have been reported in the literature

[34, 35]. In contrast to the free HRP, the relative activity of

the immobilized HRP is higher for the pH interval from 3

to 7 and at pH 9. There was a general improvement in the

stability of the immobilized enzyme to denaturation pro-

cesses caused by extreme value of pH. In general, the

immobilized enzymes have either a broader pH range than

the free enzymes or the same pH range as the free ones.

The stability of the immobilized enzymes at low pH values

can be due to the amine groups because they can bind to

proton in the matrix, resulting in a decrease of the local

concentration of proton near the enzyme molecules [36].

Effect of temperature on enzyme activity

The effect of reaction temperature on the enzymatic

activity of the free HRP and the immobilized HRP was

investigated by varying temperatures from 20 to 60 �C.

Figure 8 shows the results obtained in the determination of

optimum temperature assay for the free HRP and the

immobilized HRP. Maximum activity was observed at

45 �C for the free and the immobilized HRP. For the free

HRP, the reaction rate increased at temperatures between
Fig. 5 The effect of protein concentration on bound percentage of

protein

Fig. 6 The effect of protein concentration on enzyme activity.

(Activity assay: t = 20 �C, Pyrogallol concentration = 10 mmol l-1)
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20 and 45 �C, and then decreased at higher temperatures.

The temperature profile for the immobilized enzyme was

very similar over the first part of the curve. However, the

decrease in reaction rate of the immobilized HRP at

temperatures above 45 �C was much slower than that

for the free HRP; high relative activity ([80%) was

maintained over the range from 30 to 50 �C. The thermal

stability of the immobilized HRP was apparently higher

than that observed for the free enzyme considering the

reaction time for the immobilised HRP (5 min) and for the

free HRP (1 min).

The improvement in denaturation resistance of the

immobilized HRP was probably a consequence of

increasing conformational stability. Indeed, the catalytic

activity of the enzymes is related to their conformation and,

generally, the activity value increases with a rise in tem-

perature, as is usually observed for chemical catalysts.

However, the enzymes are unstable under heating because

the increase in the environmental temperature results in

breaking the interactions that are responsible for its proper

globular, catalytically active structural conformation. Since

immobilization provides a more rigid external backbone

for the enzyme molecules, the effect of higher temperatures

becomes less serious, so that optimum temperatures are

expected to increase [37].

Thermal stability

The thermal stabilities of the free HRP and the immobi-

lized HRP were assayed by immersing them in buffer

solutions (50 mmol l-1, pH 7) for 180 min at 50 �C and

periodically determining their activities. Figure 9 shows

the thermal stability of the free HRP and the immobilized

HRP. It can be seen that the immobilized HRP retained

relative activity of about 44% whereas the relative activity

retained by the free HRP was only 19%. These results

indicate that the thermal stability of the immobilized HRP

is much better than that of the free one owing to the

covalent bond between the enzyme and support, which

prevents the conformation transition of the enzyme at high

temperature. It was reported that the thermal stability

enhancement was one of the general advantages of the

immobilized enzymes [6, 35].

Reusability of immobilized enzyme

For the immobilized enzyme, one of the most important

advantages is reuse stability, which can effectively reduce

the cost in applications. The operational stability of the

immobilized HRP in this study was evaluated in a repeated

batch process. Figure 10 shows the effect of the repeated

use on the activity of the immobilized HRP. The relative

activity of the immobilized system reduced with the

increase of the number of reuses. The immobilized HRP

retained a relative activity of 54% after 20 reuses. This

reduction is due to the inactivation of the enzyme caused

by the denaturation of protein. The number of reuse

represents a more satisfying performance when compared

to previous research [3, 6, 38].

Fig. 7 The effect of pH on enzyme activity. (t = 20 �C, Pyrogallol

concentration = 10 mmol l-1)

Fig. 8 The effect of temperature on enzyme activity. (Pyrogallol

concentration = 10 mmol l-1)
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Storage stability

For enzyme immobilization, another important opinion

needed to be taken into account when assessing immobi-

lization efficiency, is the storage stability of immobilized

enzyme. Immobilized and free enzymes were stored in

buffer solutions (pH = 7) at 4 �C. Enzyme activity was

tested at different times and obtained results were given

as relative activity in Fig. 11. The free HRP loses about

72% activity in 60 days while the immobilized HRP shows

good storage stability and retains 61% of its activity for

60 days.

Effect of organic solvents on enzyme activity

Organic solvents have been used most extensively as sol-

vents for the polymerization of phenols by the HRP.

Organic solvents are needed for an increase in the solubility

Fig. 9 The thermal stability of the free HRP and the immobilized

HRP. (Activity assay: t = 20 �C, Pyrogallol concentration =

10 mmol l-1)

Fig. 10 The Effect of repeated use of immobilized enzyme on

activity. (Activity assay: t = 20 �C, Pyrogallol concentration =

10 mmol l-1)

Fig. 11 The storage stability of the free HRP and the immobilized

HRP. (Activity assay: t = 20 �C, Pyrogallol concentration =

10 mmol l-1)

Fig. 12 The effect of organic solvents on enzyme activity. (Activity

assay: t = 20 �C, Pyrogallol concentration = 10 mmol l-1)
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of the monomers and for obtaining polyphenols of high

molecular weight. For synthetic reactions catalyzed by

enzymes, stability of the enzymes in the reaction media is

important, especially when organic solvents are used [39].

The activity of the free and the immobilized enzymes was

determined in the presence of organic solvents (ethanol,

methanol, acetone and acetonitrile) whose concentrations in

the activity medium 10% (v/v). The results are illustrated in

Fig. 12. The free HRP and the immobilized HRP showed

very similar behaviour toward ethanol. The stability of the

HRP was increased by immobilization in the presence of

methanol, acetone and acetonitrile.

Conclusions

Horseradish peroxidase was immobilized on PET grafted

acrylamide fiber by covalent attachment method. The

covalent binding process consists of four steps: grafting of

AAm on PET backbone, conversion of amide groups to

amine groups, glutaraldehyde activation and enzyme cou-

pling. The immobilization of HRP increased its thermal

stability, storage stability, organic solvent stability and

reusability. The immobilization not only stabilizes the

enzyme, but also the PET-g-AAm fiber employed for

immobilization adsorbs reaction products. The adsorption

of reaction product onto the PET-g-AAm would be of

obvious benefit in removing toxic products from the waste

water in the event that the peroxidase-catalyzed transfor-

mation does not lead to extensive detoxification.
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15. Yiğitoğlu M, Arslan M (2007) Polym Bull 58:785
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Spectrochim Acta Part B 55:1101
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