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Abstract

The present study describes the preparation of poly(HEMA-co-GMA) reactive membranes that were grafted with polyethylenimine (PEI)
following UV photo-polymerization. The immobilization of tyrosinase was carried out via multi-point ionic interactions based gn —NH
groups of PEI and Cu(ll) ions. Tyrosinase is a copper-dependent enzyme, which should show a binding affinity for the chelated Cu(ll) ions
on the membrane surfaces. The tyrosinase immobilization was positively correlated with the input enzyme amount in the immobilization
medium. The maximum tyrosinase immobilization capacities of the poly(HEMA-co-GMA)—PEI and poly(HEMA-co-GMA)—-PEI-Cu(ll)
membranes were 19.3 and 24.6 m@/nespectively. The enzyme activity when assessed at various pH and temperatures gave broader range
for immobilized preparations when compared to free enzyme. The poly(HEMA-co-GMA)-PEI-Cu(ll) tyrosinase membranes retained 82%
of their initial activity at the end of 120 h of continuous reaction. Moreover, upon storage for 3 months the activity of the immobilized
membranes retained 46% of their initial levels. After deactivation of the enzyme, the poly(HEMA-co-GMA)—PEI membrane was easily
regenerated, re-chelated with the Cu(ll) ions and reloaded with the enzyme for repeated use. The mild immobilization conditions, easy and
rapid membrane preparation, one-step enzyme adsorption at substantially higher levels and membrane reusability are the beneficial properties
of such systems and offers promising potential in several biochemical processes.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction because it is simpler, less expensive, and it retains high cat-
alytic activity. A number of methods for reversible immobi-

In recent years, hydrogel membranes are widely used for lization of enzymes have been repor{&d8]. The method
immobilization of enzymes, especially in the construction also allows for the reusability of expensive support after in-
of enzyme reactors and enzyme electroflest]. Various activation of immobilized enzyme. However, the adsorption
methods exist for the immobilization of enzymes and these is not generally very strong. Some of the adsorbed proteins
may be divided into two main categories: physical methods will desorb during washing and operation. Thus, reversible
based on molecular interactions between the enzyme andenzyme immobilization via adsorption requires a strong
support, and chemical methods based on the formation ofhydrophobic or ionic interaction between the enzyme and
covalent bonds. The methods and supports employed forsupport. The polyethylenimine coated Sepabead supports
enzyme immobilization are chosen to ensure the highestwere used for the reversible immobilization of invertase
retention of enzyme activity and its stability and durability. and B-galactosidasg9,10]. Desorption of enzymes from

Among the immobilization techniques, adsorption may the polyethylenimine coated support was found to require
have a higher commercial potential than other methodsthe use of denaturing conditions (under low pH and high

ionic strength), but this desorption would be necessary after
_— inactivation of the enzyme upon u$@,10]. On the other
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chromatographic support$1-13] It has been reported that (methacrylic acid 2,3 epoxypropyl isopropyl ether; GMA),
Cu(ll) ions bind very strongly to ethyleneimine molecules anda-a’-azo-isobisbutyronitrile (AIBN) were obtained from
[14]. This complex should be able to bind tyrosinase, which Fluka Chemie, AG (Buchs, Switzerland). The monomers
is a copper dependent enzyme. Thus, this system provideqi.e. HEMA and GMA) were distilled under reduced pres-
specific binding sites for the reversible immobilization of sure before use. All the other analytical grade chemicals
tyrosinase. were purchased from Merck AG and were used as received.
The enzyme tyrosinase (E.C.1.14.18.1; monophenol (Darmstadt, Germany).
monoxygenase) is a copper-dependent enzyme and widely
distributed throughout the phylogenetic scale from bacte- 2.2. Preparation of poly(hydroxyethyl
ria to mammals[15]. Tyrosinase catalyzes two different methacrylate-co-glycidyl methacrylate) membranes
oxygen-dependent reactions via separate copper-dependent
active sites: the o-hydroxylation of monophenols to yield  The poly(2-hydroxyethyl methacrylate-co-glycidyl me-
o-diphenols (cresolase activity) and the subsequent oxi-thacrylate), poly(HEMA-co-GMA) hydrogels were pre-
dation of o-diphenols to o-quinones (catecholase activity) pared by photo-polymerization. The polymerization was
[16-18] The enzyme has been proposed for synthesis of carried out in a round glass mold (diameter: 9.0 cm) at
3,4-dihydroxyphenylalanineL{DOPA) [19], dephenoliza- 25°C under a nitrogen atmosphere for 1h. The mem-
tion of industrial wastewatdP0—23] as a part of an enzyme  brane preparation mixture (5ml) contained HEMA (1.6 ml
electrode for the determination of phenol and its deriva- or 1.32 x 10-2mol), GMA (0.4ml or 331 x 102 mol),

tives [24,25], bioremediation of contaminated soji25,27], isopropyl alcohol (1.0ml), AIBN (10 mg) and phosphate
and fruit juice clarification[28], thus it is an industrially ~ buffer (2ml, 50mM, pH 7.0). The mixture was equili-
important biomolecule. brated at 25C for 15min in a waterbath. The mixture

The production of.-DOPA from L-tyrosine is possible  was then poured into the mold and exposed to long-wave
by using immobilized tyrosinfl9,29], L.-DOPA is currently ultraviolet radiation for 20 min. After polymerization, the
produced by chemical method80]. One other applica- poly(HEMA-co-GMA) membranes were washed several
tion of the immobilized tyrosinase is phenol removal from times with distilled water and cut into circular pieces (di-
wastewater. Atlow et al. demonstrated that tyrosinase immo- ameter: 1.0 cm) with a perforator. The thickness of the wet
bilized membranes can transform phenols and its derivativesmembranes was about 43050 um.
from wastewaters to o-quinones and low molecular weight
polymers[18,31-35] 2.3. Grafting of poly(HEMA-co-GMA) membrane

In this study, acrylic hydrogel copolymers were synthe- with PEI
sized in the membrane form from the monomers 2-hydro-
xyethylmethacrylate (HEMA) and glycidyl methacrylate The poly(HEMA-co-GMA) membrane discs (10 g, diam-
(GMA). The polyethylenimine (PEI) polymer was cova- eter 1.0cm) were swelled in phosphate buffer (50 mM, pH
lently attached onto membrane surfaces. Cu(ll) ions were 8.0) for 2 h, and then transferred to fresh medium containing
then chelated with the amino groups of the PEA molecules. PEI (1.0%). Grafting of PEI onto the poly(HEMA-co-GMA)
The amino groups of the PEI Cu(ll) ions on the surface of membrane discs was carried out at€5or 5 h, with contin-
the membrane were used for the reversible immobilization uous agitation. The poly(HEMA-co-GMA)—PEI membrane
of tyrosinase. Our results demonstrate that tyrosinase candiscs were then washed first with 1.0 M NaCl and then with
be efficiently and reversibly adsorbed on this novel sup- phosphate buffer (0.1 M, pH 7.0).
port, its activity at the end continuous reaction was retained
over 80%. The stability and activity at adverse reaction 2.4. Incorporation of Cu(ll) ions on the
conditions were significantly superior to the native free poly(HEMA-co-GMA)-PEI membrane
enzyme. This study shows that mild reaction environments
used in adsorbing enzymes offer a potential approach for Cu(ll) ion was chelated with the amino groups of the
continuous reactor applications. poly(HEMA-co-GMA)-PEI membrane. A 100 ppm solution

of Cu(ll) ions was prepared from nitrate salts in distilled wa-
ter at pH 4.1. The poly(HEMA-co-GMA)-PEI membranes

2. Experimental were suspended in the Cu(ll) ions solution af@5or 1.0 h
followed by several washings with phosphate buffer (50 mM,
2.1. Materials pH 7.0) and were then stored at@ until use.

The concentration of the Cu(ll) ions in the resulting

Tyrosinase [EC 1.14.18.1; Polyphenol oxidase; Monophe- solution was determined with a flame atomic absorption

nol monooxygenase, from Mushroom, 2250 U/mg solid], spectrophotometer [(AAS), Shimadzu AA 6800, Japan].

polyethylenimine (PEI, Mw: 25.000) and.-tyrosine The Cu(ll) ions desorption experiments were performed
were obtained from the Sigma—Aldrich (St. Louis, USA) in a buffer solution containing 25mM EDTA at pH 4.9.
and used as received. HEMA, glycidyl methacrylate The Cu(ll) ions chelated poly(HEMA-co-GMA)-PEI
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membranes were placed in a medium for 60 min. The final
Cu(ll) ion concentration in the medium was determined by

Tyrosinase .
o-benzoquinong- H,O

(colored pigments

o-dihydroxyphenok 10,

AAS. 3)

2.5. Immobilization of tyrosinase Tyrosinase is a copper dependent enzyme which catalyzes
onto poly(HEMA-co-GMA)-PEI and two different reactions using molecular oxygen; the hydrox-
poly(HEMA-co-GMA)-PEI-Cu(I1) membranes ylation of monophenols to o-diphenols (monophenolase ac-

tivity) and the oxidation of the o-diphenols to o-quinones

The initial immobilization concentration of tyrosinase was (diphenolase activity). These quinones are reactive and can
adjusted to 1.0 mg/ml. The immobilization experiments were undergo subsequent conversions to form other intermedi-
conducted at 22C for 3h with continuous shaking. Effi-  ates such as hydroxylated biphenyls. These colored poly-
ciency of immobilization was determined by measuring the meric pigments can be monitored spectrophotometrically
initial and final absorbance of tyrosinase in the immobiliza- and can be used as an indication of the monophenol levels
tion medium. A calibration curve was prepared using tyrosi- present.
nase as a standard (0.05-3 mg/ml). The concentrations of
tyrosinase were measured at 280 nm by UV/Vis spectropho-2.6.1. Free enzyme
tometer (Shimadzu, Tokyo, Japan, Model 1601) obtained The reaction was carried out in a quartz cuvette (3 ml)

from the standard curve. at 25°C and change in absorbancexffnm was measured
spectrophotometrically. A 2.9ml of-tyrosine solution
2.5.1. Effect of pH on the immobilization efficiency (1.0 mM r-tyrosine in phosphate buffer (0.05M, pH 6.5))

Immobilization of tyrosinase (as described above) on the was saturated with pure oxygen at @5 for 2min. The
poly(HEMA-co-GMA)-PEI and poly(HEMA-co-GMA)— reaction was started by adding 0.1 ml of enzyme solution
PEI-Cu(ll) membranes via adsorption were studied at var- (1 mg tyrosinase/ml) and the increase in absorbance at
ious pH’s, in either acetate (7.5ml, 50 mM, pH 4.0-5.5) 280 nm was measured for 10 min.
or in phosphate buffer (7.5ml, 50mM, pH 6.0-8.0). The
initial concentration of tyrosinase was kept at 1.0 mg/ml in 2.6.2. Immobilized enzyme

each corresponding buffer solution. For the determination of immobilized tyrosinase activity,
five pieces of enzyme-membrane discs were introduced to

2.5.2. Effect of initial tyrosinase concentration on the L-tyrosine solution (1.0 mM, 5ml), were then incubated in

immobilization efficiency a shaking waterbath and the reaction medium was purged

The tyrosinase concentration in the immobilization with pure oxygen. The increase in absorbance at different
medium ranged from 0.2 to 1.0 mg/ml. The poly(HEMA-co- time intervals was followed as described above.
GMA)-PEI and/or the poly(HEMA-co-GMA)-PEI-Cu(ll) One unit of enzyme activity is defined as an increase in
membrane discs were added. The pH of the immobiliza- absorbance at 280 nm, of 0.001/min at pH 6.5 and &35
tion medium was 7.0 for the poly(HEMA-co-GMA)-PEI in a reaction mixture containing-tyrosine.
and this was 6.0 for the poly(HEMA-co-GMA)—PEI-Cu(ll)
membrane. After the immobilization was done as described 2.7. Dependence of enzyme activity on pH and
above the membranes were separated from the enzymeemperature
solution and the amount of immobilized tyrosinase was

obtained by using the following equation: The effect of pH on the activity of the free and the immo-
[(Co— O)V] bilized enzymes was determined using the pH range 4.0-8.0
0= 5 (1) and at 35C. The effect of temperature on enzyme produc-

. ) ) - tivity was studied in the range 20-3G with aL-tyrosine
whereQ is the amount of tyrosinase |mmob|I|_zed onto mem- 4 centration of 5.0 mM in 50 mM phosphate buffer pH 6.5.
brane (mg/rf); C, andC are the concentrations of the ty- g results for pH and temperature were presented in a nor-

rosinase in the initial and final solutions, before and after malized form with the highest value of each set being as-
immobilization, respectively (mg/mlY is the volume of the signed the value of 100% activity.

aqueous solution (mlBis the surface area of the membrane  “1he concentration of the-tyrosine solution was 5.0 mM
(m?). and was prepared in 50 mM acetate buffer in the pH range
4.0-5.5, and 50mM phosphate buffer in the pH range
6.0-8.0. The ionic strength values are calculated for acetate
and phosphate buffers as 0.05 and 0.15, respectively. The
ionic strength of the acetate buffer (0.05) was adjusted to
L-tyrosine(monophenolic substrate- %OZ the same value of phosphate buffer (0.15) using a neutral
Tyrosinase . salt KCIl. The experimental ionic strength value in each
o-dihydroxyphenol (@) buffer solution was about 0.15.

2.6. Activity assays of free and adsorbed tyrosinase

The tyrosinase reaction is:
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2.8. Enzyme reactor and operation Table 1
Properties of poly(HEMA-co-GMA) membranes

The glass reactor (length 12cm, diameter 1.2cm, total gpoxy group content (mmol/&y 902 x 10-1
volume 13.5ml) was made from Pyf&x The enzyme- Free amino group content (mmofin 1.03x 1073
membranes (7.0g) were equilibrated in phosphate buffer Cu(ll) ions content (mmol/rf) 4.9 x 107
(50 mM, pH 6.5) at 4C for 1 h and were loaded into the re-  Water content (%) _ a7
actor vieldin id | f about 6.0 ml. To det . Water content after PEI-grafting (%) 51

yielding a void volume of about 6.0 ml. To determine - 2ndie to water) 614

operational stability of immobilized tyrosinase, the reactor contact angle to water after PEI-grafting ( 58.7
was run at 35C for 120 h.L-tyrosine solution (5.0mM, in  Specific surface area ffy) 1.43
the phosphate buffer (50 mM, pH 6.5) was fed into the reac- Thickness {m) 450+ 50

tor at a rate of 20 ml/h with a peristaltic pump (Cole Parmer,
Model 7521-00, USA) through the lower inlet part. The
product formation was assayed hourly as described above. 2 11 1. Determination of the content of the epoxy group

The available epoxy group content of the poly(HEMA-
co-GMA) membrane was determined by pyridine—HCI
method as described previou$B6].

2.9. Thermal and storage stability measurements of free
and immobilized enzymes

Thermal stabilities of the free and immobilized tyrosi- .
nase were determined by measuring the residual activ-2'11'2' Elemental analysis
ity of the enzyme exposed to two different temperatures The amount of covglently bound PEI on thg membrane
(50 and 60°C) in phosphate buffer (50mM, pH 6.5) for was evaluated by using an elem_entf_;ll analys_ls mstrumgnt
120 min. The residual activity was defined as the frac- (L‘?CO' CHNS-932, USA), by considering the nitrogen stoi-
tion of the total activity recovered after the immobiliza- CMOMEry.
tion of tyrosinase on the poly(HEMA-co-GMA)-PEI and L .
poly(HEMA-co-GMA)—PEI-Cu(ll) membranes compared 2.11.3. Determination of the content of the free amino
with the same quantity of free enzyme. Five membrane discs group

were removed from incubation solutions with a subsequentGl\-l/;:e g;? amlnt()) group cogtent O_f tgebpoly(HEl\_/IA-co-_
time interval of 15min and assayed for enzymatic activity. )-PEl membrane was determined by potentiometric

The results were converted to relative activities (percent- tm;moni '(I)'he pOIy(HEMﬁ'COfMA)ﬁP‘EI rr;ﬁm%rane_éjscls
age of the maximum activity obtained in that series). To (about 1.0g) were transferred into hydrochloride acid solu-

examine the storage stabilities of the enzyme immobilized tion (0.1M, 20ml) and were then incubated in a shaking

on membranes, similar experiments were performed on 3water-bath at 38C for 6 h. After this reaction period, the
month-old membranes that were incubated E 4 final HCI concentration in the solution was determined by a

potentiometric titration with 0.05 M NaOH solution.
2.10. Reusability of poly(HEMA-co-GMA) membranes
2.11.4. FT-IR spectra
In the reusability experiments, adsorption and desorp- FT-IR spectra of the poly(HEMA-co-GMA) and
tion cycles of tyrosinase were repeated five times on the poly(HEMA-co-GMA)—-PEI membranes were obtained by
poly(HEMA-co-GMA)-PEI and poly(HEMA-co-GMA)— using a FT-IR spectrophotometer (FT-IR 8000 Series, Shi-
PEI-Cu(ll) membranes. The enzyme desorption was per-madzu, Japan). The dry membrane (about 0.1 g) was mixed
formed in a KSCN solution (1.0 M, pH 4.0, 5.0 ml) while with KBr (0.19) and pressed into a tablet form. The FT-IR
mixing at 25°C for 3h. The same membrane discs were spectrum was then recorded.
then reused in the enzyme immobilization. The final tyrosi-
nase concentration within the desorption medium was de-2.11.5. Water contents of membranes
termined as described above and the desorption ratios of the The water contents of the poly(HEMA-co-GMA) and
enzyme were calculated by using the following expression: poly(HEMA-co-GMA)-PEI membranes were determined at
room temperature in phosphate buffer (0.1 M, pH 7.0) by

Desorption ratio _ using a gravimetric method. The water contents were de-
_ [(Amount of tyrosinase releaspe 100] fined as the weight ratio of water contained within swollen
[Amount of tyrosinase adsorbed on the membrane] to dry membrane. The water content of the membranes was
(4) calculated by using the following expression:
2.11. Characterization of poly(HEMA-co-GMA) mermbrane  gyelling ratio %= { (WS& Wd)} « 100 ®)
d

Basic characterization of the poly(HEMA-co-GMA)-PEI
membranes was carried out as described briefly below andwhereWy andWs are the dry and swollen weights of mem-
reported inTable 1 branes, respectively.
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2.11.6. Scanning €electron microscopy

The dried poly(HEMA-co-GMA) membranes were
coated with gold under reduced pressure and their scanning (A)
electron micrographs were obtained using a JEOL (Model,
JSM 5600, Japan) scanning electron microscope.

2.11.7. Surface area measurement

The surface areas of the poly(HEMA-co-GMA) mem-
brane samples were measured with a surface area apparatug
(BET method). ° -
2.11.8. Contact angle measurement

Contact angle is a quantitative measure of the wetting
of a solid by a liquid and it is defined geometrically as
the angle formed by liquid at the three-phase boundary
where a liquid, gas and solid intersect. The primary focus
of the contact angle studies is the assessment of the wetting
characteristics of solid/liquid interactions. These studies , . ' .
are commonly used as the most direct measure of wetting. 4000 3400 2800 2200 1600 1000 400
Contact angles to water of the dry poly(HEMA-co-GMA)
and poly(HEMA-co-GMA)-PEI membrane samples were
measured by sessile drop method at ambient temperatur{k"gE'NllA_'ZZ:'gMi‘;f;téT &Agmptzg'r(]':EMA'co'GMA) membrane; (B) poly-
by using a digital optical contact angle meter CAM 200 ’
(KSV Instruments, Helsinki, Finland).

Wavenumbers Cm’™*

the 3300-3500 cmt ranges indicates —OH stretching vibra-
tions in the structure of the modified membranes. Among the

3. Results and discussion characteristic vibrations of GMA are the methylene vibration
at~2930 cnm! and the methyl vibration at 2960 crth The
3.1. Properties of poly(HEMA-co-GMA) vibration at 1740 cm? represents the ester configuration of

both HEMA and GMA. The epoxide group gives the band

In the present study, the epoxide groups carrying poly- at 910cnt!. The FT-IR spectra of the PEI-grafted mem-
(HEMA-co-GMA) membrane was prepared from HEMA branes have some absorption bands different from those of
and GMA via photo-polymerization in the presence of an the plain membranes. The most important absorption bands
initiator (AIBN). The amount of available epoxy groups was at 1550 cnm! representing N-H bending is due to the PEI
determined by titration of pyridine—HCI solution with 0.1 M  bonded to the poly(HEMA-co-GMA) membrane.
NaOH solution. It was found to be.@ x 101 mol/m? Suitable matrices include hydrogels that are highly com-
(or 1.29 x 102 mol/g) membrane. The epoxide groups are patible for immobilization of enzymes due to their hy-
very convenient for the covalent immobilization of macro- drophilic nature and high water content to provide the en-
molecules. The O—C and N-C bonds formed by the epoxide zymes with a microenvironment similar to that in vivo. The
groups are extremely stable, so that the epoxide-containingfunctional poly(HEMA-co-GMA) membranes presented
support matrices could be used for the immobilization of here are rather hydrophilic, i.e. they are hydrogels. The
various macromolecules and proteins. Furthermore, epoxysimple incorporation of water weakens the secondary bonds
activated supports are able to form covalent linkages with within the hydrogels. This enlarges the distance between the
different side chain groups (amino, thiol, phenolic ones) polymer chains and causes the uptake of water. The water
on the macromolecule structure under suitable experimentalcontent of the poly(HEMA-co-GMA) membrane was deter-
conditions (e.g. pH 7.0)37]. mined by the weight difference between the water-swollen

The PEI was grafted on the poly(HEMA-co-GMA) mem- membrane and the dry membrane, and it was found to be
brane surface via reaction between epoxy groups of the47%. The water content of the grafted membrane increased
membrane and amino groups of the polyethylenimine. El- about 4% with respect to unmodified membrane.
emental analyzes of the PEI-grafted membranes were per- Scanning electron microscopy (SEM) micrographs pre-
formed, and the amounts of grafted PEI were found to sented inFig. 2A and Bshow the surface structure of the
be 103 x 103 mmol/m? (or 1.48 x 103 mmol/g) mem-  poly(HEMA-co-GMA) and poly(HEMA-co-GMA)-PEI
brane from the nitrogen stoichiometry and potentiometric membranes, respectively. The SEM micrographs show that
titration. membranes have a porous surface structure. The surface

FTIR spectra of plain and PEI-grafted poly(HEMA-co- morphology of the poly(HEMA-co-GMA)—PEI was slightly
GMA) membranes are presentedHig. 1. The broad bandin  different to that of the untreated poly(HEMA-co-GMA)



Fig. 2. SEM micrographs of membranes (A) poly(HEMA-co-GMA) (B)
poly(HEMA-co-GMA)—PEI.
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membranes; the smoothness on the membrane surface was
observed as seen kig. 2B after PEI-grafting.

The surface area of the poly(HEMA-co-GMA) mem-
branes was measured by BET method and was found to
be 1.43mM/g membrane. The surface properties of the
poly(HEMA-co-GMA) membranes would favor higher im-
mobilization capacity for PEI and the enzyme due to the
increase in the surface area.

The membranes were also characterized by contact angle
measurements. The protein adsorption is dependent on the
chemical nature of matrix. Considering that low contact an-
gle represents hydrophilic surfaces and high contact angle
represents hydrophobic surfaces, the poly(HEMA-co-GMA)
membranes can be defined as relatively hydrophilic. We had
expected changes in surface properties of the membrane af-
ter grafting with PEI. The values of contact angle to water
were 614+1.4 for the poly(HEMA-co-GMA) and 58+1.7
for the poly(HEMA-co-GMA)-PEI membranes. PEI graft-
ing of the membrane resulted in a significant difference on
the value of contact angle to water. The data revealed that
PEI grafting increased the hydrophilicity of the membrane
with respect to the polymer structure surface. The properties
of the poly(HEMA-co-GMA) membranes are summarized
in Table 1

3.2. Immobilization of tyrosinase onto membranes

The immobilization scheme of tyrosinase on the mem-
brane grafted with PEI is presentedhkig. 3. To maximize
the enzyme immobilization onto membranes, optimum pH
and initial enzyme concentration were determinEi)(4).

The maximum tyrosinase immobilization was obtained at
pH 6.0 for poly(HEMA-co-GMA)-PEI (19.3 mg/fimem-
branes) when initial tyrosinase concentration was 1.0 mg/ml
and at pH 7.0 for poly(HEMA-co-GMA)-PEI-Cu(ll)
(26.6 mg/nt membranes) when 1.0 mg/ml tyrosinase was
included in the immobilization mediuntig. 4).

{1
{1

Epoxy groups PEI grafted Enzyme Immobilized enzyme
containing support support

<> Epoxy groups; O positively charged groups;@ negatively charged groups

Fig. 3. Immobilization scheme of tyrosinase on the PEIl-grafted poly(HEMA-co-GMA) membrane.
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30 the other hand, the maximum tyrosinase adsorption was
achieved at pH 7.0 for PEI grafted and Cu(ll) ions chelated
membrane. Based on immobilized metals affinity chro-
matography concept, the hard and borderlines metal ions
would yield different adsorption selectivity when apply-
20 4 ing to the same sample. For example, immobilized Fe(lll)
would adsorb a distinct profile of proteins at acidic pH
15 A , whereas immobilized Cu(ll) at neutral pid8]. Tyrosinase

is classified as a copper dependent enzyme and contains two
tetragonal Cu(ll) atom§l7]. This phenomenon could also
provide additional high binding affinity for tyrosinase to
the poly(HEMA-co-GMA)—-PEI-Cu(ll) membrane. In this

5 4 —0—Poly(HEMA-co-GMA)-PEI way, on the basis of metal recognition, an additional strong
—4— Poly(HEMA-co-GMA)-PEI-Cu(ll) binding could be established between chelated Cu(ll) ions
and the enzyme molecule on the membrane surface.

As presented ifrig. 5with increasing enzyme concentra-
tion in solution, the amount of per unit area of tyrosinase ad-
sorbed by poly(HEMA-co-GMA)-PEI and poly(HEMA-co-

Fig. 4. Effect of pH on tyrosinase adsorption on the poly(HEMA- GMA)-PEI-Cu(ll) membranes increases almost linearly at

co-GMA)-PEI and poly(HEMA-co-GMA)-PEI-Cu(ll) membranes: the  |o\y concentrations, below 0.8 mg/ml, then reaches saturation

Immobilization of tyrosinase on the membranes at various pH values was 5 |evels off, The adsorption data revealed a difference in

studied under the fallowing conditions; initial concentration of enzyme L .

1.0mg/ml, Temperature 2Z. the binding of tyrosinase to the poly(HEMA-co-GMA)-PEI
and poly(HEMA-co-GMA)—-PEI-Cu(ll) membranesi@. 5).
Tyrosinase binding becomes constant when the enzyme

The amount of Cu(ll) ions chelated on the surface of concentration is greater than 0.8 mg/ml. This could be ex-
PEI-grafted membrane was 0.49 mmdl/riThe incorpora- plained by saturation of interacting groups of the grafted
tion of Cu(ll) ions onto membrane significantly increased PEI molecules with the adsorbed tyrosinase molecules,
enzyme adsorption capacity of the membrane (from 19.3 achieving maximum immobilization capacity.
to 26.6 mg/m). This could be due to the specific interac- As presented ifable 2 the poly(HEMA-co-GMA)-PEI-
tions between tyrosinase molecules and Cu(ll) ions, as ty- Cu(ll) membranes have a higher enzyme loading (24.2 mg
rosinase is a copper dependent enzyme. The divalent metaenzyme/mM membrane) and a higher enzyme activity. @2
ions such as Cu(ll), Zn(ll) and Ni(ll) are considered as soft 10 U/m?) then the poly(HEMA-co-GMA)-PEI membranes
Lewis acids and interact with soft Lewis bases such as ni-
trogen and sulfur that is found in histidine and cysteine. The
surface functional groups of tyrosinase (nitrogen and sulfur 30 1
groups) could easily chelate with the PEI-Cu(ll) complexes
on the membrane surfa¢tl], therefore, yield substantially
high enzyme adsorption. It should be noted that the opti-
mal immobilization pH and the amount of immobilized en-
zyme on the poly(HEMA-co-GMA)—-PEI-Cu(ll) membrane
were very different from the poly(HEMA-co-GMA)—PEI
membrane. From this observation, the immobilization of
enzyme on the poly(HEMA-co-GMA)-PEI-Cu(ll) mem-
brane should be a combination of metal co-ordination and 2 10

25

10 1

mg Enzyme/m? Membrane

N
(6]
1

adsorbed/m? Membrane
>

ion-exchange interactions. = —o—Poly(HEMA-co-GMA)PE!

It has been shown that enzymes have no net charge at§
their isoelectric points (pl), and therefore the maximum 2 51 —+— Poly(HEMA-co-GMA)PEL-Cu(ih
adsorption from aqueous solution is usually observed at
their pl. The pl of tyrosinase is 4.5. In the present study, 0 T T T T T 1
the maximum adsorption was not observed at this pH for 0 0,2 0,4 06 0,8 1 1.2
the poly(HEMA-co-GMA)-PEI membrane, but shifted to Initial Enzyme Concentration (mg/ml)

less acidic pH values. This could result from preferential
interaction between tyrosinase and grafted PElI molecules _ _ o

. . . zyme loading on membranes: the experimental conditions are: pH val-
at pH 6.0. These mteracthns may result from ion-exchange o was 6.0 for the poly(HEMA-co-GMA)—PEI and pH 7.0 for the
effects, caused by the amino groups on the grafted PEI andpoly(HEMA-co-GMA)-PEI-Cu(ll) membranes, initial concentration of
the amino acid side-chains of the enzyme molecules. Onenzyme varied between 0.2 and 1.0 mg/ml, Temperatufec22

Fig. 5. Effect of tyrosinase initial concentration adsorption on the en-
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Table 2

Properties of the adsorbed tyrosinase on poly(HEMA-co-GMA)-PEI and poly(HEMA-co-GMA)-PEI-Cu(ll) membranes

Form of enzyme Activity Recovered Enzyme loading Activity
(10° U/mg enzyme) activity (%) (mg/n?) (1C3 U/im?)

Free tyrosinase 2250 100 - -

Membrane—PEl-enzyme 1440 64 19.3 27.8

Membrane—PEI-Cu(ll)-enzyme 1755 78 24.2 42.7

(19.3 mg/n?) and (278x 10° U/m?), respectively. Theincor- ~ and the results are presentedFiy. 6. The pH value for
poration of Cu(ll) ions on the poly(HEMA-co-GMA)-PEI  optimum activity for the free tyrosinase was found to be at
membrane significantly increased the tyrosinase immobi- 6.5, which was similar to that reported previoug}y. In this
lization capacity of the membrane (by about 20%). Itis clear Work, the shift toward a neutral pH for the adsorbed tyrosi-
that this increase is due to the ternary complex formation nNase can be explained by the presence of positively charged
between PEI, Cu(ll) and enzyme molecules (i.e. Cu(ll) ions amino groups on the PEI molecules at this pH value. Further-
promotes the adsorption of tyrosinase).Several reports de-more, the pH profiles of the immobilized tyrosinase prepa-
scribed new supports for tyrosinase immobilization. In one rations display significantly improved stability on both sides
study, tyrosinase was covalently immobilized on the car- Of the optimum pH values, in comparison to that of the free
boxymethylcellulose hydrogel beads, and the amount of the €nzyme. This result implies that the applied immobilization
immobilized enzyme to 1.0 g of beads was §@Band im- methods stabilized the enzyme activity in a wider pH range.
mobilized enzyme retained about 44% of its initial activity These results could probably be attributed to the stabiliza-
[4]. Munjal and Sawhney29] used Cu-alginate, polyacry- tion of tyrosinase molecules resulting from multi-point ionic
lamide and gelatine gels for entrapment of tyrosinase, andcomplex formation with the grafted PEI molecules.

the recovered enzyme activities for Cu—alginate, polyacry- The activities obtained in a temperature range of 2650
lamide and gelatine gels were 88, 67 and 57%, respectivelywere expressed as percentage of the maximum activity
. Chitosan-coated polysulphone capillary membranes were(Fig. 7). As seen from the figure, the activity of the free
used for the immobilization of tyrosinase and the specific tyrosinase was strongly dependent on temperature, and the
activity of the immobilized enzyme was 86 U/rf2f)]. Wada ~ Optimum temperature was observed at about@5The

et al.[22] reported that the retained activity of covalently im- optimum reaction temperature for immobilized tyrosinase
mobilized tyrosinase on the weakly acidic cationic exchange Preparations was at 3&, and the temperature profiles of
resin was 16.3%. Naidja et 4lL4] studied the immobiliza-  the immobilized enzymes were broader than that of the
tion of tyrosinase on the hydroxyaluminum—montmorillonite free enzyme. This shift towards higher temperatures with
complexes, and the retained activity was about 62%. Sarkaradsorbed enzyme could be explained by multi-point ionic
et al.[39] reported that about 75% activity was retained when interaction, which consequently leads to an increase in the
tyrosinase was immobilized on the various types of clay and activation energy of the enzyme to reorganize an optimum
soil. Chitosan beads and flakes were used for the immobi-
lization of tyrosinase, and the immobilization capacity of the
beads was about 14 times greater than that of the f[dkégs

In the present work, the poly(HEMA-co-GMA)—PEI-Cu(ll)
membranes resulted in a higher enzyme loading (24.6 fng/m 100 4
membrane) and a higher recovered activity (78%) than the
poly(HEMA-co-GMA)-PEI membranes (19.3 mgfjnand
(64%), respectively. All the immobilization studies pub-
lished in the literature have been performed under different
conditions. Therefore, it is almost impossible to compare the
immobilization results.

120 -

60 4

40 -
3.3. Effect of pH and temperature on the catalytic activity

Normalized activity (%)

~—Free enzyme
—0— Poly(HEMA-co-GMA)-PEl-enzyme

The change in optimum pH depends on the charge of the 20 -
—a&— Poly(HEMA-co-GMA)-PEI-Cu(ll)-enzyme

enzyme and/or of the matrix. This change is useful in under-
standing the structure—function relationship of the enzyme
and to compare the activity of free and immobilized enzyme
as a function of pH. The effect of pH on the activity of the
free and immobilized tyrosinase preparationsifdyrosine
oxidation was examined in the pH range 4.0-8.0 at@5 Fig. 6. pH profiles of the free and immobilized tyrosinase preparations.

pH
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120 - 120 - —0— Free enzyme (50 °C)
—&—Free enzyme (60 °C)
—&— Poly(HEMA-co-GMA)-PEI-Cu(ll) (50 °C)
100 —~ 100 —a— Poly(HEMA-co-GMA)-PEI-Cu(ll) (60 °C)
X
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&
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Fig. 7. Temperature profiles of the free and immobilized tyrosinase prepa- Fig. 8. Effect of temperature on the stability of the free and immobilized
rations. tyrosinase preparations.

conformation for binding to its substrate. One of the main of 45 and 86%, respectively. At 6C, the immobilized
reasons for enzyme immobilization is the anticipated in- enzymes were inactivated at a much slower rate than that
crease in its stability to various deactivating force due to of the free form.
restricted conformational mobility of the molecules follow-
ing immobilization[41]. 3.6. Storage stability
3.4. Enzyme reactor productivity In general, if an enzyme is in solution, it is not stable dur-
ing storage, and the activity is gradually reduced. The free
It is important for economical use of an enzyme, as and the immobilized tyrosinase preparations were stored in
a means for the mass production of the desired prod- phosphate buffer solution (50 mM, pH 6.5) &t@for a pre-
uct, that the enzyme reaction is continuous. One of the determined period. Under the same storage conditions, the
problems in continuous enzyme reactions is the opera-activity of the immobilized tyrosinase decreased at a slower
tional stability of the enzyme immobilized on the support. rate than that of the free tyrosinase. The free enzyme lost all
The operational stability of the adsorbed tyrosinase onto its activity within a month. The immobilized tyrosinase pre-
poly(HEMA-co-GMA)-PEI-Cu(ll) membrane was moni- served about 46% of its initial activity during a three months
tored in a continuous system at 35 for 120 h. During the  storage period. Thus, the immobilized tyrosinase exhibits
initial 70 h continuous operation the immobilized tyrosinase a higher stability than that of the free enzyme. The higher
preserved all of its initial activity. After this period, a small  stability of the immobilized tyrosinase could be attributed
decrease in enzyme activity was observed with time. After to the prevention of autodigestion and thermal denaturation
120 h, the immobilized enzyme lost about 18% of its initial as a result of multi-point attachment of the tyrosinase on
activity. the PEI-grafted membranes. Several researchers reported
that hydrogel carriers such as carboxymethylcellulose,
Sepharose, and poly(hydroxyethylmethacrylate) provide a
protective microenvironment for enzymes and yield higher
The inability to enhance the thermal stability of a na- stabilities[4,41,42—45] On the basis of these observations,
tive enzyme is one of the most important limitations for PEI grafted and/or Cu(ll) chelated hydrophilic membrane
their application in continuous reactors. Therefore, experi- support should provide a stabilization effect, minimizing
ments were designed to establish the stability of free and possible distortion effects which might be imposed from
the poly(HEMA-co-GMA)-PEI-Cu(ll) adsorbed tyrosinase aqueous medium on the active site of the immobilized
preparations. When incubated in the absence of substrateenzyme. The generated multi-point ionic interactions be-
at various temperatures retained activity of the two enzyme tween enzyme and modified membrane should also convey

3.5. Thermal stability

preparations were plotted. As seen Hig. 8 following
120 min of incubation at 5@, the free and immobilized
tyrosinase preparation retained their activity up to a level

a higher conformational stability to the immobilized en-
zyme. Thus, the PEI grafted and/or Cu(ll) incorporated
hydrophilic membrane supports and the immobilization
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methods provide higher shelf life for the immobilized forms from the membrane. The regenerated membranes can be
compared to that of its free form. reused for several cycles for the reversible immobilization
of the same or different enzyme. The PEI grafted and/or
3.7. Repeated loading of poly(HEMA-co-GMA) membrane Cu(ll) ions chelated poly(HEMA-co-GMA) membranes
with the enzyme revealed significantly enhanced adsorptive properties and
will be useful for the immobilization of several enzymes

Desorptions of adsorbed tyrosinase from poly(HEMA-co- via ionic interaction. In addition, the reusability of the

GMA)-PEI and poly(HEMA-co-GMA)-PEI-Cu(ll) mem- membrane supports may provide economic advantages for

brane were carried out in a batch system. The immobilized- large-scale biotechnological applications, and could be also

enzyme preparations were placed within the desorption used as affinity membrane supports for the separation of a

medium containing 1.0 M KSCN at pH 4.0 at room temper- target protein from biological fluids.

ature for 3h as described above and were then repeatedly

used in adsorption/desorption cycle of tyrosinase. The ty-

rosinase adsorption capacities were not changed during
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