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Abstract

Immobilisation of tyrosinase onto modified poly(methyl methacrylate–glycidyl methacrylate–divinyl benzene), poly(MMA–GMA–DVB),
microbeads was studied. The epoxy group containing poly(MMA–MMA–DVB) microbeads were prepared by suspension polymerisation. The
epoxy groups of the poly(MMA–GMA–DVB) microbeads was converted into amino groups with either ammonia or 1,6-diaminohexane (i.e.,
spacer-arm). Tyrosinase was then covalently immobilised on aminated and the spacer-arm-attached poly(MMA–GMA–DVB) microbeads
using glutaric dialdehyde as a coupling agent. Incorporation of the spacer-arm resulted an increase in the apparent activity of the immobilised
tyrosinase with respect to the enzyme immobilised on the aminated microbeads. The activity yield of the immobilised tyrosinase on the
spacer-arm-attached poly(MMA–GMA–DVB) microbeads was 68%, and this was 51% for the enzyme, which was immobilised on the
aminated microbeads. Both immobilised tyrosinase preparation has resistance to temperature inactivation as compared to that of the free form.
The temperature profiles were broader for both immobilised preparations than that of the free enzyme. Kinetic parameters were determined
for immobilised tyrosinase preparations as well as for the free enzyme. The values of the Michaels constants (Km) for all the immobilised
tyrosinase preparations were significantly larger, indicating decreased affinity by the enzyme for its substrate, whereasVmax values were
smaller for the both immobilised tyrosinase preparations. In a 40 h continuous operation with spacer-arm-attached poly(MMA–GMA–DVB)
microbeads at 30◦C, only 3% of immobilised tyrosinase activity was lost. The operational inactivation rate constant (kopi) of the immobilised
tyrosinase was 1.25× 10−5 min−1.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The enzyme tyrosinase (E.C.1.14.18.1; monophenol
monoxygenase) is a copper-dependent enzyme and widely
distributed throughout the phylogenetic scale from bacte-
ria to mammals[1,2]. Tyrosinase catalyses two different
oxygen-dependent reaction via separate copper-dependent
active sites: theo-hydroxylation of monophenols to yields
odiphenols (cresolase activity) and the subsequent oxida-
tion of o-diphenols too-quinones (catecholase activity)
[3–5]. The enzyme has been proposed for synthesis of
3,4-dihydroxyphenylalanine (l-DOPA) [6], dephenolization
of industrial wastewater[7–10], as a part of an enzyme
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electrode for the determination of phenol and its derivatives
[11,12], bioremediation of contaminated soils[13,14], and
fruit juice clarification[15].

Mushroom tyrosinase was covalently immobilised on ze-
olite [6], entrapped in alginate, polyacrylamide and gelatine
[16], and utilised for the production ofl-DOPA, which is a
commonly prescribed drug for the treatment of Parkinson’s
disease. This disease is caused by the deficiency of a
neurotransmitter dopamine andl-DOPA is a precursor of
dopamine.l-DOPA has been currently produced by chem-
ical methods[17]. Recent researches has focused on mi-
crobial production fromErwinia herbicola andEscherichia
coli and enzymic production from tyrosinase hydroxylase
and tyrosinase. The cresolase activity of tyrosinase cataly-
ses the synthesis ofl-DOPA froml-tyrosine in the presence
of molecular oxygen. The subsequent catecholase activity
can be suppressed byl-ascorbate[6,17]. Another major
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application area of the immobilised tyrosinase is removal
of phenol and its derivatives from wastewaters. Atlow et al.
proposed the application of mushroom tyrosinase to the
treatment of phenolic wastewaters[18]. In the successive
reports, tyrosinase was immobilised on polymeric supports
and used in enzyme reactor to transform several phenols
and its derivatives in the treated wastewaters too-quinones
and low molecular weight polymers[19–22].

The availability of large number of support materials
and methods of enzyme immobilisation leave virtually no
bioactive species without a feasible route of immobilisation.
It is, thus, important that the choice of support material
and immobilisation method over the free bioactive agent
should be well justified[23–26]. Acrylic copolymers are
especially versatile as a family of carrier materials for
enzyme immobilisation that can be prepared with a wide
variety of properties. Among these epoxy group carrying
acrylic copolymer exhibited some significant advantages
as a potential carrier matrix, i.e., easy and stable cova-
lent linkages with different groups such as amino, thiol,
and phenolic ones under mild experimental conditions
[27–30].

In this study, acrylic copolymer supports were synthesised
in the bead form from the monomers methyl methacrylate
(MMA), glycidyl methacrylate (GMA) and divinyl benzene
(DVB). The epoxy groups of poly(MMA–GMA–DVB) mi-
crobeads were modified into amino group using ammonia
or/and 1,6-diaminohexane (i.e., spacer-arm). Tyrosinase
was then immobilised onto aminated and spacer-arm at-
tached poly(MMA–GMA–DVB) microbead using glutaric
dialdehyde as coupling agent. The Michaelis–Menten kinet-
ics constants (Km andVmax), optimum pH and temperature
for the free and immobilised enzymes were investigated.
Thermal deactivation of the free and immobilised enzymes
at various temperatures was studied and the half-lives of
the immobilised tyrosinase under these operation condi-
tions were calculated. Finally, the immobilised enzyme
system was applied to a packed-bed reactor to study the
behaviour of the immobilised enzyme in a continuous
system.

2. Experimental

2.1. Materials

Tyrosinase [EC 1.14.18.1; polyphenol oxidase; monophe-
nol monooxygenase, from mushroom, 2000 U mg−1 solid],
l-tyrosine, bovine serum albumin (BSA), 1,6-diaminohexane,
glutaric dialdehyde, DVB and maleic anhydride were all
obtained from the Sigma Chemical Company (St. Louis,
USA). MMA, glycidyl methacrylate (methacrylic acid
2,3-epoxypropyl isopropyl ether; GMA), and�,�′-azoisobi-
sbutyronitrile (AIBN) were obtained from Fluka Chemie,
AG (Buchs, Switzerland) and the monomers distilled under
reduced pressure before use. All the other analytical grade

chemicals were purchased from Merck AG (Darmstadt,
Germany).

2.2. Preparation of poly(methyl
methacrylate-co-glycidylmethacrylate) microbeads

Poly(methyl methacrylate-co-glycidyl methacrylate) mi-
crobeads were prepared via suspension polymerisation.
The aqueous continuous phase with suspension stabiliser
was obtained by the following method. Styrene–maleic
anhydride (0.74 g) alternating copolymer, NaOH (0.30 g),
Na2SO4 (4.0 g) and distilled water (300 ml) were trans-
ferred in to a three-necked reactor (1.0 l) and stirred at
70◦C for 1 h until a clear solution was obtained. The reac-
tion product (i.e., sodium salt of styrene–maleic anhydride
copolymer) was cooled to room temperature and used as
suspension stabiliser. The reactor was then equipped with a
mechanical stirrer, nitrogen inlet and reflux condenser. The
organic phase contained MMA (26.5 ml; 0.25 mol), glycidyl
methacrylate (26.4 ml; 0.2 mol) and DVB (7.1 ml; 0.05 mol;
cross-linker) were mixed together with 1.0 g of AIBN in
60 ml of toluene. The reactor was placed in a water bath,
heated to 65◦C and stirred at 375±25 rpm under a nitrogen
atmosphere. The polymerisation mixture was placed into
a dropping funnel and was introduced drop wise into the
reactor in about 30 min. The polymerisation reaction was
maintained at 65◦C for 6 h. After the reaction, the beads
were separated by decanting simply and washed with dis-
tilled water and methanol. The product was dried under
vacuum for 24 h at room temperature. The total polymerisa-
tion yield was 58.6. The beads were sieved and 105–210�m
size of fraction (28.7 g) was used in further reactions.

2.3. Immobilisation of tyrosinase onto
poly(MMA–GMA–DVB) microbeads

The epoxy groups carrying poly(MMA–GMA–DVB)
microbeads were aminated with 0.5 M ammonia or
1,6-diaminohexane solution (i.e., spacer-arm) at 65◦C in
a reactor containing 25 g microbeads and stirred mag-
netically for 5 h. After the reaction, the aminated and/or
spacer-arm attached poly(MMA–GMA–DVB) microbeads
were washed with distilled water.

The aminated and/or spacer-arm attached poly(MMA–
GMA–DVB) microbead (5 g) were equilibrated in phos-
phate buffer (10 ml, 50 mM, pH 7.0) for 18 h, and transferred
to the same fresh medium containing glutaric dialdehyde
(20 ml, 0.5%, v/v). The activation reaction was carried out
at 25◦C for 12 h, while continuously stirring the medium.
After the reaction period, the excess glutaric dialdehyde
was removed by washing sequentially the microbeads with
distilled water, acetic acid solution (100 mM, 100 ml) and
phosphate buffer (100 mM, pH 7.0). The resulting modified
poly(MMA–GMA–DVB) microbeads were dried in a vac-
uum oven at 40◦C.
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Immobilisation of tyrosinase on the aminated and spacer-
arm attached poly(MMA–GMA–DVB) microbeads was car-
ried out at 22◦C in a shaking water bath for 6 h. Physically
bound enzyme was removed first by washing the supports
with saline solution (20 ml, 1.0 M) and then phosphate buffer
(50 mM, pH 7.0). It was stored at 4◦C in same fresh buffer
until use.

The amount of immobilised tyrosinase on the poly(MMA–
GMA–DVB) microbeads was determined by measuring the
initial and final concentrations of protein within the immo-
bilisation medium, using Coomassie Brilliant Blue as the
method described by Bradford[31]. A calibration curve
constructed with BSA solution of known concentration
(0.05–0.50 mg ml−1) was used in the calculation of protein
in the enzyme and wash solutions.

2.4. Activity assays of free and immobilised tyrosinase

Tyrosinase is a copper dependent enzyme that catalyses
two different reaction using molecular oxygen; the hydrox-
ylation of monophenols too-diphenols (monophenolase ac-
tivity) and the oxidation of theo-diphenols too-quinones
(diphenolase activity). These quinones are reactive and can
undergo subsequent conversions to form other intermedi-
ates such as hydroxylated biphenyls. These coloured poly-
meric pigments can be monitored spectrophotometrically,
a measure of these coloured compounds produced in the
presence of tyrosinase can be used as an indication of the
monophenol levels present. The polyphenol oxidase reaction
is:

l-tyrosine(monophenolic substrate) + O2

tyrosinase−−−−→ o-dihydroxyphenol (1)

o-dihydroxyphenol+ O2

tyrosinase−−−−→ o-benzoquinone+ H2O (2)

2.4.1. Free enzyme
The reaction was carried out in a quartz cuvette (3 ml)

at 30◦C and change in absorbance (A280 nm) were mea-
sured using a Shimadzu Model 1601 spectrophotometer
(Tokyo, Japan) equipped with temperature control cell
holder unit. 2.9 ml ofl-tyrosine solution (2.0 mMl-tyrosine
in phosphate buffer (50 mM, pH 6.5)) was saturated with
pure oxygen at 30◦C for 2 min. The reaction was started
by adding 0.1 ml of enzyme solution (1 mg tyrosinase
ml−1) and the increase in absorbance at 280 nm was
measured.

2.4.2. Immobilised enzyme
For the determination of immobilised tyrosinase activity,

0.2 g enzyme beads were introduced tol-tyrosine solution
(2.0 mM, 5 ml). It was then incubated in a shaking water-
bath and the reaction medium was purged with pure oxygen.

At different time interval, the increase in absorbance was
followed as above.

2.5. Determination of the kinetic constants

The kinetic constants,Km andVmax values of the free and
the immobilised tyrosinase were determined by measuring
initial rates of the reaction withl-tyrosine (1.0–6.0 mM) in
phosphate buffer (50 mM, pH 6.5) at 30◦C. Km and Vmax
values were calculated from Line weaver–Burk plots. The
kinetic constants of the free and immobilised enzyme were
calculated from the initial rate of the reaction data obtained
during enzymatic oxidation ofl-tyrosine. The enzymic re-
actions were followed for 10 min for the free enzyme and
15 min for the immobilised enzyme.

One unit of enzyme activity is defined as an increase in
absorbance, at 280 nm, of 0.001 min−1 at pH 6.5 and at 30◦C
in a reaction mixture containingl-tyrosine.

2.6. Dependence of enzyme activity on pH and temperature

The effect of pH on the activity of the free and the immo-
bilised enzyme was carried out over the pH range 4.0–8.0
and at 30◦C. The concentration of thel-tyrosine solution
was 2.0 mM and was prepared in 50 mM acetate buffer in
the pH range 4.0–5.5, and 50 mM phosphate buffer in the
pH range 6.0–8.0.

The effect of temperature on enzyme productivity was
studied in the range 20–50◦C with a l-tyrosine concentra-
tion of 2.0 mM in 50 mM phosphate buffer pH 6.5. The re-
sults for pH and temperature are presented in a normalised
form with the highest value of each set being assigned the
value of 100% activity.

2.7. Packed bed reactor and operation

The reactor (length 12 cm, diameter 1.2 cm, total volume
13.5 ml), was made from Pyrex® glass. The enzyme mi-
crobeads were equilibrated in phosphate buffer (50 mM, pH
6.5) at 4◦C for 1 h. Ten grams enzyme microbeads were
loaded into the reactor yielding a void volume of about 3 ml.

In order to determine the effect of substrate concentration
on reactor productivity,l-tyrosine solution (1.0–6.0 mM) in
the phosphate buffer was introduced to the reactor at a rate
of 20 ml h−1 with a peristaltic pump (Cole Parmer, Model
7521-00, USA) through the lower inlet part. The solution
leaving the reactor was assayed for tyrosinase activity at the
end of each hour.

The effect of flow rate on reactor performance was studied
by varying the flow rate in the range 20–60 ml h−1 at 30◦C
for 2 h, while keeping the concentration ofl-tyrosine at
2.0 mM in phosphate buffer (50 mM, pH 6.5).

In order to determine operational stability of immobilised
tyrosinase, the reactor was loaded with immobilised tyrosi-
nase and operated at 30◦C for 40 h. The feed solution was
containedl-tyrosine (2.0 mM) in phosphate buffer (50 mM,
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pH 6.5) with a flow rate of 20 ml h−1. Enzyme activity in
the solution leaving the reactor was measured as described
above.

2.8. Thermal stability measurements of free and
immobilised enzymes

Thermal stabilities of the free and immobilised tyrosinase
preparations were carried out by measuring the residual ac-
tivity of the enzyme exposed to three different temperatures
(50, 55 and 60◦C) in phosphate buffer (50 mM, pH 6.5) for
120 min. A sample was removed 15 min time interval and
assayed for enzymatic activity. The first order inactivation
rate constant,ki, was calculated from the following equation:

ln A = ln A0 − kit (3)

whereA0 andA are the initial activity and the activity after
time t (min.).

The results were converted to relative activities (per-
centage of the maximum activity obtained in that series).
The residual activity was defined as the fraction of to-
tal activity recovered after covalent attachment on the
poly(MMA–GMA–DVB) microbeads compared with the
same quantity of free enzyme.

2.9. Storage stability

The remaining activity of free and immobilised enzymes
after storage in phosphate buffer (50 mM, pH 6.5) at 4◦C
was measured in a batch mode with the experimental con-
ditions given above.

2.10. Characterisation of poly(GMA–MMA–DVB)
microbeads

2.10.1. Determination of the water content
The modified poly(GMA–MMA–DVB) microbeads were

allowed to soak in distilled water for 24 h, swollen mi-
crobeads (∼1 g) were weighed after removing the excess
water, dried in vacuum oven at 60◦C for 24 h until constant
weight. The water content of the poly(GMA–MMA–DVB)
microbeads were calculated as follows:

water content(%, w/w) =
[
Ws − Wd

Wd

]
× 100 (4)

whereWs and Wd are the weights of swollen and dry mi-
crobeads, respectively.

2.10.2. Scanning electron microscopy
Scanning electron micrographs of the dried poly(GMA–

MMA–DVB) microbeads were obtained using a JEOL, JMS
5600 scanning electron microscope, after coating with gold
under reduced pressure.

2.10.3. FTIR spectra
The FTIR spectra of the poly(GMA–MMA–DVB) mi-

crobead were obtained using an FTIR spectrophotometer
(Shimadzu, FTIR 8000 Series, Japan). Poly(GMA–MMA–
DVB) microbeads (0.1 g) and KBr (0.1 g) were thoroughly
mixed and the mixture was pressed to form a tablet, and the
spectrum was recorded.

2.10.4. Determination of the epoxy groups content
The available epoxy groups content of the poly(MMA–

GMA–DVB) beads was determined by pyridine-HCl method
as described previously[32].

2.10.5. Surface area measurement
The surface area of the poly(GMA–MMA–DVB) mi-

crobead sample was measured with a surface area apparatus
(BET method).

2.10.6. Elemental analysis
The amount of attached 1,6-diaminohexane or amino

group on to poly(MMA–GMA–DVB) microbead was de-
termined from elemental analysis device by considering
nitrogen stoichiometry.

3. Results and discussion

3.1. Properties of poly(GMA–MMA–DVB) microbeads

In the present study, a porous epoxide groups-containing
poly(GMA–MMA–DVB) microbead was prepared from
HEMA, GMA and DVB via suspension polymerisation in
the presence of an initiator (AIBN). The chemical structure
of the poly(GMA–MMA–DVB) microbeads is presented in
Fig. 1. The amount of available epoxy groups was deter-
mined titration of pyridine-HCl solution with 0.1 M NaOH
and was found to be 3.44± 0.05 mmol g−1 microbeads.

Epoxy groups in the poly(GMA–MMA–DVB) struc-
ture were converted to amino groups by reacting with
ammonia or 1,6-diaminohexane (to form a six-carbon
spacer-arm). Elemental analyses of the spacer-arm attached
poly(GMA–MMA–DVB) microbeads were performed, and
the amounts of the incorporated amino groups were found
to be 1.22 and 0.84 mmol g−1 for aminated and spacer-arm
attached poly(GMA–MMA–DVB) microbead from the
nitrogen stoichiometry.

FTIR spectra of plain and 1,6-diaminohexane attached
poly(GMA–MMA–DVB) microbeads are presented in
Fig. 2. The broad band in the 3300–3500 cm−1 ranges in-
dicates –OH stretching vibrations in the structure of the
modified microbeads. Among the characteristic vibrations
of both GMA and MMA are the methylene vibration at
∼2930 cm−1 and the methyl vibration at 2960 cm−1. The
vibration at 1740 cm−1 represents the ester configuration of
both GMA and MMA. The aromatic ring stretching vibra-
tion band at 1575 cm−1 was arising from DVB molecules
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Fig. 1. Chemical structure of poly(GMA–MMA–DVB) microbead.

in the terpolymer. The epoxide group gives the band at
910 cm−1. The FTIR spectra of the 1,6-diaminohexane at-
tached poly(GMA–MMA–DVB) microbeads have some ad-
sorption bands different from those of the plain microbeads.
The most important adsorption bands at 1550 cm−1 repre-

Fig. 2. FT-IR spectra of poly(GMA–MMA–DVB) microbeads: (A) plain
of the microbead; (B) spacer-arm attached microbead.

senting N–H bending, is due to diaminohexane bonded to
the poly(GMA–MMA–DVB) microbead.

The water content is very important when the use of
a matrix in enzyme immobilisation is contemplated. The
water content of the aminated and spacer-arm attached
poly(GMA–MMA–DVB) microbeads were increased 53
and 47% with respect to unmodified microbeads, respec-
tively. These are moderate swelling degrees and suitable to
use as column packing material for application of immo-
bilised enzyme in a continuous flow system.

Scanning electron microscopy (SEM) micrographs pre-
sented inFig. 3A and B shows the surface structure of
a poly(GMA–MMA–DVB) microbeads. The SEM micro-
graph shows that the microbeads have a porous surface
structure (Fig. 3B). The surface area of the 105–210�m
fractions of poly(GMA–MMA–DVB) microbeads was
measured as 0.674 m2 g−1. The surface properties of the
poly(GMA–MMA–DVB) microbeads would favour higher
immobilisation capacity for the enzyme due to increase in
the surface area.

3.2. Immobilisation of tyrosinase onto
poly(GMA–MMA–DVB) microbeads

The activation of the amino groups of the aminated
and diaminohexane attached poly(GMA–MMA–DVB) mi-
crobeads were achieved by the reaction with glutaric di-
aldehyde under neutral conditions. Tyrosinase was then
covalently immobilised via amino groups to the activated
support. In this coupling reaction, shift-base formation be-
tween amine and aldehyde groups could be considered.
Glutaric dialdehyde can readily react with an amino group,
therefore, the aldehyde group content should be close to
the content of the amino group on the microbead. The –SH
groups of tyrosinase can also react with glutaric dialdehyde
after amine groups have been used. It is important to notice
that –NH2 groups are more susceptible than –SH groups to
react with glutaric dialdehyde.

Spacer-arm constituted by aliphatic chains of six-carbon
atoms has been used to move away-immobilised tyrosinase
from the support. The attachment of six-carbon atoms hy-
drophobic spacer-arm on the poly(GMA–MMA–DVB) mi-
crobead surface could prevent undesirable side interaction
between large enzyme molecules and support. In this way,
more areas of the immobilised tyrosinase could become ac-
cessible to its substratel-tyrosine. As seen inTable 1, the
attachment of spacer-arm on the poly(GMA–MMA–DVB)
microbead significantly increased the immobilised ty-
rosinase activity. The immobilisation of tyrosinase via
glutaric dialdehyde coupling onto spacer-arm attached
poly(GMA–MMA–DVB) microbead resulted in a higher
enzyme loading (2.47 mg g−1) than that of tyrosinase immo-
bilised onto aminated poly(GMA–MMA–DVB) microbeads
(1.73 mg l−1). These results indicated that attachment of the
spacer-arm on the poly(GMA–MMA–DVB) microbeads
surface might reduce steric interference with the substrate
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Fig. 3. SEM micrographs of poly(GMA–MMA–DVB) microbeads: (A) magnification 350×; (B) magnification 2300×.

binding process for the substrate. On the other hand, the
coupling agent glutaric dialdehyde has a five-carbon length
and it should be acted as an extra spacer-arm in this im-
mobilisation method. This result indicated that an optimum
spacer length should be existed for the immobilised tyrosi-
nase toward the oxidation of substratel-tyrosine molecules.
As seen inTable 1, the relative activity of the immobilised
enzyme on the aminated microbeads via glutaric dialdehyde

Table 1
Properties of the free and immobilised tyrosinase on the poly(GMA–MMA–DVB)

Form of enzyme Activity
(U mg−1 enzyme)

Recovered
activity (%)

Enzyme loading
(mg enzyme g−1 microbead)

Activity
(U g−1 microbead)

Free enzyme 1856 100 – –
Immobilised on aminated-microbead 947 51 1.73 1638
Immobilised on spacer-arm-attached microbead 1262 68 2.47 3117

coupling was 51%, it was significantly lower than that of
the spacer-arm attached counterpart (68%). The low relative
activity obtained the former probably reflect the presence
of steric hindrance caused by the immobilisation and/or
binding difficulty of the substrate molecule on the active
site of the enzyme.

No enzyme leakage was observed during washing of the
immobilised enzyme preparations or during continuous or
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batch operation mode. All these indicate that the applied
immobilisation processes were irreversible under the condi-
tions used.

Several publications have appeared describing the in-
vestigation of new supports for tyrosinase immobilisation.
For example, tyrosinase covalently immobilised on car-
boxymethylcellulose hydrogel beads. The amount of the
immobilised enzyme to 1.0 g of beads was 603�g and
immobilised enzyme retained about 44% its initial activity
[22]. Munjal and Sawhney used alginate, polyacrylamide
and gelatine gels for entrapment of tyrosinase. The max-
imum activity immobilisation yield of 88% was obtained
in gelatine followed by 67 and 57% in Cu–alginate and
polyacrylamide gels, respectively[16]. Chitosan-coated
polysulphone capillary membranes were used for the im-
mobilisation of tyrosinase and the specific activity of the
immobilised enzyme was 8.6 mg U[7]. Wada et al. re-
ported that the retained activity of covalently immobilised
tyrosinase on the weakly acidic cationic exchange resin
was 16.3%[9]. Boshoff et al. reported that about 34%
activity was retained when tyrosinase immobilised on inor-
ganic support[33]. Tyrosinase was immobilised on chitosan
beads and flakes, the immobilisation capacity of beads was
around 14 times greater than the chitosan flakes[34]. The
tyrosinase was covalently immobilised onto aminated and
spacer-arm attached poly(GMA–MMA–DVB) microbeads.
The spacer-arm attached poly(GMA–MMA–DVB) mi-
crobeads resulted good loading of tyrosinase (2.47 mg g−1

microbead) that retains high specific activity (68%) than
that of the aminated one. All immobilisation studies pub-
lished in the literature have been performed under different
conditions. Therefore, it is almost impossible to compare
immobilisation results. However, the activity retention
(68%) obtained with this immobilisation method appears to
be quite promising.

3.3. Kinetic constants

Kinetic parameters,Km andVmaxvalues of the free and the
immobilised tyrosinase were determined usingl-tyrosine as
a substrate. In order to avoid of the effect of second substrate
oxygen on the enzyme activity the concentration of oxygen
was kept saturated in the assay medium, andl-tyrosine con-
centration was varied between 1.0 and 6.0 mM. In the free
and immobilised enzyme systems, a Michaelis–Menten ki-
netic behaviour was observed. The effect of immobilisation
on the Michaelis constant (Km) and the maximum activity
(Vmax) of the tyrosinase are presented inTable 2. The calcu-
lated value of kinetic constantKm for l-tyrosine of the en-
zyme immobilised on the aminated and spacer-arm attached
poly(GMA–MMA–DVB) were 1.44 and 0.97 mM, respec-
tively, which were higher than that of the free tyrosinase
(0.58 mM). The maximum velocity,Vmax decreased signif-
icantly upon immobilisation of tyrosinase. TheVmax value
of the free tyrosinase was found to be 2065 U mg−1 protein
whereas theVmax values of the enzyme immobilised onto

Table 2
Km and Vmax values of free and immobilised tyrosinase

Form of enzyme Km for
l-tyrosine
(mM)

Vmax for
l-tyrosine
(U mg−1 enzyme)

Free enzyme 0.58 2065
Immobilised on aminated-microbead 1.44 1055
Immobilised on spacer-arm-attached

microbead
0.97 1404

aminated and spacer-arm attached poly(GMA–MMA–DVB)
were estimated from the data as 1053 and 1404 U mg−1 pro-
tein, respectively. As expected, theKm andVmax values were
significantly affected after covalent binding of tyrosinase on
poly(GMA–MMA–DVB) microbeads. In general, theKm of
an immobilised enzyme is different from that of the free en-
zyme due to diffusional limitations, steric effects and ionic
strength[35]. The change in the affinity of the enzyme to
its substrate is also caused by structural changes in the en-
zyme introduced by the immobilisation procedure and by
lower accessibility of the substrate to the active site of the
immobilised enzyme[36].

3.4. Effect of pH and temperature on the catalytic activity

The effect of pH on the activity of the free and immo-
bilised tyrosinase preparations forl-tyrosine oxidation was
examined in the pH range 4.0–8.0 at 30◦C and the results
are presented inFig. 4. The pH value for optimum activ-
ity for the free tyrosinase was found to be at 6.5, which
was similar to that reported previously[22]. On the other
hand, the optimum pH for both immobilised tyrosinase
preparations is found to have shifted to pH 7.0. The opti-
mum is defined as the pH where a known amount of free
or immobilised tyrosinase achieved maximum oxidation of
l-tyrosine too-benzoquinone. This observed displacement
toward to the neutral region for the immobilised tyrosinase

Fig. 4. pH profiles of the free and immobilised tyrosinase preparations.
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Fig. 5. Temperature profiles of the free and immobilised tyrosinase prepa-
rations.

preparation is because pH conditions in the pore space of
the polymeric matrix are different from those in the rest
of the solution. Furthermore, the pH profiles of the immo-
bilised tyrosinase preparations are broader than that of the
free enzyme, which means that the immobilisation meth-
ods preserved the enzyme activity in a wider pH range.
These results could probably be attributed to the stabili-
sation of tyrosinase molecules resulting from multipoint
attachment of the enzyme molecules on the surface of the
poly(GMA–MMA–DVB) microbead.

The activities obtained in a temperature range of 20–60◦C
were expressed as percentage of the maximum activity
(Fig. 5). The activity of the free tyrosinase is strongly depen-
dent on temperature, with the optimum temperature being
observed at about 30◦C. The optimum reaction temperature
for the spacer-arm attached immobilised preparation was
at 35◦C, and this was 40◦C for the aminated immobilised
preparation. The temperature profiles of both immobilised
enzymes were broader than that of the free one. The in-
crease in optimum temperature was caused by the changing
physical and chemical properties of the enzyme. The cova-
lent bond formation via amino groups of the immobilised
tyrosinase might also reduce the conformational flexibility
and may result in higher activation energy for the molecule
to reorganise the proper conformation for the binding to
substrate. One of the main reasons for enzyme immobili-
sation is the anticipated increase in its stability to various
deactivating force due to restricted conformational mobility
of the molecules following immobilisation[37].

3.5. Enzyme reactor productivity

The effect ofl-tyrosine concentration on reactor produc-
tivity was determined using differentl-tyrosine concentra-
tion in the feed solution. A linear increase in oxidation rate
was observed up to al-tyrosine concentration of 3.0 mM
(Fig. 6). After a plateau between 3.0 and 4.0 mM, a decrease

Fig. 6. Effect of substrate concentration on thel-tyrosine oxidation rate
in the enzyme reactor.

in thel-tyrosine oxidation rate was obtained. This decrease
in the oxidation rate could be due to insufficient contact du-
ration ofl-tyrosine.

Fig. 7 shows the effect of residence time on oxidation
of l-tyrosine by immobilised tyrosinase. The results were
converted to relative activities (percentage of the maximum
oxidation obtained in this series). When the residence time
is increased, that the efficiency ofl-tyrosine oxidation is
also increased (Fig. 7). This rate is not so linear and further
increase in residence time, does not yield a higher degree
of l-tyrosine oxidation. Eventually, at a contact duration of
about 4.5 min a plateau is reached (obtained with a flow rate
40 ml h−1 and 2.0 mMl-tyrosine). As previously reported,
this could be due either to substrate depletion in the reaction
medium or possible interference with the enzyme activity
at lowest substrate concentration by the product diffusion
limitation from porous surface of the microbeads[38].

Fig. 7. Effect of residence time on thel-tyrosine oxidation rate in the
enzyme reactor.
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Fig. 8. Effect of temperature on the stability of the free and immobilised
tyrosinase preparations.

It is important for economical use of an enzyme, as a
means for the mass production of the desired product, that
the enzyme reaction is continuous. One of the problems in
continuous enzyme reactions is the operational stability of
the enzyme immobilised on the support. The operational sta-
bility of covalently immobilised tyrosinase in the packed bed
reactor was monitored at 30◦C for 40 h. During the initial
24 h, continuous operation the immobilised tyrosinase pre-
served all of its initial activity. After this period, a small de-
crease in enzyme activity is observed with time. After 40 h,
the immobilised enzyme lost about 3% of its initial activ-
ity, this would be possibly resulting from the inactivation of
tyrosinase upon use. The operational inactivation rate con-
stant of the immobilised tyrosinase at 30◦C with 2.0 mM
l-tyrosine was calculated askopi = 1.25× 10−5 min−1.

3.6. Thermal stability

The thermal stability of an immobilised enzyme is one
of the most important criteria of their application. In gen-
eral, the activity of the immobilised enzyme, especially in
a covalently bound system, is more resistant than that of
the soluble form against heat and denaturing agents. Ther-
mal stability experiments were carried out with free and
the poly(GMA–MMA–DVB) spacer-arm-enzyme prepara-
tion, which were incubated in the absence of substrate at
various temperatures (Fig. 8). At 50◦C, the free and the
spacer-arm attached immobilised preparation retained their
activity to a level of 47 and 77% during a 120 min incuba-
tion period. At 55◦C, the free and the immobilised enzymes
retained their activity about to a level of 23 and 61%, re-
spectively. Immobilised tyrosinase was inactivated at a much
slower rate than that of the native form. The half-live values
and thermal inactivation rate constants (ki) of the free and

Table 3
Inactivation rate constant (ki) and half-life (t1/2) values of the free and
immobilised tyrosinase on the spacer-arm-attached microbeads for differ-
ent temperature

Temperature
(◦C)

Free enzyme Immobilised enzyme

ki

(×103 min−1)
t1/2

(min)
ki

(×103 min−1)
t1/2

(min)

50 6.29 113 2.18 261
55 12.5 78 4.11 154
60 18.4 67 6.12 125

immobilised enzyme were presented inTable 3. These re-
sults suggest that the thermostability of immobilised tyrosi-
nase increased considerably because of covalent immobil-
isation onto spacer-arm attached poly(GMA–MMA–DVB)
microbead.

3.7. Storage stability

One of the most important parameters to be considered
in enzyme immobilisation is storage stability. The stabili-
ties of the free and the immobilised tyrosinase preparations
were determined after the preparations were stored in phos-
phate buffer (50 mM, pH 6.5) at 4◦C for a predetermined
period. Under the same storage conditions, the activities of
the immobilised tyrosinase preparations decreased slower
than that of the free tyrosinase (Fig. 9). The free enzyme
lost all its activity within 4 weeks. The immobilised tyrosi-
nase preserved about 36% of its initial activity during a two
months storage period. The covalent immobilisation defi-
nitely holds the enzyme in a stable position in comparison
to the free counterpart[39]. On the other hand, hydrophobic
group containing hydrophilic support should provide a sta-
bilisation effect, minimising possible distortion effects im-
posed from aqueous medium on the active site of the im-
mobilised enzyme[22,40,41]. Thus, the hydrophobic group

Fig. 9. Storage stabilities of the free and immobilised tyrosinase prepa-
rations.
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carrying hydrophilic support and the immobilisation method
provide higher shelf life compared to that of its free coun-
terpart.

4. Conclusion

In this study, poly(GMA–MMA–DVB) microbeads was
prepared via suspension polymerisation and the epoxy
groups of microbeads was modified into amino groups us-
ing ammonia or 1,6-diaminohexane (as a spacer-arm). The
enzyme, tyrosinase, was then covalently immobilised onto
aminated and spacer-arm attached poly(GMA–MMA–DVB)
microbeads via glutaric dialdehyde coupling. The attach-
ment of the spacer-arm on the microbead surface resulted
a significant increase in the immobilised enzyme activity.
The Michaelis–Menten kinetic constantsKm and Vmax of
the free and immobilised tyrosinase preparations were also
determined. All the immobilised tyrosinase preparation
retained much of their activity in wider ranges of tempera-
ture and pH than that of the free form. A high operational
stability obtained with the immobilised tyrosinase indi-
cates that the immobilised tyrosinase could successfully be
used in a continuous system for various biotechnological
applications. In addition, the poly(GMA–MMA–DVB) mi-
crobeads proposed in this work showed promising potential
for applications to enzyme immobilisation.
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