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ARTICLE INFO ABSTRACT
Article history: Extracellular laccase produced by the wood-rotting fungus Cerrena unicolor was immobilized covalently
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via glutaraldehyde to cellulose-based carrier Granocel. Laccase was partially purified by membrane con-
centration and diafiltration followed by precipitation with acetone. Five-fold increase in the measured
activity of immobilized enzyme was obtained when six times purer laccase was used for immobiliza-
tion. For the best preparation, with very high activity of 2053 U per 1 mL of the carrier, thermal- and
pH-stability, and activity profiles were determined. Experiments carried out in a batch reactor showed
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fiﬁ/ggﬁiation that kcat/Km for immobilized enzyme (0.65) is three times lower than the value obtained for the native
Laccase laccase (2.19) whereas k¢,¢/Km estimated from continuous reactor (1.50) is notably closer to that for the
Kinetics native enzyme. Continuous process probably reflects more precisely kinetics of the reaction accompanied

by simultaneous product precipitation on the carrier’s surface. Operational stability of immobilized lac-
case was tested in continuous mode operation with ABTS, guaiacol and trichlorophenol as substrates and
showed that packed-bed reactor is unprofitable system for laccase immobilized on Granocel carrier due to
the high bed compaction. However, excellent stability of the preparation was noted under 20 successive
runs in the well mixed tank reactor and better ability towards trichlorophenol biotransformation was

Fixed-bed reactor
Batch reactor

observed in the case of immobilized laccase.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Currently, many enzymes have attracted attention as potential
catalysts in industrial applications, especially in processes where
mild chemical conditions and high specificity are required. The
unique advantage of the enzymatic catalysis is their high enantio-,
chemo- and regioselectivity, which lead to high purity of prod-
ucts. Moreover, enzyme catalysts are very effective even at low
concentrations and are biodegradable, thus they perfectly meet
the targets set for Green Chemistry. The essential drawbacks of
many important enzymes used in process applications are their
low stability and productivity and high production costs [1]. Differ-
ent methods, such as the use of stabilizing additives, derivatization,
chemical modification of protein structure, immobilization and
medium engineering are applied to improve enzymes stability [2].
The most frequently used stabilization method is immobilization,
which provides many other process benefits besides increasing
operational stability, i.e. reduction of enzyme replacement, facil-
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itation of separation and reuse of the catalyst, and assistance of
reaction control [3,4]. Moreover, this is well known [3-5] that
immobilization shifts the enzyme properties like: optimum val-
ues of pH and temperature, kinetics parameters and strengthens
protein structure. Especially higher thermostability of the enzyme
allows conducting the processes in higher temperature and so it
reduces reaction time. A lot of recent research on enzymes immo-
bilization has been focused on laccase.

Laccase (EC 1.10.3.2) is a multicopper oxidase that catalyzes the
oxidation of wide range of aromatic and inorganic substrates with
simultaneous reduction of oxygen to water. Laccases are produced
by many plant, bacteria and fungi species as extra- and intracellular
enzymes and can be used in many industrial applications, as was
recently summarized in a few reviews [6-12]. Many researchers,
for example, have investigated this enzyme for organic [7,13] and
polymer synthesis [14,15], dye decolorization [16], oxidation of the
steroid hormone, 173-estradiol [ 17], the self-coupling of anthralinic
acid derivatives to give actinomycin-like compounds [18] or cross-
coupling of p-hydroquinones and aromatic amines [19,20] offering
a mixture of derivatives in which some of them are of pharmaceu-
tical interest. It is generally accepted that in order to increase the
potential use of laccase, its immobilization is a requisite for enzyme
stabilization and recovery.
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In the previous work [21] we compared methods of laccase
immobilization on Granocel carriers with different pore sizes, using
various anchor groups with different surface density and found
that NH,-Granocel with exclusion limit 2 x 10 Da activated by glu-
taraldehyde showed the highest activity and stability. Then we
optimized laccase immobilization conditions and received both
stable and very active preparation. In this work we aimed to
investigate the influence of laccase purity on the efficiency of its
immobilization on selected carrier as well as characterization of
the enzyme-carrier preparation and its properties in a batch and
packed-bed reactors.

2. Materials and methods
2.1. Materials

Trichlorophenol (TCP), glutaraldehyde, 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonate) sodium salt (ABTS) and
4-hydroxy-3,5-dimethoxy-hydroxybenzaldehyde (syringaldazine)
were purchased from Sigma (USA) whereas 2-methoxyphenol
(guaiacol) from Riedel-Deltaen AG (Germany). Other reagents,
analytical grade, were supplied by POCh (Poland).

2.2. Production of laccase

The wood-rotting fungus Cerrena unicolor (Bull.ex.Fr.) Murr,
No. 139, was obtained from the culture collection of the Depart-
ment of Biochemistry, Maria Curie Sklodowska University of Lublin
(Poland). Microorganism cultivation and laccase production was
performed according to a method described earlier [22] with mod-
ification showed in [23].

2.3. Activity assays

Laccase activity was determined from the change in optical
density in time and calculated from initial reaction rate region.
Syringaldazine (31.3 wM) [24] or ABTS (207.3 pM) [25] in 0.1 M
citrate-phosphate buffer, pH 5.3, were used as substrates. The
enzyme activity was expressed in UL~!, where U was defined as
the amount of enzyme required to oxidize 1 wmol of ABTS to color
products (ABTS 420 nm, £ =36 000 M~! cm~! [26]) per min at 30°C.
The mean analytical error was less than +2%.

Proteolytic activity was determined by mixing 1mL of 1.0%
caseinin 0.2 M Tris—HCl buffer, pH 7.8, and 1 mL of enzyme solution.
Samples were preincubated and incubated at 37 °C for 5 and 20 min
(modified Kunitz’s method [27]). Reaction was stopped by addition
of 3 mL solution of trichloroacetic acid (0.11 M), acetic acid (0.33 M)
and sodium acetate (0.2 M). After standing at room temperature
for 20 min, the solution was centrifuged (10000 rpm, 15 min). The
absorbance of digested products, which are soluble in the stopping
reagent, was measured spectrophotometrically at 280 nm against
water. In the control samples, the enzyme was added after stop-
ping reagent. One unit of proteolytic activity (U) was defined as the
amount of the enzyme that gave a rise in absorbance of 1.0 min~!.
The mean analytical error was less than +3%.

Protein concentration was determined spectrophotometrically
at A=280nm (spectrophotometer Helios o, Unicam) and/or by
Lowry’s method (Sigma procedure P 5656) using bovine serum
albumin as a standard. The mean analytical error was less than 4-3%.

2.4. Laccase concentration and purification
The laccase containing culture fluid was separated from the

mycelium by filtration on a steel sinter and was frozen, as micro-
filtration step was considerably slower for fresh culture fluid.

Microfiltration was done using an Amicon cell with MF-Millipore
Membrane Filters (GSWP 09000). Obtained permeate was feed for
subsequent concentration 25 times and diafiltration (10 volume
exchange) on the Labscale TFF System with Pellicon XL Device
(PLC-10, Millipore). Finally, laccase preparation (retentate) was
precipitated with cold acetone (fluid:acetone—1.0:1.5, v/v), cen-
trifuged (10000 rpm, —2 °C, 20 min, Hettich 32R) and precipitate
was dissolved in 15 mL of the buffer. For immobilization purpose,
laccase solutions after microfiltration, diafiltration and precipi-
tation with acetone were used. In these solutions the protein
concentration, laccase and proteolytic activity were measured.

2.5. Immobilization of laccase

Cellulose-based Granocel-4000 with exclusion limit 106 Da,
modified with primary amine groups, was used for laccase immobi-
lization. The carrier characteristics and method of immobilization
via glutaraldehyde was reported elsewhere [21].

2.6. Activity of immobilized preparations

The immobilized enzyme (0.1-0.5mL of the settled prepara-
tion), suspended in 12-36 mL of the citrate-phosphate buffer, was
placed in a thermostated reactor (30°C). Then 10-30 mL of ABTS
(456.2 M) was added to reach the final substrate concentration
of 207.3 wM. After 15s of mixing 1 mL sample was taken off, ini-
tial absorbance (A =420 nm) was measured and then it was turned
back to the reactor. The procedure was repeated at 1-min intervals
for 5-10 min. In syringaldazine conversion, the settled preparation
was suspended in 30 or 60 mL of buffer and reaction was started by
adding 2 or 4 mL of syringaldazine (the final substrate concentra-
tion reached 31.3 wM). The absorbance (A =525 nm) was measured
as before. The mean analytical error was less than +6%.

After activity measurements, the immobilized preparations
were washed and stored at 4°C, then washed several times with
the buffer shortly prior to other experiments.

2.7. Properties of immobilized enzyme

In all cases, control experiments using the native enzyme were
carried out. The activity was measured with ABTS as the substrate.
All the experiments were carried out at least in duplicate.

The effect of temperature on the activity of the immobi-
lized enzymes was determined by incubating the preparation at
12-80°C. Enzymatic activity at 50°C (native enzyme) or 65°C
(immobilized enzyme) was arbitrarily set as reference value of
100%. Thermal stability of the enzyme preparations was deter-
mined by incubating the samples at 12-75°C for 1h. After
incubation the preparation was left at room temperature for 1h
and then its activity was measured (irreversible inactivation). The
activity at 12 °C was considered as a reference value (100%).

For thermal inactivation experiments a stirred glass reactor of
100 mL capacity was used. The temperature of 80°C of the 0.1 M
phosphate-citrate buffer (pH 5.3) in the reactor was maintained
constant by a circulating water bath. The enzyme solution (1 mL)
was then added and after 15s of vigorous mixing the first sample
was withdrawn and cooled rapidly to 0°C in an ice-water bath.
In certain time intervals consecutive aliquots were taken, cooled
and stored in ice water prior to activity measurement, which was
conducted after 1 h storage. In case of the immobilized preparation,
the procedure was similar but 0.2 mL of the settled preparation in
buffer was introduced into a thin-layer probe and the excess buffer
was removed; then the probe was tightly closed and inserted into
the water bath for a certain time.
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The optimum pH was evaluated in the range of 2.5-8.5. The
activity value obtained for the native enzyme at pH 5.7 was taken
as 100%. In the case of immobilized laccase the value of 100% was
determined at pH 5.7 or 6.5, for ABTS or syringaldazine, respec-
tively. The pH-stability was determined by incubating the sample
at the given pH (ranging from 2.5 to 9.0) for 1 h. The pH of the solu-
tion was then adjusted to 5.3 and the preparation was left for 1h
to equilibrate. The value of activity obtained at pH 5.3 was taken as
a reference activity (100%).

2.8. Properties of immobilized laccase in a batch reactor

All experiments were carried out in a well mixed and ther-
mostated batch reactor using either 0.1 or 0.2mlL of settled
immobilized preparation.

The effects of temperature and mixing rate on the initial value
of reaction rate were measured at temperatures ranging from 12
to 50°C and mixing rate of 200 rpm or at 30 °C and mixing rates of
135, 200, 350 and 500 rpm.

To compare reaction runs, immobilized laccase (0.1-1.0 mL of
settled preparation) was added to 30 mL of preheated substrate
(thermostated batch reactor, 200 rpm, 30°C). At predetermined
times, 2 mL sample was taken out, centrifuged (6000 rpm, 5 min)
and subjected for absorbance measurement. After that the sam-
ple was returned to the reactor. The same procedure was applied
to the native enzyme for ABTS (207 wM), syringaldazine (31.3 uM)
and TCP (506 M) as the substrates. To compare the performance of
free and immobilized enzyme in these processes, the absorbencies
(420nm ABTS; 525nm syringaldazine, 350 nm TCP) were plot-
ted against time for the same initial enzyme activities, measured
previously with ABTS as the substrate. The initial reaction rates
were 0.315 (native enzyme) and 0.319A 450 min~! (immobilized) for
ABTS; 0.154 and 0.168 for syringaldazine; 1.49 and 1.42 for TCP,
respectively.

Kinetic parameters of the Michaelis—-Menten equation (K, and
kcat) for free and immobilized enzyme were calculated from reac-
tion rates determined in batch experiments using initial ABTS
concentrations ranging from 22.73 to 1818.18 wM. For each run
the absorbance (420nm) was recorded in time and initial reac-
tion rates were calculated for substrate conversions lower than
7%. Kinetic parameters were estimated by fitting the data to the
Michaelis—Menten equation using a nonlinear regression code (Ori-
gin Pro 7.5).

Operational stability of the preparations in a batch reactor
was assessed by incubating 0.2mL of the immobilized lac-
case with 21.8mL of ABTS (final concentration 207.3 uM) in
citrate-phosphate buffer at 30°C and under moderate mixing
(250 rpm). At the beginning of each cycle, five consecutive sam-
ples were withdrawn in 1-min intervals, absorbance was measured
and then they were returned to reactor (initial reaction rate mea-
surements). Afterwards, the reaction was run up to the substrate
depletion. Then the immobilized enzyme was collected by filtra-
tion, washed twice with the buffer and resuspended in a fresh
substrate solution to begin the next cycle. The same procedure
was applied to immobilized laccase earlier treaded with sodium
borohydride in order to reduce the Schiff’s bases.

2.9. Properties of immobilized laccase in a packed-bed reactor

5mL of the settled preparation was packed in a jacketed glass
column (10cm high, 0.7cm of internal diameter) with the ini-
tial catalyst bed height of 8.8cm. Due to the high activity of
immobilized preparation towards ABTS, 0.5mL of preparation
was mixed with 4.5mL of an inert carrier. The substrate solu-
tion (ABTS: 456.2 wM, TCP: 506 wM, guaiacol: 500.5 uM) in 0.1 M

citrate-phosphate buffer (pH 5.3), both earlier held at 30°C, were
fed continuously to the top of the reactor with a peristaltic pump
until no more settling occurred. Volume of voids in the reactor was
evaluated as proposed in [28]. The reactive volume of the reactor
(V) was calculated by subtracting that value from the total volume
of the reactor. Residence time (7) of the substrate in the column was
calculated from the ratio V;/Q, where Q was the flow rate, and the
rate of product formation (r) from r=Cp/t, where Cp was the prod-
uct concentration. In the operational stability studies, the substrate
was fed continuously over prolonged time and the fixed residence
time equal to 0.14 min for ABTS, 1.79 min for guaiacol and 0.36 min
for TCP.

Kinetic parameters of Michaelis—Menten equation were deter-
mined for ABTS inlet concentration equal to 472 wM and the flow
rates from the range of 2-7 mL min~!. The experiment was repeated
after 24 h of continuous operation.

3. Results and discussion
3.1. Influence of laccase purity on its immobilization on Granocel

The aim of this study was to achieve higher activity of the
immobilized laccase preparation than reported previously. After
optimization of the Granocel superstructure as well as pH-value
and protein concentration in a coupling mixture it was found that
maximum activity varied from 417 to 694U per 1mL of freely
settled bead, depending on actual specific activity of crude cul-
ture fluid [21]. Hence, the subsequent increase of activity could be
achieved only by purification of the crude enzyme preparation. In
order to reduce high costs typical for the most traditional purifica-
tion procedures we decided to apply the cheap and quick method
only. Laccase was purified in three steps: (i) microfiltration that
allowed to remove larger particles and cells debris; (ii) ultrafiltra-
tion in which the proteins were concentrated and diafiltered in
order to lower ballast protein amount (e.g. proteolytic enzymes)
and brown in color products of C. unicolor metabolism; (iii) pre-
cipitation of proteins with cold acetone for subsequent removing
of brown particles and ballast proteins. The results obtained are
summarized in Table 1. Above six-fold purification of the crude
laccase was observed in the final product. Moreover, the purified
preparation showed almost twelve times lower proteolytic activ-
ity. Additionally, the precipitation with acetone removed half of
the ballast proteins from retentate whereas laccase and proteolytic
enzyme(s) retained almost all initial activities.

For immobilization purpose, Granocel carrier and laccase solu-
tions after prefiltration, ultrafiltration and precipitation with
acetone were used. From the results collected in Table 2 it can
be seen, that five-fold increase in the measured activity could
be obtained when six times purer enzyme preparation was used
for immobilization. It was also found that measured activity and
expressed activity in bound units are almost proportional to the
specific activity used for immobilization. It clearly indicates that
even higher activities of laccase on Granocel carrier can be obtained
if purer enzyme preparation is used. However, the costs of further
purification should not prevail over the profit of higher activity. As
long as the increase in activity of immobilized enzyme is propor-
tional to the specific activity increase, the additional purification
steps are economically reasonable. In the case discussed here, the
values of expressed activity in bound activity units (based on activ-
ity balance) show that only 1% of laccase was fully active when
enzyme with the highest specific activity was used for immobiliza-
tion. On the other hand, when crude preparation was used even up
to 12% of the bound laccase appeared to be active. This seems to
indicate that further purification of the enzyme, beyond the level
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Table 1
Purification of laccase.
Purification step Total protein [mg]  Total laccase activity [U]  Specific activity [Umg~!]  Purification (fold)  Total protease [U]  Yield [%]

Protein  Activity
Microfiltration 578.0 6444444 11150 1.0 17.9 100 100
Ultrafiltration and diafiltration 55.5 2165028 39010 35 3.79 21.1 33.6
Precipitation 28.6 2014722 70445 6.3 3.08 17.2 31.3
Table 2

Covalent immobilization of laccase of different purity on Granocel.

Specific activity/protein in Bound protein?

Expected activity?

Measured activity Expressed activity in

coupling mixture [Umg~]/[mg] [mgmL-1] [UmL-1] [UmL-1] bound units® [%]
11139/7.88 1.02 3389 406 12.0
39000/9.23 1.16 43806 1344 3.1
70472/9.83 1.30 97778 2053 2.1

3 The amount of bound protein and expected activity were calculated by subtracting the washed off amount from the amount used for immobilization (mass/activity

balance) and recalculated per 1cm? of the carrier.

b Expressed activity in bound units was calculated as the ratio of measured activity and expected activity.

achieved, can only lead to a moderate increase of activity, with
notably lower profit of activity expression.

Both immobilized preparations, obtained with pre-purified lac-
case, can be assessed as highly active. Due to different substrates,
temperatures and recalculations used by other researchers, com-
parison of our results to reported is rather limited. Lu et al.
[29] reported laccase activity immobilized in alginate-chitosan
microcapsules to be 6.84 U per 1.5 g of the preparation (room tem-
perature). Cabana et al. [30] obtained cross-linked aggregates with
activity of 0.148 U per 1 mg of protein (30 °C) whereas Roy and Abra-
ham [31] reported activity of laccase cross-linked crystals as high as
2300U per 1 mg of protein. This short literary review clearly indi-
cates thatlaccase immobilized on Granocel carrier is very active and
that the preparation is even comparable with cross-linked crystals.

3.2. Properties of immobilized laccase

To characterise the properties of immobilized laccase the effects
of temperature and pH values on the enzyme activity and stabil-
ity were examined. Fig. 1a reveals that native laccase shows the
highest activity at 50°C but the enzyme is relatively unstable at
this temperature (cf. Fig. 1b, 84%). It appeared that temperature of
long-term processes with native laccase should not exceed 20°C.
In the case of immobilized enzyme, the maximum activity temper-
ature was notably higher (65 °C), yet this resulted in rather poor
stability (73%). Fortunately, immobilized laccase was stable up to
55°C. Hence, a substantial increase in the enzyme activity and sta-
bility, compared to the native preparation, could be achieved if the
process was carried out at this temperature. For the immobilized
enzyme the shift of optimal temperature range and thermal stabil-
ity into higher temperatures could be caused by stiffening of the
enzyme tertiary structure.

Temperature is a critical variable in any enzymatic process,
producing opposite effects by simultaneously increasing enzyme
reactivity and inactivation rate. From the practical point of view,
the enzyme should be active and stable under processing condi-
tions, especially at elevated temperatures, thus special attention of
researchers is paid to obtain highly stable immobilized enzymes.
Thermal inactivation of enzymes in the absence of reagents and
at elevated temperatures gives some information on usefulness
of the preparation used. The data presented in Fig. 2 show that
native enzyme was fully inactive after storage at 80°C for more
than 25 min, whereas the immobilized preparation preserved a few
percent of activity after 120 min of heating. Fig. 2 gives another
information. In comparison to the native enzyme, the inactivation
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Fig.1. Effect of temperature on the relative activity (a) and stability (b) of the enzyme
preparations: native (open circles) and immobilized (closed circles).

of which at 80°C could be seen as a pseudo first order kinetics, the
immobilized enzyme evidently showed a biphasic inactivation. The
change of inactivation kinetics is probably caused by the creation
of two - less and more stable - fractions of immobilized enzyme
and that is in good agreement with the earlier observation and with
evaluations of laccase immobilized on acrylic carrier [32].

The pH value at the liquid-matrix interfaces plays essential
role in the performance of enzyme preparations. This effect origi-
nates mainly from the buffering properties of the bound proteins,
the matrix, and Schiff's bases formed by the reaction between
glutaraldehyde, protein and carrier. Fig. 3a shows the pH-activity
profile of immobilized laccase that is slightly shifted into more
acidic region and is broader than for unbound enzyme when ABTS
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is used as substrate. For syringaldazine, immobilized preparation
shows two pH maxims and the profile is shifted into more basic
region. The markedly different behaviour of the immobilized lac-
case for two different substrates may result from the buffering
effect (shifting), diffusion resistances for the substrate (broaden-
ing) [5] and/or may reflect the difference in oxidation mechanism
with different substrates [33]. Two pH maxims for syringaldazine
can be explained by the fact that C. unicolor laccase occurs in two
isoforms with different pH optima for Lac I (4.5) and Lac II (5.5)
[34]. After immobilization the values were shifted to 5.9 and 6.5,
respectively. As it is seen, it is necessary to find pHopt for each
potential substrate for laccase separately. The pH-stabilities of both
immobilized and native enzymes are illustrated in Fig. 3b. Both
enzyme preparations show pH-stability maxims but immobilized
preparation has two peaks that can be explained by the forma-
tion of two enzyme subpopulations with different stability and/or
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Fig. 4. (a) Effect of agitation rate on immobilized laccase activity. (b) Influence of
temperature on the reaction rate of native (open circles) and immobilized laccase
(closed circles).

by a different shift of pH-stability maxims for both isoforms of
laccase.

3.3. Properties of immobilized laccase in a batch reactor

For a reactor design it is essential to know the kinetic proper-
ties of a bound enzyme catalyst. The observed catalytic properties
depend on substrate transport to and from an active site and
the intrinsic catalytic activity of the enzyme. Our previous stud-
ies indicated that Granocel-4000, features wide pores which after
modification with pentaethylenehexamine (19-atom spacer) keeps
the steric limitations close to minimum [21]. As glutaraldehyde
activation affects mainly amino groups located on the carrier’s
surface, one can assume that the rate of the studied reaction is
kinetically controlled. In order to verify this assumption, the influ-
ence of agitation rate (Fig. 4a) and temperature (Fig. 4b) on the
reaction rate was determined. As it is seen, increased rates of agi-
tation of reaction mixture produced insignificantly higher rates of
ABTS oxidation. Moreover, results summarized in Fig. 4b clearly
demonstrate that the temperature effect on reaction rate is almost
identical when both native and immobilized laccase were used.
Thus, the mass transport limitations could be effectively elimi-
nated by a choice of suitable conditions. Finally, to compare the
performance of native enzyme and the Granocel-based preparation
in more real situation of ABTS, syringaldazine and TCP oxidation,
tests were carried out in a batch regime for similar values of ini-
tial reaction rates. For both forms of catalyst the variations of
absorbance with time are shown in Fig. 5. For the case of ABTS
conversion (Fig. 5a), the performance of native and immobilized
laccase was quite similar during the whole period. This demon-
strates and evidences that no deactivation of immobilized enzyme
preparation due to pore blockage or other cause occurred during
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the run and that mass transport limitations could be effectively
eliminated. Unlike in the former case, for syringaldazine conversion
(Fig. 5b), the significant difference in reaction runs was observed.
Although both enzyme preparations caused the increase in prod-
uct absorbance followed by its decrease (product polymerization)
the intensity of this phenomenon was different. Probably, the large
amount of the enzyme present in boundary layer of the carrier
stimulated the accumulation of product radicals and their massive
polymerization and agglomeration in/on the carrier’s surface. Tak-
ing into account oxidation of TCP (Fig. 5¢) unexpected higher ability
to produce colored products was observed in the case of immobi-
lized enzyme. During the first hours of the process pink products
accumulated on the carrier’s surface but the absorbance in solution
was still higher than in the case of the native enzyme. It suggests
the potential of immobilized laccase towards phenolic substrates
biotransformations.

Traditionally, enzyme kinetic studies have focused on evaluation
of the kinetic parameters from initial velocity data. In Fig. 6a exam-
ples of experimental and simulated data are presented, whereas
estimated values of Vqnax and Ky, from the native and immobi-
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Fig. 6. Dependence of the initial reaction rate of native (O) and immobilized (®)
laccase on the initial substrate concentration. Initial reaction rate in standard condi-
tion: 10.57 (native) and 4.06 (immobilized) .M min~". Solid lines: modelled reaction
rates with the use of kinetic parameters from Table 3.

Table 3
Kinetic constants for ABTS oxidation by free and immobilized laccase.

Kinetic parameter Native laccase Immobilized laccase

Vinax [LM min—1] 12.73 0.1 11.37£0.2
K [0M] 394414 214.9+10.2
Keat [min~1] 86.1 1403
Keat/Km 2.188 0.653

lized laccase are collected in Table 3. It is seen that on the base
of evaluated parameters one is able to predict the dependence of
the substrate concentration on reaction rate very well. Addition-
ally, immobilized enzyme has five-fold higher Ky, value than native
enzyme that means lower “apparent” affinity of the substrate to
the bound enzyme, and may also be linked to the mass transport
constraint. On the other hand, forimmobilized enzyme the reaction
rate constant is about twice as high and as a sum, kcat/Km is only
three times lower than the value obtained for the native enzyme.
This behaviour is probably caused by accumulation of product radi-
calsin/on carriers’ surface. Thus, evaluated kinetic parameters must
be carefully interpreted, even more so that insignificant differences
in diffusional resistance were postulated previously. In our opinion,
the problem lies in the sorption of products that lowers initial reac-
tion rate in different extent, depending on substrate concentration
and actual rate of reaction.

The stability of an enzyme-carrier preparation in a stirred batch
reactor is the valuable information about mechanical resistance
of obtained preparation. As can be seen from Fig. 7, immobilized
laccase is well suited for repeated use in a batch system, as after
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Fig. 7. Relative activity of immobilized laccase (white) and after reduction by
sodium borohydride (black) in subsequent processes in the batch reactor. Reaction
conditions: 30°C, 250 rpm, ABTS (207.3 wM) in 0.1 M citrate-phosphate buffer, pH
5.3.
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Fig. 8. Operational stability of immobilized laccase in the packed-bed reactor. Reac-
tion conditions: 30°C; pH 5.3; (®) 456.2 wM ABTS and 7=0.14min; (A) 253.2 uM
TCP and t=0.36 min; (a) 500.5 uM guaiacol and t=1.79 min. In the experiments
the highest activity was set as 1.0.

20 successive runs no activity loss is observed and that is most
probably caused by an elastic structure of the carrier. The same
behaviour is observed for immobilized laccase treated with sodium
borohydride that shows no need to reduce Schiff’s bases in order
to improve the immobilized enzyme stability. Long-term experi-
ments with laccase were accompanied by deposition of product on
the carrier. Although no inactivation of immobilized preparation
was observed during 2 days of successive processes, the trial of
removing dark green products from the carrier’s surface was done.
It was found that repeated washing of the enzyme-carrier prepa-
ration with distilled water, 0.5M and 1M NaCl solutions removes
almost all colored product without any loss in activity (data not
shown).

3.4. Properties of immobilized laccase in a packed-bed reactor

In spite of excellent stability of the immobilized laccase in the
batch mode system the experiments in the packed-bed reactor
were also performed. Advantages of continuous process over batch
mode are: (i) simultaneous reaction and product/unreacted sub-
strate separation; (ii) low labour cost; (iii); lack of batch-to-batch
variations; (iv) higher efficiency due to minimized start-up and
shut-down operations; (v) easy process control by the change of
residence time (flow rate). On the other hand additional special
properties of the carrier are required, as the high pressure drop in
the bed can provoke its compaction and hence biocatalyst damage.
In fact, laccase immobilized on elastic cellulose-based Granocel is
not well suited to the use in the packed-bed reactor operation. Ini-
tially the bed was equilibrated with buffer for 5 h as the bed height
decreased gradually. Finally, outlet flow rate decreased three-fold,
overall bed volume two-fold and the reactive volume of the reac-
tor from 1.1 to 0.7 mL (data not shown). Despite these drawbacks
a series of experiments was performed. For the enzyme stabil-
ity studies ABTS, guaiacol or trichlorophenol was continuously
pumped through the bed for a fixed residence time (Fig. 8). The
results presented show excellent stability of immobilized laccase
when synthetic substrate (ABTS) is used. Generally, chlorophe-
nols (e.g. TCP) are known recalcitrant substrates of laccases [35]
that together with reaction products can modulate enzyme stabil-
ity/inactivationrate. Asitis seen, activity of the immobilized laccase
slightly increases during first 3 days and then it decrease. That sup-
ports the earlier information on the lower laccase stability in the
presence of chlorophenols. However, when quaiacol is used as sub-
strate, immobilized laccase activity decreases almost completely in
24 h time. To find the reason for this behaviour, the bed of reactor
was withdrawn, washed off several times and its activity was mea-
sured in standard conditions. As the immobilized laccase preserved
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Fig.9. Example of dependence of the reaction rate on the substrate concentration in
the packed-bed reactor with immobilized laccase. Reaction conditions: ABTS concen-
trationininlet 472 wM, 0.5 mL of immobilized preparation mixed with 4.5 mLof inert
carrier, volume of the reactor 0.7 mL, residence time (7) from 0.10 to 0.32 min. Solid
line: modelled reaction rates, closed circles: experimental data (two independent
runs).

68% of initial activity it was concluded that the loss of activity in
the packed-bed reactor was caused partly by the enzyme inacti-
vation and/or by the pore blockage with polymerized products of
quaiacol oxidation. Thus, the operational stability of immobilized
laccase depends strongly on the substrate used and the affinity of
products to the carrier’s surface.

It was shown that immobilized laccase is stable in the packed-
bed reactor for not less than 100 h when ABTS is the substrate. Thus,
we could easily perform experiments to determine kinetic parame-
ters of the system studied. This was done by changing the flow rate
to achieve a new steady state. The latter was checked after a passage
of 5 reactive volumes of the reactor. Once the new steady state had
beenreached it was kept over a prolonged period time during which
the sample taken from the effluent was analysed. The values of Kn,
and k¢ac determined from the presented data (Fig. 9) were found to
be equal 57.18 + 5.51 uM and 85.37 wmol min—! mg~1, respectively,
and they could be used for mathematical modelling studies. As it
can be seen, the kinetic constants are comparable to those obtained
for the native laccase (Table 3) and the ratio kcat/Km = 1.5 is notably
closer to the corresponding value for the native enzyme than that
calculated from the batch experiments. In our opinion, it is prob-
ably caused by sorption of the reaction products on all the sites
available on the carrier surface in long-term continuous process
that can reflect more precisely immobilized enzyme kinetics.

4. Summary

It was demonstrated that low-cost purification of laccase by
ultrafiltration, followed by precipitation with cold acetone, affords
6 times purer enzyme than original native preparation, and, this
gives five-fold increase in immobilized enzyme activity. As the
preparation obtained can be regarded as highly active and stable,
its activity properties were compared with the native form. Regard-
ing the influence of pH on the laccase activity and stability it was
found that it is necessary to find pHop for each potential substrate,
as markedly different behaviour was observed in the conversions
of syringaldazine and ABTS.

Laccase immobilized on Granocel carrier is stable up to 55°C
whereas temperature for the native enzyme should not exceed
20°C. This finding was supported by the comparison of inactivation
kinetics of both enzyme catalysts at 80°C. Moreover, the influ-
ence of agitation rate and temperature on the initial reaction rate
indicates that the studied reactions can proceed under kinetically
controlled conditions.
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To examine the kinetic properties of bound laccase, two exper-
imental methods were applied. The first one based on the initial
reaction rate method and carried out in the batch reactor showed
that kcat/Km is three times lower than the value obtained for the
native laccase. The experiments carried out in the packed-bed
reactor showed that the ratio kcy¢/Km is notably closer to that
obtained for native laccase and this probably reflects more precisely
kinetics of reaction in the case of immobilized enzyme accom-
panied by simultaneous product precipitation on the carrier’s
surface.

Finally, comparison of the immobilized enzyme reactivity and
stability in the batch and continuous modes led us to the conclusion
that the preparation is very well suited to the batch mode operation.

Acknowledgement

This work was supported by the Polish State Committee for Sci-
entific Research (Grant KBN 3T09C 038 28, 2005-2008).

References

[1] T. Godfrey, S. West, Industrial Enzymology, 2nd ed., Macmillan Press, United
Kingdom, 1996, pp. 30-36.

[2] A.Illanes, Electron. J. Biotechnol 2 (1999) 1-9.

[3] L. Cao, L. Van Langen, R.A. Sheldon, Curr. Opin. Biotechnol. 14 (2003) 387-394.

[4] C. Mateo, J.M. Palomo, G. Fernandez-Lorente, J.M. Guisan, R. Fernandez-
Lafuente, Enzyme Microb. Technol. 40 (2007) 1451-1463.

[5] W. Tischer, F. Wedekind, Top. Curr. Chem. 200 (1999) 95-126.

[6] S.G. Burton, TIBTECH 21 (2003) 543-549.

[7] S.G. Burton, Curr. Org. Chem. 7 (2003) 1317-1331.

[8] N. Duran, M.A. Rosa, A. D’Annibale, L. Gianfreda, Enzyme Microb. Technol. 31
(2002) 907-931.

[9] A.M. Mayer, R.C. Staples, Phytochemistry 60 (2002) 551-565.

[10] R.C. Minnussi, G.M. Pastore, N. Duran, Trends Food Sci. Technol. 13 (2002)
205-216.

[11] E. Torres, 1. Bustos-Jaimes, S. Le Borgne, Appl. Catal. B: Environ. 46 (2003)
1-15.

[12] S. Rodriguez Cauto, ].L. Toca Herrera, Biotechnol. Adv. 24 (2006) 500-513.

[13] S.Riva, Trends Biotechnol. 24 (2006) 219-226.

[14] S. Kobayashi, H. Uyama, S. Kiura, Chem. Rev. 101 (2001) 3793-3818.

[15] S. Ncanana, S.G. Burton, ]. Mol. Catal. B: Enzym. 44 (2007) 66-71.

[16] L. Lu, M. Zhao, Y. Wang, World Microbiol. Biotechnol. 23 (2007) 159-166.

[17] S. Nicotra, A. Intra, G. Ottolina, S. Riva, B. Danieli, Tetrahedron: Asymmetry 15
(2004) 2927-2931.

[18] J. Osiadacz, A.J.H. Al-Adhami, D. Bajraszewska, P. Fisher, W. Peczyfiska-Czoch, J.
Biotechnol. 72 (1999) 141-149.

[19] T.HJ. Niedermeyer, A. Mikolasch, M. Lalk, Org. Chem. 70 (2005) 2002-2008.
[20] K. Manda, E. Hammer, A. Mikolasch, T. Niedermeyer, J. Dec, D.A. Jones, AJ.
Benesi, F. Schauer, J.-M. Bollag, J. Mol. Catal. B: Enzym. 35 (2005) 86-92.

[21] A. Reku¢, P. Kruczkiewicz, B. Jastrzebska, J. Liesiene, W. Peczyiiska-Czoch, ]J.
Bryjak, Int. J. Biol. Macromol. (2007), doi:10.1016/j.ibiomac2007.09.014.

[22] A.AJ.H.Al-Adhami, ]. Bryjak, B. Greb-Markiewicz, W. Peczyfiska-Czoch, Process
Biochem. 37 (2002) 1387-1394.

[23] A.Rekug, P.Kruczkiewicz, R. Kietczynski, B. Jastrzebska, J. Bryjak, Acta Sci. Polon.
Biotechnol. 5 (2006) 3-15.

[24] A.Leonowicz, K. Grzywnowicz, Enzyme Microb. Technol. 3 (1981) 55-58.

[25] R.E. Childs, W.G. Bardsley, Biochem. J. 145 (1975) 93-103.

[26] C.Eggert, U.Temp, K.-E. Eriksson, Appl. Environ. Microbiol. 27 (1996) 1151-1158.

[27] M. Kunitz, ]. Gen. Physiol. 30 (1947) 291-310.

[28] M.D. Lilly, W.E. Hornby, E.M. Crook, Biochem. J. 100 (1966) 718-723.

[29] L. Lu, M. Zhao, Y. Wang, Word ]. Microbiol. Biotechnol. 23 (2007) 159-166.

[30] H. Cabana, J.P. Jones, S.N. Agathos, J. Biotechnol. 132 (2007) 23-31.

[31] JJ. Roy, T.E. Abraham, J. Mol. Catal. B: Enzym. 38 (2006) 31-36.

[32] ]. Bryjak, P. Kruczkiewicz, A. Reku¢, W. Peczyiiska-Czoch, Biochem. Eng. J. 35
(2007) 325-332.

[33] L.-L. Kiiskinen, L. Viikari, K. Kraus, Appl. Microbiol. Biotechnol. 59 (2002)
198-204.

[34] A. Michniewicz, R. Ullrich, S. Ledakowicz, M. Hofrichter, Appl. Microbiol.
Biotechnol. 69 (2006) 682-688.

[35] M.R. Sedarati, T. Keshavarz, A.A. Leontievsky, C.S. Evans, Electron. J. Biotechnol.
6(2003) 104-114.



	Comparative studies on immobilized laccase behaviour in packed-bed and batch reactors
	Introduction
	Materials and methods
	Materials
	Production of laccase
	Activity assays
	Laccase concentration and purification
	Immobilization of laccase
	Activity of immobilized preparations
	Properties of immobilized enzyme
	Properties of immobilized laccase in a batch reactor
	Properties of immobilized laccase in a packed-bed reactor

	Results and discussion
	Influence of laccase purity on its immobilization on Granocel
	Properties of immobilized laccase
	Properties of immobilized laccase in a batch reactor
	Properties of immobilized laccase in a packed-bed reactor

	Summary
	Acknowledgement
	References


