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a  b  s  t  r  a  c  t

The  aim  of  this  work  was  to assess  the  possibility  of using  beer  spent  grain  (a byproduct  of  beer’s  brewing
industry)  as a carrier  for laccase  immobilization.  Both  adsorption  (on  spent  grain  – SG  and  on digested
spent  grain  – DSG) and  covalent  binding  (using  glycidol  and  glycidol  followed  by ethylenediamine  on  DSG)
were used.  The  effect  of different  immobilization  conditions  on  the  immobilization  yields  and  recovered
activities  such  as  contact  time,  enzyme  concentration  and  pH  was  evaluated.  For  the best  conditions,
immobilization  yields,  recovered  activities  and  thermal,  operational  and  storage  stabilities  were  also
eywords:
rewing
ommercial laccase

mmobilized enzyme
inetic parameter
ptimization

evaluated.  Finally,  the  Michaelis–Menten  mechanism  was  applied  and  the parameter  with  respect  to
ABTS  oxidation  was  determined.

Enzyme  immobilization  on  DSG  led to the  best  enzyme  activities  (recovered  activities  as high as  90%)
and  to  high  storage  and  operational  stabilities  (10  cycles).  Thermal  stability  was  also  improved  and  the
half-life  of  immobilized  laccase  in  SG  increased  from  0.64  h  to  1.1  h  at 70 ◦C.
pent grain

. Introduction

Over the last decades, progress in understanding the environ-
ental impacts of pollutants has promoted the development of

ew treatment technologies. To overcome limitations of tradi-
ional treatment processes, research has focused on the use of
nzymes for the elimination of a wide range of contaminants. In
rder to improve the efficiency and cost of the enzymatic process,
he enzyme can be reused by an immobilization technique. This
apacity to retain the enzyme on a support also allows an easy bio-
atalyst separation from product permitting continuous processes
nd prevents the deactivation of protein or loss of activity.

Laccases (EC 1.10.3.2) are multi copper oxidases that can
atalyse the oxidation of phenolic substrates with concomitant
eduction of O2 and do not require hydrogen peroxide as co-
ubstrate or any cofactor for the enzymatic reaction [1].  Due to
heir capability of catalysing the oxidation of aromatic compounds,
accases are attracting increasing attention as potential industrial
nzymes in various applications, such as pulp delignification [2],

ye decolorization [3,4], and contaminated water or soil remedia-
ion [5].

∗ Corresponding author. Tel.: +351 22 508 1653; fax: +351 22 508 1674.
E-mail address: eamacedo@fe.up.pt (E.A. Macedo).
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© 2012  Elsevier  Ltd.  All  rights  reserved.

The choice of the most suitable method to immobilize the
desired enzyme depends on both the reaction and environmen-
tal conditions, the configuration of the reaction apparatus, as well
as the carrier to be used. Also, the choice of the most suitable car-
rier on which to perform immobilization, besides depending on the
immobilization method, is influenced by its chemical properties
(composition; hydrophilic or hydrophobic nature; stability in the
conditions of the reaction medium; etc.), its mechanical stability
and geometric properties (size, shape, thickness, porosity, etc.), the
characteristics of the enzyme to be immobilized (chemical com-
position, physical properties, structure, etc.) and its ecological and
biological properties (non-toxic neither to the environment or to
humans; easily disposable; etc.) [6].  In order to achieve an econom-
ically viable application at industrial level, some works on effective
cheap supports for enzyme immobilization have been reported, like
functionalized rice husk for invertase immobilization [7] and rice
straw for lipase immobilization [8] and coconut fibre for laccase
immobilization [9].

Spent grain (SG) is the most important by-product of the brew-
ing industry which makes it economically attractive. In Portugal,
SG is a disposable material of the Unicer group (beer producer)
with no associated costs. It is an abundant waste consisting of

the solid residue generated after mashing and lautering processes
[10]. Its composition contains many functional groups such as car-
boxyl, hydroxyl and amino [11] that makes it a potential support
for enzyme immobilization. Although large amounts are generated

dx.doi.org/10.1016/j.procbio.2012.03.021
http://www.sciencedirect.com/science/journal/13595113
http://www.elsevier.com/locate/procbio
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hroughout the year, SG has received little attention as a low-cost
aw material and its use is still limited in large scale. The main
pplication of SG is for animal feed; however it is possible to find
n the literature the following applications [10]: energy production,
aper manufacture, adsorbent, source of added-value products and
ubstrate for cultivation of microorganisms. Specifically, the use of
G as supports for immobilization of enzymes or microorganisms is
till poorly studied. Some studies about the use of SG as a solid sup-
ort for yeast immobilization in fermentation processes have been
eported. Brányik et al. [12,13] studied the conditions of immobi-
ization of brewing yeast onto a cellulose based carrier obtained
rom SG in a continuous bioreactor. In another study, the fermen-
ation efficiency of yeast cells immobilized on delignified brewers’
pent grains was evaluated with acceptable yields [14].

It is well known that laccases have been immobilized on vari-
us types of supports, such as silica [15], activated carbon [16–18],
upergit C [16], chitosan [19], alginate [20] among others. The
accase substrates immobilization by covalent attachment onto
iloxanes was also evaluated by Rollett et al. [21]. To date, no
esearch about the laccase immobilization on spent grain has been
eported. So, considering the advantages of enzyme immobiliza-
ion and the features of laccase, the objective of this work was to
valuate the laccase catalytic behaviour under different medium
onditions, at laboratorial scale, when it is immobilized by adsorp-
ion or covalent bond on brewer’s spent grains.

. Materials and methods

.1. Chemicals and enzyme

.1.1. Enzyme
Pure commercial laccase (DeniLite base; 800 U/g) from genetically modified

spergillus was kindly provided by Novozymes.

.1.2. Support
Brewer’s spent grain (SG) was  kindly donated by UNICER, S.A. (Porto, Portugal).

t  was  washed with distilled water and dried at 60 ◦C before being used as an immo-
ilization matrix.

.2. Immobilization technique

In all experiments, 1.0 mL  of enzyme solution was  put in contact with 0.1 g of
G  or modified-SG under stirring. The specific conditions are detailed below. After
mmobilization, spent grains were washed several times with phosphate buffer
0.1 M,  pH 7.0).

.3. Functionalization of spent grain

The modifications of SG were carried out as follows. First, SG was acid/base
reated to obtain digested spent grain (DSG). DSG carrier was  prepared by mixing
ry  spent grains (50 g) in 0.75 L of 3% (v/v) HCl solution at 60 ◦C for 2.5 h in order to
ydrolyse the residual starchy endosperm and embryo of the barley kernel present

n  the spent grains. The mixture was then cooled, washed with water, and dried.
he  remaining solids were partially delignified by shaking (120 rpm) in 500 mL of
% (w/v) NaOH solution at 30 ◦C for 24 h. After that, the carrier (5 g) was washed
everal times with water until neutral pH was reached and dried.

Glycidol-modified spent grains (GSG) were prepared by incubation of DSG in
aOH (1.7 M)  with NaBH4. The 1% glycidol was  gently poured into this suspension
p  to a final concentration of 2 M and was kept under stirring for one night at 4 ◦C.
he support was  washed with distilled water and NaIO4 (0.1 M)  and diluted 10 times
nd  left to oxidize for 2 h. The support was then washed with distilled water, dried
nd stored at 4 ◦C.

Ethylenediamine-modified glycidol spent grain (EAGSG) was prepared as
escribed by Rocha et al. [22]. The glyoxyl-spent grains were activated with 1 M
thylenediamine at pH 10.0 for 2 h. Sodium borohydride was  added and the support
as  washed for an additional 2 h and then washed with sodium acetate buffer (pH

.0) followed by sodium borate buffer (pH 9.0) and distilled water.
The immobilization conditions for modified SG were the optimal conditions
btained for SG (Section 2.5). For modified SG, both pH 7.0 and pH 10.0 were tested
ecause for glyoxyl-carriers immobilization occurs at alkaline pH, via the richest
rea  in lysines on the proteins surface [23]. EAGSG carriers were previously activated
ith 1% glutaraldehyde (w/v) for 2 h in 0.05 M pH 7 phosphate buffer.

The enzyme was  immobilized overnight.
istry 47 (2012) 1095–1101

2.4. Measurements of activity of free and immobilized laccase

The free laccase activity was assayed spectrophotometrically (Thermo Electron,
model UV1 spectrophotometer) with ABTS as substrate (0.4 mM)  in 0.05 mM cit-
rate/0.1 mM phosphate buffer at pH 4.5. To measure the laccase activity, 0.1 mL  of
the  incubated enzyme solution was added to 1.9 mL of the ABTS solution at 40 ◦C [24].
The  change in absorbance at 420 nm (ε = 36,000 M−1 cm−1) was recorded automat-
ically by the spectrophotometer for 90 s and the catalytic activity was  determined
by  measuring the slope of the initial linear portion of the kinetic curve. One  unit (U)
was  defined as the amount of enzyme that oxidized 1 �mol  of ABTS per min  and the
activities were expressed in U/L.

To measure laccase activity when using immobilized enzyme, spent grains were
mixed with 7 mL  of citrate/phosphate buffer 0.05 M/0.1 M,  pH 4.5 at 40 ◦C and 2.5 mL
of  ABTS 0.4 mM,  under magnetic stirring at 100 rpm, for 4 min. Samples were taken
every minute, filtered with 0.45 �m polypropylene filters and absorbance was  mea-
sured spectrophotometrically (Thermo Electron, model UV1 spectrophotometer) at
420 nm.  After linear regression of the data obtained, enzyme activity was deter-
mined using Eq. (1):

U
kg

= abs/ min  ×fdilution × Vreaction × 106

ε × mcarrier
(1)

where U/kg is the quantity of enzyme capable to oxidase 1 �mol of ABTS per minute
and  per mass unit of carrier; abs/min is the absorbance per minute determined by
linear regression; fdilution is the dilution factor of the sample; Vreaction (L) is the volume
of  reaction; 106 is the conversion factor from M to �M;  ε is the molar extinction coef-
ficient (36,000 M−1 cm−1 at 420 nm); mcarrier (kg) is the mass of SG with immobilized
enzyme.

2.5.  Optimization of the conditions for laccase immobilization on SG

The optimal laccase concentration determination was  performed immobilizing
laccase solution in phosphate buffer (0.05 M, pH 7.0) at different concentrations of
laccase: 0.001–0.015 g/mL (800–12,000 U/L) for 2 h.

To  test the influence of pH on laccase immobilization, the laccase solution
(0.005 g/mL or 4000 U/L) was mixed with 0.1 g of SG for 2 h using different buffers:
citrate/phosphate buffer 0.05 M for pH values of 3.0, 4.0 and 5.0; phosphate buffer
0.05 M for pH 6.0, 7.0 and 8.0.

To determine the optimum contact time, laccase immobilization was carried out
at  30 min  to 8 h at the optimum conditions (pH 7.0; 4000 U/L of laccase solution).

Immobilization yield (%) is defined as the difference obtained between the ini-
tial free enzyme activity of the laccase solution before the immobilization and the
activity of free laccase obtained in the supernatant after immobilization divided by
the enzyme activity before immobilization.

The recovered activity (%) of the immobilized enzyme is defined as the ratio
between the activity of the immobilized enzyme times the mass of carrier used
in  the immobilization process (corresponding to the activity of the amount of lac-
case that was  in fact immobilized) and the difference obtained between the initial
enzyme activity of the laccase solution before the immobilization and the activity
of  free laccase obtained in the supernatant after immobilization times the volume
used for the activity assay (corresponding to the activity that the same amount of
immobilized laccase had when it was free).

2.6. Thermal stability of free and immobilized laccase

The thermal inactivation of the free and SG and DSG immobilized laccase was
investigated by incubating the free and immobilized enzyme in phosphate (100 mM)
buffer pH 7.0 at different temperatures. Immobilized laccase was suspended in 3 mL
of  the buffer. The sample was  removed regularly from the water bath and enzymatic
activity was quickly determined according to the methods described above.

The thermal parameters were calculated according to the simplified deactiva-
tion model proposed by Arroyo et al. [25]:

E
k1→E1

k2→E2 (2)

A  =
[

100 + ˛1k1

k2 − k1
− ˛2k2

k2 − k1

]
e−k1 t +

[
˛2k1

k2 − k1
− ˛1k1

k2 − k1

]
e−k2 t + ˛2 (3)

where A is the residual enzyme activity, ˛1 and ˛2 ratios of specific activities E1/E
and E2/E, respectively to the different states (see Eq. (2)), k1 and k2 the thermal
inactivation parameter and t the time.

Analysing the data obtained, it was considered that laccase suffers a conforma-
tional transition due to the high temperatures according to the model of Eq. (2),  thus
the  inactivation followed a single exponential decay, in which ˛2 = 0 and k2 = 0:
A  = [100 − ˛] × e−kt +  ̨ (4)

The  thermal parameters  ̨ and k of the model were calculated by a non-linear
fit  ting of the experimental data, using MATLAB v7.5.0 (MathWorks, Inc. USA).
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Fig. 1. Optimization of the laccase immobilization on spent grain. (a) Effect of the
initial laccase concentration in the supernatant upon enzyme immobilization at pH
A.M. da Silva et al. / Process B

.7.  Operational and storage stability of immobilized laccase

The operational stability of immobilized laccase was  determined by incubating
.1  g of the SG or DSG immobilized laccase with 2.5 mL  of ABTS (4 mM)  in 7 mL of
itrate–phosphate buffer (pH 7.0) and by incubating 0.1 g of the DSG immobilized
accase with 2.5 mL of ABTS (4 mM)  in 7 mL  of citrate–phosphate buffer (pH 7.0)

ith NaCl to obtain a final concentration of 1 M, at room temperature and under
oderate mixing. 10 cycles of operational stability were carried out. At each cycle,

 sample was  withdrawn in 1 min  intervals (over a 4 min  period), absorbance was
easured and then it was returned to reactor (initial reaction rate measurements).
fterwards, the reaction was stopped by substrate removal. Then the immobilized
nzyme was collected by filtration, washed twice with phosphate buffer (100 mM
H  7.0) and resuspended in a fresh substrate solution to begin the next cycle.

The  storage stability of DSG immobilized laccase was  determined incubating the
.5  g DSG in sodium carbonate buffer (pH 10.0) or phosphate buffer (pH 7.0) at 4 ◦C
or 35 days.

.8. Determination of kinetic parameters of free and immobilized laccase

To determine the kinetic parameters of free laccase, enzymatic activity was mea-
ured for concentration of ABTS ranging from 0.003 to 0.105 mM,  during 15 min,
ccording to the method described before. Similarly, the kinetic parameters of SG
nd DSG immobilized laccase were determined measuring the enzymatic activ-
ty, during 10 min, for the catalysis of ABTS at concentrations ranging from 0.25
o  7.0 mM.

Since the data obtained followed the pattern predicted by the Michaelis–Menten
odel (Eq. (5)), MATLAB v7.5.0 (MathWorks, Inc. USA) was  used to perform a non-

inear fit of the experimental values in order to determine KM and vm .

= vm [S]
KM + [S]

(5)

here v (mM  min−1) is the velocity of catalysis; �m (mM  min−1) is the maximal
elocity of the reaction; [S] (mM)  is the concentration of substrate; and KM is the
ichaelis–Menten constant (mM).

.9. Diffuse reflectance infrared Fourier transformed – DRIFT analyses for SG and
SG characterization

The presence of functional groups in SG and DSG were determined by DRIFT
nalysis. The DRIFT analysis of the supports was performed on a Nicolet 510P FTIR
pectrometer with a KBr beam splitter for mid-IR range and a DTGS with KBr win-
ows equipped with a special beam collector (COLLECTOR from Spectra Tech), fixed
n a plate for consistent experimental conditions. The interferograms were con-
erted by the instrument software (OMINC) to equivalent absorption units in the
ubelka–Munk scale. The spectra of the supports were measured within the range
f  500–4000 cm−1 wavelength.

. Results and discussion

.1. Optimization of the immobilization conditions of laccase on
pent grain

The effect of enzyme concentration, pH and contact time
etween laccase solution and SG on the activity of immobilized
ommercial laccase was studied and optimized. Fig. 1 shows the
ffect of laccase concentration from 0.001 g/mL to 0.015 g/mL, pH
nd contact time in the immobilization of laccase on SG. No oxi-
ation of ABTS (laccase substrate) was detected when the pure SG
without enzyme – control) was used as catalyst. According to the
esults obtained from Fig. 1a, a hyperbolic curve is obtained. For lac-
ase solutions with concentrations up to 0.005 g/mL, initial slope,
he enzymatic activity of the immobilized laccase rises fast, while
or concentrations above it, enzymatic activity does not differ sig-
ificantly. This is the typical behaviour of adsorption phenomena
hat can be described by Langmuir isotherm. So, the experimental
ata has been modelling using the Langmuir isotherm, represented
y the following equation:

 = qmaxC

k + C
(6)
here C is the laccase concentration in solution (g/mL) and q is
he amount of adsorbed laccase per kilogram of adsorbent (U/kg).
he qmax and k are the maximum adsorption capacity (U/kg) and k is
he Langmuir adsorption equilibrium constant (g/mL), respectively.
7.0  for 2 h; (b) effect of the pH medium upon immobilization of laccase 0.005 g/mL
for 2 h and (c) effect of contact time upon immobilization of laccase 0.005 g/mL at
pH  7.0.

The Langmuir isotherm gave a good fit to the adsorption data of lac-
case on the support with a good correlation coefficient (R2 = 0.987).
The maximum capacity (qmax) was  371 U/kg. The k value, the bind-
ing strength between enzyme and support, was  224 g/mL. However,
as Langmuir isotherm considers only monolayer coverage [26] and
normally the enzyme molecule presents high size and can present
charges in different parts of the molecule, it is not possible to
conclude that only a monolayer of enzyme is adsorbed into the
support. Also it cannot be concluded which is the nature of the
linkage (adsorption or covalent linkage) between the enzyme and
the support.

As showed in Fig. 1b, when immobilization is performed in acidic
media laccase activity is lower than that for a neutral or alkaline
medium. As a matter of fact, little difference was  observed in the
enzymatic activity at pH 7.0 and 8.0, so it can be said that the immo-
bilized laccase is stable both at neutral and slight alkaline pH.  The
maximum laccase activity may  be explained by the maintenance of
the active site native structure of the immobilized laccase at these
pH values. On the other hand, at a too low pH, the interaction of
the available protons in the medium may  change the ionization
state of some amino acids and, consequently, the structure of the

enzymes immobilized, affecting their function. The critical effect of
low pH values over laccase are further evidenced by the negative
values obtained for immobilization efficiency and recovered activ-
ity at pH 3.0 and 4.0 (data not shown). On the other hand, Silva et al.
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Fig. 2. Effect of spent grain modification: digested spent grain (DSG), glycidol-
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The digestion of SG led to the greatest improvement in yield, around
94%, for both immobilization conditions. Laccase activity recov-
ery was also maximized when using DSG, especially for pH 10.0

Table 1
Recovery activity and immobilization yield of laccase immobilized on spent
grain (SG), digested spent grain (DSG), glycidol-modified spent grain (GSG) and
ethylenediamine-modified glycidol spent grain (EAGSG) at pH 7.0 and 10.0.

Immobilization
conditions

Recovered
activity (%)

Immobilization
yield (%)

pH 7.0
SG 1 ± 0.3 36 ± 4
DSG 75 ± 7 94 ± 5
GSG 25 ± 3 82 ± 2
EAGSG 73 ± 7 51 ± 3
odified spent grain (GSG) and ethylenediamine-modified glycidol spent grain
EAGSG) on laccase activity. Laccase 0.005 g/mL was  immobilized at pH 7.0 for 3.5 h
t  room temperature, and at pH 10.0, overnight at 4 ◦C.

27] studied the influence of pH (from 4.0 to 7.0) on the immobi-
ization of laccase with polyamide matrices, and showed none or
mall significance on the immobilization of laccase.

The contact time also affects the probability of interactions
etween enzymes and free space on the carrier. For the time

ntervals tested, immobilization with laccase solution at optimal
oncentration during 3.5 h seemed to be the most appropriate time
o obtain maximum activity. For shorter time intervals, observed
nzymatic activity is lower because there was not enough time for
nzymes to firmly adsorb onto the carrier. The first slope probably
orresponds to the formation of a monolayer of enzyme molecules.
or long-lasting intervals, two layers or more of enzyme are pos-
ibly formed over spent grains. Indeed, despite performing this
est considering the optimal concentration of enzymatic solution
lready determined, contact times above 7 h allow the enzyme
o interact with enzymes adsorbed directly on the carrier, form-
ng another layer of enzymes that diminishes the number of free
nzymes, as was observed for immobilization with concentrated
nzymatic solutions. In this case, the maximum recovered activity
as registered for contact periods near 3.5 h, while the maximum

mmobilization efficiency was registered for longer periods of con-
act (6 h and 8 h). So, it was concluded that it isn’t worth to perform
mmobilization for periods longer than 3.5 h, since it has no prac-
ical effects on the recovered activity of the immobilized enzyme
data not shown).

Considering these results, the optimum conditions for laccase
mmobilization on SG are pH 7.0, initial laccase concentration of
.005 g/mL and a contact time of 3.5 h. These conditions were
elected to perform the following tests with laccase immobilized
n modified SG.

.2. Immobilization of laccase on modified spent grain

The results obtained for laccase activity after immobilization
f DSG with glycidol and with glycidol plus ethylenediamine are
hown in Fig. 2. Comparing the results with SG, a very high increase
n laccase activity was observed, particularly for DSG immobilized
accase. An increase of laccase activity of 20, 35 and 68 times was
btained for GSG, EAGSG and DSG, respectively. The activation of
SG with glycidol and with glycidol plus ethylenediamine did not
romote a better immobilization of laccase. The high attachment of

accase, when DSG was used, can be explained considering the mod-
fications on the support. The alkaline digestion delignifies SG, thus

pening the structure of the remaining cell walls in the support [13].
his treatment also probably opens the glucose structure, exposing
he functional groups. In order to evaluate the differences of the
unctional groups between SG and DSG, FTIR analysis were carried
Fig. 3. FTIR spectra of spent grain (SG), digested spent grain (DSG) and immobilized
laccase on DSG. Immobilization was  performed with laccase 0.005 g/mL, at pH 10.0,
overnight at 4 ◦C.

out for SG before and after digestion, and also for DSG with immo-
bilized laccase, as shown in Fig. 3. The spectrum of DSG obviously
changed as compared to the SG, due to the change in the functional
groups of SG. The spectrum of DSG revealed a large increase in the
peak intensity around 1120 cm−1 and a new peak appears around
1370 cm−1, corresponding to the presence of OH groups [13,28].
On the other hand, the peaks 1540 and 1670 cm−1 observed in
SG were missing in DGS. These results indicate that these bonds,
which correspond to the amide groups [28] were removed during
the acid-base digestion of the SG. In fact this digestion removes the
proteins content and delignifies SG, thus making the OH groups
more accessible for the laccase immobilization. The FTIR spectrum
of laccase immobilized on DSG shows that the peak at 1120 cm−1,
which increases after digestion, decreased after immobilization of
laccase. This indicates that laccase was  covalently bound to the free
OH groups in DSG.

The lower activity of immobilized laccase on GSG (Fig. 2) can also
be explained by the accessibility of the OH groups. Glycidol reacts
with the free OH groups of DSG [22], thus promoting a lower avail-
ability of OH groups for laccase, also showing that laccase does not
have a strong affinity for glycidol, probably because it may not have
a very rich region in lysines. However the immobilization results
improve for pH 7.0 when ethylenediamine was added to the GSG.
The carrier was  modified to have amine groups that can be activated
with glutaraldehyde, allowing the immobilization to occur at mild
pH values. Yield of laccase immobilization and recovered activity
(corresponding to the % of activity expressed by the enzyme that
was in fact immobilized when compared to the activity of the same
amount of free enzyme) were also evaluated as shown in Table 1.
pH 10.0
DSG 99 ± 1 95 ± 4
GSG 63 ± 4 40 ± 7
EAGSG 50 ± 6 33 ± 3
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Fig. 4. Thermoinactivation of free laccase at 70 ◦C (�), and immobilized laccase on
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ith 99% of recovery. The addition of glycidol and ethylenediamine
ecreased the laccase activity recovery and immobilization yield.
ome data is available in the literature on raw biomass for the
mmobilization of laccase. Al-Adhami et al. [29] studied the immo-
ilization of laccase, from different sources, on modified cellulose
nd acrylic supports and only the DEAE–Granocel 500 (cellulose)
howed a high immobilization yield of 92.7%. The other supports,
EAE–Granocel 500 and copolymer of butyl acrylate and ethylene
lycol dimethacrylate (acrylic carrier) did not present any enzy-
atic activity. Laccase was also immobilized on green coconut fiber,

owever, in this support, the maximum yield was  69% for the opti-
ized conditions [9].  Yang et al. [30] reported the value of 56%

nd 70% for laccase immobilization yields on chitosan microsphere
nd water-soluble chitosan, respectively. Zhang et al. [19] obtained
2.2% of its original activity for laccase immobilized on chitosan
sing glutaraldehyde as a cross-linking agent.

From the data reported on the available literature, it can be con-
luded that the immobilization on DSG presented very high yield
or laccase. It was superior to other types of raw biomass. Com-
aring the same support (modified spent grain), but with different
nzyme, trypsin, the enzyme activity retention was only 46% [22].

It is also interesting to compare immobilized laccase activity
nd yield with different supports of immobilization (not biomass).
owever, it is not simple due to the use of different substrates,

eaction conditions and definition of enzyme activity unit. As many
ifferent supports and techniques of immobilization have been
ublished for laccase, some relevant results were compared. Rekúc
t al. [31] showed a maximum yield of immobilization of 66.7%
f laccase immobilized covalently on the mesostructured siliceous
ellular foams functionalized using various organosilanes with
mine and glycidyl groups. The yield of laccase immobilized in
BA-15 mesoporous silica was 98% of the initial enzyme amount
15], whilst for controlled porosity carrier silica the yield was  89%
17]. When laccase was immobilized on four different supports:
ctivated carbon, Eupergit® C, Cu-alginate, Ca-alginate, the immo-
ilization yields were 4.8%, 39%, 65% and 43%, respectively [16]. For

accase immobilized on alumina pellets and coated with polyelec-
rolytes, the immobilization yield was 70% [32].

DSG and SG (for comparison) were then used in further exper-
ments. Since better results were obtained at condition 2, pH 10.0,
◦C and contact time of 24 h, these conditions were used to prepare

he complexes carrier-enzyme used in the following experiments.

.3. Thermal stability of SG and DSG immobilized laccase

Thermal stability experiments were carried out with free and
G and DSG immobilized laccase, which were incubated at different
emperatures. The results show that the high temperatures (80 and
0 ◦C) lead to total inactivation of both free and DSG immobilized

accase (data not shown) and a high decrease (90 ◦C) for SG immobi-
ized laccase along time, Fig. 4. This inactivation is probably due to a
igher vibration of the atoms of the protein, which may  break some
hemical bonds inside the molecule and, as consequence, change
ts structure. Then, enzymes acquire a conformation which does not
llow them to maintain their catalytic capacity at very high tem-
eratures. At 70 ◦C and 80 ◦C the SG immobilized laccase was more
table during the analysis period. Considering these results along
ith those obtained for free laccase and DSG immobilized laccase,

t can be concluded that immobilization on SG makes the enzyme
uch more stable than when it is free in solution, as was  expected.
u et al. [33] studied the effect of temperature on immobilized lac-
ase on nanoparticles and kaolinite at 40–70 ◦C. In this case, the

ctivity of the immobilized laccase did not decrease significantly
p to 180 min  and therefore, this immobilized laccase appeared to
e resistant to thermal inactivation due to the protective effect of
he support.
spent grain at different temperatures: (�) 70 ◦C; (�) 80 ◦C and (�) 90 ◦C. During
inactivation the medium was kept at pH 7.0. Laccase 0.005 g/mL was previously
immobilized at pH 7.0 for 3.5 h.

The thermal parameters of free and immobilized laccase are
presented in Table 2. For immobilized laccase, it can be seen that
t1/2 decreases with increasing temperatures, which means that the
enzyme is less stable, as was expected. Comparing the same tem-
perature, 70 ◦C, the t1/2 was higher for SG immobilized laccase (1.8
times) than for free and DSG immobilized laccase, which means that
a longer period of time is necessary to denaturate the SG immo-
bilized laccase. DSG immobilized laccase lost all its activity after
5 min  of incubation at 70 or 80 ◦C. This is probably due to structural
changes promoted by SG digestion. According to Mussatto et al.
[34], acid and base digestions remove hemicellulose and lignin from
SG, respectively, which results in a transition of the support fibrils
from a rigid and highly ordered structure to a more disorganized
and porous one, where the remaining cellulose fibres are separated
and fully exposed. Consequently, the enzymes adsorbed in DSG are
more susceptible to the external conditions and hence can undergo
more conformational changes due to the temperature rising than
in SG.

Considering these results along with those obtained for free
laccase, it can be concluded that immobilization renders the
enzyme much more stable than when it is in free solution, as was
expected. Indeed, immobilization constrains atomic vibration and
the enzyme can maintain its structure for longer periods of time.

3.4. Operational and storage stability of immobilized laccase

Considering Fig. 5, the repeated use of SG immobilized laccase
promoted a decrease in the enzymatic activity, which may  be due to
the loss of laccase weakly adsorbed onto the carrier. This can be sup-
ported by the initial decrease denoted between the first and second
cycle, where the enzymes loosely attached to the carrier were lost,
and those more strongly linked remained active for the following
cycles. Since laccase activity was maintained above 50% up to cycle
six, it can be considered that laccase immobilized on spent grains
is reasonably stable when repeatedly used for catalysis. Comparing
the results with DSG immobilized laccase, it can be seen that lac-
case activity never falls below 60% of its initial activity. Besides, the
values of enzymatic activity registered for the last cycles of catal-
ysis are similar to those obtained in the initial cycles. Considering
these results it can be assumed that laccase immobilized on DSG
is stable during all the cycles of this study, with around 87% of its
initial activity after the 10 consecutive cycles. The same tendency
was obtained for laccase immobilized on Sepabeads EC-EP3 acti-
vated with epoxy groups where the immobilized enzyme retained

84% of its initial activity after 17 cycles of oxidation of ABTS [35]. It is
clear that immobilization on DSG greatly increases the operational
stability of the enzyme. This may  be due to an increase of the links
established between the enzyme and the modified carrier. This is
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Table  2
Thermal parameters obtained fitting the experimental data for the thermal inactivation of free and immobilized laccase on spent grain (SG).

Laccase Temperature (◦C)  ̨ R2 k (h−1) t1/2 (h)

Free 70 0 0.994 1.12 ± 0.06 0.62 ± 0.08
SG  immobilized 70 27.6 ± 1.3 0.998 1.05 ± 0.02 1.11 ± 0.12
SG  immobilized 80 12.7 ± 0.4 0.999 0.96 ± 0.04 0.88 ± 0.11
SG  immobilized 90 8.11 ± 0.6 0.998 11.2 ± 0.3 0.07 ± 0.01

Fig. 5. Operational stability of immobilized laccase on spent grain (black), immo-
bilized laccase on digested spent grain (gray) and immobilized laccase on digested
spent grain (light gray) in the presence of NaCl 1 M.  10 subsequent cycles in batch
reactor was  carried out. Between each cycle of laccase activity measurement, the
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Table 3
Kinetic parameter (KM) of catalysis of ABTS for free and immobilized laccase on spent
grain (SG) and digested spent grain (DSG).

Laccase KM (mM) R2

Free 0.028 ± 0.003 0.979
mmobilized enzyme was  recovered and washed with phosphate buffer 100 mM
H  7.0 Laccase 0.005 g/mL was  immobilized on SG at pH 7.0 for 3.5 h, and on DSG at
H 10.0, overnight at 4 ◦C.

n advantage that may  allow their reuse several times in batch
rocesses as well as the application of this system to continuous
rocesses. Very high operation stability was obtained here when
ompared for example with acrylic carrier, where approximately
2.5% of activity was maintained after the sixth cycle [36]. More
evere operational stability conditions were investigated similar to
hat applied in the textile finishing, wine cork and other environ-

ental and industrial fields. This investigation entailed conducting
n experiment in a reaction medium with a higher ionic strength
1 M NaCl). From the results, it was concluded that the enzyme does
ot leach from the support. The immobilized laccase had a very high

tability as well as a higher ionic strength (Fig. 5).

The results of storage stability of DSG immobilized laccase in
H 7.0 and pH 10.0 are presented in Fig. 6. The laccase activity
akes values between 6000 and 8000 U/kg for a period of 35 days
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ig. 6. Storage stability of the immobilized laccase on digested spent grain. Laccase
.005 g/mL was immobilized at pH 10.0 (�) and at pH 7.0 (©), overnight, at 4 ◦C, and
hen several samples of DSG were resuspended in sodium carbonate buffer 0.1 M,
H 10.0. All tubes were stored at 4 ◦C and samples were taken regularly to measure
nzymatic activity.
Immobilized on SG 0.748 ± 0.08 0.987
Immobilized on DSG 0.355 ± 0.06 0.984

for both values of pH. Comparing this stability with the storage sta-
bility of laccase immobilized on poly(vinyl alcohol) cryogel, which
presented a decrease of about 40% of stability after 48 h [37], it can
be considered that laccase immobilized on DSG is very stable when
stored at 4 ◦C for a large period of time.

3.5. Kinetic study of free and immobilized laccase

In order to determine the affinity of ABTS substrate oxidation
for free laccase, SG and DSG immobilized laccase, kinetic tests
were carried out. The enzymatic kinetic studies were based on
the evaluation of the kinetic parameters from initial velocity data.
The Michaelis–Menten model was  followed for the kinetics of free
enzyme and those immobilized on spent grain and digested spent
grain acting on ABTS. The values of the Michaelis–Menten kinetic
parameter are summarized in Table 3. The performance of free and
immobilized laccase was  very different. It is well known that the
parameter KM gives an indication of the affinity of the enzyme to
the substrate: a higher KM registered for a certain substrate, means
a lower affinity for that substrate. Then, it can be concluded that
immobilization diminishes the affinity of laccase to ABTS for SG and
DSG, with an increase of KM value of 12.7 and 26.7 times for DGS
and SG respectively. This can be due to: (i) some limitations of mass
transfer of the substrate to the surface of spent grains; (ii) slight
changes in the three-dimensional conformation of the enzymes
when they adsorb onto the carrier that, directly or indirectly, affect
the active site of the enzyme. Rekúc et al. [38] also immobilized
laccase in cellulose-based carrier Granocel. They reported that cat-
alytic efficiency of immobilized laccase was  higher than catalytic
efficiency of free laccase and the immobilized enzyme had five-fold
higher KM value than free enzyme. Cabana et al. [39] also reported
for the same enzyme that the KM parameter for free laccase was
lower than for immobilized laccase.

4. Conclusion

Spent grain appears to be an efficient support for immobilization
of commercial laccase. A very significant improvement in activity
and operational stability of laccase was achieved after the immobi-
lization of the enzyme on DSG. FTIR analysis indicated that the OH
groups are responsible for the high immobilization of laccase in
DSG. The half-life of immobilized laccase in SG could be increased
from 0.64 h to 1.1 h at 70 ◦C. A high storage and operational stabil-
ity (10 cycles) was obtained with the laccase immobilized on DSG.
The kinetics parameters indicate that laccase immobilized on DSG

has a high affinity and maximum velocity for ABTS than laccase
immobilized on SG.

Therefore, the potential use of immobilized laccase on DSG
for different applications can be achieved by its immobilization.
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he immobilized laccase preparation offers an interesting tool to
ncrease the applicability, stability and reusability of laccase in bio-
atalytic reactions.
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