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a  b  s  t  r  a  c  t

�-Galactosidase  from  Bacillus  circulans  was  immobilized  onto  Eupergit  C, C  250  L, and  Sepabeads  EP, at
low  (3  mg/g  of gel),  medium  (30  mg/g  of  gel)  and high  applied  loads  (120  mg/g  of gel).  Comparison  of
the  best  conditions  for the immobilization  process  at 25 ◦C  showed  that  Eupergit  C and  C  250  L  require
milder  conditions  than  Sepabeads  EP  (e.g. lower  ionic  strength  and  pH, shorter  incubation  time)  to achieve
immobilized  activity  yields  over  90%.

Seeking  to  increase  the  thermostability  of  the derivatives,  the  effects  of  two  post-immobilization
treatments  were  studied:  alkaline  incubation  to favor  the  formation  of additional  covalent  linkages,
and  blocking  of  excess  oxirane  groups  by reacting  with  �-mercaptoethanol  or  glycine.  The  blocking
process  improved  the  thermal  stability  of  all derivatives,  with  glycine  having  a  greater  effect  than  �-
mercaptoethanol.  Thermal  stability  further  improved  when  an  alkaline  incubation  was performed  before
blocking.  The  stabilization  achieved  by this  combined  strategy  was  more  effective  for  Eupergit-based  than
for  Sepabeads  EP  derivatives,  and  was  higher  at medium  applied  load  (30  mg/g  of  gel). Thus,  stabilized
biocatalysts  obtained  at medium  load  on Eupergit  C  and  C 250  L  showed  half-lives  10-fold  higher than

similar  Sepabeads  derivatives  (387,  385  and  37  h,  respectively).

These  improved  biocatalysts  were  used  batchwise  and  in  continuous  processes  for lactose  hydrolysis
in  cheese  wheys.  Similar  degrees  of  lactose  hydrolysis  were  achieved  with  both  Eupergit  derivatives,
but  they  varied  depending  on the substrate,  being  highest  for  Mozzarella  cheese  whey. The  degree  of
lactolysis  achieved  at 50 ◦C was between  80 and  90%  after  2 h,  and  derivatives  could  be reused  batchwise

for  at  least  6 cycles.

. Introduction

�-Galactosidase (EC 3.2.1.23) is one of the most frequently used
nzymes in the food industry. It hydrolyses lactose, releasing glu-
ose and galactose, and makes it possible for people with lactose
ntolerance to consume milk and other dairy products [1].  Another
pplication related to food technology is in the elaboration of prod-
cts such as ice-cream, condensed milk and milk sweet, where

t reduces lactose concentration thus avoiding its crystallization.
esides, this enzyme in immobilized form has a great potential

or the processing of whey and whey permeates, the most repre-
entative by-products of cheese industries [1].  The dairy industry
enerates worldwide an amount of 4.7 × 106 tons cheese whey per
ear [2].  A great part of this by-product is discarded and cause
nvironmental problems. In addition to its use for lactose removal,

-galactosidase can also catalyze transgalactosylation reactions to
roduce galactosides and oligosaccharides [3,4]. The enzyme is pro-
uced by animals, plants, and microorganisms [5].

∗ Corresponding author. Tel.: +598 2 9241806; fax: +598 2 9241906.
E-mail address: fbatista@fq.edu.uy (F. Batista-Viera).

381-1177/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.molcatb.2012.07.004
© 2012 Elsevier B.V. All rights reserved.

Commercial �-galactosidase from Bacillus circulans (Biolacta N-
5, Daiwa Kasei) presents at least four isoforms, but the so-called
�-galactosidase-I is the most abundant. This has a monomeric
structure with molecular weight of 212 kDa, displays optimal activ-
ity at 44 ◦C and its optimum pH is in the range 5.5–6.5 [6],  similar to
the pH of sweet whey [7,8]. The enzyme also catalyzes the produc-
tion of a large amount of oligosaccharides and shows a preferential
regioselectivity toward formation of � (1–4) linkages [9–13]. These
properties make this enzyme very suitable for use both for the
hydrolysis of lactose in milk and whey, and for oligosaccharide
production.

In a previous paper, we  analyzed the immobilization process
of the enzyme onto supports of Sepabeads type (Sepabeads EP and
Sepabeads HFA) and the effects of stabilizing treatments [14]. How-
ever, the stability of these biocatalysts was  not high enough for
useful application, so that further improvements were required.

Sepabeads® EP, as well as the more widely known Eupergit®

C, are commercial epoxy (oxirane)-activated acrylic resins, formed

by spherical macroporous particles possessing large internal
surfaces, and characterized by a low water uptake [15]. The epoxy
groups in these supports are attached to their surface through short
spacer arms, forming a very dense monolayer of reactive moieties.

dx.doi.org/10.1016/j.molcatb.2012.07.004
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:fbatista@fq.edu.uy
dx.doi.org/10.1016/j.molcatb.2012.07.004
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hey have very high loading capacities (e.g. 100 mg  of protein/mL
f packed gel can be achieved), competing with any other avail-
ble supports [16]. These non-biodegradable matrices have high
torage and chemical stabilities in neutral aqueous media, so they
an be easily and long-term handled before and during immobi-
ization procedures. They are non-toxic and can be used both in
harmaceutical and food industries [15]. Eupergit C and Sepabeads
P differ in their internal morphology and hydrophobicity, which
etermine important differences in their properties [14]. The inter-
al geometry of Sepabeads matrices is composed by cylindrical
ores surrounded by convex and planar surfaces with high geo-
etrical congruence for reaction with proteins [15]. On the other

and, Eupergit® C geometry possesses convex rod-like surfaces and
o a lesser extent, planar surfaces [14,16].  Furthermore, commercial
upergit® C offers two carriers with the same chemical structure,
upergit C and Eupergit C 250 L, the only differences between them
eing the larger pores in Eupergit C 250 L and the greater number
f oxirane groups in Eupergit C [15,17].

Protein immobilization onto Sepabeads EP or Eupergit C fol-
ows a two-step mechanism. The primary event is a rapid physical
dsorption of the protein onto the resin; in a second step, a covalent
eaction takes place between the adsorbed protein and the sup-
ort. Epoxy groups react with amino groups in proteins under very
ild experimental conditions (e.g. pH 7.5), with minimal chemical
odification of the protein and formation of very stable secondary

mine bonds [15].
In this work, we analyzed and compared the performances of

hree acrylic carriers (Eupergit C, Eupergit C 250 L and Sepabeads
P) for the covalent immobilization of �-galactosidase from B. cir-
ulans. The immobilization processes were evaluated in terms of
pplied enzyme load, pH, ionic strength, and incubation time. Sta-
ilization of the derivatives by post-immobilization treatments was
erformed, and the improved biocatalysts were assayed for the
ydrolysis of lactose from cheese wheys, with the aim of assessing
heir performances.

. Materials and methods

The enzyme �-galactosidase from B. circulans (Biolacta N-5)
as kindly provided by Daiwa Kasei (Osaka, Japan). Eupergit C

nd Eupergit C 250 L were a gift from Röhm Pharma (Darm-
tadt, Germany), while Sepabeads EC-EP was donated by Resindion
Milano, Italy). o-Nitrophenyl-�-d-galactopyranoside (ONPG) and
actose were purchased from Sigma (St. Louis, MO), bicinchoninic
cid (BCA) from Pierce (Rockford, IL), and all other chemicals were
f analytical grade. The enzymatic kit for glucose determination
as from Spinreact S.A. (Spain). Cheese wheys were kindly supplied

y CONAPROLE (Cooperativa Nacional de Productores de Leche,
ruguay).

.1. Glucose determination

The quantity of glucose in the samples was determined by an
nzymatic method based on Trinder’s assay [18,19].

.2. Protein determination

The protein concentration in soluble samples was  determined
sing the BCA reagent [20–22].  The method combines the reduction
f Cu2+ to Cu+ by protein in an alkaline medium with the colorimet-
ic detection of the Cu+ ion using bicinchoninic acid. The interaction

f two molecules of BCA with one Cu+ gives a purple product which
s water soluble and absorbs strongly at 562 nm.  Direct determina-
ion of bound protein on gel derivatives was also performed by the
CA method, according to Giacomini et al. [23].
r Catalysis B: Enzymatic 83 (2012) 57– 64

2.3. Soluble enzyme conditioning

Amounts of 0.5 g of commercial enzyme preparation (Biolacta N-
5) were dissolved in 5 mL  of 0.1 M sodium phosphate buffer pH 6.0,
and incubated for 1 h at 25 ◦C with shaking. Then the enzyme was
partially purified by a simple step of gel filtration on Sephadex G-25
column, to remove low molecular weight additives and impurities.

2.4. Enzyme immobilization

The preparation of the �-galactosidase derivatives was  car-
ried out on the epoxy-activated supports Eupergit C, Eupergit
C 250 L and Sepabeads EP. Conditions investigated for immo-
bilization included assays with different buffers (phosphate,
citrate, citrate–phosphate and Tris), ionic strengths (in the range
0.75–1.4 M),  pH (in the range 4–9), incubation time, and applied
enzyme loads [3 (low), 30 (medium) and 120 (high) mg  of protein/g
of gel]. Protocols are described below.

2.4.1. Eupergit C
�-Galactosidase immobilization onto Eupergit C or Eupergit

C 250 L was  carried out at 25 ◦C with shaking in 1 M potassium
phosphate buffer pH 7.5 for 24 h. Derivative was collected on a
sintered-glass filter and washed sequentially with 1 M potassium
phosphate buffer pH 7.5, 0.1 M sodium phosphate pH 7.5 (to pre-
vent non covalent binding) and 0.1 M sodium phosphate pH 6.0
(activity buffer). After enzyme immobilization, inactivation of the
remaining reactive groups (epoxy groups) was  performed by react-
ing them with nucleophilic agents (blocking process). Derivatives
were blocked either with 0.2 M 2-mercaptoethanol for 4 h at 4 ◦C or
3 M glycine pH 8.5 for 24 h at 25 ◦C. Everywhere it was not specified,
the selected agent for blocking was glycine.

2.4.2. Sepabeads EC-EP
�-Galactosidase immobilization onto Sepabeads EC-EP was  per-

formed at 25 ◦C by incubating the enzyme and the support for
48 h in 1.4 M potassium phosphate buffer pH 8.5 with shaking.
The derivative was  filtered and washed with 1.4 M potassium
phosphate pH 8.5, 0.1 M sodium phosphate pH 8.5 (to remove
non-covalently bound protein) and finally with activity buffer. The
remaining reactive epoxide groups were blocked as described for
Eupergit C.

2.4.3. Immobilization parameters
“Protein immobilization yield” was defined as the ratio (as per-

centage) of the amount of protein found on the gel to the amount
of protein applied: (Pgel/Papplied) × 100.

“Enzyme activity yield” was defined as the ratio (as per-
centage) of the activity expressed by the gel derivative to the
amount of total gel-bound enzyme. This was  calculated as:
[Agel/(Aapplied − Asupernatant − Awashings)] × 100, where A corresponds
to enzyme activity.

“Immobilized activity yield” was  defined as the ratio (as percent-
age) of the activity expressed by the gel derivative to the amount of
total applied activity. This was calculated as: [Agel/Aapplied] × 100.

2.4.4. Enzyme stabilization by alkaline treatment
Immobilization of �-galactosidase onto Eupergit C or Eupergit

C 250 L was performed for 24 h in 1 M potassium phosphate buffer
pH 7.5. The pH of the suspension was increased to 8.5 and the
derivatives were incubated for additional times of 8 or 24 h before

blocking (to favor multipoint covalent attachment). Immobiliza-
tion onto Sepabeads EP was carried out for 48 h in 1.4 M potassium
phosphate pH 8.5. For stabilization, Sepabeads EP derivatives were
incubated at pH 8.5 for additional times of 8 or 24 h before blocking.
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.5. Enzyme assay

The �-galactosidase activity of soluble enzyme was  assayed
n 0.1 M sodium phosphate pH 6.0 (activity buffer) at 25 ◦C
sing 10 mM o-nitrophenyl-�-d-galactopyranoside (ONPG) as sub-
trate. The initial rate of formation of free o-nitrophenol (ONP)
as recorded spectrophotometrically at 405 nm.  The immobilized

nzyme activity was assayed by the same method, by incubating gel
uspensions with 22 mM ONPG in activity buffer under magnetic
tirring. Differences in ONPG concentration used for the enzymatic
ssays of soluble �-galactosidase and its insoluble derivatives were
ased on the differences in enzyme affinity of these biocatalysts
or the artificial substrate. One enzyme unit (U) was defined as the
mount of enzyme catalyzing the hydrolysis of 1 �mol  of ONPG
er minute. Specific activity was defined as enzyme units per mg
f protein (U/mg).

The lactase activity assay was performed by incubating the
nzyme with 4.6% (w/v) lactose (a lactose amount similar to that
ontained in sweet whey) in activity buffer [9,10].  The amount
f glucose formed was determined by Trinder’s method, with an
nzymatic diagnostic kit [18,19].

.6. Properties of insoluble derivatives

The influence of pH and temperature on the activity and stabil-
ty of �-galactosidase from B. circulans in native and immobilized
orms was studied. Determination of kinetic parameters (Km and
max) in the range 30–50 ◦C was also performed.

.6.1. Effect of temperature on activity
The influence of temperature on the activity of soluble enzyme

nd immobilized derivatives was determined in the range of
0–60 ◦C in activity buffer using 10 mM or 22 mM  ONPG as sub-
trate, respectively.

.6.2. Thermal stability
The thermostability assays were performed at different temper-

tures in the range 20–50 ◦C in activity buffer, by incubating soluble
nzyme (9 mg/mL) or derivatives obtained at medium enzyme
oad (30 mg  of protein/g of gel) in a shaking bath. The inactiva-
ion kinetics of the soluble enzyme and immobilized derivatives
ere monitored for 1–24 h. Half-lives were calculated according to

adana–Henley model [24].

.6.3. Optimum pH and pH stability
The influence of pH on the activity of native �-galactosidase and

ts derivatives was studied in the range of pH 4–9 at 25 ◦C, using
0 mM or 22 mM ONPG as substrate, respectively. The effect of pH
n the stability of the enzyme and derivatives was  determined in
he same range by measuring the residual activity after incubat-
ng the biocatalysts for 1–10 h at 25 ◦C. The effect of pH on lactase
ctivity was also studied.

.6.4. Determination of kinetic parameters
The kinetic parameters of free and immobilized enzyme deriva-

ives were determined with lactose 0–500 mM in activity buffer
pH 6.0) at temperatures in the range of 30–50 ◦C. The parameters
ere calculated according to Michaelis–Menten model, applying

he Eadie–Hofstee linearization.

.7. Applications
The native enzyme and the immobilized derivatives were used
or lactolysis in batch and column processes, and the effects of vary-
ng the substrate, operative conditions and bioreactor configuration
n the degree of hydrolysis were studied.
r Catalysis B: Enzymatic 83 (2012) 57– 64 59

The hydrolytic activity of the immobilized enzyme deriva-
tives was  determined under different conditions of temperature
(30–50 ◦C) and with different substrates, and compared with the
native enzyme. The substrates assayed were 4.6% (w/v) lactose in
activity buffer, and Mozzarella, Pratto, Goya, Danbo and Manchego
cheese wheys adjusted to pH 6.0 (derivative-substrate ratio was
1/10, w/v).

2.7.1. Batch procedure
Aliquots of free and immobilized enzyme suspensions (20–30 U)

were incubated at 50 ◦C with 4.6% lactose in activity buffer and
Mozzarella and Goya cheese whey. The volumes employed were
10 mL  and 300 mL  for each substrate.

2.7.2. Column procedure
Columns packed with derivatives (2–4 U) were used with the

same lactose-containing substrates described above and Pratto,
Manchego and Danbo cheese wheys. The substrates were recir-
culated at flow rate of 0.3 mL/min. Samples were collected from
column input and output during the hydrolysis process. Residual
enzyme activity was  determined after the assay.

2.7.3. Biocatalyst reuse
The derivatives applied for batchwise hydrolysis of lactose were

washed with activity buffer and reused for a new cycle, if residual
activity was greater than 60%.

3. Results and discussion

3.1. Preparation of ˇ-galactosidase derivatives

In this study, an evaluation is done on the performance of
Eupergit® carriers (Eupergit C, Eupergit C 250 L) for the immobi-
lization of �-galactosidase from B. circulans, in comparison with
Sepabeads EP.

The effects of pH, ionic strength, time of incubation, and applied
enzyme load on the immobilization process onto Sepabeads EP at
25 ◦C have been previously evaluated [14]. Results of comparative
studies reported in the present article show that immobilization of
this enzyme onto Eupergit C differs in regard to the effects of some
of these parameters.

The incubation times needed for quantitative coupling were
shorter (24 h) in the case of Eupergit C and Eupergit C 250 L, than
for Sepabeads EP (48 h).

Table 1 shows the combined effects of pH and ionic strength on
the immobilization process onto Eupergit C and Sepabeads EP at an
applied enzyme load of 30 mg/g of gel.

Previous studies reported that the immobilization of pro-
teins onto conventional epoxy supports is favored at high ionic
strength [25,26].  We found that both phosphate concentration
and pH were very important parameters in the immobilization
of �-galactosidase onto the three acrylic resins employed. The
immobilization yield increased when both the concentration of the
phosphate buffer and pH increased (Table 1). However, the immobi-
lized activity yield increased up to a maximal value (e.g. 91% at 1.0 M
and pH 7.5 for Eupergit C and at 1.4 M and pH 8.5 for Sepabeads EP).
Immobilized activity yield showed that more than 70% of applied
activity was retained when coupling was carried out at pH 7.5–8.0
and ionic strength between 1.0 and 1.4 M (Eupergit C), and more
than 60% was  retained at pH 8.0–8.5 and 1.2–1.4 M (Sepabeads EP).

The immobilized activity yield reflects the efficiency of the

immobilization process in terms of expressed enzyme activity with
respect to the applied activity. In order to achieve maximum values
in this parameter, an adequate combination of ionic strengths and
pH are required.
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Table 1
Influence of ionic strength and pH on immobilization of �- galactosidase onto epoxy-activated acrylic supports.

Support pH Ionic strength (M)  Protein immobilization yield (%) Immobilized activity yield (%)

Eupergit C

7.0

0.75 20 ± 8 18 ± 4
1.0  47 ± 1 31 ± 2
1.2  60 ± 2 48 ± 1
1.4  83 ± 1 60 ± 2

7.5

0.75 40 ± 1 28 ± 2
1.0  100 ± 6 91 ± 3
1.2  100 ± 6 80 ± 3
1.4  100 ± 1 69 ± 2

8.0

0.75 51 ± 1 38 ± 2
1.0  100 ± 1 76 ± 2
1.2  100 ± 6 73 ± 3
1.4  100 ± 1 71 ± 2

8.5

0.75 91 ± 8 63 ± 4
1.0  100 ± 1 29 ± 2
1.2  100 ± 8 40 ± 4
1.4  100 ± 1 42 ± 2

Sepabeads EP

7.0

0.75 17 ± 1 14 ± 2
1.0  14 ± 1 11 ± 2
1.2  16 ± 1 12 ± 2
1.4  17 ± 1 7 ± 2

7.5

0.75 15 ± 1 11 ± 2
1.0  13 ± 1 11 ± 2
1.2  14 ± 4 11 ± 2
1.4  18 ± 1 12 ± 2

8.0

0.75 58 ± 1 46 ± 2
1.0  61 ± 1 42 ± 2
1.2  85 ± 1 63 ± 2
1.4  100 ± 1 74 ± 2

8.5

0.75 60 ± 1 42 ± 2
1.0  69 ± 6 52 ± 3
1.2  90 ± 1 62 ± 2
1.4  98 ± 1 91 ± 2
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roteins were determined with the BCA method. The incubation was  carried out at 

el.  Assays were performed in triplicate.

The best conditions worked out from these studies were 1.0 M
hosphate buffer pH 7.5 for Eupergit C and 1.4 M phosphate buffer
H 8.5 for Sepabeads EP, allowing maximum protein immobiliza-
ion yields (around 100%) and very high immobilized activity yields
more than 90%). Results achieved with Eupergit C 250 L were sim-
lar to those with Eupergit C (data not shown).

After enzyme immobilization, the remaining reactive groups
n the gels were blocked either with 3 M glycine or 0.2 M 2-
ercaptoethanol. The blocked derivatives retained 100% of the

riginal immobilized activity. However, the activity of the sol-
ble enzyme was reduced by 12% when incubated with 0.2 M
-mercaptoethanol (data not shown). Our results suggested that

mmobilization had a protective effect and minimized enzyme
nactivation during the blocking process. This protective effect has
een also reported for other enzymes immobilized onto these sup-
orts [27–29].

The temperature of the immobilization process was  kept at
5 ◦C, because of the instability shown in preliminary experiments
oth by the soluble enzyme and the unblocked derivatives when

ncubated at 35–60 ◦C for 24 h (data not shown). Furthermore, tem-
eratures below 25 ◦C were avoided because coupling times would
e much longer, apart from solubility problems with buffer com-
onents at the ionic strengths required.

.2. Properties of ˇ-galactosidase derivatives

.2.1. Effects of pH on activity and stability
The effects of pH on activity and stability were com-
ared for soluble enzyme and immobilized derivatives (�-
alactosidase–Eupergit C and �-galactosidase–Sepabeads EP).
erivatives used for this purpose were prepared at medium applied
nzyme load (30 mg/g), under the best conditions described above.
for 24 h (Eupergit C) or 48 h (Sepabeads EP). Applied enzyme loads were 30 mg/g of

Sepabeads EP derivatives showed the same optimum pH as the
soluble enzyme; thus, maximum activity was found at pH 6.0. In
contrast, Eupergit C and Eupergit C 250 L insoluble derivatives had
maximum activity at pH 5.5.

The pH stability profiles for the soluble enzyme and Sepabeads
EP derivatives were similar in the pH range 4.0–6.0, with maximum
stability at pH 6.0. The stability of the native enzyme decreased
moderately over the pH range 6.5–7.5. However, the stability of
Sepabeads EP derivatives was maintained virtually unmodified
throughout this range, but declined significantly above pH 7.5.
Eupergit C and Eupergit C 250 L derivatives displayed better sta-
bilities than Sepabeads EP derivatives in the range 5.0–6.5, with
maximum stability at pH 5.5 and a slight decrease above pH 7.0
(data not shown).

Thus, free enzyme and all the insoluble derivatives presented in
this work showed good activity and stability in the usual pH range
for sweet whey (5.5–6.5).

3.2.2. Thermal stabilization of enzyme derivatives
Comparison of the stability of the soluble enzyme and the

enzyme derivatives revealed that covalent immobilization, fol-
lowed by blocking, provides benefits in terms of the thermal
stability of the insoluble biocatalysts (Fig. 1). In fact, after 24 h at
50 ◦C the residual activity of Eupergit C derivative blocked with
glycine was  about 60% as compared with 20% for the corresponding
unblocked derivative.

In all cases the derivatives blocked with glycine exhibited
greater thermostability than the derivatives blocked with 2-

mercaptoethanol (Fig. 1). The mildly hydrophobic character of the
acrylic supports favors hydrophobic interactions between support
and protein surface, and this may affect the enzyme properties. It
has been suggested that glycine blocking generates a hydrophilic
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Fig. 1. Thermal stability of free �-galactosidase and its derivatives after 24 h
incubation at 20–50 ◦C. (�) Free enzyme; (�) Eupergit C derivative blocked with
2-mercaptoethanol; (�) Sepabeads EP derivative blocked with 2-mercaptoethanol;
(
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�)  Eupergit C derivative blocked with glycine; (©) Sepabeads EP derivative blocked
ith glycine; (�) Eupergit C derivative unblocked; and (♦) Sepabeads EP derivative
nblocked.

icroenvironment that favors enzyme stability [25]. Thus, glycine
locking was selected in this study.

The half-lives at 50 ◦C for enzyme derivatives immobilized onto
epabeads EP and Eupergit C are summarized in Table 2. The sol-
ble enzyme (at equivalent concentration) exhibited a half-life
f 12 h when incubated at 50 ◦C, slightly lower than the half-
ife displayed by unblocked derivatives incubated under the same
onditions. Blocked �-galactosidase–Eupergit C and C 250 L deriva-
ives obtained at medium applied loads showed much higher
alf-life values than blocked �-galactosidase–Sepabeads EP deriva-
ives (195, 197 and 21 h, respectively). On the other hand, blocked
ow load derivatives exhibited higher half-lives (289 and 80 h for
upergit C and Sepabeads EP derivatives, respectively) than those
btained at medium and high loads. This effect could be explained
y the more intense multipoint covalent attachment in these bio-
atalysts [14,26].

In theory, enzyme molecules that are linked to the support via
ultipoint covalent attachment should display higher resistance

gainst structural distortion produced by heat [27,28]. The increase
n the intensity of covalent interaction between the enzyme and
he support, could not only increase enzyme stability, but also its
ropensity to reactivation [29,30].  In fact, one of the factors affect-

ng multipoint covalent attachment was the enzyme load, low loads
llowing more covalent linkages per molecule. Several researchers
ave studied the immobilization of enzymes onto epoxy-activated
upports, remarking the improvement in the stability of the deriva-
ives toward pH, temperature and storage time [31,32].

The relatively high content of reactive oxirane groups in Sepa-
eads and Eupergit matrices frequently leads to intense multipoint
ovalent attachment of proteins under the appropriate immobi-
ization conditions. In agreement with this, it has been reported
hat alkaline incubation before blocking of immobilized enzyme
erivatives onto epoxy-supports usually significantly increases
heir thermal stability [33–35].

With the aim of improving the stability of �-galactosidase
erivatives, they were incubated under alkaline conditions (pH 8.5)
or 8 or 24 h, followed by blocking with 3 M glycine at pH 8.5.

The stabilization achieved was also dependent on the enzyme
oad and the length of alkaline incubation. Thus, while the sta-

ilizing treatment was effective for Eupergit C and Eupergit C
50 L derivatives in all cases, Sepabeads EP derivatives exhibited
light stabilization only at medium load. The comparison of half-
ives showed that Eupergit C derivatives obtained at medium load
r Catalysis B: Enzymatic 83 (2012) 57– 64 61

were the most stabilized, with 10-fold higher half-lives than sim-
ilar Sepabeads derivatives. The Eupergit C derivatives obtained at
medium applied load after alkaline treatment followed by block-
ing showed half-lives 2- to 3-fold higher than control derivatives
(only blocked), with a total increase of 33-fold with respect to the
free enzyme. High load biocatalysts immobilized onto this sup-
port were also significantly stabilized (half-lives of 207 h and 291 h
after 8 and 24 h of alkaline incubation, respectively). However, all
the derivatives obtained at low load [3 mg/g of gel] (formerly the
most stables), exhibited low stabilization by this strategy. Euper-
git C 250 L derivatives obtained at medium load exhibited similar
stabilization ranges to the Eupergit C derivatives (Table 2). The
degree of stabilization achieved with this moderately activated
support varied as a function of applied load, as shown for Eupergit
C derivatives. Thus, for high load derivatives onto Eupergit C 250 L,
suboptimal behavior can be expected in terms of thermal stability.
The lower intensity of multipoint covalent attachment at high load
could negatively affect thermal stability as compared with medium
load derivatives. On the other hand, lower enzyme inactivation due
to formation of multiple linkages could be expected for this sup-
port than for more activated ones (e.g. Eupergit C), as reported in
previous comparative studies [36,37].

Sepabeads EP and Eupergit C have similar number of epoxy
groups (around 100 �mol/g of wet gel) [33]. The different stabi-
lization levels achieved during immobilization/stabilization onto
Eupergit and Sepabeads could be due to the differences in the
hydrophobic character of the matrices. The Sepabeads matrix is
slightly more hydrophobic than that of Eupergit [33]. The presence
of a hydrophobic surface close to protein may  diminish thermal sta-
bility and other properties that depend on correct folding. Greater
hydrophobicity determines a stronger interaction with enzyme. In
most cases, this problem was  solved by blocking with hydrophilic
agents (like glycine) [33], but the success of this strategy may  be
dependent on the particular enzyme structure. In fact, Sepabeads
matrices showed very high levels of stabilization in several cases
[26]. The high geometrical congruence between enzymes and sup-
port intensified both the multipoint covalent attachment and the
hydrophobic interactions with negative effects onto the activity of
biocatalyst. In most cases the blocking with hydrophilic agents or
matrix derivatization can overcome these hardpoints and derive
in an impressively high thermal stability of derivatives, even in
multisubunit enzymes of thermophiles [34,38]. On the other hand,
the influence of immobilization protocol has been also stated as
the origin of these differences in stability and properties of deriva-
tives [39]. In the particular case of this enzyme, the benefits of high
geometrical congruence provided by Sepabeads matrices, do not
overcome the limitations imposed by the negative effects of their
higher hydrophobic character, as compared with Eupergit C.

The length of alkaline incubation also affected the enzyme activ-
ity yield, which reflected the percentage of immobilized enzyme
that remained active (Table 2). Thus, the reduction observed in
activity yield after alkaline treatment indicates an increase in inac-
tivation due to the formation of additional linkages (that might
alter the protein structure). In agreement with this, the decrease
in enzyme activity yield after alkaline treatment was  more pro-
nounced for medium and high load derivatives, for which the
chance of further attachments to support was higher. These find-
ings reinforce the hypothesis of multipoint covalent attachment.

The thermal stabilization at 50 ◦C achieved by covalent attach-
ment and stabilization by multipoint covalent attachment of the
enzyme in Eupergit C was at least comparable to that reported for
macro-mesoporous chemically modified siliceous support [40].
3.2.3. Kinetic parameters
The Km for the free enzyme and the apparent Km for Euper-

git C and Sepabeads EP derivatives (medium enzyme load) were



62 P. Torres, F. Batista-Viera / Journal of Molecular Catalysis B: Enzymatic 83 (2012) 57– 64

Table 2
Thermostability of �-galactosidase derivatives at 50 ◦C, as a function of the enzyme load and the post-immobilization alkaline treatment.

Support Enzyme load (mg/g of gel)a Alkaline incubationb (h) Protein immobilization yield (%) Enzyme activity yield (%) Half-lifec (h)

Sepabeads EP

3
0 100 ± 1 93 ± 1 80
8 – 84 ± 1 63

24  – 61 ± 2 63

30
0  100 ± 1 98 ± 3 21
8  – 83 ± 1 24

24  – 74 ± 2 37

120
0 18 ±  1 81 ± 1 18
8 –  78 ± 1 18

24  – 63 ± 3 20

Eupergit C

3
0 100 ± 9 88 ± 1 289
8  – 85 ± 9 291

24  – 80 ± 1 301

30
0 100 ± 1 96 ± 1 197
8 – 84 ± 3 271

24  – 74 ± 1 387
120 0  31 ± 9 89 ± 1 90

8  – 64 ± 2 207
24 – 57 ± 1 291

Eupergit C 250 L 30
0 100 ± 4 100 ± 8 195
8  88 ± 5 268

24  81 ± 8 385

Half-life of native enzyme (at concentration equivalent to medium load derivatives) was 12 h under these conditions.
Assays were performed in triplicate.

a Mass of gel used was 300 mg/assay in a total volume of 10 mL.
50 L u
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Another alternative considered for the development of enzyme
reactors containing immobilized �-galactosidase derivatives was
the hydrolysis of lactose in whey in continuous reactors. For this
purpose, derivatives were packed in column reactors, which were
b �-Galactosidase was  immobilized onto Sepabeads EP, Eupergit C or Eupergit C 2
 and Eupergit C 250 L) or 1.4 M (Sepabeads EP) potassium phosphate pH 8.5 for 0 (
c The inactivation kinetics of derivatives in batch at 50 ◦C was  monitored for 1–5

etermined at 30 ◦C, 40 ◦C and 50 ◦C using lactose as substrate
Table 3). The Km values increased after immobilization, with values
f 71 mM (Eupergit C) and 60 mM (Sepabeads EP) compared with
5 mM for free enzyme at 30 ◦C. Similar results have been reported
howing that changes in enzyme affinity were determined by the
nfluence of the support and different accessibility of substrate
o active site [36,41].  As expected, Km decreased when temper-
ture increased. Besides, when temperature was  increased from
0 ◦C to 50 ◦C, Km decreased almost 3-fold for Eupergit C derivative,
hus improving the affinity for the lactose substrate. Because the
erivatives onto Eupergit C were highly stabilized at 50 ◦C, this fact
rovided an advantage considering the applications of these biocat-
lysts. No significant differences in Vmax were found at 30 ◦C, but
max for Eupergit C derivative was 1.3–1.4 times lower than Vmax

or free enzyme at 40 ◦C and 50 ◦C. Sepabeads derivatives exhibited
ower Vmax values than Eupergit C derivatives.

.2.4. Applications: lactose hydrolysis with enzyme derivatives
Derivatives onto Eupergit C and Eupergit C 250 L presented the

est thermal stability values. Thus, the operative performances of

hese improved biocatalysts were assayed for the hydrolysis of lac-
ose in cheese whey.

We  performed the reactions in batch bioreactors with lac-
ose 4.6% (w/v) in activity buffer and whey adjusted at pH 6.0 as

able 3
inetic constants for soluble �-galactosidase and its immobilized derivatives.

Biocatalyst Temperature (◦C) Km (mM)  Vmax (�M/min)

Soluble
enzyme

30 25 0.48
40 16 0.82
50  12 1.68

Eupergit C
derivative

30 71 0.42
40  45 0.57
50 24 1.28

Sepabeads EP
derivative

30 60 0.31
40  43 0.42
50  29 1.11
nder the optimal conditions. Derivatives obtained were incubated in 1 M (Eupergit
l), 8 or 24 h, before blocking with 3 M glycine.

substrates. The percentages of lactolysis achieved depended on the
substrate (Fig. 2), and were between 77 and 97%. The highest con-
versions were achieved with Mozzarella cheese whey, in which
the derivatives also exhibited faster kinetics than with the other
substrates assayed.

Insoluble derivatives were reused batchwise for lactolysis
of Mozzarella cheese whey. After six cycles, lactose hydrolysis
remained at over 80% for Eupergit C and Eupergit C 250 L deriva-
tives (Fig. 3). The derivatives exhibited a residual activity of more
than 85% after five cycles (data not shown).

These performances were higher than those reported for
soluble, ZnO adsorbed and ZnO-nanoparticles adsorbed �-
galactosidase from Aspergillus oryzae,  where whey lactose was
hydrolyzed to 61%, 68% and 81% after 9 h in batch processes [8].
Fig. 2. Percentages of lactose hydrolysis achieved batchwise with free �-
galactosidase and its Eupergit derivatives after 90 min  of reaction at pH 6.0 and
50 ◦C as a function of substrates. ( ) Lactose; (�) Mozzarella cheese whey; and (�)
Goya cheese whey.
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Table  4
Percentages of lactose hydrolysis achieved operating in continuous mode at pH 6.0, as a function of derivative, substrate and temperature.

Biocatalyst Temperature (◦C) Substrate

Lactose Goya Danbo Mozzarella Pratto

Eupergit C derivative
30 59 59 61 79 61
40  79 81 79 91 81
50  90 89 91 98 93

Eupergit C 250 L derivative
30 49 51 50 60 59
40 71 79 69 80 78
50  81 

Percentages of lactolysis achieved at flow rate of 0.3 mL/min. The corresponding substrat

Fig. 3. Reuse of �-galactosidase-Eupergit derivatives (30 mg/g of gel) at 50 ◦C in
batch bioreactors using Mozzarella cheese whey as substrate. Percentages of lactol-
y
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enzyme. P.T. was supported by the Programa de Desarrollo de las
sis obtained after 90 min  of reaction at pH 6.0. (�) Eupergit C derivative; and (�)
upergit C 250 L derivative.

ed in continuous mode with a variety of cheese wheys (Goya,
anbo, Mozzarella and Pratto) at different temperatures (30 ◦C,
0 ◦C and 50 ◦C). Lactose hydrolysis increased from 59% at 30 ◦C
o more than 80% at 50 ◦C with Eupergit C derivative (Table 4).

The bioreactor packed with �-galactosidase-Eupergit C deriva-
ive was also reused; residual activities after the second and third
ycles were 95% and 76%, respectively, independently of the sub-
trate fed (data not shown).

These results were comparable with previous reports from the
iterature. Thus, �-galactosidase from B. circulans immobilized onto
uolite ES-762 displayed lactose conversion of more than 70%

n a continuous stirred tank reactor [10]. The immobilized �-
alactosidase from A. oryzae in a packed bed reactor displayed
0% of lactose hydrolysis in whey, whereas the immobilized �-
alactosidase from Saccharomyces fragilis resulted in a hydrolytic
ate of 50% within 3 h in a recycling packed bed reactor [5].  The
-galactosidase from Kluyveromyces lactis immobilized onto CPC-
ilica (silanizated and activated with glutaraldehyde) and agarose
activated with cyanylating agents) displayed 90% lactose conver-
ion in packed bed minireactors [23]. A lactose saccharification of
6–90% in whey permeate was achieved both in a batch process and

n a recycling packed-bed bioreactor with a Kluyveromyces fragilis
-galactosidase derivative immobilized on silanized porous glass
odified by glutaraldehyde.

. Conclusions
Comparison of different conditions for the immobilization of �-
alactosidase from B. circulans showed that Eupergit C and Eupergit

 250 L required the use of milder conditions (1.0 M potassium
80 82 91 90

e was  recirculated for 3 h.

phosphate pH 7.5, 24 h incubation) than Sepabeads EP (1.4 M,  pH
8.5, 48 h) to achieve maximal yields.

The stabilization achieved by either the blocking process alone
or the combined strategy (incubation during 24 h at pH 8.5, fol-
lowed by blocking of excess oxirane groups) was  much more
effective for Eupergit-based than for Sepabeads EP derivatives, and
depended on the enzyme load.

Thermal stability was a function of the blocking agent used,
glycine being more effective in all cases. Low load derivatives
obtained after blocking were more stable (half-lives at 50 ◦C of
80 and 289 h for Sepabeads EP and Eupergit C derivatives, respec-
tively) than the corresponding blocked medium load derivatives
(21 and 197 h, respectively). This fact could be explained by the
different intensity of multipoint covalent attachment depending
on the enzyme load. In agreement with this, low load derivatives
exhibited low improvements in stability when alkaline incubation
was performed followed by blocking (combined strategy).

The stabilization achieved following the combined strategy was
most effective for medium load Eupergit-based derivatives (half-
lives at 50 ◦C of 387 and 385 h for medium load Eupergit C and
Eupergit C 250 L derivatives, as compared with 37 h for Sepa-
beads medium load derivative). The substantial reduction in the
expressed activity after stabilization by the combined strategy
(from more than 90 to 74%) was  compensated for by the significant
gain in stability.

The Km values for derivatives were 2–3-fold higher than for
native enzyme. Besides, when temperature was increased from
30 ◦C to 50 ◦C, Km decreased almost 3-fold, thus improving the affin-
ity for the lactose substrate. Because the derivatives onto Eupergit
C were highly stabilized at 50 ◦C, this fact provided an advantage
considering the applications of these biocatalysts.

The improved biocatalysts developed (medium load �-
galactosidase–Eupergit C derivatives, stabilized by the combined
strategy) were selected and assayed for the hydrolysis of lactose
from cheese whey. These derivatives exhibited good operational,
thermal and mechanical stabilities. Immobilized enzyme achieved
efficient bioconversion of lactose in cheese whey at laboratory
scale, both batchwise (achieving 95% hydrolysis) and in column
processes (80% conversion). Derivatives were reused in batch for
at least 6 cycles, with more than 80% hydrolysis. The excellent per-
formances of these biocatalysts when acting on different cheese
wheys (Danbo, Goya, Mozzarella, and Pratto) demonstrated their
versatility.
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