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Abstract: The use of ketohexose isomerases is a powerful tool in lactose whey processing, but these
enzymes can be very sensitive and expensive. Development of immobilized/stabilized biocatalysts
could be a further option to improve the process. In this work, β-galactosidase from Bacillus circulans,
L -arabinose ( D -galactose) isomerase from Enterococcus faecium, and D -xylose ( D -glucose) isomerase
from Streptomyces rubiginosus were immobilized individually onto Eupergit C and Eupergit C 250 L.
Immobilized activity yields were over 90% in all cases. With the purpose of increasing thermostability
of derivatives, two post-immobilization treatments were performed: alkaline incubation to favor
the formation of additional covalent linkages, and blocking of excess oxirane groups by reacting
with glycine. The greatest thermostability was achieved when alkaline incubation was carried out
for 24 h, producing L-arabinose isomerase-Eupergit C derivatives with a half-life of 379 h and
D-xylose isomerase-Eupergit C derivatives with a half-life of 554 h at 50 ◦ C. Preliminary assays using
immobilized and stabilized biocatalysts sequentially to biotransform lactose at pH 7.0 and 50 ◦ C
demonstrated improved performances as compared with soluble enzymes. Further improvements
in ketohexose productivities were achieved when the three single-immobilizates were incubated
simultaneously with lactose in a mono-reactor system.
Keywords: β-galactosidase; L-arabinose isomerase; D-glucose isomerase; enzyme immobilization;
D -tagatose; D -fructose

1. Introduction
Biological processes offer multiple advantages compared with conventional chemistry [1].
Proper and well-designed enzyme immobilization processes can improve the characteristics, capacity,
and performance of biocatalysts in aspects such as reuse, stability, prevention of product contamination
with enzyme, minimization of allergenicity, generation of new catalytic properties, increased specificity
and selectivity, among others [2–5]. Immobilization strategies include molecular cross-linking,
encapsulation, entrapment, and binding to solid supports by physical adsorption or formation of
covalent linkages [2,5].
Commercial epoxy-activated acrylic resins such as Eupergit® C and Eupergit® C 250 L have
excellent properties for covalent immobilization of proteins, and in some cases provide good
stabilization of the biomolecules. The above-mentioned supports are formed by spherical macroporous
particles possessing large internal surfaces and characterized by a low water uptake. They differ
in their internal morphology and epoxy group content, which determine important differences in
their properties. Eupergit C 250 L has larger pores and a lower number of oxirane groups than
Eupergit C [6,7].
Protein immobilization onto epoxy-activated acrylic supports occurs as a two-step mechanism.
The primary event is rapid physical adsorption of the protein onto the resin; in a second step,
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a covalent reaction takes place between the adsorbed protein and the support [8,9]. Epoxy groups react
with amino groups in proteins under very mild experimental conditions (e.g., pH 7.5), with minimal
chemical modification of the protein and formation of very stable secondary amine bonds [6–9].
Multipoint covalent attachment followed by blocking the remaining epoxide moieties with hydrophilic
reagents can generate even more stable enzyme derivatives under controlled conditions [3,8,9].
The geometric characteristics of epoxy activated resins also favor multisubunit immobilization [3].
Many efforts have been focused on the development and application of covalent immobilization
technologies for the biotransformation of lactose, the main carbohydrate of milk, whey, and dairy
products. Lactose is a disaccharide of very low solubility and low sweetness compared with its
hydrolysis products, D-glucose and D-galactose. In the food industry, lactose hydrolysis increases
solubility and sweetness, resulting in improved sensory characteristics of foods containing hydrolyzed
lactose from milk or whey. A major consideration is that more than 70% of human adults worldwide
have intestinal dysfunction when they consume milk [10].
The enzymatic hydrolysis of lactose by β-galactosidases (EC 3.2.1.23) takes place in mild
conditions and does not cause undesired flavors, odors, or colors. However, enzyme inhibition by the
reaction products remains one of the main disadvantages of reactions catalyzed by β-galactosidases.
Current research into the processing of dairy products is focused on the biotransformation of lactose
into products of interest other than glucose and galactose [11].
Commercial preparation of β-galactosidase from Bacillus circulans (Biolacta N-5, Daiwa Kasei,
Osaka, Japan) consists of various isoforms, but β-galactosidase-I is the main form in terms of
abundance [12]. The activity of this isozyme is not affected by an ionic environment (an advantage
compared with certain Kluyveromyces β-galactosidases that are inhibited by divalent calcium);
its optimal reaction conditions are 44 ◦ C and pH 5.5–6.5 [13]. The enzyme also catalyzes the
regioselective synthesis of oligosaccharides by formation of β (1–4) linkages [14,15]. Recently,
the β-galactosidase from Bacillus circulans was covalently immobilized onto a commercially available
matrix, Eupergit C 250 L, with high protein immobilization yields (90%–99%) and high activity
immobilization yields (around 80%–90%) [16].
L -Arabinose isomerase (EC 5.3.1.4) is an intracellular enzyme that catalyzes the partial
isomerization of L-arabinose to L-ribulose in vivo [17–22]. In vitro experiments have shown that
this biocatalyst can also convert D-galactose to D-tagatose, a rare sugar with promising nutraceutical
properties [23,24]. D-Tagatose is a ketohexose of great interest for both technological and nutritional
reasons, and many alternative processes for obtaining it, apart from chemical synthesis [25],
have been studied in recent years [23]. Biological conversion of D-galactose to D -tagatose employing
the enzyme L-arabinose isomerase is the most economically viable biological D-tagatose manufacturing
process so far. However, biological production of D-tagatose requires the development of optimized
biotransformation processes with stabilized biocatalysts [26,27]. It has recently been reported that
L -arabinose isomerase from Enterococcus faecium, a bacterial enzyme with interesting properties,
was produced and purified by affinity techniques [28,29].
D -Xylose ( D -glucose) isomerase ( D -xylose keto isomerase, EC 5.3.1.5) is an intracellular enzyme
that catalyzes the partial and reversible in vivo isomerization of D-xylose into D-xylulose and in vitro
of D-glucose into D-fructose [22], and therefore has the potential to transform glucose, the other product
(along with galactose) of enzymatic lactose hydrolysis.
Certain authors have explored the potential of the combined use of these biocatalysts;
e.g., Rhimi et al. (2007) reported the co-expression in E. coli of L-arabinose isomerase from
Bacillus stearothermophilus US100 and a mutant D-xylose isomerase from Streptomyces SK followed
by cell immobilization on alginate beads [22]; and Xu et al. (2016) developed the co-expression
of the β-galactosidase from Thermus thermophilus HB27 and the L-arabinose isomerase from
Lactobacillus fermentum CGMCC 2921 [27].
The efficient immobilization or co-immobilization of enzymes that participate in cascade
reactions can mimic or conveniently modify in vitro processes from a technological point of
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view [30]. However, the choice of a particular strategy strongly depends on each case, even for
one
pot configuration.
While co-immobilization may be preferred because of the local increase
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Table 1. Immobilization and stabilization of L-arabinose isomerase onto Eupergit C 250 L and
Eupergit C 1 .
Support

Alkaline Incubation
at pH 8.5 (h)

Applied Protein
(mg/g of gel)

Protein Imm.
Yield (%)

Imm. Activity
Yield (%)

Half Life (h)

Eupergit C 250 L

0
7
24

4.1 ± 0.1
——————–

100 ± 1
———–
———–

89 ± 3
81 ± 3
73 ± 6

65 ± 6
214 ± 6
308 ± 2

Eupergit C

0
7
24

4.1 ± 0.1
——————-

100 ± 1
———–
———-

71 ± 6
59 ± 3
51 ± 3

95 ± 3
330 ± 8
379 ± 2

1 Immobilization was carried out by incubating 1.6 U of L -arabinose isomerase preparation (0.40 U/mg)
with 1 g of corresponding support in 1 M potassium phosphate buffer pH 7.5 for 24 h. Blocking was then
performed with glycine 3 M (indicated as 0 h in the table) or incubation was carried out at pH 8.5 for 7 or
24 h followed by blocking with glycine. Kinetics of inactivation in batch at 50 ◦ C for derivatives was monitored
for 1–55 h. Half-life of native enzymes (in equivalent amount to derivatives) was 6 h under these conditions.
Eupergit C and Eupergit C 250 L unblocked derivatives exhibited half-lives of 4 h and 7 h, respectively. Results are
the means of triplicate determinations ± SD.

A substantial reduction in immobilized activity yield (e.g., from 89% to 73% for Eupergit C 250 L
derivative) was observed after alkaline incubation compared with control blocked derivatives without
alkaline treatment, as has already been reported [33,34]. Nevertheless, the stability of derivatives
clearly improved after alkaline treatment and blocking. The best thermostability was achieved when
alkaline incubation was carried out for 24–28 h before blocking (half-lives at 50 ◦ C of 308 and
379 h for Eupergit C 250 L and Eupergit C derivatives respectively, as compared with 65 and 95 h
for the corresponding blocked derivatives). The substantial reduction in the expressed activity after
stabilization by the combined strategy was compensated for by the significant gain in stability. These
stabilized derivatives could work at moderately high temperatures, favoring tagatose production.
2.1.2. D-Xylose Isomerase
D-Xylose ( D-glucose) isomerase from Streptomyces rubiginosus (Hampton) was immobilized onto

Eupergit C and Eupergit C 250 L by the same strategy described for the other biocatalysts, achieving
maximum immobilization yields (100%) and immobilized activity yields (91% for Eupergit C and 98%
for Eupergit C 250 L). Thermal stabilization of these biocatalysts was performed by post-immobilization
strategies as described previously for L-arabinose isomerase (Table 2).
Table 2. Immobilization of D-xylose (D-glucose) isomerase onto Eupergit C and Eupergit C 250 L and
stabilization of the derivatives by glycine blocking or alkaline treatment. 1
Support

Eupergit C 250 L

Eupergit C

Alkaline Incubation
at pH 8.5 (h)

Applied Protein
(mg/g of gel)

Protein Imm.
Yield (%)

Imm. Activity
Yield (%)

Half Life (h)

0
7
24
0
7
24

1.9 ± 0.2
——————–
1.9 ± 0.2
——————-

100 ± 1
———–
———–
100 ± 1
———–
———-

98 ± 1
91 ± 1
84 ± 1
91 ± 1
79 ± 1
66 ± 1

210 ± 6
360 ± 6
491 ± 2
230 ± 2
389 ± 6
554 ± 6

1 Immobilization of D -xylose ( D -glucose) isomerase was carried out by incubating 5.8 U of enzyme preparation
(3 U/mg) with 1 g of corresponding support in 1 M potassium phosphate buffer pH 7.5 for 24 h. Blocking was then
performed with 3 M glycine (indicated as 0 h in table) or derivatives were incubated at pH 8.5 for 7 or 24 h and then
blocked with glycine. Kinetics of batchwise inactivation at 50 ◦ C for derivatives was monitored for 1–55 h. Half-life
of native enzyme (equivalent amount) was 23 h under these conditions. Eupergit C and Eupergit C 250 L unblocked
derivatives exhibited half-lives of 19 h and 24 h, respectively. Results are means of triplicate determinations ± SD.

Eupergit C 250 L and Eupergit C blocked derivatives retained 98% and 91% of their original
immobilized activity, respectively. Half-lives at 50 ◦ C were 210, 230, and 23 h for Eupergit C 250 L,
Eupergit C derivatives and free enzyme, respectively, exhibiting moderate (approximately 10-fold)
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L and Eupergit C blocked derivatives retained 98% and 91% of their original
immobilized activity, respectively. Half-lives at 50 °C were 210, 230, and 23 h for Eupergit C 250 L,
Eupergit C derivatives and free enzyme, respectively, exhibiting moderate (approximately 10-fold)
stabilization of immobilizates. Greater stabilization was achieved in the case of derivatives with
stabilization of immobilizates. Greater stabilization was achieved in the case of derivatives with 24 h
24 h alkaline incubation before blocking (half-lives of 491 and 554 h at 50 ◦ C for Eupergit C 250 L
alkaline incubation before blocking (half-lives of 491 and 554 h at 50 °C for Eupergit C 250 L and
and Eupergit C derivatives, respectively). Immobilized activity yields decreased for these derivatives,
Eupergit C derivatives, respectively). Immobilized activity yields decreased for these derivatives,
especially in the case of Eupergit C (a more activated support), reinforcing the hypothesis that
especially in the case of Eupergit C (a more activated support), reinforcing the hypothesis that
intense multipoint covalent attachment was responsible for differences in stability. In addition,
intense multipoint covalent attachment was responsible for differences in stability. In addition, the
the homotetrameric structure of D-xylose (D-glucose) isomerase from S. rubiginosus [35] could explain
homotetrameric structure of D-xylose (D-glucose) isomerase from S. rubiginosus [35] could explain its
its greater stabilization levels with respect to monomeric β-galactosidase, as hypothesized also in the
greater stabilization levels with respect to monomeric β-galactosidase, as hypothesized also in the
case of tetrameric L-arabinose isomerase.
case of tetrameric L-arabinose isomerase.

2.2. Characterization of Derivatives
2.2. Characterization of Derivatives
2.2.1. Optimum pH and pH Stability Profile
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(a)

(b)

Figure 2. Influence of pH on (a) activity and (b) stability of free L-arabinose (D-galactose) isomerase
Figure 2. Influence of pH on (a) activity and (b) stability of free L-arabinose (D-galactose) isomerase
(LAI) and insoluble derivatives. ■ native enzyme; ▲ LAI-Eupergit C derivative; ● LAI-Eupergit C
(LAI) and insoluble derivatives.  native enzyme; s LAI-Eupergit C derivative; • LAI-Eupergit C
250 L derivative.
250 L derivative.

The stability profiles of free L-arabinose isomerase and insoluble derivatives immobilized on
The C
stability
profilesCof
free
L -arabinose
isomerase
and
insoluble
derivatives
on
Eupergit
and Eupergit
250
L showed
a maximum
in the
pH
range 7.0–7.5
(Figureimmobilized
2b). Derivatives
Eupergit
C
and
Eupergit
C
250
L
showed
a
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pH
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7.0–7.5
(Figure
2b).
Derivatives
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Furthermore,
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In
all
cases,
Eupergit
C
250 L derivatives displayed better stabilities than Eupergit C derivatives. On the other hand, D-xylose
250 L derivatives displayed better stabilities than Eupergit C derivatives. On the other hand, D-xylose
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isomerase derivatives exhibited only slight pH stabilization and alkaline incubation had no effect on
isomerase
pH
stabilityderivatives
profiles. exhibited only slight pH stabilization and alkaline incubation had no effect on
pH stability
profiles.
Concerning
stability, immobilized D-xylose isomerase retained more than 75% of activity when
Concerning
stability,
-xylose enzyme
isomerase
retainedonly
more
than40%
75%active
of activity
when
incubated
8 h at pH
in the immobilized
range 5.0–8.5.DNative
remained
about
under
the
incubated
8 h at pH in the range 5.0–8.5. Native enzyme remained only about 40% active under the
same
conditions.
same conditions.
2.2.2. Optimum Temperature and Thermal Stability
2.2.2.As
Optimum
and Thermal
Stability for free L-arabinose isomerase was 50 ◦ C [28].
reportedTemperature
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Derivatives
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53free
As reported
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optimum
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L-arabinose isomerase was 50 °C [28].
◦
90%
of maximum
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uptemperature
to 55 C.
Derivatives
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around 53 °C, and maintained activities of more
enzyme at
L -arabinose
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thanThe
90% free
of maximum
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up to 55 lost
°C. between 82% and 94% of its initial activity
◦
◦
after 6The
h incubation
at 50
C and 60isomerase
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Thermostabilities
of of
glycine-blocked
derivatives
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L-arabinose
lost between
82% and 94%
its initial activity
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were
clearly
higher
corresponding
to native
enzyme and unblocked
incubation
at 50
°C andthan
60 °C,those
respectively.
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of glycine-blocked
derivatives derivatives.
were clearly
The
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of corresponding
post-immobilization
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at pH 8.5 for
7–28 h andThe
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increased
higher
than those
to native
enzyme
and unblocked
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combination
of
thermal
stability. Figure
3 shows
the residual
of stabilized
derivatives
afterthermal
30 h incubation
post-immobilization
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incubation
at pHactivities
8.5 for 7–28
h and blocking
increased
stability.
at
60 ◦ C.3 shows the residual activities of stabilized derivatives after 30 h incubation at 60 °C.
Figure

Figure 3.
3. Thermal
Thermal stability
isomerase
(LAI)
derivatives
ontoonto
Eupergit
C (EC)
Figure
stabilityof
ofLL-arabinose
-arabinose(D(-galactose)
D -galactose)
isomerase
(LAI)
derivatives
Eupergit
C
and Eupergit
C 250CL250
(EC250L)
withwith
alkaline
treatment
(AT)(AT)
and blocking
withwith
glycine.
Derivatives
were
(EC)
and Eupergit
L (EC250L)
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treatment
and blocking
glycine.
Derivatives
◦ C residual
incubated
for 30for
h 30
at 60
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werewere
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were
incubated
h at°C60and
and residual
activities
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Control
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but did
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afterafter
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only
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butnot
didreceive
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The length of post-immobilization alkaline treatment determined the increase in stability.
The length of post-immobilization alkaline treatment determined the increase in stability.
Stability was also influenced by the support, i.e., derivatives onto Eupergit C were more stable than
Stability was also influenced by the support, i.e., derivatives onto Eupergit C were more stable
Eupergit C 250 L derivatives. However, these highly stabilized derivatives exhibited a consistent
than Eupergit C 250 L derivatives. However, these highly stabilized derivatives exhibited a consistent
reduction in immobilized activity yield. These facts are consistent with the hypothesis that intense
reduction in immobilized activity yield. These facts are consistent with the hypothesis that intense
multipoint attachment occurred between enzyme and support during alkaline incubation under the
multipoint attachment occurred between enzyme and support during alkaline incubation under the
conditions described, which produced a certain degree of inactivation and resulted in structural
conditions described, which produced a certain degree of inactivation and resulted in structural
rigidification, providing increased thermal stability [8,9].
rigidification, providing increased thermal stability [8,9].
Thermal stabilization was higher than that obtained for β-galactosidase from B. circulans [16],
Thermal stabilization was higher than that obtained for β-galactosidase from B. circulans [16],
probably due to the multimeric nature of L-arabinose isomerase. Stabilization in this case depended
probably due to the multimeric nature of L-arabinose isomerase. Stabilization in this case depended on
on rigidification, multisubunit immobilization, and hydrophilization of microenvironment,
rigidification, multisubunit immobilization, and hydrophilization of microenvironment, phenomena
phenomena which have been extensively reported [8,9,38–41].
which have been extensively reported [8,9,38–41].
In the case of D-xylose isomerase, free enzyme and derivatives exhibited a continuous rise in
In the case of D-xylose isomerase, free enzyme and derivatives exhibited a continuous rise in
activity in the range 40–70 °C. Optimum temperature for D-xylose (D-glucose) isomerase immobilized
activity in the range 40–70 ◦ C. Optimum temperature for D-xylose (D-glucose) isomerase immobilized
onto Eupergit C and Eupergit C 250 L was◦ 60 °C, as reported previously [36]. Despite the high
onto Eupergit C and Eupergit C 250 L was 60 C, as reported previously [36]. Despite the high thermal
thermal stability of D-xylose (D-glucose) isomerase, the enzyme was further stabilized 30- to 40-fold
stability of D-xylose (D-glucose) isomerase, the enzyme was further stabilized 30- to 40-fold based
based on the strategies described in this study, combining immobilization, post-immobilization
alkaline treatment, and blocking (Table 2).
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on the strategies described in this study, combining immobilization, post-immobilization alkaline
treatment, and blocking (Table 2).
2.2.3. Kinetic Parameters
Km for free enzymes and apparent Km for Eupergit C and Eupergit C 250 L derivatives were
determined at 30 ◦ C, 40 ◦ C, and 50 ◦ C, using D-galactose (L-arabinose isomerase) or D-glucose (D-xylose
isomerase) as substrates. Michaelis-Menten kinetics were assumed and parameters were calculated
after Eadie-Hofstee linearization. Apparent Km values for derivatives were higher than the Km for free
enzyme, and both decreased when temperature increased (Tables 3 and 4).
Table 3. Kinetic parameters of soluble L-arabinose (D-galactose) isomerase and derivatives.

1

Biocatalyst

Temperature (◦ C)

Km (mM)

Vmax (nM/min)

Native enzyme

30
40
50

100 ± 7
70 ± 2
34 ± 2

10 ± 3
40 ± 3
80 ± 6

Eupergit C derivative

30
40
50

170 ± 2
120 ± 2
50 ± 2

1 ± 0.7
35 ± 1
60 ± 6

Eupergit C 250 L derivative

30
40
50

127 ± 6
100 ± 2
40 ± 2

3 ± 0.1
45 ± 1
70 ± 2

1

Results are means of triplicate determinations ± SD.

Table 4. Kinetic parameters for soluble D-xylose (D-glucose) isomerase and derivatives.

1

Biocatalyst

Temperature (◦ C)

Km (mM)

Vmax (nM/min)

Native enzyme

30
40
50

365 ± 3
315 ± 2
265 ± 2

49 ± 8
68 ± 4
176 ± 2

Eupergit C derivative

30
40
50

925 ± 3
802 ± 2
750 ± 2

17 ± 2
59 ± 5
159 ± 2

30

905 ± 3

31 ± 2

40

775 ± 6

65 ± 5

50

672 ± 7

161 ± 6

Eupergit C 250 L derivative
1

Results are means of triplicate determinations ± SD.

In the case of L-arabinose isomerase, Eupergit C derivatives showed higher Km and lower Vmax
than Eupergit C 250 L derivatives (Table 3). Greater pore size in Eupergit C 250 L [6,7] may favor the
access of substrate to the active site, especially in the case of enzyme molecules immobilized onto
internal surfaces. The Km value at 50 ◦ C (34 mM for free enzyme and 40 mM for Eupergit C 250 L
derivative) was lower than Km for most L-arabinose isomerases reported to date (55 to 400 mM).
Free enzyme and insoluble derivatives were not inhibited by D-tagatose (0–500 mM), representing
a technological advantage.
In the case of D-xylose isomerase, Eupergit C derivatives also exhibited lower Vmax than Eupergit
C 250 L derivatives (Table 4), which could be explained by diffusional or steric restrictions, structural
modification of enzyme by the immobilization procedure, or low accessibility of substrate to the active
site, as discussed above for L-arabinose isomerase.
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2.3. Performance of Biocatalysts
2.3.1. D-Galactose and D-Glucose Isomerization by Immobilized Ketohexose Isomerases
Eupergit
and Eupergit C 250 L derivatives of L-arabinose isomerase and D-xylose isomerase8were
Molecules
2017, 22,C284
of 15
used for batch isomerization of D-galactose or D-glucose (100 g/L), respectively, in 0.1 M phosphate
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Table 5.
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System

System

Lactolysis (%)

Lactolysis (%)

Soluble enzymes
Soluble enzymes
Immobilized
derivatives
(sequential
Immobilized derivatives
(sequential
use) use)
Immobilized
derivatives
(simultaneous
Immobilized
derivatives
(simultaneous
use) use)

76 ± 1
76 ± 1
86 ± 86
1 ±1
93 ± 93
3 ±3

Tagatose (%) 2

Tagatose (%) 2

22 ± 3
22 ± 3
312± 2
31 ±
401± 1
40 ±

Fructose (%)2 2
Fructose (%)

21 ± 1

21 ± 1
24 ±
± 22
24
29 ±
±3
29

1

2 Conversion percentages (6 h operation) according
2 Conversion
Results
aremeans
meansofof
triplicate
determinations
± SD;
Results are
triplicate
determinations
± SD;
percentages (6 h operation) according to HPLC
analysis
(see
supporting
information
in
supplementary
materials).
to HPLC analysis (see supporting information in supplementary materials).

Ketohexose production was also studied using soluble enzymes sequentially under similar
conditions.
For soluble
solubleenzymes,
enzymes,the
thekinetics
kinetics
were
faster,
productivity
conversion
degree
conditions. For
were
faster,
butbut
productivity
and and
conversion
degree
were
were
than
the immobilized
biocatalysts,
suggesting
that stabilization
by immobilization
lower lower
than for
thefor
immobilized
biocatalysts,
suggesting
that stabilization
by immobilization
also plays
also
plays an important
an important
role in thisrole
case.in this case.
The influence
influenceofof
studied
by performing
the lactose
hydrolysis
and isomerization
pHpH
waswas
studied
by performing
the lactose
hydrolysis
and isomerization
processes
processes
different
in 4–9
the range
4–9
5) and analyzing
resultsofindegree
terms of degree
of
at differentatpHs
in thepHs
range
(Figure
5) (Figure
and analyzing
the resultsthe
in terms
lactolysis
lactolysis and the corresponding percentages of D-fructose and D-tagatose produced under these
conditions at 60 °C.
The best performance of β-galactosidase derivatives occurred between pH 6.0 and 7.5, which
were also favorable conditions for isomerization reactions (Figure 5), but lactose hydrolysis was
incomplete in all experiments employing these biocatalysts sequentially, because of product inhibition
due to galactose and glucose.
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and the corresponding percentages of D-fructose and D-tagatose produced under these conditions
at 60 ◦ C.
The best performance of β-galactosidase derivatives occurred between pH 6.0 and 7.5, which were
also favorable conditions for isomerization reactions (Figure 5), but lactose hydrolysis was incomplete
in all experiments employing these biocatalysts sequentially, because of product inhibition due to
galactose and glucose.
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isomerase (GI) immobilized onto Eupergit C (EC) sequentially at pH 4–9, during batchwise operation
at 60 °C with 4.6% lactose as the starting substrate.
at 60 ◦ C with 4.6% lactose as the starting substrate.
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for lactolysis (76%) or isomerization (22% and 21% for tagatose and fructose after the first 6 h) were
reduced, with D-tagatose production at the lowest level (Table 5). These results were determined
mainly by the poor thermal stability of soluble L-arabinose isomerase. The reduced stability of this
enzyme also determines the observed decrease in lactolysis percentages (due to accumulation of

Molecules 2017, 22, 284

10 of 15

The tri-enzymatic mono-reactor system operating with soluble enzymes maintained higher rates
than single-immobilizate mono-reactor systems, but productivity and conversion percentages for
lactolysis (76%) or isomerization (22% and 21% for tagatose and fructose after the first 6 h) were
reduced, with D-tagatose production at the lowest level (Table 5). These results were determined
mainly by the poor thermal stability of soluble L-arabinose isomerase. The reduced stability of this
enzyme also determines the observed decrease in lactolysis percentages (due to accumulation of
galactose, a potent inhibitor of β-galactosidase in the medium under these conditions). On the other
hand, fructose production was less influenced, but D-glucose has less influenced as an inhibitor of
β-galactosidase than D-galactose [43].
In fact, immobilized β-galactosidase and D-xylose isomerase derivatives were more stable
(and so less expensive) than L-arabinose isomerase. The degree of lactolysis over repeated cycles of use
becomes an important index, providing information on the deactivation of the D-galactose-consuming
enzyme, and even determining the addition of individual fresh derivative. For a covalent immobilization
strategy as described, the work with co-immobilizates could represent an advantage in several
ways [30,44], but the inactivation of the most labile enzyme will determine the operative half-life of
the whole biocatalyst and the discarding of the other enzymes while they are still active [31].
In a forthcoming paper, we will further refine these studies by analyzing and comparing various
alternative systems for achieving lactose biotransformation, working either with buffered lactose or
whey as substrates.
3. Materials and Methods
3.1. Materials
The enzyme β-galactosidase from B. circulans (Biolacta N-5) was kindly provided by Daiwa
Kasei (Osaka, Japan), D-xylose (D-glucose) isomerase was purchased from Hampton Research
(Aliso Viejo, CA, USA). Eupergit C and Eupergit C 250 L were a gift from Röhm Pharma (Darmstadt,
Germany). O-Nitrophenyl-β-D-galactopyranoside (ONPG), α-lactose, D-galactose, D-tagatose,
D -glucose, D -fructose, L-cysteine hydrochloride, and carbazole were purchased from Sigma (St. Louis,
MO, USA); bicinchoninic acid (BCA reagent) was from Pierce (Rockford, IL, USA); and all other
chemicals were of analytical or HPLC grade. The enzymatic kit for glucose determination was from
Spinreact S.A. (Girona, Spain). Cheese wheys were kindly supplied by CONAPROLE (Cooperativa
Nacional de Productores de Leche, Uruguay).
3.2. Sugar Analysis
The glucose and the total ketohexose contents in the samples were measured by Trinder’s assay
and the cysteine-carbazole-sulfuric acid method, respectively [45,46].
Analysis and characterization of sugars by HPLC was performed in a Waters-Millipore apparatus
(Waters-Millipore Corp., Burlington, NC, USA) equipped with a carbohydrate analysis column
(Rezex RCM, Phenomenex, Torrance, CA, USA) and a RI-detector, at 80 ◦ C and a flow rate
of 0.6 mL/min, employing distilled water as mobile phase and lactose, D-glucose, D-galactose,
D -tagatose, and D -fructose as standards (Sigma Chem. Co., St. Louis, MO, USA).
3.3. Protein Determination
The protein concentration in soluble samples and gel derivatives were determined using the BCA
reagent [47–49].
3.4. Soluble Enzyme Treatment
The commercial β-galactosidase was partially purified as indicated by Torres and
Batista-Viera [16]. The crude extract of L-arabinose isomerase from E. faecium was obtained as
described in Manzo et al. [28] and purified by affinity chromatography on L-arabitol-agarose [29].
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The commercial enzyme preparation of D-xylose isomerase was diluted 10-fold in 0.1 M potassium
phosphate buffer pH 7.5, and gel filtered on Sephadex G-25 to remove ammonium sulphate and low
molecular weight additives.
3.5. Enzyme Immobilization
Immobilization of each one of the three enzymes 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. Applied loads
were 30 mg/g of gel (β-galactosidase), 4 mg/g of gel (L-arabinose isomerase), and 2 mg/g of gel
(D-xylose isomerase). Derivatives were collected on a sintered-glass filter and washed with 1 M
potassium phosphate buffer pH 7.5 and 0.1 M sodium phosphate buffer pH 7.5. The enzyme derivatives
were stabilized by alkaline treatment and blocking with glycine as indicated in a previous report [16].
“Protein Immobilization Yield” was defined as the ratio (as percentage) of the amount of protein
found on the gel to the amount of protein applied. “Immobilized Activity Yield” was defined as the
ratio (as percentage) of the activity expressed by the gel derivative to the amount of total applied
activity. Thus, “Protein Immobilization Yield” and “Immobilized Activity Yield” for the three enzymes
were calculated as [Pgel /Papplied ] × 100 and [Agel /Aapplied ] × 100, where P corresponds to protein
amount and A to enzyme activity [16].
3.6. Enzyme Assays
β-Galactosidase and lactase activities as well as L-arabinose (D-galactose) isomerase activity
for soluble or immobilized enzymes were assayed as previously reported [16,28,29]. D-Glucose
isomerase activity was determined by measuring the amount of D-fructose generated from D-glucose.
The reaction mixture contained 5 mM MgCl2 , 1 mM CoCl2 , 500 mM D-glucose, 200 µL of appropriately
diluted enzyme preparation, and 50 mM sodium phosphate buffer pH 7.5 to bring the final volume
to 1 mL. The assay was done by incubating the reaction mixture at 25 ◦ C for 1 h [42].
The enzymatic reaction was stopped (in the case of soluble enzyme) by boiling the samples for
3 min. The amount of D-fructose produced was determined spectrophotometrically at 560 nm by the
cysteine-carbazole-sulfuric acid method [46]. The immobilized enzyme activity was assayed by the
same method. One unit of glucose isomerase activity was defined as the amount of enzyme catalyzing
the formation of 1 µmol of keto-sugar per minute under the specified conditions.
3.7. Properties of Insoluble Derivatives
The influence of pH and temperature on the activity and stability of native enzymes and
immobilized derivatives was studied.
3.7.1. Effect of Temperature on Activity
The influence of temperature on the activity of soluble enzymes and immobilized derivatives was
determined in the range of 20–60 ◦ C under the pH conditions applicable for each assay. For assays,
amounts of 20–50 mg of insoluble filter dried biocatalyst were used.
3.7.2. Thermal Stability
The thermostability assays were performed at different temperatures in the range 20–60 ◦ C
in activity buffer, by incubating soluble enzymes or immobilized derivatives in a shaking bath.
The inactivation kinetics of biocatalysts were evaluated for 1 to 55 h, and the corresponding half-lives
calculated, according to the Sadana-Henley model [50], as described in a previous report [16].
3.7.3. Optimum pH and pH Stability
The influence of pH on the activity of native enzymes and insoluble derivatives was monitored in
the pH range 4–9 at 25 ◦ C, using the corresponding substrate, according to previous reports [16,28,29].
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The effect of pH on stability was determined in the same pH range by measuring the residual activity
after incubating free or immobilized catalyst at the selected pH for 1–24 h at 25 ◦ C. For pH activity
or stability assays of insoluble derivatives, amounts of 20–50 mg of filter dried biocatalyst were used.
In addition, the effect of pH was evaluated under operative conditions at 50–60 ◦ C in the range 4.0–9.0.
3.7.4. Determination of Kinetic Parameters
The kinetic parameters were determined using the corresponding substrate (0–500 mM)
in 0.1 M phosphate buffer pH 7.0 at temperatures in the range of 30–50 ◦ C, and calculated according to
the Michaelis-Menten model, applying the Eadie-Hofstee linearization. Possible product inhibition of
L -arabinose isomerase by D -tagatose was tested for initial concentrations of 0–500 mM.
3.8. Applications with Substrates
The native enzymes and the immobilized derivatives were used in three-step or one-step batch
processes with the following substrates in 0.1 M phosphate buffer: D-glucose (100 g/L), D-galactose
(100 g/L), lactose (46 g/L, equivalent to the concentration of lactose generally available in
non-fermented fluid dairy products), and Mozzarella cheese whey. In the sequential three-step
application, after lactose was hydrolyzed by β-galactosidase (step 1), the hydrolysis products were
partially isomerized to D-tagatose and D-fructose by L-arabinose isomerase (step 2) and D-xylose
isomerase (step 3). In the simultaneous processes, the three activities operated in a single bio-reactor.
The activity of the immobilized enzyme derivatives was determined under different conditions of pH
and temperature, and compared with the native enzymes.
4. Conclusions
In conclusion, β-galactosidase from B. circulans, L-arabinose isomerase from E. faecium,
and D-xylose isomerase from S. rubiginosus were immobilized individually onto Eupergit C and
Eupergit C 250 L with high immobilization yields (around 100%) and high immobilized activity yields
(around 80%–90%). Decrease in expressed activity after stabilization by a combined strategy (alkaline
incubation for 24 h followed by blocking with glycine) was compensated for by the significant gain
in thermal stability. This effect was most important in the case of the very sensitive L-arabinose
isomerase, with half-lives at 50 ◦ C of 308 and 379 h for Eupergit C 250 L and Eupergit C derivatives,
respectively. These stabilized derivatives could work at moderately high temperatures, favoring
tagatose production. The homotetrameric structure of D-xylose (D-glucose) isomerase and L-arabinose
(D-galactose) isomerase could explain their higher stabilization levels with respect to monomeric
β-galactosidase.
Sequential application of single-immobilizates of β-galactosidase, L-arabinose isomerase, and
D -xylose isomerase to biotransform lactose at pH 7.0 achieve conversion percentages in terms of
D -tagatose and D -fructose of 31% and 24%, respectively after 6 h operation at 50 ◦ C. Soluble enzymes
under a similar operation mode had lower productivity and conversion degrees than using the
immobilized biocatalysts, showing better performance of immobilizates. However, the sequential
use of the biocatalysts resulted in incomplete lactose hydrolysis because of product inhibition by
D -galactose and D -glucose. On the other hand, a mono-reactor system with a combination of
the three derivatives favored higher conversion percentages, especially for the lactolysis reaction,
resulting in a strong increase in tagatose productivity (yield of 9.1 g/Lh) and a moderate increment in
fructose productivity.
Tri-enzymatic co-immobilized derivatives could be more efficient biocatalysts to minimize or to
avoid product inhibition during mono-reactor operation, but diverse conditions must be analyzed in
detail with relation to coupling, stabilization, and operation mode. These studies are the aims of a
forthcoming paper.
Supplementary Materials: Supplementary materials are available online.

Molecules 2017, 22, 284

13 of 15

Acknowledgments: The authors would like to thank Röhm Pharma (Darmstadt, Germany), Genencor (Palo Alto,
CA, USA), and Daiwa Kasei (Osaka, Japan), for their generous supply of epoxy-activated resins and enzymes.
P.T. was supported by the Programa de Desarrollo de las Ciencias Básicas (PEDECIBA-Química), the Agencia
Nacional de Investigación e Innovación (ANII), and the Comisión Sectorial de Investigación Científica
(CAP-CSIC-UdelaR). The funds for covering the costs of open access publication were provided by a grant
to F.B-V. administered by FUNDAQUIM. We thank Valerie Dee for linguistic revision of the manuscript.
Author Contributions: P.T. and F.B.V. conceived and designed the experiments; P.T. performed the experiments;
P.T. and F.B.V. analyzed the data; P.T. wrote the paper.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.
5.
6.
7.

8.

9.

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.

Choi, J.-M.; Han, S.-S.; Kim, H.-S. Industrial application of enzyme biocatalysis: Current status and future
aspects. Biotechnol. Adv. 2015, 33, 1443–1454. [CrossRef] [PubMed]
Brady, D.; Jordaan, J. Advances in enzyme immobilisation. Biotechnol. Lett. 2009, 31, 1639–1650. [CrossRef]
[PubMed]
Barbosa, O.; Ortiz, C.; Berenguer-Murcia, Á.; Torres, R.; Rodrigues, R.C.; Fernández-Lafuente, R. Strategies
for the one-step immobilization-purification of enzymes as industrial biocatalysts. Biotechnol. Adv. 2015, 33,
435–456. [CrossRef] [PubMed]
Adlercreutz, P. Immobilisation and application of lipases in organic media. Chem. Soc. Rev. 2013, 42,
6406–6436. [CrossRef] [PubMed]
Sheldon, R.A.; van Pelt, S. Enzyme immobilisation in biocatalysis: Why, what and how. Chem. Soc. Rev. 2013,
42, 6223–6235. [CrossRef] [PubMed]
Katchalski-Katzir, E.; Kraemer, D.M. Eupergit, a carrier for immobilization of enzymes of industrial potential.
J. Mol. Catal. B Enzym. 2000, 10, 157–176. [CrossRef]
Martín, M.T.; Plou, F.J.; Alcalde, M.; Ballesteros, A. Immobilization on Eupergit C of cyclodextrin
glucosyltransferase (CGTase) and properties of immobilized biocatalyst. J. Mol. Catal. B Enzym. 2003,
21, 299–308. [CrossRef]
Mateo, C.; Abian, O.; Fernandez-Lafuente, R.; Guisan, J.M. Increase in conformational stability of
enzymes immobilized on epoxy-activated supports by favoring additional multipoint covalent attachment.
Enzym. Microb. Technol. 2000, 26, 509–515. [CrossRef]
Mateo, C.; Abian, O.; Fernández-Lorente, G.; Pedroche, J.; Fernández-Lafuente, R.; Guisan, J.M.; Tam, A.;
Daminati, M. Epoxy Sepabeads: A novel epoxy support for stabilization of industrial enzymes via very
intense multipoint covalent attachment. Biotechnol. Prog. 2002, 18, 629–634. [CrossRef] [PubMed]
Illanes, A. Whey upgrading by enzyme biocatalysis. Electron. J. Biotechnol. 2011, 14. [CrossRef]
Torres, P.; Batista-Viera, F. Immobilization of β-galactosidase from Bacillus circulans onto epoxy-activated
acrylic supports. J. Mol. Catal. B: Enzym. 2012, 74, 230–235. [CrossRef]
Vetere, A.; Paoletti, S. Separation and characterization of three β-galactosidases from Bacillus circulans.
Biochim. Biophys. Acta 1998, 1380, 225–231. [CrossRef]
Mozaffar, Z.; Nakanishi, K.; Matsuno, R. Formation of oligosaccharides during hydrolysis of lactose in milk
using β-galactosidase from Bacillus circulans. J. Food Sci. 1985, 50, 1602–1606. [CrossRef]
Dekker, P.J.T.; Daamen, C.B.G. Enzymes exogenous to milk in dairy technology. β-galactosidase.
In Encyclopedia of Dairy Science, 2nd ed.; Fuquay, J.W., Ed.; Academic Press: London, UK, 2011; pp. 276–283.
Prazeres, A.R.; Carvalho, F.; Rivas, J. Cheese whey management: A review. J. Environ. Manag. 2012, 110,
48–68. [CrossRef] [PubMed]
Torres, P.; Batista-Viera, F. Improved biocatalysts based on Bacillus circulans β-galactosidase immobilized
onto epoxy-activated acrylic supports: Applications in whey processing. J. Mol. Catal. B Enzym. 2012, 83,
57–64. [CrossRef]
Yamanaka, K. L-arabinose isomerase from Lactobacillus gayonii. Methods Enzymol. 1975, 41, 458–461. [PubMed]
Yeom, S.-J.; Ji, J.-H.; Yoon, R.-Y.; Oh, D.-K. L-ribulose production from L-arabinose by an L-arabinose
isomerase mutant from Geobacillus thermodenitrificans. Biotechnol. Lett. 2008, 30, 1789–1793. [CrossRef]
[PubMed]
Yoon, S.-H.; Kim, P.; Oh, D.-K. Properties of L-arabinose isomerase from Escherichia coli as biocatalyst for
tagatose production. World J. Microbiol. Biotechnol. 2003, 19, 47–51. [CrossRef]

Molecules 2017, 22, 284

20.
21.
22.

23.
24.
25.
26.
27.

28.
29.

30.
31.

32.

33.

34.
35.

36.
37.

38.
39.

40.

14 of 15

Zhang, H.; Jiang, B.; Pan, B. Purification and characterization of L-arabinose isomerase from
Lactobacillus plantarum producing D-tagatose. World J. Microbiol. Biotechnol. 2007, 23, 641–646. [CrossRef]
Zhang, Y.W.; Prabhu, P.; Lee, J.K. Immobilization of Bacillus licheniformis L-arabinose isomerase for
semi-continuous L-ribulose production. Biosci. Biotechnol. Biochem. 2009, 73, 2234–2239. [CrossRef] [PubMed]
Rhimi, M.; Messaoud, E.B.; Borgi, M.A.; Ben Khadra, K.; Bejar, S. Co-expression of L-arabinose isomerase and
D -glucose isomerase in E. coli and development of an efficient process producing simultaneously D -tagatose
and D-fructose. Enzym. Microb. Technol. 2007, 40, 1531–1537. [CrossRef]
Muddada, S. Tagatose: The multifunctional food ingredient and potential drug. J. Pharm. Res. 2012,
5, 626–631.
Muniruzzaman, S.; Tokunaga, H.; Izumori, K. Isolation of Enterobacter agglomerans strain 221e from soil,
a potent D-tagatose producer from galactitol. J. Ferment. Bioeng. 1994, 78, 145–148. [CrossRef]
Ibrahim, O.O.; Spradlin, J.E. Process for Manufacturing D-tagatose. US Patent 6057135A, 2 May 2000.
Xu, Z.; Li, S.; Feng, X.H.; Liang, J.; Xu, H. L-Arabinose isomerase and its use for biotechnological production
of rare sugars. Appl. Microbiol. Biotechnol. 2014, 98, 8869–8878. [CrossRef] [PubMed]
Xu, Z.; Xu, Z.; Tang, B.; Li, S.; Gao, J.; Chi, B.; Xu, H. Construction and co-expression of polycistronic plasmids
encoding thermophilic L-arabinose isomerase and hyperthermophilic β-galactosidase for single-step
production of D-tagatose. Biochem. Eng. J. 2016, 109, 28–34. [CrossRef]
Manzo, R.M.; Simonetta, A.C.; Rubiolo, A.C.; Mammarella, E.J. Screening and selection of wild strains for
L -arabinose isomerase production. Braz. J. Chem. Eng. 2013, 30, 711–720. [CrossRef]
Torres, P.; Manzo, R.; Rubiolo, A.; Batista-Viera, F.; Mammarella, E. Purification of an L-arabinose isomerase
from Enterococcus faecium DBFIQ E36 employing a biospecific affinity strategy. J. Mol. Catal. B Enzym. 2014,
102, 99–105. [CrossRef]
Kazenwadel, F.; Franzreb, M.; Rapp, B.E. Synthetic enzyme supercomplexes: Co-immobilization of enzyme
cascades. Anal. Methods 2015, 7, 4030–4037. [CrossRef]
García-Galan, C.; Berenguer-Murcia, A.; Fernández-Lafuente, R.; Rodrigues, R.C. Potential of different
enzyme immobilization strategies to improve enzyme performance. Adv. Synth. Catal. 2011, 353, 2885–2904.
[CrossRef]
Peirce, S.; Virgen-Ortíz, J.J.; Tacias-Pascacio, V.G.; Rueda, N.; Bartolomé-Cabrero, R.; Fernández-Lopez, L.;
Russo, M.E.; Marzocchella, A.; Fernández-Lafuente, R. Development of simple protocols to solve the
problems of enzyme coimmobilization. Application to coimmobilize a lipase and a β-galactosidase.
RSC Adv. 2016, 6, 61707–61715. [CrossRef]
López-Gallego, F. Desarrollo de Nuevos Catalizadores Enzimáticos Para la Producción Directa de
Cefalosporinas Semisintéticas a Partir de Cefalosporina C. Ph.D. Thesis, Faculty of Sciences, Universidad
Autónoma de Madrid, Madrid, Spain, 2006.
Iyer, P.V.; Ananthanarayan, L. Enzyme stability and stabilization—Aqueous and non aqueous environment.
Process Biochem. 2008, 43, 1019–1032. [CrossRef]
Kovalevsky, A.Y.; Hanson, L.; Fisher, S.Z.; Mustyakimov, M.; Mason, S.A.; Forsyth, V.T.; Blakeley, M.P.;
Keen, D.A.; Wagner, T.; Carrell, H.L.; et al. Metal ions roles and the movement of hydrogen during reaction
catalyzed by D-xylose isomerase: A joint X-ray and neutron diffraction study. Structure 2010, 18, 688–699.
[CrossRef]
Tükel, S.S.; Alagöz, D. Catalytic efficiency of immobilized glucose isomerase in isomerisation of glucose to
fructose. Food Chem. 2008, 111, 658–662. [CrossRef]
Hernaiz, M.J.; Crout, D.H.G. Immobilization/stabilization on Eupergit C of the β-galactosidase from
Bacillus circulans and an α-galactosidase from Aspergillus oryzae. Enzym. Microb. Technol. 2000, 27, 26–32.
[CrossRef]
Cho, Y.-J.; Park, O.-J.; Shin, H.-J. Immobilization of thermostable trehalose synthase for the production of
trehalose. Enzym. Microb. Technol. 2006, 39, 108–113. [CrossRef]
Mateo, C.; Palomo, J.M.; Fernández-Lorente, G.; Guisán, J.M.; Fernández-Lafuente, R. Improvement of
enzyme activity, stability and selectivity by immobilization techniques. Enzym. Microb. Technol. 2007, 40,
1451–1463. [CrossRef]
Cowan, D.A.; Fernández-Lafuente, R. Enhancing the functional properties of thermophilic enzymes by
chemical modification and immobilization. Enzym. Microb. Technol. 2011, 49, 326–346. [CrossRef] [PubMed]

Molecules 2017, 22, 284

41.
42.
43.

44.
45.
46.
47.

48.
49.

50.

15 of 15

Fernández-Lafuente, R. Stabilization of multimeric enzymes: Strategies to prevent subunit dissociation.
Enzym. Microb. Technol. 2009, 45, 405–418. [CrossRef]
Guzik, U.; Hupert-Kocurek, K.; Wojcieszynska, D. Immobilization as a strategy for improving enzyme
properties-Application to oxidoreductases. Molecules 2014, 19, 8995–9018. [CrossRef] [PubMed]
Pessela, B.C.C.; Mateo, C.; Fuentes, M.; Vian, A.; García, J.L.; Carrascosa, A.V.; Guisán, J.M.;
Fernández-Lafuente, R. The immobilization of a thermophilic β-galactosidase on Sepabeads supports
decreases product inhibition. Enzym. Microb. Technol. 2003, 33, 199–205. [CrossRef]
Balcão, V.M.; Vila, M.M. Structural and functional stabilization of protein entities: State-of-the-art. Adv. Drug
Deliv. Rev. 2015, 93, 25–41. [CrossRef] [PubMed]
Trinder, P. Determination of glucose in blood using glucose oxidase with an alternative oxygen acceptor.
Ann. Clin. Biochem. 1969, 6, 24–27. [CrossRef]
Dische, Z.; Borenfreund, E. A new spectrophotometric method for the detection and determination of keto
sugars and trioses. J. Biol. Chem. 1951, 192, 583–587. [PubMed]
Smith, P.K.; Khron, R.I.; Hermanson, G.F.; Mallia, A.K.; Gartner, F.H.; Provenzano, M.D.; Fujimoto, E.K.;
Goeke, N.M.; Olson, B.J.; Klent, D.C. Measurement of protein using bicinchoninic acid. Anal. Biochem. 1985,
150, 76–85. [CrossRef]
Vashit, S.K.; Dixit, C.K. Interference with bicinchoninic acid protein assay. Biochem. Biophys. Res. Commun.
2011, 411, 455–457. [CrossRef] [PubMed]
Giacomini, C.; Villarino, A.; Franco Fraguas, L.; Batista-Viera, F. Immobilization of β-galactosidase from
Kluyveromyces lactis on silica and agarose: Comparison of different methods. J. Mol. Catal. B Enzym. 1998, 4,
313–327. [CrossRef]
Sadana, A.; Henley, J.P. Single-step unimolecular non-first-order enzyme deactivation kinetics.
Biotechnol. Bioeng. 1987, 30, 717–723. [CrossRef] [PubMed]

Sample Availability: Not Available.
© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

